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Abstract

Factors that influence water adsorption in silicalite were studied. It was found that the energy of

adsorption becomes less stable as water molecules are loaded in the silicalite structure. A structure with
one water molecule was found to have an energy of -14.42KJ/mol while one with three molecules was -
8.6 KJ/mol. It was also demonstrated that water prefers to diffuse through the larger 10 ring channels as

opposed to the small 4 ring channels.
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Introduction
Silicalite is one of the most studied zeolites that has both hydrophobic and organophilic selectivity

(Ramachandran, Chempath and J.). Hydrophobic in this case does not mean water repelling but that the
water-water interaction (Labar, Fuchs and Adamo) is much larger than the water-zeolite interaction. It
has been widely used to clean up water contaminated with organic compounds. Understanding the
behavior of water in hydrophobic micropores is important in a wide variety of fields, ranging from

biological membrane transport to applications in carbon nanotubes.

Silicalite is a pure silica MFI structure (Ramachandran, Chempath and J.). Ideally, silicalite would be
electrically neutral if it was only composed of silicon and oxygen atoms. It is widely regarded as a
hydrophobic structure. Earlier studies showed that silicalite readily adsorbs organic molecules over
water. These studies as well as later studies have shown that silicalite actually adsorbs a small amount of
water. This should not be the case if silicalite is electrically neutral Studies have demonstrated that
silicalite, also contains aluminum which causes a charge imbalance and therefore favoring water
adsorption. The degree of aluminum substitution and its corresponding effect on water loading in the

silicalite structure has been an area of interest (Yazaydin).

Molecular simulations performed have shown that a perfect silicalite structure is hydrophobic and does
not adsorb water at low pressures (Ramachandran, Chempath and J.). When pressure is increased, the
pores become saturated with water molecules at some intermediate pressure. The presence of
hydrophilic defects, like the aluminum substitution mentioned previously lead to adsorption of small
amounts of water at low pressures. Previous studies have demonstrated that the silicalite structure can

adsorb up to 8-9 water molecules in its structure (Fleys).

The objective of this research project is to investigate the factors that affect the hydrophobicity of

silicalite using density functional theory (DFT). To the best of my knowledge most molecular simulation



studies have been performed using molecular dynamics and Monte Carlo methods. DFT uses a different

approach from these two methods as will be discussed in the background section.



Background

Zeolites

Zeolites are hydrated micro-porous, crystalline, aluminosilicate minerals. They are usually filled with
water in their pores. Zeolites are referred to as aluminosilicate because their structures are mainly
composed of silicon, aluminum and oxygen atoms. They are also known as molecular sieves because
they have regular openings that let small molecules through and trap the larger ones. Their crystalline
and micro-porous nature as well as well-defined pore dimensions gives them properties like high
thermal stability ion exchange, sorption capacity. As a result, they are able to exchange ions with some
compounds, which make them extremely useful as detergent additives, where they exchange sodium
cations found in their structure, with calcium cations found in water. They are also selective adsorbers,

making them favorable as molecular sieves.

Sodalite unit

Zeolite A

Figure 1: Example of Zeolite (Zeolite A) (Dyer)



Zeolites are both naturally-occurring as well as synthetic. Natural zeolites are secondary minerals® and
can be defined as crystalline, hydrated alumino-silicates of alkali and alkaline-earth cations that consist
of periodic three dimensional crystal structures of (Si, Al)O, tetahedra, which are linked together by the
sharing of oxygen atoms (Dyer). Their structures have channels and pores that are usually filled with
water. At 250°C, the water evaporates in a process known as dehydration. This water can be regained if
they are cooled to room temperature (rehydration). There are 50 natural zeolites whose structures have
been determined. Such zeolites include clinoptitolite used in the agricultural industry and chabazite in

the waste water industry (lbrahim).

R. M. Barrer demonstrated that zeolites can be synthesized by mimicking the geothermal conditions
under which zeolites form in nature (Knott, Neal and S.). Through simple hydrothermal reactions, he was
able to demonstrate this process. Synthetic zeolites have an advantage over their natural counterparts
because the latter contain many impurities making them ineffective and they also have insufficient
guantities in their deposits. Since then over 100 species have been synthesized in the laboratory which

have no natural counterparts.

They have a 3-D framework consisting of cross-linked TO, tetahedra where T is Al or Si. Each T atom
occupies four connected vertices of a three dimensional network and the oxygen occupy two connected
positions between the four connected vertices. The O-T-O bond is close to the ideal tetahedra bond
angle of 109.5°. The T-O-T bond angle is much more flexible and is usually around 140° to 165° (zeolite
wolf wiki). The aluminosilicate based zeolites are represented by the formula (My;,Al0,xSiO,yH,0) in

which M represents a cation of valence n and x > 1. No AI-O-Al bonds are permitted in a zeolite

1 . . . .
Secondary minerals are minerals altered to a new form after undergoing a chemical change.
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according to Loewenstein’s rule. The latter states that the ratio of silicon-to-aluminum must be greater

or equal to one due to local charge restrictions.

'0‘
A

Figure 2: Aluminosilicate Tetahedra (Dyer)

Zeolite structures contain two types of building units, primary and secondary building units. The TO,
tetahedra are often referred to as primary building units (PBU) of zeolite structures. The PBUs are linked
together to form a three-dimensional framework and nearly all oxygen ions are shared by two
tetahedra. This makes the silicon to oxygen ratio 1:2. If all the tetahedra were centered around silicon
then the structure would be electrically neutral. However in some structures the quadrivalent Si is
replaced with the trivalent Al giving rise to a deficiency of positive charge, and this is balanced by
monovalent or divalent cations like H*, Na*, K" and Ca®* located outside the tetahedra, in the channels
and pores. The primary building units are linked up to form secondary building units (SBU). The
secondary building units consist of n-ring structures which can contain as many as 20 tetahedra and as
little as 4. They may be assembled in many ways to produce various types of frameworks. Examples of

SBUs are shown below.



4=1 5-1 b2

Figure 3: Secondary Building Units (Baerlocher and B.)

Zeolites have many properties due to their crystalline structures, type, size and form of their inner
cavities and pores. These properties include cation exchange capacity, acid stability, adsorption
properties and wet attrition resistance. These properties make zeolites especially desirable in the

environmental protection sector for controlling air and water pollution.

Cation exchange capacity is a measure of the number of counter ions present per unit weight or volume
of the zeolite and represents the number of cations available for exchange (Semmens, 1984). It is a
function of the degree of Aluminum substitution for Si in the zeolite framework structure. The greater
the substitution, the greater the deficiency of charge and therefore the greater the number of alkali or

alkaline earth cations required for electrical neutrality.

The dehydration process leaves the zeolites with channels and pores of a particular shape and size.
Molecules with a certain diameter can enter the cavities and channels within the structure. However, a
molecule that is larger in diameter would not be able to diffuse through; this gives zeolites their
molecular sieving property. Factors that affect the rate of adsorption include the Si/Al ratio in the
structure, pore volume and size, type of adsorption sites and shape of cages and channels. Selective
adsorption gives zeolites many commercial applications including the purification of acid natural gas

streams, drying and separation of air to produce oxygen and nitrogen.
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Silicalite

Silicalite is a pure silica MFI type of zeolite (Smit and Siepmann). MFI zeolite membranes (silicalite-1 and
ZSM-5) have been the most studied material for gas separations and catalytic reactors. Silicalite is widely
used to clean-up water contaminated with organic compounds. Due to the problems associated with
activated carbon, hydrophobic zeolites like silicalite are being used in solvent emission control systems

(Hunger, M. and J.).

:y

4
b o

Figure 4: Silicalite Crystalline Structure

Figure 5: MFI Structure (Baerlocher and B.)
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This zeolite belongs to a family known as the pentasil zeolites. This is because its secondary building unit
is built from five-membered oxygen rings. A unit cell of silicalite contains 96 tetrahedral units. One unit
cell is composed of two straight channels and four sinusoidal channel intersections. The structure
consists of sinusoidal channels in the a-direction, with a circular cross-section which are interconnected
with straight channels in the b-direction of elliptic cross-section. The structure of the MFI membrane
enables it to be both shape and size selective. Silicalite has properties which include hydrophobic

properties, higher thermal stability and higher chemical stability . (Motuzas et. al)

Sinusoidal Channel

Straight Channel
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Figure 6: Channels in Silicalite (Ramachandran, Chempath and J.)
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Figure 7: Channels in Silicalite

It is generally accepted that silicalite is a hydrophobic material. In several experiments silicalite was
shown to preferentially adsorb organics from water. An important characteristic of zeolites is the Si/Al
ratio (Dyer). The presence of aluminum creates a charge imbalance. The increase of the Si/Al ratio
results in a more neutral framework, resulting in higher thermal stability and hydrophobicity. This is
accounts for why the purely siliceous compound, silicalite-1 is hydrophobic and has no ion exchange or
catalytic properties. Theoretically, there are no aluminum atoms in the silicalite structure; therefore
there are no cations to compensate for the extra charge. However defects in the structure of silicalite
allow a certain amount of water to be adsorbed. There are two common types of defects (Yazaydin). A
zeolite may have extra framework cations, which account for the non-neutrality of the silicalite
framework due to presence of aluminum sites which substitute the missing silicon atoms (Yazaydin).
Moreover, they may have a Si-OH group. The second defect may either occur on the surface of a zeolite
where the Si-O-Si network is terminated and an oxygen atom cannot be bonded to a silicon atom or
within the zeolite where a silicon atom is missing. In the latter case four Si-OH groups are formed per
each missing silicon atom and this structure is called a silanol nest.

13



Water in Silicalite

A lot of research has been carried out to investigate the hydrophobic nature of silicalite. Different
factors that influence the loading of water on the structure have been proposed. As mentioned
previously, one main factor is the ratio of silicon to aluminum. Other reasons are the presence of silanol
sites and an increase in external pressure. Ramachandran et. al carried out Monte-Carlo simulations of
water in silicalite. They were able to demonstrate that for truly hydrophobic micropores, water was not
adsorbed at low pressures (Ramachandran, Chempath and J.). However, as pressure was increased, the
loading of water molecules on the zeolite increased. They also added silanol defects on to the structure,

which led to water loading even at low pressures.

A study by Fleys was done to compare the behavior of water in hydrophobic nanopores (Fleys). Fleys
used silicalite-1 and dealuminated zeolite Y for his comparison. He investigated the factors that affected
self-diffusion which are temperature, the shape and size of the cavities and the effect of loading water
molecules. The study was carried out using molecular dynamic simulations. Fleys demonstrated that
diffusion increases with increasing temperature (between 250K and 600K). There was more diffusion in
the y-axis, which had the straight channels. The z-axis which had a combination of both the straight
channels and sinusoidal channels had the least diffusion. The self-diffusion coefficient was shown to
decrease as the loading increased. Previous studies showed that the silicalite structure can adsorb up to

eight water molecules.

Yazaydin used Fleys’ findings lay the groundwork to investigate the influence of defects on the silicalite
structure. As mentioned before, an ideal silicalite-1 structure would be composed of only silicon and
oxygen, making it electrically neutral. However, silicalite structures contain other atoms which are
referred to as defects. These include aluminum substitution of silicon, which causes introduction of

cations into the structure and silanol, which is brought about by the breaking up of the tetrahedral and
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addition of hydrogen to the oxygen atoms. Both these defects bring about a deficiency in charge which
is thought to affect the loading of water onto the silicalite structure. Yazaydin utilized molecular
dynamic simulations in his study. Silanol nests were found to tremendously increase the adsorption of

water. The cations also increased the amount of water adsorbed.

From a computational viewpoint, zeolites are particularly challenging systems since chemical reactions
occur inside the material. Moreover, they are big enough to require large computers and large
simulations when modeling them. Although molecular simulations have emerged as a powerful tool to
shed light on some processes like diffusion and adsorption taking place in zeolites, available inter- and
intramolecular potentials are not always able to reproduce key differences in adsorption properties of
similar compounds. It has been shown that the use of different classical force fields could lead to rather
different results. The reasons behind these differences are yet to be determined. A forcefield is a set of
equations with parameters describing the interactions between atoms. A forcefield has both
intermolecular and intramolecular components. Due to the discrepancies in parameters, the simulations

not only fail to agree with each other but also with experimental results.

In this study, a different approach was taken using the density functional theory that does not require
forcefield parameters (Labar, Fuchs and Adamo); it utilizes the geometry of the structure. Initially,
molecular dynamics was the method used to model silicalite. However, the forcefield parameters
obtained from previous literary work, to simulate the interaction with the water molecule, did not agree
with this model (Labar, Fuchs and Adamo). Due to this, molecular dynamics was only used in
optimization of the lattice structure. DFT was then adopted as the method to model the interactions

between silicalite and water.
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Quantum Mechanics

Quantum mechanics is a set of principles describing the known behavior of energy and matter that
predominate at the atomic and subatomic scales. Classical or Newtonian mechanics deals with the
macroscopic world. Essentially both quantum and classical mechanics seek to explain the state of a

dynamic system after a change is applied to it (Tang).

According to classical mechanics the state of an object at time t is specified in terms of its position x(t)
and velocity v,(t), which is the change in position with respect to time. All other dynamic properties like
linear momentum, p,(t)=mv,, kinetic energy T=(mv,’)/2 and potential energy V(x) depend on only x and
v,. The key concept of Newtonian mechanics is Newton’s second law of motion that states that the
force acting on an object, F,, is directly proportional to the acceleration a,=d’x/dt* (Tang).

d?x

E, = ma, =mW

There are a number of fundamental difficulties which arise when trying to use classical mechanics on an
atomic or subatomic scale (Tang). For example, measurements on atomic and subatomic particles
carried out on a quantum level give results that are statistical averages over an ensemble of a large
number of similarly prepared particles, not precise results on any particle. According to quantum
mechanics, the state of a system on an atomic or subatomic scale is not characterized by a set of
dynamic variables. Instead, it is completely specified by a state function. A state function is a function of
chosen variables (canonic variables) of the system under study. For example, consider a particle
constrained to move in a linear space along the x-axis. The state function which is arbitrarily given the
symbol W is a function of x. its state is specified as W(x). How the state of the particle changes with time

is specified by W(x,t) rather than v(x). How W(x) changes explicitly with time is referred to as a wave

16



function, because it often has properties similar to those of a wave, even though it is supposed to

describe the state of a particle.

Density Functional Theory

Density Functional Theory (DFT) is a computational method that derives properties of the molecule
based on the determination of the electron density of the molecule. Electron density is a physical
characteristic of all molecules (Gotwals and Sendlinger). Although DFT is relatively new, it addresses one
of the major criticisms of the ab initio method. Ab initio is a computational method that is based on
quantum chemistry (Levine). Ab Initio’s major criticism is that the, the energy of the molecule depends
on the wavefunction, which is a mathematical construct and not physically observable. Even with these

drawbacks, the wavefunction has been a good predictor of the energy of a molecule.

In its simplest form the theory is represented by the following equation (Gotwals and Sendlinger).

EDFT [P] = T[,D] + Ene [,0] +][p] + Exc [p]

Where E is the energy, T is the kinetic energy of the electrons, E,. is the nuclear-electron attraction
(Columbic) energy, J is the electron-electron repulsive (Columbic) energy, and E,.is the electron-electron
exchange-correlation energy. Each of the terms in this equation is a functional of the electron density.
The next task then becomes to find an appropriate functional for each of the terms. The first three
terms (T, E.. and J) can be determined from either ab initio or semi-empirical methods. The electron

exchange-correlation energy is the term that causes most of the concern.

A functional is a defined as a function of a function. In this case the function is the electron density,
which is a function of three variables —x, -y and —z position of electrons. The energy of the molecule is a
functional of electron density. The determination of electron density is independent of the number of

electrons. Another advantage of DFT is that density depends on the x-y-z coordinates of the individual

17



electron (Gotwals and Sendlinger). DFT scales as (N*) unlike ab initio methods which scales (N*), where N

is the number of electrons in the system. This makes DFT calculations much faster and accurate.

Electron denisty = p(x,y,z)

Energy of molecule = f[p(x,y,7)]

Llewellyn Thomas and Enrico Fermi were able to come up with a relationship between the electron
density of a molecule and the wavefunction of a molecule with multiple electrons. The Thomas-Fermi
model was the origin of the density functional theory. However, the method became more concrete
using the two Hohenberg-Kohn theorems (H-K). The first theorem helps reduce the many-body problem
of the electrons by using functional of electron density as mentioned previously (Kohn). The second
theorem defines an energy functional for the system and proves that the correct ground state electron
density minimizes this energy functional. This theory was in turn adapted by Kohn and Sham into a
practical version of the density functional theory. The KS, theory describes the mathematics of electron

densities and their subsequent correlations to molecular energies.

There are roughly three types of density exchange correlation-functionals (Gotwals and Sendlinger). The
Local density approximation is not too popular or useful as it assumes that for a molecule with many
electrons, the energy of the system only depends on the local density, or density at a given point
uniform throughout the molecule. This approximation does, however, work well with electronic band
structures of solids, which describes

the range of energies in which electrons are permitted or not permitted (forbidden). Outside of

this application, however, local density approximations are typically not very accurate. The second
method is the gradient-corrected method that tries to account for the non-uniformity of the electron
density. The last method is comprised of hybrid methods. Hybrid methods attempt to incorporate some
of the more useful features from ab initio methods (specifically Hartree-Fock methods).

18



One of the advantages to the density functional theory is high computational accuracy without
unreasonable computing time. However, the main challenge is in determining the most appropriate

method for a particular application.
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Methodology

As stated earlier, one of the goals of this study was to make a comparison of the results previous
simulations performed by other authors. This comparison focused on the behavior of water in silicalite
using molecular dynamic methods to density functional theory. The software package used was CP2K
which is freely available on the internet (CP2K Developers Home Page). This chapter presents the
different approaches used to investigate the adsorption of water in silicalite as well as how this
information was implemented in CP2K to produce the desired results.

System Set-up

In order to determine the energy of adsorption involved with loading of water molecules into the
silicalite structure, a simulation with an empty silicalite structure was initially run. A water molecule was
then simulated. Water molecules were then added to the silicalite structure. They were placed in
different positions in the pores, including the sinusoidal channels and straight channels to investigate
the positions the water molecules preferred to occupy. The most preferred position in this case would
be the one with the most negative energy of adsorption (most exothermic). The effect of water
molecules loadings was also investigated. The silicalite structure was loaded with up to 3 water
molecules. As demonstrated by Fleys and other previous studies, silicalite can only hold upto 8 -9

water molecules (Fleys).

CP2K

Density Functional Theory has become an efficient tool for electronic structure calculations. Most
applied methods use either Gaussian-type functions or plane waves (Grotendorst). Plane waves provide
an orthogonal basis set and are independent of atomic positions making the force calculation very
simple. However, there are strong variations in the wave function close to the nuclei, requiring a large
number of plane waves. There exist pseudo potentials (simple functions to replace complicated wave

function expressions to model core electrons) to help alleviate this problem, but the number of plane

20



waves still remains huge. Gaussian-type functions are localized at the atomic centers, making them
more efficient in this respect as they provide a more compact description of the atomic charge,

eliminating the need for pseudo potentials.

CP2K utilizes the quickstep code which provides fast and accurate density functional calculations using a
mixed Gaussian and plane waves approach (Grotendorst). Gaussian orbitals are used to represent the
wave functions. The plane waves are used to represent the electron density. Quickstep tries to combine

the merits of both Gaussian and the plane waves methods.

The energy functional for a molecular or a crystalline system in the framework of the Gaussian and
plane waves method using the Kohn-Sham formulation of the density functional theory is defined as

follows (Grotendorst) (Mundy, Rousseau and Curioni):
E[n] = ET[n] + EV[n] + EH[n] + E*¢[n] + E!

1
= P (ou @370 @) + > B0 OIVEE @0, )

uv uv

G)n(G
+Z 2w (@u OV 1) 0, () + 27 QZM + [ A ldr

Z ZIZ]
R — Ry

I#]

Where E'[n] is the kinetic energy, E'[n] is the electronic interaction with the ionic cores, E"[n] is the

Hartree (Coulomb) energy and E*“[n] is the exchange-correlation energy. The interaction energies of the
ionic cores with the charges Z,and positions R, is denoted by E". The electronic interaction with the ionic
cores is described by norm-conserving pseudo potentials with a potential split in a local part V7. (r) and

a fully non-local part VPP (r,r).

The electron density
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is expanded in a set of contracted Gaussian functions
0, () = ) diygi()
i

Where P, is a density matrix element, gi(r) is a primitive Gaussian function, and d;, is the corresponding

contraction coefficient.

Potentials

The GPW method works like plane waves methods with atomic pseudo potentials It uses the pseudo
potentials of Goedecker, Teter, and Hutter (GTH) (Grotendorst). CP2K provides a database with many
GTH pseudo potentials optimized for different exchange-correlation potentials. Perdew, Burke and

Emzerhof (PBE) parameter sets were used for the exchange-correlation potentials. (Grotendorst)

Basis Sets
The Kohn-Sham orbitals are expanded in Gaussian orbital functions in the framework of the GPW
method, therefore an appropriate set of Gaussian functions was defined as a basis set for each

quickstep calculation. DZVP (double zeta valence with polarization) basis set was used for this study.

Wave function Optimization

The total ground state energy of a system for a given atomic configuration is minimized by an iterative
self-consistent field (SCF) procedure. It uses the method of orbital transformations utilizing only the
occupied states. This provides an efficient algorithm for wave function optimization that scales as the

number of occupied states squared multiplied by the number of basis functions.
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Essentially, geometries of the silicalite structure in the —x, -y, and —z direction are inputted in CP2K. From
there, the program carries out calculations where it is able to optimize the geometry of the structure

and produce one that is both stable and containing the least energy.
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RESULTS AND DISCUSSION

Lattice Energy Minimization

Before performing any molecular simulations, it is important to ensure that the structure is stable. This
is done by ensuring the lattice energy of the structure is at its minimum. The lattice energy minimization
was carried out using DL_POLY. The unit cell volume of silicalite was varied (by varying the lattice
constants) and the corresponding lattice energy recorded. A graph of lattice energy against unit cell
volume was plotted as shown in Figure 8. We attempted to model H20 in silicalite in DL_POLY, but

finding a suitable potential proved difficult, so we only used CP2K to model H20 adsorption.

Lattice Energy Minimization

-1201670

5560.00 5570.00 5580.00 5590.00 5600.00 5610.00 5620.00 5630.00

-1201672

-1201674

-1201676 \ //
1201678

:1201680 \ /
-1201682 \ /
SN

-1201684

Lattice Energy KJ/mol
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Figure 8: The lattice energy is plotted as a function of unit cell volume. Results were calculated using DL_POLY
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The results yielded a parabolic curve with a minimum point. The unit cell volume at this minimum point

was used to obtain the lattice parameters a, b and c.

Table 1: Unit Cell Dimensions

Lattice Parameter Length (A)

a 20.09A
b 19.89A
c 13.37A

Effect of Loading on the Energy of Adsorption

The silicalite structure was successfully filled with three water molecules to investigate the effect of
loading on the energy of adsorption. A graph of the energy of adsorption against the number of water
molecules is plotted in Figure 9. Figure 9 shows that the energy of adsorption increases as the number
of water molecules increase. The change in energy is greater when the second water molecule

compared to when the third is added.

25



Effect of Loading on the Energy of Adsorption
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Figure 9: Effect of Water molecule loadings on the Energy of Adsorption

Previous studies using molecular dynamics have shown that silicalite can hold up to 8-9 water molecules
in the structure. Moreover, as the loading increases the slope of the line decreases up to a point where
it is constant. The results demonstrated in Figure 9 agree with those done by Fleys in his thesis where he
investigated the effect of loading on the diffusion coefficient (Fleys). He was able to demonstrate that
the diffusion coefficient decreases with successive increase in the number of water molecules.
Therefore, the increase in water molecules slows down the rate of diffusion through the structure. The
reason proposed is the fact that hydrogen bonds have a stabilizing effect. Consequently, the total
entropy and potential energy of the system decreases as the number of water molecules (hydrogen

bonds) increase. This is the same phenomenon shown in Figure 9. As the hydrogen bonds increase in the
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structure, they are acting as a limiting effect and hence preventing more water from being adsorbed in

to the water molecule.

Effect of Position of Water Molecule on the Energy of Adsorption

The water molecule was placed in different positions to study the effect of its position in the silicalite
structure on the energy of adsorption. There were 5 different positions/channels/pores in which the
water molecules were placed. For each simulation the distance of the water molecule to the silicalite

atoms was taken and recorded. The results obtained are presented in the figures below.

E=-11.61KJ/mol
d=1.004nm

Figure 10: Water molecule located in a pore with a diameter of 1.004nm where E is the energy if adsorption and d the
diameter of channel
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Figure 11: Water molecule located in a pore with a diameter of 0.802nm

E =-9.657 KJ/mol
d=0.574nm

Figure 12: Water molecule located in a pore with a diameter of 0.574nm
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E =164.59 KJ/mol
d=0.438nm

Figure 13: Water molecule located in a pore with a diameter of 0.438nm

E=110.2 KJ/mol
d=0.454nm

Figure 14: Water molecule located in a pore with a diameter of 0.454nm
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The energy of adsorption is exothermic when the water molecules are place in the large channels. In
Figure 10, the water molecule is located in a 10 ring channel with a diameter of 1.004nm.The water
molecule in Figure 11 is also located in a 10 ring channel, but has a diameter of 0.802nm.Figure 10 and
11 produced the most stable energy of adsorption. Figure 12 has the water located in a smaller channel
with a diameter of 0.574nm and has a less stable energy of adsorption than the previous two; however,
the situation is still favorable as the energy of adsorption is exothermic. Figures 13 and 14 have very
high positive energy of adsorption values. The water in figure 13 is located in a channel of diameter
0.438nm. From the picture, one can see that the water molecule is interacting strongly with the walls of
the channel. This could prevent the stable adsorption of water in this channel. This demonstrates one of
the main properties of zeolites, selective adsorption, where some molecules diffuse through some
channels by virtue of their size. In this case, the size of the water molecule is too large to diffuse through
this channel. Another conclusion that can be drawn is that the size of the channel has a greater effect on
adsorption than the direction. In Fleys’ thesis he concluded that diffusion is fastest in the y-direction,
which has the straight channels and slowest in the x-direction. However, in this case, diffusion in this

channel would be unfavorable even though it would occur in the y-direction.
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Conclusions and Recommendations
Density functional theory was the method used to simulate the hydrophobicity of silicalite. Factors that

influenced the energy of adsorption were investigated. The influence of loading of water molecules on
the silicalite structure as well as the influence of the position of the water molecule in the structure was

studied.

Adsorption of water becomes less favorable with increase in water molecule loading. This is because the
energy of adsorption becomes less stable. As demonstrated in the results chapter, hydrogen bonds have
a stabilizing effect which lead to a decrease in the total energy of the system, making the energy of
adsorption increase and become less favorable. Comparison of with results obtained using molecular

dynamics agreed with each other and showed a similar trend.

The energy of adsorption is most stable when the water molecule is located in a large channel,
specifically the 10 ring channels. As presented in the results chapter, the energy of adsorption in the 10
ring channel was -14.42 KJ/mol as opposed to that in the 4 ring channel with an energy of 164 KJ/mol.
The proximity of the water molecule to the walls of the silicalite structure hinders the adsorption of
water through the channel. Therefore the closer the water molecule is to the walls, the less favorable it

is for adsorption to occur.

One of the problems researchers are facing when investigating the hydrophobicity of silicalite is the
unavailability of experimental results and the fact that the computational results do not agree with the
experimental ones. For future work, molecular simulations could be carried out where defects are
added to the structure up to a point where the simulation mimics the experimental results. This will give
the researchers a starting point where they can begin to realistically compare both methods and obtain

much more accurate and realistic results.
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Other things to keep in mind, when comparing results obtained while using different methods like
molecular dynamics and Monte Carlo simulations is to ensure that the forcefield parameters be uniform

across the board, to ensure the results are more accurate and uniform.

The hydrophobicity of silicalite is a very useful property that has gained popularity especially in the
removal of organics from water (Yazaydin); therefore continued research on this phenomenon is very

important so as to gain a better understanding of it.
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Appendices

Appendix A: Sample Energy of Adsorption Calculations

Esilicalite +water _Eempty silicalite _Ewater

E B =
ad no.of water molecules in strucure
Where E,q is the energy of adsorption
—3506.26 — (—347.81) — (—2 % 17.22)
Ead = 2

K] 1 K]
E,q = —0.00319 a.u.x 2526 —a.u.”" = —8.3636 —
mol mol

Table 2: Summary of Energy of Adsorption Values

Loaded Empty No. of water Water Energy of Energy of

Silicalite  Silicalite molecules Adsorption Adsorption

(a.u.) (KJ/mol)

1 -3489.04 -3471.81 1 -17.2213 -0.00549 -14.4214
2 -3489.04 -3471.81 1 -17.2213 -0.00442 -11.61
3 -3488.99 -3471.81 1 -17.2213 0.041974 110.204
4 -3488.97 -3471.81 1 -17.2213 0.062692 164.5991
5 -3489.03 -3471.81 1 -17.2213 -0.00368 -9.65722
6 -3506.26 -3471.81 2 -34.4426 -0.00319 -8.3636
7 -3523.48 -3471.81 3 -51.664 -0.00317 -8.33132
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Appendix B: Sample CP2K Input File

&FORCE_EVAL
METHOD Quickstep
&DFT
#UKS
BASIS_SET_FILE_NAME ./GTH_BASIS_SETS
POTENTIAL_FILE_NAME ./GTH_POTENTIALS
WFN_RESTART_FILE_NAME X-RESTART.wfn
&MGRID
CUTOFF 300
&END MGRID
&QS
WF_INTERPOLATION ASPC
# WF_INTERPOLATION PS
EXTRAPOLATION_ORDER 3
&END QS
&SCF
EPS_SCF 1.E-6
SCF_GUESS RESTART
MAX_SCF 400
&T T
PRECONDITIONER FULL_SINGLE_INVERSE
MINIMIZER DIIS
LINESEARCH 3PNT
&END OT
&END SCF
&XC
&XC_FUNCTIONAL PBE
&END XC_FUNCTIONAL
&END XC
&PRINT
#&TOPOLOGY_INFO
# XYZ_INFO T
#&END TOPOLOGY_INFO
&V_HARTREE_CUBE
FILENAME ./rut_elpot
&END V_HARTREE_CUBE
&E_DENSITY_CUBE
FILENAME ./rut_density
&END E_DENSITY_CUBE
&MO_CUBES
WRITE_CUBE T
NHOMO 2
NLUMO 1
&END MO_CUBES
&END PRINT
&END DFT
&SUBSYS
&CELL

HFHEHFHHHFEHFEHEHRHHR
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ABC 20.09 19.89 13.37
UNIT ANGSTROM
&END CELL
&COORD

10.1014375988 1.4553346613 9.2239547660
9.9885651168 18.2826704597 3.9180307741
20.0353395748 18.2832448676 2.6529735827
0.0546615062 1.4547568891 10.4890165134
9.9885617272 11.3243215053 3.9180278319
10.1014393424 8.4136863721 9.2239571800
0.0546576877 8.4142177627 10.4890630444
20.0353439314 11.3237754631 2.6529603931
7.8046173826 1.4431429836 10.5425023306
12.2854151361 18.294872377 2.5995985956
2.2415464497 18.2969665201 3.9703527397
17.8484433551 1.4410269112 9.1717216069
12.2853961264 11.312142411 2.5995964136
7.8045908665 8.4258544756 10.5423978638
17.8484466419 8.4279699723 9.1716498055
2.241576575 11.3100302832 3.9702480715
7.9996885488 2.7458600555 8.2941072107
12.0903666472 16.9920797444 4.8477833864
2.0468443757 16.9919781158 1.7278139597
18.0431651338 2.7460305881 11.4141833369
12.0903522833 12.6149024267 4.8478118440
7.9996536044 7.1230888169 8.2941886561
18.0431351552 7.1229607067 11.4141567372
2.0468737296 12.6150777019 1.7278815349
8.0024779504 0.0837177583 8.2995591550
12.0875079929 19.6542887462 4.8424563649
2.0420853417 19.6581559539 1.7267726638
18.0479272049 0.0798461643 11.4152390534
12.0875126381 9.9527016666 4.8424578523
8.0024813533 9.7852817814 8.2995418681
18.0479133315 9.7891615347 11.4152317862
2.042069084 9.9488449501 1.7267539918
6.6061243229 0.7305418711 12.7761035372
13.4838790808 19.00744387 0.3659111286
3.4392309162 19.0074065314 6.2053709100
16.6507544478 0.7306015835 6.9366440806
13.4838730746 10.5995509213 0.3659094542
6.6061212812 9.1384470359 12.7760822180
16.6507529169 9.1383983467 6.9366316583
3.4392371474 10.5995930539 6.2053461144
6.6096047982 18.8269978903 10.6797293255
13.4804164636 0.91097628 2.4622701278
3.4355600834 0.9111488347 4.1091255036
16.6544106156 18.8268686179 9.0328698106
13.4803912313 8.9580177184 2.4622766865
6.6095947211 10.7799884114 10.6797197991
16.6544226131 10.7801376552 9.0328718551
3.4355892486 8.9578672835 4.1091319141
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5.1320756329 1.2830771656 10.6849862398
14 _.9579156516 18.4548764953 2.4570389547
4.9131244841 18.4543956483 4.1131578044
15.1769277259 1.2837030627 9.0288583226
14.9579202398 11.1520860172 2.4570223530
5.132079391 8.5858965655 10.6849552756
15.1768930566 8.5853369141 9.0288668086
4.9130802764 11.1526899264 4.1131382747
5.8654893255 2.5673766482 1.3717236620
14.2245131929 17.170644282 11.7702724418
4.1786703503 17.171532059 7.9441556010
15.911322637 2.5664749594 5.1978681552
14.224492266 12.4363744385 11.7702603558
5.8654984264 7.30163795 1.3717403958
15.911330832 7.3025241198 5.1978580740
4.1786759108 12.4354838127 7.9441331308
4.0792248466 0.9055782417 0.3602032636
16.0107866707 18.8324176491 12.7818011503
5.9664467605 18.8328103457 6.9303532781
14.1235471852 0.9051853421 6.2116569783
16.0107779816 10.7745726308 12.7818007731
4.0792196181 8.9634143796 0.3601933198
14.1235435219 8.9638117663 6.2116488494
5.9664498692 10.7741842798 6.9303521226
5.8781900915 0.0352719447 2.0784151367
14.2118402933 19.7028609898 11.0636191407
4.1689707529 19.70864919 8.6470205739
15.9210502004 0.0294074628 4.4949813297
14.2118013626 9.9042726494 11.0635824718
5.8781852497 9.8337994258 2.0783909511
15.9210340138 9.8396264992 4.4949843734
4.1689335764 9.8984278227 8.6470242601
2.1474230162 2.5425407275 1.1026258535
17.9425623711 17.1954810172 12.0393435978
7.8996323453 17.2063428571 7.6922247828
12.1905101698 2.5316834381 5.4498252727
17.9425483507 12.4115672182 12.0394184131
2.1474087012 7.3264761748 1.1026572444
12.1904690509 7.3372449913 5.4498918801
7.899600974 12.4007419709 7.6921306640
1.6764287611 0.7307692802 12.4146009843
18.41358118 19.0072344481 0.7273917020
8.3684231457 19.0071304899 5.8447302782
11.7215735565 0.7308598615 7.2972810008
18.4135771306 10.5997633234 0.7273943976
1.6764197546 9.1382345525 12.4146051198
11.7215745908 9.1381501336 7.2972799146
8.3684249465 10.599865077 5.8447241389
2.5973211506 1.5579349729 10.0412669599
17.4926808835 18.1800783785 3.1007384677
7.4476329383 18.180330426 3.4704435995
12.6423679805 1.5576387044 9.6715390517
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17.4926839531 11.4269275021 3.1007366910
2.5973148184 8.311064543 10.0412603225
12.6423626578 8.311357898 9.6715456388
7.4476279165 11.4266486005 3.4704564633
1.4873993322 18.9155092563 10.3109368237
18.6026183464 0.8224785734 2.8310864473
8.557968676 0.8224184318 3.7402722958
11.5320182155 18.915588672 9.4017396427
18.6026051148 9.0465007606 2.8310365530
1.4873955829 10.6914743388 10.3109254450
11.5320220475 10.6914112516 9.4017518602
8.5579762653 9.0465712209 3.7402680306
4.4601348987 2.6514922415 8.5686978731
15.6299548866 17.0866233646 4.5734301235
5.5930215672 17.097778134 1.9846200659
14.4970674685 2.6404574039 11.1571442340
15.6299025131 12.5204430168 4.5733468136
4.4600306313 7.2176575098 8.5685109294
14.4969526466 7.2287816538 11.1573882155
5.5929909925 12.5093184306 1.9847081898
9.862610015 16.9024835329 9.4834765197
10.22732346 2.8356138321 3.6584934679
0.1814542643 2.8375839527 2.8431982313
19.9085417274 16.90041882 10.2987892723
10.2273440445 7.0334264255 3.6585014423
9.8626341786 12.7045547108 9.4834462742
19.9085340991 12.7065710921 10.2988255670
0.1814655504 7.0314309256 2.8432417179
7.4360043869 16.3602097131 10.2161965495
12.6539802669 3.3777523286 2.9258185348
2.6071915 3.3762798347 3.6430319224
17.4828134323 16.3617163266 9.4989745181
12.6539813966 6.4912444343 2.9258216750
7.4360134737 13.2467705896 10.2161833497
17.482812597 13.2452788679 9.4989878765
2.6071923404 6.4927187352 3.6430310270
8.5612735478 14.8035222572 8.3982269760
11.5288273141 4.9345140242 4.7438818190
1.4852272277 4.9345023043 1.8273850528
18.6047611086 14.8035032209 11.3146117165
6.4947964871 16.9937412152 12.5946253198
13.5952470306 2.744290882 0.5473461444
3.5514717676 2.7440068228 6.0247798217
16.5385872522 16.9939995979 7.1172366827
13.5952304942 7.1247092788 0.5473958260
6.4947789479 12.6132657771 12.5946344456
16.538563784 12.613002307 7.1172277114
3.5514380948 7.1249936214 6.0247589222
4.8433050124 16.9070877836 10.4974565682
15.2467042838 2.8309083584 2.6445481466
5.2007415152 2.830952768 3.9268602136
14.8892747454 16.9070350137 9.2151286043
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15.2467092412 7.0380843589 2.6445537632
4.8433030152 12.6999203481 10.4974533912
14.8892729034 12.6999584514 9.2151331455
5.2007352534 7.0380484543 3.9268580013
5.9492897388 14.8035024835 0.8179215878
14.1406947413 4.9345066389 12.3240943331
4.0961650625 4.9345034132 7.3896837444
15.9938600301 14.8034990921 5.7523193245
3.9812711944 16.4383086103 0.0074610835
16.1087370738 3.2996868135 13.1345437757
6.0646650589 3.2998069061 6.5776814124
14.0253343042 16.4382206013 6.5643119727
16.1087340741 6.5693411795 13.1345490338
3.9812636325 13.1686859845 0.0074569733
14.0253297457 13.1687917344 6.5643152287
6.0646786943 6.569190043 6.5776871571
1.8694345215 14.8034956378 0.2791664273
18.2205647381 4.9344692558 12.8628290139
8.1764896367 4.9345138485 6.8497744851
11.9135395676 14.8034817666 6.2922360914
1.5852358885 17.1030974992 12.2463491390
18.5047657077 2.6348434695 0.8956345407
8.4655503399 2.6418646513 5.6650233239
11.6243823411 17.0960384433 7.4770658006
18.504793397 7.2339567242 0.8956992430
1.5852490664 12.503897086 12.2463636389
11.6243818055 12.5108736355 7.4770145905
8.4655789751 7.2271166914 5.6650175154
2.3360127639 16.4519621374 9.7644762546
17.7539872371 3.2860587399 3.3775147189
7.7045940059 3.2865294941 3.1925508271
12.3853798671 16.4514429869 9.9494510893
17.7539923864 6.5829551923 3.3775581440
2.3360221554 13.1550397546 9.7644843131
12.3853702766 13.1555558838 9.9494264085
7.7046098536 6.5824606139 3.1925554610
4.2739096381 14.8035051264 9.0277204792
15.8160888117 4.9345036244 4.1142822219
5.7696175133 4.9344993494 2.4568882560
14.3203652427 14.8035076658 10.6851057198
8.4969740569 1.4204678925 9.0734399053
11.5930132909 18.3175459575 4.0685888587
1.5495949528 18.3207498044 2.5014936564
18.5404074184 1.4172439439 10.6405343573
11.5930169253 11.2894565584 4.0685971023
8.4969839361 8.4485246688 9.0733996064
18.5403871729 8.4517497401 10.6404945061
1.5496003606 11.2862572438 2.5014567682
6.5399610886 0.6366638058 11.1648716815
13.5500439732 19.1012956306 1.9771537317
3.5058143305 19.1015582869 4.5941274670
16.5841805872 0.6364766927 8.5478853756
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13.5500218944 10.5056983829 1.9771522315
6.5399635761 9.2323111411 11.1648381838
16.5841612489 9.2325340584 8.5478674733
3.5058157908 10.5054760445 4.5941013104
5.6072608036 1.0570674143 0.8616399764
14.4827446613 18.6809724163 12.2803605790
4.4383912518 18.6816681064 7.4333640910
15.6515894135 1.0563398628 5.7086567537
14.4827428431 10.9260622004 12.2803682847
5.6072560301 8.8119433509 0.8616368660
15.6515866816 8.8126557086 5.7086386433
44383898393 10.9253454049 7.4333359513
2.4890238009 1.0269780439 0.6294954001
17.6009868245 18.7110250184 12.5124918465
7.5564176656 18.7160499083 7.2037605947
12.5335880973 1.0219144728 5.9382736000
17.6009828742 10.895988427 12.5125121014
2.4890110867 8.8420124953 0.6294924178
12.5335780883 8.8470477221 5.9382708312
7.5564166669 10.8909634597 7.2037441454
1.4538292512 0.7203911896 10.8162219476
18.636171782 19.0176050658 2.3257757271
8.5903485168 19.017880413 4.2459401344
11.4996345407 0.7200989369 8.8960580573
18.6361736277 10.5893919451 2.3257746964
1.453823497 9.1485915713 10.8162284456
11.4996474764 9.1489131619 8.8960601279
8.5903545584 10.5890933839 4.2459345441
4.087302775 1.3626066842 9.4597812570
16.0027111125 18.3754359856 3.6822422583
5.9587428875 18.3790440929 2.8876850332
14.1312687446 1.3590514762 10.2542850584
16.0027022948 11.2315857973 3.6822307899
4.0872872312 8.506437409 9.4597484697
14.1312463859 8.510038814 10.2543159639
5.9587348607 11.2280072435 2.8876989116
8.4451418622 16.3260501915 8.9449115906
11.6448427761 3.4119668655 4.1971552878
1.6089463951 3.4140742009 2.3607237497
18.4810566008 16.3239333329 10.7812748444
11.6448438531 6.4570569118 4.1971358289
8.4451470841 13.2809830912 8.9448676842
18.4810350159 13.2830577272 10.7813149885
1.6089282503 6.4549203083 2.3607437738
6.3479985757 17.2659330291 10.9970162287
13.7420083829 2.4720450933 2.1449668597
3.6965456156 2.4719078178 4.4261881074
16.3934836195 17.2661007707 8.7158209442
13.7420152872 7.3969556554 2.1450003008
6.3479938133 12.3410530294 10.9970163085
16.3934736184 12.340908121 8.7158174649
3.6965280379 7.3971029362 4.4261771646
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5.5038977035 16.3363172372 0.5682752306
14 .586143314 3.4017004877 12.5736613501
45425296246 3.4016034377 7.1426347228
15.5475057013 16.336405105 5.9994120196
14.5861067913 6.4673147327 12.5737210021
5.503883175 13.270688167 0.5683008637
15.5474822306 13.2705968201 5.9993829998
4.5425132839 6.4673973834 7.1425685499
2.3811327676 16.3387086004 0.2893406748
17.7088679957 3.3992486328 12.8526673686
7.6660370865 3.3995675606 6.8542918198
12.4239029421 16.3384787125 6.2877168975
17.7088715944 6.4696787713 12.8526353678
2.3811275744 13.2682758068 0.2893785905
12.4239156288 13.2684856096 6.2877260203
7.6660583853 6.4694752857 6.8543224051
1.3219678256 17.3428179905 10.6639581012
18.7680218099 2.3951631386 2.4780455227
8.7283993622 2.3975791056 4.0799762714
11.3615404685 17.3404351083 9.0621193376
18.7680287728 7.4737884318 2.4780661212
1.3219781701 12.2641607642 10.6639654309
11.3615577301 12.2665438858 9.0620822615
8.7284188203 7.4714206556 4.0799585314
3.8937726388 16.3448082154 9.3086198216
16.1962241774 3.3931917687 3.8334059918
6.1479735774 3.3931460705 2.7363157193
13.9420285976 16.3448723472 10.4056681820
16.1962350016 6.4758048947 3.8334025738
3.8937779565 13.2621955997 9.3086028084
13.9420113446 13.2621518809 10.4056571547
6.1479787856 6.4758476342 2.7363252562
H9.86 12.7 11.8
H 10.86 12.7 13.0
0 9.86 12.7 12.76
&END COORD
&KIND Si

BASIS_SET DZVP-MOLOPT-GTH

POTENTIAL GTH-PBE-q4
&END KIND
&KIND O

BASIS_SET DZVP-MOLOPT-GTH

POTENTIAL GTH-PBE-q6
&END KIND
&KIND H

BASIS_SET DZVP-MOLOPT-GTH

POTENTIAL GTH-PBE-ql
&END KIND
&KIND C

BASIS_SET DZVP-MOLOPT-GTH

POTENTIAL GTH-PBE-q4
&END KIND

NDULULLLOLUOBOLLOLOLOOLLOLOOOLOOLOLONOOOnOLnunnmmnmnm
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&END SUBSYS
&END FORCE_EVAL
&GLOBAL
PROJECT A
RUN_TYPE GEO_OPT
# RUN_TYPE ENERGY
PRINT_LEVEL LOW
&END GLOBAL
&MOTION
&GEO_OPT
MAX_ITER 200
MAX_FORCE 0.0009725
OPTIMIZER BFGS
&END GEO_OPT
# &CONSTRAINT
#  &FIXED_ATOMS
#  RANGE 145 192
#  &END FIXED_ATOMS
# &END CONSTRAINT
&END MOTION
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Appendix C: Force field Parameters for Lattice Energy Minimization

Si
0
FINISH
vDW 3

Species

28.0855 4.000 96 0
15.9994 -2.000 192 0

Intermolecular Buckingham Potentials

Ty C
U(rl-j) = Aexp (—%) 5
i

Table 3: Buckingham Potentials

Species A o

Si-Si 0 0.30017
0-0 0 0.30017
Si-0 149643.89 0.30017

Three Body Potentials

Screened harmonic

k T;; Tik
U(Hﬁk ) =3 G 6,)? expiifi— (i + ﬁ)]

Table 4: Screened Harmonic Potentials

Si-Si

17.7504 109.4666667 0.32769 2.0
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