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ABSTRACT
Zeolites are microporous, aluminosilicate particles that are widely synthesized for their absorptive,
catalytic, and separative properties in the chemical and environmental protection industries.
Zeolites are crystalline materials with well-defined micropore networks—pore width less than 20
Å. Silicate zeolite particles with nominal crystal sizes of 1 μm, 500 nm, 300 nm, 200 nm, and 80
nm were synthesized by a hydrothermal synthesis approach and characterized by scanning electron
microscopy for physical and structural characterization, and by the Brunauer-Emmett-Teller
(BET) method to characterize the total surface area, average pore size and average pore volume.
These particles will be utilized in future experiments as part of a collaboration between the
laboratories of Rioux and Armaou to explore the impact of particle size and the diffusional
behavior of volatile organics. The Frequency Response Method (FRM) will be used to measure
the response of a dynamic system subjected to perturbations in temperature, pressure, or
concentration. Such response reveals kinetic information on the physical or chemical changes in
the system. A FRM experimental design was outlined for future applications to test zeolite particles
subjected to pressure and volumetric perturbation.
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Chapter 1
Introduction
This thesis outlines the synthesis method for the silicate-1 particles by a hydrothermal
process with particle sizes of 1 µm, 500 nm, 300 nm, 200 nm, and 80 nm. A scanning electron
microscope was used to confirm the particle size and ultimate morphology of the particles. The
Brunauer-Emmett-Teller (BET) method was used to measure the pore volume and surface area of
each silicate sample. A frequency response system was designed for future construction and
implementation to measure molecular diffusion inside the zeolite micro pores.
The primary question explored, is how an apparatus can be constructed to test zeolite
particles for their diffusivity. Frequency response has been used before, but has never been able to
capture dynamic behavior under the varying conditions of 0.2 cm to 5 cm displacement and a 0.1
to 50 Hz frequency range. These new ranges are expected to reveal dynamic diffusivity behavior
about zeolite particles.
Zeolite particles are crystalline, inorganic aluminosilicates that have a silica (SiO4)
framework with uniformly sized pores. The pores, which are approximately the size of most
petroleum relevant molecules act as molecular sieves, rejecting molecules too large to diffuse
through the pore. Therefore, these molecular-sized pores have the ability to size and shape select
molecules with atomic-level precision, making them excellent candidates for adsorptive and
catalytic applications. In certain zeolites, the silica framework Al3+ replace Si4+, which leads to
charged sites in the pores, called active sites.1 Thus, the framework will carry a negative charge.
Cations are present in the frameworks to provide electroneutrality to the structure. These cations
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can participate in cation exchange, which grants zeolites capability to reversibly absorb polar
molecules.1,2 This property is significant, and has led to the wide applications of zeolites in oil
refining, petrochemical industry, adsorbents, and gas separation.2 However, not all zeolites contain
acid sites, and many are used for processes like separation and filtration.
Zeolites are frequently used as catalysts, which function to increase the rate of a reaction.
In catalytic applications, the framework is primarily silica with cation active sites. The primary
reason for high silica as opposed to alumina content, is that silica is able to withstand much higher
temperatures.1 High temperature conditions are often characteristic of catalytic reactions.
Additionally, the pore size of zeolites in catalytic processes plays an important role in molecular
diffusion. Modifications to the zeolite structure can drastically alter molecular diffusivity through
the pores or the amount of active sites present for a reaction to occur. More specifically, the
structure may sterically select certain products due to the shape of the acid sites.3
In an ideal pore, molecules diffuse into the pores, react at the active sites (if the zeolite
contains a catalytic active site, i.e., H+, etc.), then diffuse out of the pore. However, one of the
major problems faced in zeolite catalysis is slow diffusion of molecules through the pores. In nonideal pores, molecules adsorb onto the pore wall during diffusion. Overall, this decreases diffusion
inside the pore by decreasing the available space for adjacent molecules to diffuse. To overcome
this phenomenon, various zeolite structures are being synthesized and evaluated for their diffusion
effectiveness.4 One such zeolite being considered is silicate-1 with the Mordenite Framework
Inverted (MFI) topology.
Various techniques have been developed in order to measure diffusion through microporous materials. However, depending on the methodology used, the diffusivity can vary as much
as three orders of magnitude.4,5 This large discrepancy arises due to the small scale at which
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diffusion is occurring. Two types of techniques are applied for measuring diffusion through micropores at different scales: macroscopic and microscopic. Zero-length chromatography (ZLC) and
frequency response (FR) are two macroscopic methods commonly employed to characterize
molecular diffusion in zeolites; while, pulsed field gradient-nuclear magnetic resonance (PFGNMR) is a microscopic technique used. PFG-NMR measures the molecule’s self-diffusivity inside
the pore. Macroscopic techniques tend to predict diffusivities much smaller than diffusivities
predicted by microscopic techniques.6,7 These differences in values has led to significant debate in
the scientific field over which one is correct, and whether these techniques are measuring the same
behavior. Specifically, much of the debate revolves around the impact of synthesis methodologies
and pore surface adsorption effects on the diffusivities.7-9

Industrial Applications
Structure plays an important role in industrial applications. Synthesis techniques can be
modified to vary the zeolite topology and structure. One such structure has each oxygen atom
bonded to one silicon and one aluminum atom.1 This arrangement maximizes the amount of cations
present. Structures with large cation concentrations are utilized in ion exchange and adsorption.
An example of utilizing zeolite’s ion exchange potential is applied in the detergent industry, which
is zeolite ion exchange’s largest market. Calcium and magnesium ions are responsible for the dull
unclean look in clothing. Zeolite’s ion exchange capacity measures how well calcium and
magnesium ions can be replaced with sodium ions.2 A larger ion exchange capacity is
advantageous because it corresponds to replacing more ions and ultimately more efficient cleaning.
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Zeolites are also used in catalytic applications. Some catalytic applications include the
epoxidation of linear olefins, oxidation of linear alkanes to alcohols and ketones, hydroxylation of
aromatics, and oxidation of amines.9-11 In these applications, the ratio of silica to alumina is low,
in order to increase the amount of cationic protons at exchange sites. These cationic proton sites
are of industrial interest as the sites are manipulated for purposes like selecting stereospecific
products. Another desirable trait of high silica content is that silica is able to withstand much
higher temperatures than alumina. Catalytic processes often occur at high temperatures, thus the
importance of maintaining a high silica ratio to ensure structural integrity of the zeolites.
Petrochemical and refining industries account for 90% of all zeolite catalysts.1 Zeolites are
used in these industries for their ability to accelerate conversion of reactants and to select
stereochemistry of the products. Usually diffusion through pores is slow; however, processing the
reactants in the gas phase accelerates the process. Fluid Catalytic Cracking (FCC) is a conversion
process that is often used in petroleum refineries. In the FCC, high-molecular weight hydrocarbon
fractions of crude oil are processed into olefins and gasoline. The FCC utilizes zeolites as the
primary component in the catalytic process. Other components include a matrix, binder, and
filler.12
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Chapter 2
Zeolite Particles

Synthesis
The zeolite particles were synthesized by a procedure outlined in Teixeira et. al. The
zeolites, silicate-1, were synthesized with the following mole ratio SiO2:0.25TPAOH:xH2O, in
which the x value = 11, 38, 60, 100, and 400 corresponding to particle sizes of 80, 200, 300, 500
nm, and 1 µm respectively.4 TPAOH stands for tetrapropylammonim hydroxide, and the SiO2
source is tetraethyl orthosilicate. Solutions were first prepared by mixing the molar ratio of
reactants together. A sonicator was used to ensure complete mixing between reagents. Solutions
were stirred and heated for 24 h at 300 rpm and 170°C. The solutions were then placed inside Parr®
autoclave bombs and heated in an oven at 170°C for 24 h. After, the particles were washed with
distilled water and underwent centrifugation for 3 20 minute sessions at 6000 rpm. After each
session, the liquid was drained and replaced with distilled water. After the third session, the
particles were placed on a watch glass and allowed to dry in a fume hood for 24 hours. The particles
were then appropriately stored for later use.

Structure

Zeolites have been synthesized into several unique frameworks; in fact, there are over 190
kinds of zeolite frameworks.14 However, only about 10 of these frameworks are used in an
industrial setting due to their thermal and mechanical stability as well as being cost effective.13
Another important consideration is how well molecules are able to diffuse through a framework.
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If molecules frequently adsorb to pore walls, the diffusion process slows thus decreasing the
overall zeolite effectiveness.
The pore structures in zeolites are defined by the ring structure and its size. There are three
main ring structures that are constructed from either 8-ring, 10-ring, or 12-ring systems with
respective pore widths of 4.1, 5.5, and 7.4 Å.1,2 These sizes can vary due to ring torsional strain.
These ring structures combine to form the frameworks seen in the vast array of zeolite particles.
The silicate particles synthesized in this study, silicate-1, have a MFI framework, which can be
seen in Figure 1. Zeolite MFI Structure14Figure 2-2. MFI channel configurations

Figure 1. Zeolite MFI Structure14

The MFI structure seen in Figure 1. Zeolite MFI Structure14 consists of 10-ring pore structures. These 10rings are constructed from pentasil units, which are structures made of three-dimensional pentagonal
arrangements of alumina, silica, and oxygen. These 10-rings are the basis of the pores, and three

dimensionally can form either straight or sinusoidal channels as seen in Figure

2-2.

MFI
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channel

configurations. Photo credit to Taslima Zaman.

Figure
Figure
2-2.
2. MFI channel configurations

The straight and sinusoidal channels have diameters of 5.5 Å. These channels are the primary

sites of interest, as their size dictates the largest possible molecule that may diffuse through. For
comparison, the size of a nitrogen molecule 4.3 Å.1-2,13

Diffusion in Zeolites
As previously mentioned, zeolites are catalytic because of their composition. The
negatively charged aluminum atom inside of the zeolite framework is paired with a counter ion.
Typically, this counter ion is a proton, which gives rise to a Brønsted acid site.15 When molecules
diffuse through the pores, they may react with the acid sites yielding desired and undesired
products. Diffusion is important in zeolites because these active sites need to be reached by the
reactants, and then the products have to diffuse out of the zeolites. The rate at which product is
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produced not only depends on the reaction rate inside the zeolite, but also the time required for
diffusion in and out of the pores.
Due to zeolites having micropores, pore dimensions between 0.3 and 0.75 nm, mass
transfer through the pores depends on the interactions with the molecules diffusing the pore and
the pore wall. Once molecules, typically in the gas phase, enter the pore, they are adsorbed by the
zeolite. This type of transport is called zeolite diffusion, and can be described by Fickian diffusion
in the following eqn (1). 𝐽𝑖 represents the flux of species i; 𝜌 is the zeolite density, 𝐷𝑖 is the
diffusivity of species i, ∇ is the del operator, and 𝑞𝑖 is the concentration of species i adsorbed on
the zeolite.15
𝐽𝑖 = 𝜌𝐷𝑖 ∇𝑞𝑖

(1)

In this equation, the value of diffusivity is dependent on the size of the molecule as well as the
zeolite, as each has its own framework, which varies properties like tortuosity and porosity. In the
MFI framework, channels and intersections between these channels primarily characterize the
zeolite structure. Other zeotypes, like Faujasite (FAU), have frameworks built from cages and
windows.

Scanning Electron Microscope
After each silicate-1 size was synthesized, a scanning electron microscope (SEM) was used
to view the particle size. This was done in order to see the purity of the synthesis. If the synthesis
went incorrectly, there would be a large distribution of particle sizes as well as nonhomogeneous
crystal shape. SEM images are provided below in Figures 3-7.
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Figure 3. 1 μm zeolite particles

Figure 4. 500 nm zeolite particles
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Figure 5. 300 nm zeolite particles

Figure 6. 200 nm zeolite particles
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Figure 7. 80 nm zeolite particles

Overall, the sizes were close to the expected experimental size. The particles were also
generally uniform in composition. The largest size deviation was observed for the 300 nm
particles, which seemed to be in between 200 and 300 nm in size. The larger sizes, 1 μm and 500
nm, had defined coffin shaped structures. As the size decreased, the particles became more
spherical in their shape. Similar behavior was observed in Teixeira et. al.4

Brunauer-Emmett-Teller Theory
Brunauer-Emmett-Teller (BET) Theory was applied to the silicate-1 particles once the
purity of the samples was confirmed. BET Theory describes the physical adsorption of gas on
solid surfaces and is used to determine the surface area of the material.16 BET expands Langmuir’s
adsorption theory, which considers monolayer adsorption, to considering multilayer adsorption.
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There are three tenets of BET theory: gas molecules can adsorb onto a solid surface and form an
infinite amount of layers, adjacent adsorbed molecules do not interact, and Langmuir theory is
applicable to each layer. The theory can be summarized with eqn. (2).17
𝑃
𝑃𝑜

𝑃
𝑉(1− )
𝑃𝑜

=

(𝐶−1) 𝑃
𝑉𝑚 ∗𝐶 𝑃𝑜

+𝑉

1

(2)

𝑚∗ 𝐶

V represents the total volume adsorbed at a pressure P, 𝑉𝑚 is the volume adsorbed at monolayer
coverage, 𝑃𝑜 is the saturation vapor pressure of the adsorbate gas (nitrogen), C is defined by the
following equation.
𝐶= 𝑒

(𝑞1 −𝑞𝐿 )
𝑅∗𝑇

(3)

𝑞1 is the heat of adsorption in the 1st surface monolayer. 𝑞𝐿 is the heat of condensation of the
adsorbate, R is the ideal gas constant, and T is absolute temperature. By using eqn. 2, a plot of the
𝑃

1

𝑜

𝑚

left side vs. 𝑃 will give a linear plot with an intercept of 𝑉 𝐶 . This is used to determine 𝑉𝑚 . Typical
𝑃
𝑃𝑜

ranges used are from 0.05 to 0.4; however, for micropores a ratio of 0.01 is optimal.16 Eqn 4 is

used to calculate the surface area 𝐴𝑠 .
𝐴𝑠 = 𝑉𝑚 ∗

𝑁𝐴
𝑉𝑔

∗ 𝐴𝑐

(4)

𝑁𝐴 represents Avagadro’s number, 𝑉𝑔 represents the volume of the gas, and 𝐴𝑐 represents the crosssectional area per molecule of gas (16.2 Å2 for N2).

Horvath-Kawazoe method outlines the calculation of the pore width in the following eqn
5.
𝑃

ln 𝑃 =
𝑜

𝑁𝐴

𝐽𝐴4
𝐽

𝐼𝑃∗1032 ∗

𝜎4

∗
∗ [3∗(𝐿−𝑑
𝑅∗𝑇 𝜎4 ∗(𝐿−2∗𝑑 )
𝑜

𝑜

𝜎10

)3

− 9∗(𝐿−𝑑

𝑜

𝜎4

)9

𝜎10

− 3∗𝑑 3 + 9∗𝑑 3 ]
0

0

(5)
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𝜎 represents gas solid nuclear separation at zero interaction energy, 𝑑𝑜 represents the average of
the molecular diameter and diameter of sample atom, L represents the pore width, and IP is an
interaction parameter of 10-43.
The method used in this study was physical adsorption of nitrogen gas onto the particles
while the system was cooled with liquid nitrogen to 77 K. The system used in this study was a
Micromeritics® ASAP 2020. The instrument functions by first placing the sample in a vacuum
environment. Then nitrogen gas is added incrementally to the zeolite sample cooled to 77 K. After
each dose reaches equilibrium, a pressure measurement is taken. Dosing continues incrementally
until the desired relative pressure ratio of 0.01 is achieved. During each dose, nitrogen gas is
adsorbed inside the pores of the zeolite. This adsorption leads to a decrease in the system pressure.
Since the amount of nitrogen added is known, the change in pressure is used to determine the
quantity adsorbed. Eqn. 2 is used to determine the pore volume and eqn. 4 is used to determine the
surface area. Eqn 5. is used to determine the pore width.

Experimental Data
A BET test was performed on the 500 nm silicate-1 zeolite particles. The BET surface area was
determined to be 315.20 m2/g, the average pore size was 8.37 Å, and the average pore volume was 17.02
Å. Figure 8. Relative Pressure vs. Quantity N2 Adsorbed for 500 nm zeolite particles represents the
adsorption isotherm as the relative pressure increased.
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Figure 8. Relative Pressure vs. Quantity N2 Adsorbed for 500 nm
zeolite particles

As expected, as the pressure increased, the quantity of N2 gas adsorbed increased. The rate at which the
zeolites adsorbed nitrogen decreased as the relative pressure increased, which is because the pores were
reaching saturation. As seen in Figure 9. Fitted plot of Relative Pressure vs. Quantity N2 Adsorbed for
500 nm zeolite particles, the ASAP 2020 fit the data to a linear plot, in order to determine the surface
area.

Figure 9. Fitted plot of Relative Pressure vs. Quantity N2 Adsorbed
for 500 nm zeolite particles
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The equation used is a variation of eqn. 4 and can be seen below in eqn 6. 𝑆 is the slope of the
line, and 𝑌𝑖𝑛𝑡 is the y-intercept of the line.
𝐴𝑠 = 𝑉𝑚 ∗

𝑁𝐴
𝑉𝑔

1

∗ 𝐴𝑐 ∗ 𝑆∗𝑌

𝑖𝑛𝑡

The data for the other particle sizes was not completed due to complications with the
equipment; however, after fixing the problems the data will be collected.

(6)
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Chapter 3
Frequency Response

Introduction to Frequency Response
The frequency response (FR) method measures a closed system’s dynamic response to a
perturbation in temperature, pressure, volume, or concentration, which reveals kinetic information
about the rate of physical or chemical change.19 Angstrom conducted one of the first applications
of FR in a dynamic system.20 In his experiment, he used a sinusoidal temperature change to
determine the thermal conductivity of a material. According to FR, the perturbation has an
associated amplitude, and the response produced has a lower amplitude and is shifted in phase
with respect to the perturbation or input. This shift is called a phase lag. The amplitude difference
and the phase lag are related to the dynamics of the processes occurring inside the closed system.18
FR’s use has been expanded to many applications. Many of which aim to study the
physical and chemical properties of adsorption of a fluid on a solid surface in a closed system.
Typically, the perturbations used in FR are volumetric and are controlled by a harmonic oscillator.
By following the ideal gas law, volumetric changes vary the system’s pressure. Pressure
perturbations affect a porous material’s ability to adsorb, diffuse, or catalyze a reaction.
In this study, a design for a frequency response system was constructed. The system would
be applicable to the catalysts previously synthesized in order to accurately determine the diffusivity
of small organic molecules inside silicate-1 particles with differing dimensions.
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Experimental Design
FR systems demand sensitive, high accuracy equipment with fast time resolution in order
to accurately measure pressure and volume dynamics. A FR system was designed taking into
consideration these sensitivities as seen in Figure 10. Purposed Frequency Response SystemThe
system consists of an adsorption-diffusion chamber, servo-motor, metal bellows, sample holder,
pressure transducers, dosing manifold, vacuum pump, and a controller.

Figure 10. Purposed Frequency Response System

The adsorption-diffusion chamber is a metal cylinder with a bellows assembly consisting
of a bellows assembly on the left side and a Series 171 High Sensitivity Sensor from PCB
Piezotornics©. The chamber is a 3’’ diameter SS-304 vacuum piping from MDC Vacuum Products.
Conflat flanges, 3-3/8’’ OD non-rotatable from MDC Vacuum Products, were attached to each
end of the chamber. The flange on the bellows side had a 3’’ diameter opening to allow gases to
flow from the bellows in a sinusoidal fashion. The flange on the pressure transducer side was fitted
to allow for the pressure transducer to take pressure readings. A sample holder assembly has a
1.5’’ inlet on the chamber. A static pressure transducer was also placed along the top of the
chamber in order to monitor the system pressure during the loading and evacuation of gases from
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the chamber. A dosing manifold is attached to the chamber by a ½’’ half nipple. The entire chamber
is kept isothermal by thermal tape wrapped around the diameter. In order to ensure isothermal
conditions, thermocouples were placed around the chamber as well as inserted inside the chamber.
The motor is a Moog Components Group© 50206D linear drive motor. Its function is to
compress and decompress the bellows system in a linear fashion. The motor is capable of varying
frequencies, 0.1 hz to 50 hz, over displacements ranging from 0.2 cm to 5 cm. The motor system
has ± 0.1 µm displacement precision and is controlled by a 4-20 mA controller system.
The linear motor was interfaced to a custom bellows assembly provided by BellowsTech©.
The bellows was custom built in order to ensure smooth motion that allows for precise sinusoidal
perturbations in the chamber. The bellows has a 3’’ free length with an extended length of 2.970’’
and a compressed length of 1.0’’. Each end of the bellows is attached to CF flanges matching the
adsorption-diffusion chamber. The bellows were designed to withstand vacuum pressure
conditions.
A sample holder was custom designed in order to fit the experimental specifications. The
holder had to be designed such that the zeolite catalyst would experience the pressure perturbations
inside the chamber as well as allow the pressure transducer to pick up the pressure changes. The
design of the sample holder can be seen in Figure 11. Sample Holder Schematic
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Figure 11. Sample Holder Schematic

The system is planned on being fully constructed in a later study. A comprehensive set of equations
need to be derived to fully characterize the dynamic behavior inside of the chamber.
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Chapter 4
Conclusion and Future Work
Silicate zeolite particles with nominal crystal sizes of 1 μm, 500 nm, 300 nm, 200 nm,
and 80 nm were synthesized by a hydrothermal synthesis approach. The particles were observed
under a scanning electron microscope to confirm the synthesis. A BET analysis was performed
on the 500 nm particles to determine a surface area of 315.20 m2/g, average pore size of 8.37 Å, and
the average pore volume of 17.02 Å. A frequency response system was designed for testing the zeolite
particles under volumetric and pressure perturbations. Future work intends on fully characterizing all
zeolite particles with a BET analysis. Additionally, a set of equations will be derived in order to describe
the dynamic behavior of the frequency response system. Finally, the frequency response system will be
constructed and implemented in order to determine the diffusivities of the zeolite particles.
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Appendix A

Frequency Response Schematics
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