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Chapter 1
Introduction

Chapter 1
Introduction

The need for sustainable production of everyday materials in addition to market
volatility of petroleum-based feedstocks has motivated research into the production of
renewable aromatic chemicals from biomass. Porous materials such as zeolites with
their unique property, which are widely used in chemical industry and petrochemical
industry such as selective catalysis and adsorption separation. Through the adsorption
and diffusion properties of diffusion substance within zeolites were studies. Further
understanding of diffusion mechanism within zeolites could offer some new information,
which is of guiding significance for studying the intrinsic reaction kinetics of catalytic
reaction, designing zeolite catalyst and reactor in the reaction engineering. In this study,
we focused on the diffusion within zeolites in the liquid phase and sub- and super-
critical fluids, which can clarify the diffusion mechanism within the pore of zeolites.

1.1. Zeolites

Zeolites are wusually defined as a crystalline aluminosilicate with a
three-dimensional framework structure that forms regularly sized pores in each
dimension. They consist of connection of SiO4 and AlO4 tetrahedrons through oxygen
bridges (Fig.1.1) [1]. Among them, Si (Al) tetrahedrons is the most primary building
units of zeolites framework. At some places in the framework Al ions have charge of
plus three and the framework carries a negative charge. In order to balance the valence
state, coordination cations such as H* exist (Fig.1.2) within the cavities preserve the
electroneutrality of the zeolite. This cation within the cavities has solid acid, which can
become an active site for reversibly adsorb polar molecules. The active site contains
various alkali metals, alkaline earth metals and transition metal species. According to
the regulations of the International Union of Pure and Applied Chemistry (IUPAC) and
the size of pore channels, porous materials can be divided into three categories:
macroporous materials with a diameter greater than 50 nm, microporous materials with
a diameter of 2 nm, and mesoporous materials with a range of 2-50 nm [2]. The pore
size is one of the most important characteristics in the structure of zeolite molecular. In
addition, the diameter of some lighter hydrocarbons approaches the pore diameter of the
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zeolites. The molecule which is smaller than the pore size of the zeolite can enter the

pores, and the molecule which is larger than the pore size of zeolite cannot enter the
pores.

Si4* or AlI3* or other metals

Fig.1.1 Unit in the zeolites structure.

H3- or other cations H?- or other cations

O 0 ¢
O\ / N I/5_ AN /Q\ éo
Pt /A\ PN /Al\ Active site

O OO0 00 00 O

Fig.1.2 acid site of zeolite

In 1756, the Swedish mineralogist Cronstedt discovered the first natural
aluminosilicate and it was named zeolite by Cronstedt [3]. In the 1960s, the artificial
synthesis of zeolite made this kind of porous materials begin to play its application
value [4]. In 2006, there were approximately 170 molecular sieve structures were
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registered [5]. According to the different framework structure of zeolites, zeolites can be
divided into different types, such as MFI type, BEA type, USY type, MOR type, MWW
type zeolite, etc [6-8].

In general, the internal structure of molecular sieves is mainly composed of
channels and cages. In this paper, the structure of MFI type zeolites, BEA type zeolites,
Y type zeolites were investigated.

1.1.1. Structure and application of MFI type zeolites, BEA type zeolites, Y type
zeolites

The unique crystal structure of zeolite determines its unique properties:
possessed tunable solid acidity, flexible frameworks, ion exchange and high adsorption
capacity [9], which is widely used in various fields including petrochemistry and fine
chemicals as catalysts, adsorbents, and separators by utilizing these characteristics
[10-14].

In the framework of MFI type zeolite (ZSM-5 zeolite and high-silica silicalite-1
zeolite), the tetrahedron composed of silicon oxygen or aluminum oxygen atoms forms
a five membered ring through a common vertex oxygen bridge, and eight five
membered rings are connected with each other to form its basic structural unit (Fig.1.3
a). Each sheet is linked by oxygen bridges to the next to form the 3-dimensional
structure. Thus, two kinds of 10-ring cross channels are formed, i.e., the straight-line
channel with an aperture of 0.53 x 0.56 nm and a zigzag Z-shaped sinusoidal channel
with an aperture of 0.51 x 0.55 nm (Fig.1.3 b) [15-16]. The ZSM-5 has attracted
attention as a catalyst with shape selectivity in refinery and petrochemical processes,
and it has been put into practical for catalytic decomposition of fluidized bed [17-20].

i 0.53x0.56nm

L }O.SSXO.Slnm
Fig.1.3 a Representative zeolite structures of MFI zeolite [15] and b porous structure of
MFI zeolite
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Y zeolite is one of the most widely used microporous molecular sieves in
industry, which has FAU topology. (Fig.1.4 a). In this case, they are arranged in the
same way as the carbon atoms in diamond, which are joined to one another via double
6-rings. This creates the so-called supercage with four, tetrahedrally oriented, 12-ring
pore openings, and a 3-dimensional channel system, and pore size of Y zeolite is 0.74 x
0.74 nm. (Fig.1.4 b). Because of its large pore volume and three-dimensional 12
membered ring channel system, octahedral zeolite has a large pore volume, Y zeolite
has become the main active component of Fluidized Catalytic Cracking (FCC) and
hydrocracking catalysts [21-25].

BEA zeolite is tetragonal with high density of crystal defects, which have a
high silica zeolite with three-dimensional twelve membered ring channel structured
(0.76 x 0.64 nm). The units are joined to one another via 4-rings to form layers with
saddle-shaped 12-rings (Fig.1.5). BEA zeolite has good adsorption performance, which
is widely used in the removal of thiophene sulfide from FCC gasoline. The results show
that the microporous mesoporous structure of BEA zeolite can remove organic sulfur
compounds with different molecular sizes, which can be applied to the desulfurization
of oil products with multi-component organic sulfur components [26]. In addition, BEA
zeolites are also widely used in vehicle emission control, industrial waste gas
purification, and emission reduction of volatile organic compounds (VOC), NOx and
N-O [27-30].

0.74nm
1.3nm

Fig.1.4. a. Representative zeolite structures of Y zeolite [15] and b. porous structure of
Y zeolite generally by viscous flow.
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Fig.1.5 a. Framework structure viewed of BEA zeolite approximately along [010]
b. Framework structure viewed of BEA zeolite approximately along [110][26]

1.2. Adsorption of Zeolite
1.2.1. Adsorption

Adsorption occurs due to the interaction between the adsorbate molecules and
the adsorbent surface, such as catalysis, dissolution, etc. The solid that can be adsorbed
is called adsorbent, and the substance adsorbed is called adsorbate. The adsorption rate
of fluid molecules on zeolite is relatively fast, and the adsorption process is mainly
controlled by intragranular diffusion. The pore size of the zeolite determines the size of
the molecules that can enter the crystal cavity. The adsorption of adsorbate molecules in
zeolite channels not only interacts with the pore walls of zeolites, but also between
adsorbate molecules and molecules.

The Si/Al ratio of zeolites also affects the properties of zeolites. For example, the
surface of zeolites with high Si/Al ratio is nonpolar, and the effect of nonpolar surface
on adsorption is not obvious. The aluminum content in zeolite also has an effect on the
adsorption performance of zeolite. For Al rich zeolites, the electrostatic effect plays a
dominant role in the adsorption process due to the strong electrostatic field in the pore

9
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channel.

1.2.2. Type of adsorption isotherms

In the IUPAC recommendations there are six physical adsorption isotherm types
were shown in Figl.6. Type I: adsorption on microporous adsorbents. Typell: adsorption
on nonporous or macroporous adsorbents with strong adsorbate-adsorbent interactions.
Typelll: adsorption on non-porous or macroporous adsorbents with weak
adsorbate-adsorbent interactions. Type IV: mesoporous adsorbents with capillary
condensation is accompanied by hysteresis. TypeV: it is related to the Type Il isotherm
and the adsorbent-adsorbate interaction is weak. TypeVI. stepwise layer-by-layer
adsorption on a highly uniform nonporous surface [31].

Type-1
T
E Micropores Nonporous
< | Type-1II Type-1V
2
=
=
= Weak substrate sopores
:g Capillary Condensation|
=~
- |
e | Type-V Type-VI
~
-
Weak substra
Layering

Relative Pressure, P/P, [-]

Fig.1.6 Classification of adsorption isotherms according to IUPAC [32]

10
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1.2.3. Equation of adsorption isotherms

The mathematical formula to express the isothermal adsorption curve is called
isothermal adsorption formula. The following formulas are commonly used:

(1) The Henry isotherm
At a certain temperature, the solubility of gas in liquid is directly proportional to its
partial pressure, which is Henry's law. In the process of adsorption, the adsorption
amount is directly proportional to the pressure (or concentration). This is the same as
the solubility of gas in dissolution, so it is called Henry adsorption.

Q=KC (1-1)
Here, Q is amount of adsorbed, K is equilibrium constant which is estimated from the
slope of isotherms, and C is concentration or pressure in adsorbed phase at equilibrium
condition.

(2) The Langmuir isotherm

The Langmuir isotherm theory assumes monolayer coverage of adsorbate over a
homogenous adsorbent surface [33]. Therefore, a saturation point is reached where no
further adsorption can occur at equilibrium. A basic assumption is that sorption takes
place at specific homogeneous sites within the adsorbent. Once a dye molecule occupies
a site, no further adsorption can take place at that site. The Langmuir equation is
expressed as:

_aqP
1+aP

(1-2)

Here, g is amount of adsorbed, a is sorption equilibrium constant, gs is amount of
saturated sorption and P is pressure at equilibrium condition.

The Langmuir equation is used in homogeneous sorption, where the sorption of each
molecule has equal sorption activation energy. The equation is thermodynamically

consistent and follows Henry’s Law at low concentrations.

(3) The Freundlich isotherm

The Freundlich expression is an exponential equation and therefore assumes that as the
adsorbate concentration increased with increasing the concentration of adsorbate on the
adsorbent surface. The Freundlich equation is expressed as:

11
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_ . pl
g= aP /m (1-3)

In this equation, g is amount of adsorbed, a is sorption equilibrium constant, P is
pressure at equilibrium condition, and n is constant. This expression is characterized by
the heterogeneity factor, n, and so the Freundlich isotherm may be used to describe
heterogeneous systems [34—36].

(4) The Tempkin isotherm

Tempkin and Pyzhev [37] considered the effects of some indirect adsorbate/adsorbate
interactions on adsorption isotherms and suggested that because of these interactions the
heat of adsorption of all the molecules in the layer would decrease linearly with
coverage. The Tempkin isotherm has been used in the following form:

RT
q= 7 InAC (1_4)
Here, R is the universal gas constant (8.314 J/mol K), T is the absolute temperature in
Kelvin, and b is the Tempkin constant related to heat of sorption (J/mg). The Tempkin

constants A and b are calculated from the slope and C is concentration.

1.3. Intracrystalline diffusion phenomenon within zeolite
1.3.1. Diffusion

Due to the widely application of porous materials in petrochemical industry,
the diffusion behavior of molecules in adsorbents is very crucial because the diffusion
performance of reactants/products in catalyst channels is closely related to the
efficiency of the catalytic process. Porous materials are used as catalysts in catalytic
reactions. When the molecular size of reactants/products are close to the pore size of
porous materials, there are interactions between the reactant/product molecules and the
pore channels, the diffusion of the reactants/products within the pores of the porous
materials is limited. Therefore, the diffusion of reactants/products is strongly affected by
the pore size and configuration of porous materials, and not only by temperature and
adsorbent concentration. In this way, it can greatly reduce the mass transfer rate (i.e.
diffusion limitation), and seriously affects the activity and selectivity of the porous
materials catalysts.

12
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In these diffusion processes, the effective diffusion coefficient is very
significant for studying the intrinsic reaction kinetics of catalytic reaction, designing
reactor and predicting the ideal concentration distribution of active components on the
catalyst. Therefore, it is very essential to measure the diffusion performance of the
probe molecules in the catalyst by various experimental instruments and methods, and
to carry out theoretical research on diffusion related to the catalyst development and
industrial application technology [38].

Heterogeneous catalytic reaction of porous materials plays an important role in
petrochemical and fine chemical production Use. In the process of heterogeneous
catalytic reaction, the catalytic reaction performance of the catalyst is closely related to
the diffusion performance of porous materials. The catalytic reaction process of porous
materials includes (Fig.1.7): a. the reactant first diffuses from reaction fluids to the outer
surface of zeolite (external diffusion). b. the reactant diffuses from the surface of the
zeolite to the inside of the channel (internal diffusion). c. catalytic reaction on the inner
surface of the inner channel of zeolites (chemical reaction). d. the product diffuses from
the inner channel to the outer surface of the zeolites (internal diffusion). e. the product
diffuses from the outer surface of the zeolite (external diffusion).

From the above process, whether a catalytic reaction can take place or not, how
efficient the catalytic reaction is, the diffusion of reactants plays an important role
within zeolite. For the reaction that can be carried out in thermodynamics, if the reactant
molecules are limited in the diffusion process, the efficiency of the whole catalytic
reaction will be reduced; similarly, if the product molecules generated cannot leave the
active site and reach the gas phase, liquid phase or other phases in time that we often
called product poisoning. Therefore, the study of the diffusion properties of porous
materials is very important for understanding the catalytic process.

13
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Internal diffusion

External diffi Sio}'] e Gas phase,
’ . liquid phase or
Reactant . other phases
! Product
Gas phase, "
liquid phase or .
other phases

) External diffusion
zeolite

External diffusion —Internal diffusion — Chemisorption ——

External diffusion <— Internal diffusion <—— Desorption -

uornoeal [eaIwsyd

Fig.1.7 Heterogeneous catalytic reaction on zeolite catalyst particles

1.3.2. Affect factor of diffusion

Generally, the pore size of zeolite is less than 1.3nm, which belongs to

microporous material, and the molecular kinetics diameter of most of hydrocarbon is
about 1nm. Therefore, the diffusion of hydrocarbon within zeolite is affected by the size
and configuration of adsorbent and adsorbate structure. Zeolite is composed of crystals
with uniform pore size. The adsorption molecules will produce steric hindrance with
adsorbent molecules in the diffusion process. In this case, only small or appropriate
shape hydrocarbon molecules can diffuse into the zeolite, while other hydrocarbon
molecules are excluded, which reflects the shape selective property of zeolite.
The porosity of zeolites gives rise to their unique shape selectivity characteristic, as
certain reactions are facilitated while others are suppressed due to the high or low
accessibility of reactants to reaction sites, and slow transport of products out of these
sites.According to the average free path length of diffusion molecules (1) and the pore
size of porous solid particles (dp), diffusion in porous materials can be divided into the
following three regions: 1. Molecular diffusion; 2. Knudsen diffusion; 3.
Configurational diffusion(Fig.1.8 a) [39-42].

14
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1) Molecular diffusion(dp>>A): also known as host diffusion or bulk diffusion. When
the pore diameter is much larger than the average free path of molecules, there is no
effect of pore wall effect, and guest molecules can easily pass through the pore. When
the pore diameter is large or the system pressure is high, molecular diffusion plays a
major role.

2) Knudsen diffusion(dp=\): the pore diameter of the medium is smaller than the

average free path of the guest molecule, and there is a strong interaction between the
guest molecule and the pore wall, and the pore wall will have a significant impact on the
adsorption and diffusion of molecules in the medium.

3) configurational diffusion: also known as “Intracrystalline diffusion,” [43], For
molecules with strong adsorption capacity on the pore surface, or the size of the guest
molecule is very close to the pore size of zeolite, such diffusion occurs. The diffusion is
not only related to the temperature of the system and the concentration of guest
molecules, but also affected by the shape and size of the channels of zeolite. In the
configuration region, the diffusion resistance is greatly increased due to the influence of
the force field gradient and the diffusion potential of molecules through the pore
channel.

From the relationship between the pore size and the three kinds of diffusion,
which can be seen that the diffusion coefficient decreases with the decrease of the pore
diameter. The most obvious diffusion type affected by pore size is intracrystalline
diffusion. The small change of pore size can lead to the change of diffusion coefficient
by multiple or even several orders of magnitude. Intracrystalline diffusion is an
activated process, the energy of activation arising largely from steric hindrance. The
diffusional activation energy and therefore the diffusivity, for a given sorbate, are
therefore directly related to the pore size, as shown schematically in Fig.1. 8b.

15
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Fig.1.8 Diffusion of guest molecule in zeolites a) Schematic representation of the effect
of pore size on the diffusion of large and small molecules; b) Effect of pore diameter on
molecular diffusivity (D) and energy of diffusional activation (Ea) with the different
regimes.

The main expressions of molecular diffusion in particle channels are shown in
the Table 1.1. Ruthven et al. reported that the adsorption of gas on porous materials
mainly occurred in the intracrystalline of the porous material, which considered that the
adsorption contribution of the macroporous connector and the outer surface of the
crystal could be ignored. Because the diffusion rate of adsorbate molecules in the
porous material crystal was very slow, and the diffusion time constant D/R? is usually
lower than 103s?, so the diffusion of adsorbate molecules in porous materials plays an

16



Chapter 1
Introduction

important or even decisive role in the process of adsorption and desorption. The
diffusion coefficient of adsorbate molecules in porous materials is about 10°-102°m?/s.

Table 1.1 Main expressions of molecular diffusion in particle channels

Molecular diffusion type  Diffusion coefficient formula Diffusion coefficient

order of magnitude

Intracrystalline diffusion — _E D<10°m?/s
y D= Dyexp( RT)
Knudsen diffusion - Z_T 8Rl D=10%m?/s
3 .M
Molecular diffusion D = (i D~105-10"m?/s
P

where Do, E, R, r, T, M and P are correction diffusion coefficient, activation energy,
universal gas constant, pore radius, absolute temperature, mass of gas molecule and

equilibrium pressure, respectively.

The diffusion of hydrocarbons within zeolite belongs to intracrystalline
diffusion, and its diffusion value depends on the geometric characteristics, connectivity,
size and lattice defects of zeolite channels. Diffusion coefficient is the most basic
transfer parameter to describe the characteristics of diffusion process. The definition and
expression of diffusion coefficient are different, which can be divided into three
categories: (1) the corrected diffusion coefficient(D) defined in Maxwell-Stefan
diffusion theory, also known as Ms diffusion coefficient, which is applied to the
diffusion of multicomponent in porous materials[44], zeolite membranes are used to
separate Alkane Isomers and experimental techniques are used to study the diffusion of
probe molecules in porous materials [45-47].(2) Diffusion coefficient through a tracer
molecular marker, self-diffusion coefficient (Dseir) [48-49]; (3) effective diffusion
coefficient given according to Fick's law (Deff) [50-52]. In this paper, we choose Fick
diffusion coefficient.

When the diffusion of molecules in zeolite is controlled by intracrystalline

17
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diffusion, the diffusion coefficient obtained by adsorption kinetics mainly depends on
the following factors:

(1) The shape, size, polarity and deformability of the adsorbate molecules.

(2) The results show that the size of zeolite crystal particles, the shape and size of
channels in the crystal, the connection mode, the distribution and charge number of
cations in the crystal lattice, the surface properties of zeolite and lattice defects.

(3) The concentration of adsorbate molecules in adsorbent crystal.

(4) System temperature, humidity. Temperature is very sensitive to the effect of
diffusion. The degree of influence on the reaction should be measured under the
reaction temperature. The diffusion coefficient measured at different temperatures is
different. The activation energy of the sample can be calculated by Arrhenius formula
and the diffusion coefficient measured at reaction temperature. etc.

1.3.3. Measurement method of diffusion coefficient within porous crystals

The measurement of diffusion coefficient is a very challenging work [53-54].
So far, many experimental methods have been developed to measure the diffusion
coefficient of probe molecules on zeolite. The most basic principle is to change the
pressure or composition of the surrounding environment of the adsorbent system, and
then record the time response of the system. By analyzing the response curve, the
diffusion coefficient can be obtained [55].

At present, there are many methods to measure diffusion. According to their

characteristics, these methods are mainly divided into three categories: macroscopic
method, microscopic method and molecular simulation technology.
The macroscopic method usually measures the change of adsorbate concentration, and
the analysis of the response curve is often based on Fick diffusion law. The diffusion
coefficient measured by this method is usually mass transfer diffusion coefficient, and
self-diffusion coefficient can also be measured by using marker molecules. Compared
with the macroscopic method, the microscopic method measures the movement of
molecules in the pore channel in a very short time and a very small space. According to
the measurement principle, this method can measure the mass transfer rate of molecules
in a single zeolite crystalline grain, which can directly explain the microscopic diffusion
mechanism of molecules.

Measurement method for diffusivity in macroscopic method and microscopic

18
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method were shown in Tablel.2, respectively. Macroscopic method includes transient
method and steady state method. The transient method can be divided into the following
five categories. The characteristic of volumetric method and gravimetric method is that
the operation is carried out under isothermal condition, the experiment directly observe
and the data processing is relatively simple, but it is greatly affected by the external heat
and mass transfer restrictions, so it is not suitable for the rapid adsorption process.
Zero-length column technique (ZLC) method is simple equipment, convenient operation
and small amount of sample consumption, which can effectively eliminate the external
mass transfer restriction and the influence of thermal effect. Frequency response (FR)
method is influence of external heat and mass transfer restrictions, so it is seldom used.
Its advantage is that almost free from the rate limit of diffusion system.
Chromatographic method is applied in the rapid diffusion system, which has the
advantages of not being disturbed by external diffusion and thermal effect [68].
However, there are some problems, such as the broadening of chromatographic response
peak and the agglomeration of zeolite grains, resulting in the deviation of axial diffusion
behavior. The steady state method can be divided into the following two categories.
Wiche-Kallenbach method has no effect of external heat transfer and mass transfer
limitation. However, large single crystal or membrane with uniform thickness and high
density is required. The experimental process of effectiveness factor method is very
complicated, which is affected by external heat and mass transfer limitations [56-64].

Microscopic method can be divided into the following three categories. The
advantage of pulsed field gradient NMR (PFG NMR) method is that it does not destroy
the sample, the particle size of the sample to be measured is small, and the diffusion
behavior of multiple components in the same system can be studied by studying the
different chemical shifts, which can directly distinguish the intragranular diffusion and
the extragranular diffusion. Quasi elastic neutron scattering (QENS) method can be used
to measure the self-diffusion coefficient and average free path of molecules. And
neutron itself is not charged, which can measure data that cannot be measured by other
methods. However, this technology is not suitable for rapid diffusion system [69], and
its application has certain limitations [65-67].

19
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Technique viewpoint Ref.
Gravimetric method macroscopic(transient) 56
\Volumetric method macroscopic(transient) 57
Chromatography method macroscopic(transient) 58-59
Frequency response method (FR) macroscopic(transient) 60
Zero length column method (ZLC) macroscopic(transient) 61
Cone element oscillating microbalance macroscopic(transient) 62
(TEOM)
Wiche-Kallenbach macroscopic (steady state) 63
Effectiveness factor macroscopic (steady state) 64
Pulsed field gradient NMR (PFG NMR) microscopic 65
Quasi elastic neutron scattering (QENS) microscopic 66
Interference microscopy technique microscopic 67

\olumetric
Gravimetric
chromatography
TEOM macroscopic
ZLC
QENS
PFG NMR microscopic

10% 100 1012 104 1016 1018 1020

Fig.1.9 The range of diffusivities measures by different methods
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Figure 1.9 showed that the approximate range of diffusion coefficient values
measured by different measurement methods. It can be seen that difference of diffusion
coefficient obtained by different measurement methods may be very large for the same
system, due to the different principles, assumptions, measurement time and
displacement range of different measurement methods. Therefore, we can't directly
compare the diffusion coefficient measured by different methods. We should choose the
most appropriate measurement method according to different systems and the specific
purpose of the research. Microscopic method and molecular simulation technology are
used to study the diffusion of guest molecules in porous materials at the molecular level.
The measurement is not affected by the heat transfer in the diffusion process, so it is
suitable for theoretical research. However, the test conditions are strictly and the
experimental cost is pricey. The measured diffusion data only represent the nature of
local diffusion. In contrast, the measurement conditions of macroscopic method are
closer to the industrial practice, so most of the macroscopic methods are widely used in
diffusion research.

There is a big difference between the diffusion constants obtained by

macroscopic method and microscopic method. Because the diffusion of adsorbate
molecules on zeolites belongs to the molecular level that is very necessary for
theoretical research. However, from the perspective of application, the experimental
conditions of microscopic method are very strict, and the macroscopic method is closer
to industrial application. Therefore, gravimetric method, constant volume method,
frequency response (FR) method and zero-length column technique (ZLC) method are
often used for measuring the diffusivity of hydrocarbon within porous materials.
Among these measurement methods, Takao Masuda et al. reported that measurement of
diffusivity of hydrocarbons within zeolite in the gas phase and liquid phase by using the
constant volume method. [70-74] In this paper, the constant volume method is used to
measurement of diffusion coefficient of hydrocarbons within porous materials.

1.4. Supercritical fluid
1.4.1. Definition

The supercritical fluid is defined as the temperature and pressure of a
substance are above the critical temperature (Tc) and the critical pressure (Pc), the

material is in supercritical state. The critical point in the Figurel.9 refers to the point
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where the vapor-liquid interface just disappears when the vapor-liquid equilibrium line
extends to high temperature. The corresponding temperature and pressure here are
critical temperature (Tc) and critical pressure (Pc). Moreover, the fluid is in supercritical
state when the temperature and pressure of fluid exceed the critical temperature and
pressure at the same time. It is possible to continuously change the density from the
dilute state near the ideal gas to the dense state close to the liquid. This means that the
solvent can be controlled as a function of the density, and it is possible to control the
solvent specially represented by the transport property such as the diffusion coefficient.
When it is applied to the reaction, separation, and material production [75-76], it is
possible to obtain the different effect in the conventional liquid solvent from the
characteristic of the liquid equivalent solubility and the expected diffusion property.
(Fig.1.10)

Supercritical fluids

O
e Y Y S
) o ' Critical point
5 Liquid phase /
a
(<3} .
5 Solid phase

Gas phase

Triple point
Temperature/°C

Fig.1.10 Typical phase diagram demonstrating where the supercritical fluid region

is located.
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1.4.2. Property of supercritical fluid

Supercritical fluid has some characteristics of gas and liquid, and many
properties are between the properties of gas and liquid [77]. Supercritical fluid densities
are comparable to those of liquids, whereas the diffusivities and viscosities are
comparable to those of gases. The density is sufficient to afford substantial dissolution
power, the high diffusivities and low viscosities enhance mass transfer rates of reactants
to the active sites on catalyst dispersed in supercritical fluids (catalyst are insoluble in
all supercritical fluids) [78]. Reactions which are limited by the rates of diffusion, rather
than intrinsic kinetics, will proceed faster in supercritical fluids than in liquids.

It has been found that supercritical fluid has many advantages, whether as extractant or
reaction medium [79-80]:

(1) It can eliminate the mass transfer resistance between the gas-liquid interface and
the liquid-liquid interface by controlling its phase behavior.

(2) The properties depending on the density (solubility, dielectric constant, diffusion
coefficient, etc.) change continuously and greatly with the change of temperature and
pressure.

(3) In the presence of solute, the solute and solvent combination may cause the solvent
to be mixed around the solute molecule to increase the solubility of solute near the
critical point, and the transport properties and reaction rate.

(4) It can enhance the external diffusion effect in multiphase reaction, prevent the
accumulation of poison on the catalyst surface, and improve the service life of the
catalyst.

(5) In the vicinity of the critical point, the thermal conductivity is larger than that of
the liquid, and the heat transfer rate is high.

(6) The yield, conversion, chemical selectivity and stereoselectivity of the reaction can
be improved.

1.4.3. Phase behavior and solubility

The importance of system phase behavior involving supercritical fluid can be
viewed from two aspects. Firstly, the kinetic analysis of reactions in supercritical fluid
obviously needs to calculate the number and composition of equilibrium phase.
Secondly, the industrial scale reactions will involve whatever number and compositions
of equilibrium phases the overall process economics dictate. Design, scale-up, and
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production, therefore, require thermodynamic as well as kinetic analysis.

1.4.4. Molecular aggregation in supercritical solutions

The phase equilibrium behavior of solutions containing supercritical fluids is
very complex due to the great differences in molecular size, structure, interaction
strength and critical properties between solutes and solvents. Especially in the near
critical region, compared with a liquid medium, the supercritical fluid is much more
compressible and has a larger free volume so that the attractive forces can move
molecules into energetically favorable locations. A consequence of these features is the
formation of a nonuniform spatial distribution of solvent molecules about a solute
molecule. Therefore, under the effect of intermolecular attraction, molecules in
supercritical fluid will gather around solute molecules. This phenomenon, which has
been termed as local density enhancement [81], clustering [82], or molecular charisma
[83] gives rise to interesting solvation effects not ordinarily found in liquid mixtures.
Solvent molecules agglomerate or condense around solute molecules mainly because of
the high polarizability of solute molecules and the attraction between solute and solvent
molecules is much greater than that of solvent-solvent molecules. For example, the
partial molar volume of naphthalene in supercritical fluid carbon dioxide at infinite
dilution is -7800 cm®mol at 308.5 K and 79.8 bar, which corresponds to the
condensation of about 80 solvent molecules around a solute molecule [84-85].

1.4.5. Reactions in supercritical fluids

As an economic and feasible alternative to organic solvents, supercritical
fluid is becoming more and more important in chemical synthesis. There are some
unique characteristics associated with supercritical fluids which make them suitable for
different industrial applications [86-87]. More recently, supercritical fluids have been
used as benign solvents (includes Carbon dioxide and water are the fluids used most
frequently in reactions at supercritical conditions) in various production stages in the
biomedical, pharmaceutical and biofuel industries [88-92]. Supercritical fluids reaction
provides a unique process opportunity, which can not only replace the traditional
hazardous organic solvents, but also optimize and control the reaction environment by
controlling fluid density, pressure and temperature, so as to control the reaction rate,
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eliminate the transport limit of reaction rate, and separation of reactants and products.
The diffusion coefficient of supercritical fluid is between that of gas and liquid, which
lead to possible to increase the reaction rate that are diffusion limited in the liquid phase
[93]. It was reported that the reaction rate was significantly affected by the pressure
change and increased near the critical point. Under this condition, the local density and
composition of the solution changed significantly, and sometimes the formation of
solvent clusters controlled the reactivity and selectivity [94-95].

The disadvantages of supercritical fluid were that solubility of high or polar
molecular weight substrates and reagents in the reaction was limited, and then some
side reaction was occurred in supercritical fluids. In addition, it may have low solubility
of ligands and/or transition metal complexes in catalytic applications. In this way,
several researchers developed many methods to increase the solubility of catalytic
species in supercritical fluid CO., for example, addition highly CO2-philic parts on the
ligands [96-97].

Furthermore, supercritical fluid is the effective way to suppresses the
formation of coke during reaction. In our laboratory research work, T. Yoshikawa et al.
reported that transalkylation of p-propylphenol over zeolites in supercritical benzene
solvent that it was considered to be effective for suppressing coke formation [98]. G.
Watanabe et al. also explored that 2-methylnaphthalene methylation over the MTW-type
zeolites, which the amount of coke loaded could be decreased under high-pressure
conditions [99-100]. In addition, the co-solvent effect is sometimes observed in
supercritical fluid systems, which can change the reaction environment by chemical
methods. In this environment, a specific interaction with a product can be used to
change the product distribution or modify the transition state [101].

1.5. Research objective

Porous materials such as zeolites are used in various fields including
petrochemical industry as catalysts, adsorbents, and separation membranes, because
they have properties such as high surface area, molecular sieve ability and ion exchange
ability. On the other hand, since most of the reaction active sites of zeolite are located
on the inner surface of the pores, the reaction product diffuses from the bulk fluid into
the pores of zeolite and adsorbs to the active sites before the reaction proceeds.
Therefore, the apparent reaction rate is observed in the zeolite crystal, because the pore
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size of zeolite is close to the molecular size of hydrocarbons, the diffusion rate in the
zeolite catalyst has a large effect on the apparent reaction rate. Therefore, information
on the intracrystalline diffusivity of diffusion molecules within zeolite is indispensable
for the reaction engineering analysis and the catalyst design using the zeolite catalyst.
Therefore, in this study, we measured the liquid-phase diffusion coefficients of these
molecules in MFI-type zeolite and Y-type zeolite crystals for cyclic hydrocarbons
containing heteroatoms in the molecular structure of the liquid-phase system.

Viewed against the consumption of fossil fuels, biomass is considered an
environmentally friendly and renewable fuel source. Phenolic compounds are one of the
valuable intermediate products that can be obtained from biomass, which further
obtained a range of extraordinary chemicals. Moreover, solvents are also needed for
most chemical reactions. Most researcher select hydrocarbon as the solvents due to it
can avoid heat evaporation. In addition, it is very difficult to measurement of diffusion
of phenolic compounds within zeolites in the gas phase because some phenolic
compounds are solid at room temperature.

As mentioned above, the study of diffusion of hydrocarbon within zeolites has
been reported mainly in the vapor phase. However, there are few reports of the diffusion
coefficient of hydrocarbons within zeolites in the liquid phase and no report in the
sub-and super-critical fluids. Especially, the reactions of aromatic hydrocarbons
(phenolic compounds) containing heteroatoms in the molecular structure are reported in
various reactions using zeolite catalysts, but there are few reports of diffusion
mechanism for these aromatic hydrocarbons. The purpose of this study is to clarify the
intracrystalline diffusion mechanism of aromatic hydrocarbons within zeolites to
contribute to catalyst and catalytic reactor design in biomass refinery and
desulfurization processes. Therefore, in this study, we measured the diffusivity of these
aromatic hydrocarbons within beta-type, MFI-type and Y-type zeolites in liquid phase
and sub-and super-critical fluids.

This dissertation consists of five chapter with a conclusion.

Chapter 1 Describes research background including the general characteristics
of zeolites, intralystalline diffusion phenomenon within zeolite and the general
characteristics of supercritical fluids, and finally introduces the purpose of this study
and the structure of this paper.

Chapter 2 Measurement of the adsorption and intracrystalline diffusivities of
phenolic compounds within MFI-type zeolites in the liquid phase using a constant
volumetric method. Specifically, the effects of the substituent groups of the benzene
ring in silicalite-1 and the Brensted acid sites in H-MFI on the adsorption and diffusion
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of phenolic compounds has been investigated.

Chapter 3 The direct and continuous measurement of the intracrystalline
diffusivity of phenol and toluene within H-Y in mesitylene, cyclohexane and 2-propanol
solutions and the effects of the solvents on the adsorption and diffusion mechanism of
phenol and toluene within H-Y has been investigated.

Chapter 4 Developing a method for the direct and continuous measurement of
intracrystalline diffusivity of 1-methylnaphathlene and toluene within Si-beta,
silicalite-1 and K-ZSM-5 using a Raman spectrometer in the sub- and super-critical
fluids and formation of clusters between diffusion substance and solvent molecules near
the critical point of solvent at pore mouth of zeolites has been investigated. Moreover,
the intracrystalline diffusivity of toluene within Silicalite-1 in the sub- and super-critical
fluids was compared with that in the gas phase.

Chapter 5 Measurement of intracrystalline diffusivity of hydrocarbon within
porous materials in sub- and super-critical fluids by a constant volumetric method using
Raman spectroscopy. This study aimed to measuring the intracrystalline diffusivities of
aromatic hydrocarbons within silicalite-1, K-ZSM-5 and K-Y in the in sub- and
super-critical fluids. Moreover, the mechanism of aromatic hydrocarbons diffusion
within silicalite-1, K-ZSM-5 and K-Y in super-critical fluids has been investigated.
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Chapter 2
Diffusion of phenolic compounds within high-silica MFI-type zeolite in
the mesitylene solution

2.1. Introduction

The MFI-type zeolites have attracted considerable attention in many
industrially important processes because of their tunable solid acidity, flexible
frameworks, high specific surface area, and high adsorption capacity that arise from
their typically crystalline aluminosilicate with a three-dimensional structure that forms
regularly sized pores in the zeolite framework [1]. Therefore, MFI-type zeolites are
widely used as catalysts in the field of petroleum refining, biomass conversion,
environmental catalysis, and fine chemical production [2-7]. In an industrial reaction,
the diameter of some lighter hydrocarbons approached the pore diameter of the
MFI-type zeolites; the diffusion process of the lighter hydrocarbon molecules was
strongly controlled by the pore size and the active sites of the zeolites. Moreover,
understanding the diffusion of hydrocarbons in MFI-type zeolites is critical because
sometimes their apparent reaction rates are limited by the diffusion rates of the reactant
and product inside the zeolite [8-13]. Hence, the diffusion coefficient inside the pores
and the diffusion mechanism within zeolites, which strongly influence the activity and
selectivity of the reaction, can offer some new and useful information for the design of
zeolite catalysts in reaction engineering [14]. The literature includes numerous studies
related to the intracrystalline diffusivities of hydrocarbons within MFI-type zeolites in
the gas phase [15-19]. We have also investigated the intracrystalline diffusivity of
paraffins, olefins, and aromatics within zeolites in the gas phase [12,20-24].

In recent years, biomass, which contains abundant carbon renewable
feedstocks, has been considered a promising renewable energy resource for conversion
into various fuels and chemicals [25]. Phenol, as the most representative phenolic
compound, is an important chemical intermediate obtained from biomass and is used in
the manufacture of various chemical products, including pharmaceuticals,
petrochemicals, paints and dyes [26-28]. Recently, researchers have investigated the
effect of porous materials on the hydrogenation [29], oxidation [30], alkylation [31],
and carboxylation [32] of phenol for conversion into useful products. In addition, the
valorization of raw and fossilized lignocelluloses that contain aromatic structures for
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phenolic compounds over zeolite catalysts has been an important industrial and
scientific endeavor for several decades. Sels et al. [33] reported the first detailed
thermodynamics and kinetics studies of the vapor-phase conversion of ethylphenol over
aluminosilicate catalysts in the absence of hydrogen and noble metals, as a method to
produce phenol, they found that H-MFI showed strong benefits for achieving the
quantitative formation of phenol. Shantz et al. [34] investigated a benzene conversion of
25.5% with a phenol selectivity of 90% on iron-containing hierarchical MFI materials.
Wang et al. [35] has been reported that V-containing beta zeolite for the
low-temperature liquid-phase methylation of phenol with methanol and found that the
V-containing beta provided a high yield, and exhibited good reusability and preferential
chemoselectivity toward the C-alkylation products (o- and p-cresols). We have also
reported the conversion of alkyl phenols into phenols within MFI-type zeolites under
high temperature and high pressure in the liquid phase [36]. Moreover, many
researchers have also shown that adsorption properties of zeolites for organic
compounds removal, especially for phenolic compounds [37-40]. Therefore,
understanding the diffusion mechanism of phenolic compounds within MFI-type
zeolites in the liquid phase is important in the design of zeolites for a chemical reaction
engineering approach. However, the direct and continuous measurement of
intracrystalline diffusivity of phenolic compounds within zeolites in the liquid phase has
rarely been investigated.

The current work focuses on measuring the adsorption and intracrystalline
diffusivities of phenolic compounds within MFI-type zeolites in the liquid phase using a
constant volumetric method [41-42]. Specifically, the effects of the substituent groups
of the benzene ring in silicalite-1 and the Brgnsted acid sites in H-MFI on the
adsorption and diffusion of phenolic compounds are investigated.

2.2. Experimental
2.2.1. Preparation of Silicalite-1 and H-MFI

Conventional silicalite-1 and H-MFI zeolites with an Si/Al ratio of 303 were
prepared via a hydrothermal method. Solutions of tetraethyl orthosilicate (TEOS),
Al(OCH(CHz3)2)3, and tetrapropylammonium hydroxide (TPAOH) were used as a Si
source, Al source, and an organic structure directing agent (OSDA), respectively, for
preparation of silicalite-1 and H-MFI. An aqueous solution containing the Si source, Al
source (for H-MFI), and OSDA were prepared and mixed for 24h. A Teflon-lined
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stainless-steel hydrothermal synthesis autoclave reactor with the synthesis gel of
silicalite-1 or H-MFI zeolite was placed in an oven and heated at 448 or 423 K for 48 or
72 h, respectively. After hydrothermal synthesis, the autoclave was quenched in ice
water. The obtained zeolites suspensions were washed with deionized water by
centrifugation and then dried in air. The obtained zeolites were calcined in a muffle
furnace at 823 K for 24 h to remove the templates completely.

Silicalite-1 and H-MFI were ion-exchanged with NH4NOz aqueous solution
at 348 K for 3 h, resulting in NHs-H-MFI. The H-type samples were subsequently
washed with deionized water by centrifugation and calcined at 823 K for 24 h.

2.2.2. Characterization of MFI-type zeolites

The powder X-ray diffraction (XRD) patterns of the zeolites were performed
using Cu Ko X-rays; samples were scanned in the 20 range from 5° to 50° on an Ultima
IV, Rigaku Co. Ltd., The scanning electron microscope (SEM) images were obtained
with a JSSM-6500F, a JEOL. N> adsorption-desorption experiments were conducted to
determine the Brunauer-Emmett-Teller (BET) surface area and pore volume of the
zeolites; the adsorption-desorption experiments were carried out at 77 K, using
Microtrac BEL Corp., Belsorp-mini. All of the samples were degassed under vacuum at
673 K for 24 h before being analyzed. NHs-temperature programmed desorption
(NHs-TPD) was carried out on a BEL CAT with a mass spectrometer. The Si/Al ratios
were determined by dissolving the samples in potassium hydroxide and analyzing the
resultant solutions by inductively coupled plasma atomic emission spectroscopy
(ICP-AES) using an ICPE-9000 (Shimadzu). Thermogravimetric Analysis (TGA) of
high-silica MFI zeolites was performed on a DTG-60A, Shimadzu, in the temperature
range 293-1073 K with a heating rate of 10 K/min under a N2 gas atmosphere.

2.2.3. Measurement of intracrystalline diffusivity in the liquid phase

The intracrystalline diffusivity of phenolic compounds within MFI-type
zeolites in the liquid phase was investigated using a constant volumetric method.
Mesitylene was used as a solvent because mesitylene molecules cannot enter the pores
of MFI-type zeolites. The intracrystalline diffusivity in the liquid phase was calculated
using the experimental apparatus in Fig.2.1, which is the same apparatus described in
our previous work. First, the zeolite sample was placed in a Pt basket that was
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subsequently positioned in the middle of the top of the stainless-steel autoclave with
mesitylene solution. The autoclave was heated to the experimental temperature
(313-353 K), and the solution was magnetically stirred. After the solution reached the
desired temperature, 1 mL of phenolic compound (or toluene for comparison) was
injected by syringe into the autoclave. Finally, in situ measurement of the change in
phenol concentration in the mesitylene solution with time was conducted to measure the
intracrystalline diffusivity in the liquid phase.

Pulse injection port

Phenolic compounds

|
f\\\ ]

Purge
—N,
valve valve
Mesitvlene Platinum basket
Probe Optical fiber of Raman
Stirrer

Raman sleeve

Fig.2.1 Experimental apparatus for measuring the intracrystalline diffusivity
in the liquid phase

Raman spectroscopy was conducted [41-42] to measure the concentration
change of the phenolic compound as a result of the adsorption of some of the compound
onto the zeolite crystals. The obtained intracrystalline diffusivity was correlated using
the following theoretical equation for an MFI-type zeolite with a hexagonal slab shape
(silicalite-1 and H-MFI)
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My Co—C = 2a(l+a D, qd2t
_t_0— t_q_ ¥ p(_ﬁ) (2-1)

ex
M, Cy—C, 1+a+ad®q L?

n=1

a=V/(amWHL) and gn are the non-zero positive root of tan g»=—aqn

where, Mt is the amount of phenolic compound adsorbed at time t; Me is the M; value
at equilibrium; C; is the phenolic compound in mesitylene at time t; Co and C are the
initial and equilibrium C; values, respectively; Daqg is the intracrystalline diffusivity of
the phenolic compound or toluene; L is the half-thickness of the hexagonal slab-shaped
zeolite crystals; am is the outer surface area of the zeolite crystals, V is the volume of the
liquid phase; W is the weight of the zeolites; and H is the partition factor.

Effective diffusivity is an important parameter for studying Kinetic analysis of
the actual reaction rate using reaction model by using Thiele model; and can be
evaluated by the multiplying partition H factor by the intracrystalline diffusivity, where
the value of H is calculated from adsorption isotherms, which shown as follows [41].

H=q/C (2-2)
De=DxH (2-3)
where, g is the amount of adsorbed diffusion substances at equilibrium in mesitylene,

and C is the concentration of diffusion substances in mesitylene at equilibrium.

2.3. Results and Discussion

2.3.1 Characterization of the MFI-type zeolites

Fig.2.2 shows XRD patterns of the prepared silicalite-1 and H-MFI powders.
All of the diffraction peaks in the patterns of silicalite-1 and H-MFI correspond to
typical characteristic diffraction peaks of MFI-type zeolites. Fig.2.3 shows SEM images
of the synthetic silicalite-1 and H-MFI powders. The silicalite-1 and H-MFI zeolites
exhibited plate-type structures with a thickness of 0.54 and 0.59 um, respectively.
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Fig.2.4 shows TGA profile of H-MFI and silicalite-1 was measured and confirmed that
weigh loss was not observed above 500 degree C indicating these zeolites are stable.
Fig.2.5 shows the NHs-TPD profiles of H-MFI zeolites. In the profile of H-MFI, two
NHs desorption peaks are observed at approximately 483 K and 663 K, which
correspond to the desorption of physically adsorbed NHz and the desorption of NHs
from strong acid sites, respectively. These results indicate that the H-MFI zeolite
exhibited strong acidity, with NH3 both physically adsorbed and adsorbed onto strong
acid sites. A total acid site amount of 0.073 mmol/g (Table 1) and an Si/Al ratio of 291
was calculated on the basis of the amount of NHz desorbed from the strong acid sites.
N2 adsorption isotherms of silicalite-1 and H-MFI were recorded at 77K, and the BET
specific surface area (Sget), external surface area (Sext), and the micropore volume (Vi)
of the silicalite-1 and H-MFI were estimated (Table 1). The Si/Al ratio of 303 obtained
by ICP-AES analyse is also shown in Table2.1; this value is similar to the Si/Al ratio
measured by NH3-TPD (Si/Al=291).

2
T Silicalite-1
et PP SN Mo
L
kS
H-MFI
P 2.
5 10 15 20 25 30 35 40 45 50

20 [°]

Fig.2.2 XRD patterns of silicalite-1 and H-MFI
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Silicalite-1

Fig.2.3 SEM images of silicalite-1 and H-MFI
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Fig. 2.4 TGA of silicalite-1 and H-MFI

Table 2.1 Properties of MFI-type zeolites

Zeolites SBET SExT Vm Number of acid sites  Si/Al ratio
[m*g™  [m?g7] [cm® g] [mol kg™] [-]
H-MFI 355 7.56 0.17 0.073 303
Silicalite-1 346 9.76 0.17 — —
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Fig.2.5 NHs-TPD profile of H-MFI

2.3.2. Adsorption of phenolic compounds within silicalite-1 and H-MFI

2.3.2.1 Adsorption isotherms of phenolic compounds within silicalite-1

Fig.2.6 shows the adsorption isotherms of phenol within silicalite-1 at 313, 323
and 353 K. The adsorption isotherms exhibit a linear correlation, indicating that the
adsorption isotherms of phenol within silicalite-1 can be expressed with a Henry-type
equation (Eq.(4))

q=KCe (2-4)
Where q is amount of adsorbed diffusion substance, K is the equilibrium constant, and
Ce is the equilibrium concentration of the diffusion substance in the liquid phase.
Adsorption isotherms of phenol within H-MFI can be expressed with a Freundlich-type
equation (Eq.(2-5)) in the investigated concentration range.
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g=KeCln (2-5)
where Kr is Freundlich equilibrium constant and the value n was determined to be 1.5.

g
=
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Fig.2.6 Adsorption isotherms of phenol on silicalite-1

In addition, adsorption isotherms of toluene, p-propylphenol and m-cresol
within silicalite-1 at each temperature were confirmed to be expressed by Eq (2-4). The
equilibrium constants corresponding to these experimental results are summarized in
Table 2.2. Although the equilibrium constants for phenol and p-propylphenol are
approximately the same as that for toluene, the equilibrium constant for m-cresol is
smaller than that for toluene. The adsorption enthalpies (AH) of these diffusion
substances were calculated from the equilibrium constants; the results are shown in Fig.
2.7. The adsorption enthalpies of phenol, p-propylphenol and toluene were
approximately the same ( —11.7 kJ/mol). By contrast, the adsorption enthalpy of
m-cresol was —8.7 kJ/mol. These negative AH values indicate that the adsorption is an
exothermic process, which limits the mobility of the adsorbed phenol compared with
that of the bulk phase [43]. In particular, the absolute value of the adsorption enthalpy of
phenol is slightly greater than that of m-cresol, indicating that phenol within silicalite-1
exhibits high stability. These results are attributed to m-cresol exhibiting a larger kinetic
diameter compared with other diffusion substances.
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Table 2.2 Adsorption equilibrium constant of phenol, p-propylphenol, m-cresol and
toluene on silicalite-1

Adsorption equilibrium constant Temperature [K]
[m3kg] 313 343 353
phenol 3.0x1073 2.6x10°3 1.8x10°3

p-propylphenol 3.0x10°® 2.5x107 1.8x1073
toluene 2.8x10°3 2.5x103 1.7x10°3
m-cresol 2.1x10°® 1.7x10°3 1.4x10°3
10-2: ‘ i
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Fig.2.7 Adsorption equilibrium constant of phenol, p-propylphenol, m-cresol and toluene within

silicalite-1in mesitylene solution
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2.3.2.2 Adsorption isotherms of phenolic compounds within H-MFI

Because most zeolites have acidic sites on their surface, we investigated the
adsorption of phenol within H-MFI in mesitylene solution. Fig.2.8 shows the adsorption
isotherms of toluene and phenol within H-MFI at 313 and 353 K. The H-MFI exhibits
strongly acidic sites with greater phenol adsorption ability compared with silicalite-1. In
addition, the amount of phenol adsorbed onto H-MFI was much greater that of toluene
at each temperature. Hydrogen bonding between the OH group in phenol and the
Bragnsted acid sites within H-MFI is considered to enhance the adsorption of phenol.
Javadian and Ektefa [44] calculated the benzene and phenol adsorption conditions in
H-MFI using density function theory (DFT) and reported that the interaction between
phenol and zeolite is stronger than that between benzene and zeolite. Our experimental
results are consistent with their calculation analysis.

4.0 ‘
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= 313K
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o Triangle: toluene
g 20 © 313K
s O
j O
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£ 313K
<
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Fig.2.8 Adsorption isotherms of phenol and toluene on H-MFI
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2.3.3 Intracrystalline diffusivities of phenolic compounds within silicalite-1 and
H-MFI

The typical temperature dependency of intracrystalline diffusivity in
silicalite-1 obtained for phenol, p-propyphenol, m-cresol, and toluene in the liquid phase
is shown in Fig.2.9. Under the investigated experimental conditions, the intracrystalline
diffusivities of phenol and p-propylphenol in silicalite-1 are approximately the same as
that of toluene, irrespective of the functional group. By contrast, m-cresol exhibits lower
intracrystalline diffusivity than toluene. The activation energies of these intracrystalline
diffusivities were calculated using the Arrhenius equation. The activation energies
calculated from the intracrystalline diffusivity of phenol, p-propylphenol and toluene in
silicalite-1 were 17 kJ/mol, and this value is smaller than that of m-cresol (23 kJ/mol).
Fujikata et al have reported that intracrystalline diffusivities of toluene within
silicalite-1 at temperatures ranging from 423 to 723 K in the gas phase are similar to
that of p-xylene and 1025 times greater than that of m-xylene. In addition, the
activation energies for intracrystalline diffusivity of toluene and m-xylene within
silicalite-1 are 17 kJ/mol and 23 kJ/mol, respectively [23]. Because the pore size of
MFI-type zeolite is similar to the molecular diameter of benzene rings, aromatic
molecule diffuses widening the MFI-type zeolite pore. Thus, a geometrical limitation
determined by the relationship between the pore size and the diameter of diffusion
molecules affect the intracrystalline diffusivity. For silicalite-1, although aromatics with
different functional groups (phenol, p-propylphenol, m-cresol, and toluene) were used
as diffusion molecules, only the geometrical limitation determined the intracrystalline
diffusivity.

Fig.2.10 shows a typical Arrhenius plot for the intracrystalline diffusivities of
phenol and toluene within H-MFI in the liquid phase. Two types of mass transfer
resistance of diffusion molecules occur inside MFI-type zeolites. One is the geometrical
limitation (as previously mentioned), the other is related to the interaction between the
diffusion molecule and an acid site. The diffusion molecule adsorbs onto the remains on
the acid site. The adsorbed molecule inhibits the diffusion of other molecules because
the molecular diameter of hydrocarbons is similar to the pore size of MFI-type zeolites.
As shown in Fig.2.10, the intracrystalline diffusivity of phenol and toluene within
H-MFI are lower than that within silicalite-1. The presence of acid sites slowed the
diffusion of phenol and toluene in the H-MFI pores.

Although phenol exhibited almost the same intracrystalline diffusivity as
toluene within silicalite-1, the intracrystalline diffusivity of phenol within H-MFI was
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lower than that of toluene. In addition, the calculated activation energy for phenol
diffusivity within H-MFI is 31.4 kJ/mol and this value is greater than that of toluene
(24.4 kJ/mol). These results indicate that the mass transfer resistance of phenol within
H-MFI is high compared with that of toluene. Because the hydrogen bonding interaction
between phenol and H-MFI differ from that between toluene and H-MFI, we speculated
that the residence time of phenol on acid sites became longer than that of toluene, which
led to the observed difference in intracrystalline diffusivity within H-MFI.
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Fig.2.9 Arrhenius plots of the intracrystalline diffusivity and effective diffusivity of phenol,

p-propylphenol, m-cresol, and toluene within silicalite-1

As previously mentioned, effective diffusivities of molecules are useful in
catalyst design in a reaction engineering approach, such as the relation between the
Thiele modulus and the effectiveness factor. Although effective diffusivities do not have
any physical meaning, the values obtained for phenolic compounds in present study are
shown in Fig.2.9 and Fig.2.11. In silicalite-1, phenol, p-propylphenol and toluene
exhibit approximately the same effective diffusivity, whereas m-cresol exhibits a lower
effective diffusivity than toluene. The effective diffusivity of phenol and toluene within
H-MFI are much lower than within siliclite-1.
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Fig.2.10 Arrhenius plots of the intracrystalline diffusivity of phenol and toluene within
silicalite-1 and H-MFI
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Fig.2.11 Effective diffusivities of phenol and toluene within silicalite-1 and H-MFI

46



Chapter 2
Diffusion of phenolic compounds within high-silica MFI-type zeolite
in the mesitylene solution

2.4. Conclusions

This study investigated the intracrystalline diffusivity of phenol, p-propylphenol,

m-cresol, and toluene within silicalite-1 and H-MFI in the liquid phase. The results are
summarized as follows.
(1) The amounts of phenol, p-propylphenol and toluene adsorbed within silicalite-1 are
approximately the same, whereas the amounts of adsorbed m-cresol is small, which is
attributed to the larger Kinetic diameter of m-cresol. In addition, compared with toluene,
phenol exhibits a greater adsorption amount in H-MFI, because of strong interaction
between hydrogen bonds in phenol molecules and Brensted acid sites within H-MFI.

(2) The investigation of the intracrystalline diffusivity of phenol, p-propylphenol, and
toluene within silicalite-1 indicates that they exhibit approximately the same diffusivity,
which is ascribed to geometrical limitations alone determining the intracrystalline
diffusivity. However, the m-cresol exhibited a lower intracrystalline diffusivity and
effective diffusivity, and a higher activation energy (21.8 kJ/mol) than the other
phenolic compounds (~17 kJ/mol). This result is attributed to the larger molecular size
of m-cresol strongly limiting its diffusion inside the micropores of silicalite-1. In H-MFI
zeolite, the acid sites affect phenol diffusion, leading to a low intracrystalline diffusivity
and a high activation energy compared with silicalite-1, indicating a difference in the
hydrogen bonding interaction between phenol and H-MFI than between toluene and
H-MFI, it is considered that the residence time of phenol on the acid sites was longer
than that of toluene, which led to the difference in intracrystalline diffusivity within
H-MFI.
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Chapter 3
Effect of solvents coexistence on the intracrystalline diffusivity of
toluene and phenol within Y-type zeolite in the liquid phase

3.1. Introduction

Zeolites, especially Y-type zeolites, are attractive catalytic materials because
of their important properties of high surface area, large pore structure, strong Brgnsted
acidity and high thermal stability; structurally, they consist of three-dimensional
channels of 12-membered rings with an average pore size of 0.74 nm [1-2]. The
superior performance afforded by Y-type zeolites have been exploited extensively in the
fluid catalytic cracking of heavy aromatics and in hydrocracking reactions, as well as
applications in the petroleum refining industry [3]. Adsorption and diffusion of lighter
hydrocarbon molecules within zeolites are strongly dependent on the pore structure and
surface acidity of the zeolites, especially with regard to the molecular size of
hydrocarbons, which is comparable to the micropore size in the zeolites [4-5]. The
utilization of active sites in zeolites may often be hindered by the limited intracrystalline
diffusion in their micropores. Enhancing the diffusion rates of the reactants and products
within zeolites is critical because the utilization of active sites in zeolites is often
hindered by limited intracrystalline diffusion in the micropores [6-9]. Therefore,
obtaining new insights regarding the catalytic reaction engineering performance of
zeolite catalysts can provide a theoretical basis for designing highly effective zeolite
catalysts, which are essential for gaining a thorough understanding of the diffusion
mechanism within the zeolite pores and the controlling factors that strongly affect the
catalytic activity, selectivity, and lifetime [5, 10-11]. In recent years, experimental
studies on the intracrystalline diffusivities of hydrocarbons within MFI-type zeolites in
the gas and liquid phase have revealed new information [12—20]. However, in the case
of the intracrystalline diffusivities of hydrocarbons within Y-type zeolites in the liquid
phase, only a few studies have been reported in the literature.

The selection of solvents and their optimization are also important parts of
the design process for new chemical products. Wanmolee et al. studied the
depolymerization of organosolv lignin to phenolic monomers with H-USY (Si/Al = 5)
in various organic solvents—ethyl acetate, methyl isobutyl ketone (MIBK), methanol,
and acetone. Among the solvents, supercritical MIBK was the most efficient with
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respect to the conversion process and phenolic monomers were obtained at 350°C with
addition of 2 MPa H [21]. Liu et al. noted that the choice of solvent and alkylation
significantly changed the reaction pathway of zeolite catalyzed phenol alkylation in the
liquid phase. More carbenium ions are produced by either alcohols or olefins on
non-hydrated zeolite Brgnsted acid sites (BAS) than hydronium ions on BAS in pores
filled with water, resulting in a higher alkylation rate in polar solvents (cyclohexanol
and cyclohexene) than in water [22]. Therefore, understanding the effect of solvents on
the diffusion of intermediate products such as phenol within zeolites can provide
valuable predictor information for chemical reactions in industry.

Viewed against the consumption of fossil fuels, biomass is considered an
environmentally friendly and renewable fuel source and contains a range of
extraordinary chemicals [23-27]. Phenol is one of the valuable intermediate products
that can be obtained from biomass and its chemical reactions have gained traction in
recent decades [28-29]. In particular, phenol plays a crucial role in the industrial
production of petrochemicals, synthetic resins, and agrochemicals [30-32]. Moreover,
zeolites are among the most effective catalysts for adsorption and conversion of
phenolic compounds. Khalil et al. reported the satisfactory performance of HY zeolite in
removing phenol from a synthetic biofuel by gas phase DFT and DFPT calculations,
FT-IR adsorption, and liquid phase adsorption [33]. Verboekend et al. investigated the
synergistic effect of unmodified metal-free ZSM-5 zeolite catalysts and showed that
water exhibited an extraordinary dealkylation performance for selective conversion of
alkylphenols to phenol and olefins [34].

Based on the above, it is therefore of great interest and timely to study in
detail the effects of solvents on the diffusion behavior of phenolic molecules on the
surface of zeolite catalysts. In this study, the direct and continuous measurement of the
intracrystalline diffusivity of phenol and toluene within Y-type zeolite in mesitylene,
cyclohexane and 2-propanol solutions and the effects of the solvents on the adsorption
and diffusion of phenol and toluene within the zeolites has been investigated.

3.2. Experimental

3.2.1. Preparation of H-Y zeolite and dealuminated H-Y

Y-type zeolite (Na-Y) was purchased from Wako Chemical Ltd., Miyazaki,
Japan. The zeolite was subsequently converted to H-type zeolite by centrifugation and
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calcination of NH4"-type zeolites at 823 K for 24h to remove NHs. The product was
labeled H-Y. The dealuminated-Y was prepared by using H-Y in a tubular quartz reactor
within an electric furnace and in a flow of N2. The steam flow replaced the N2 before
continuing to heat to the final reaction temperature at 973 K. After 1 h at the reaction
temperature the reactor, the N> flow replaced the steam before the reactor was allowed
to cool to room temperature. And then the sample was refluxed for 12 h with 150 ml of
Ethylenediaminetetraacetic acid (EDTA). The obtained zeolites suspensions were
washed with deionized water by centrifugation and then dried in air. The obtained
zeolites were calcined in a muffle furnace at 823 K for 12 h [35]. The product was
labeled deAl-Y.

3.2.2. Characterization of Y-type zeolite

The micrograph image of H-Y was obtained by scanning electron microscopy
(SEM) using a JEOL JSM-6500F system. The pore size distribution in H-Y zeolite were
obtained by recording the N. adsorption-desorption profiles at 77 K (Belsorp-mini,
Microtrac BEL Corp.). The specific surface area and pore volume were calculated by
the Brunauer-Emmett-Teller (BET) and t-plot methods, respectively. The H-Y was
pretreated by degassing at 673 K for 24 h under vacuum. Amount of acid sites in H-Y
and deAl-Y was carried out by NHs-temperature programmed desorption (NHs-TPD) on
a BEL CAT I (MicrotracBEL Corp.) with a Q-mass spectrometer (Bel-mass,
MicrotracBEL Corp.). X-ray fluorescence (XRF, JSX-3100R II, JEOL) was employed
to characterize the Si/Al molar ratio of H-Y.

3.2.3. Measurement of intracrystalline diffusivity in the liquid phase

The intracrystalline diffusivity of phenol within H-Y or deAl-Y in the liquid
phase was investigated using a constant volumetric method. Mesitylene, cyclohexane
and 2-propanol served as the solvents. The intracrystalline diffusivity in the liquid phase
was calculated using the experimental apparatus shown in Fig.3.1, which is the same as
described previously [18]. First, the H-Y or deAl-Y was placed in a Pt basket and
immersed in mesitylene, cyclohexane and 2-propanol, and then transferred to a vacuum
drier for 3 h. Next, the Pt basket was positioned in the middle of the top of a
stainless-steel autoclave with one of the solutions. The autoclave was heated to the
experimental temperature (313-353 K), and the solution was magnetically stirred. After
the solution reached the experimental temperature, phenol (or toluene for comparison

52



Chapter 3

Effect of solvents coexistence on the intracrystalline diffusivity of toluene and
phenol within Y-type zeolite in the liquid phase

purposes) was injected by syringe into the autoclave. Finally, in situ measurements of
the change in phenol concentration with time were undertaken to measure the
intracrystalline diffusivity in the respective solvents.

Phenol
Toluene
Pulse injection port
—Thermocouple
Purge valve valve
N _ﬁ_ _ﬁ_
2 — —_ N
Mesitylene
Cyclohexane Platinum basket
2-propanol
Probe S’-— Optical fiber of Raman
Stirrer

Raman sleeve

Fig.3.1 Experimental apparatus for measuring the intracrystalline diffusivity of phenol and toluene

in mesitylene, cyclohexane and 2-propanol solutions.

Raman spectroscopy was performed [18-19] to measure the change in concentration of
phenol as a result of the adsorption of some of the compound onto the zeolite crystals.
The intracrystalline diffusivity was estimated using the following equation derived for a
spherical shape crystal (Y-type zeolite) [16, 36].

My C,—Ct > 6a(l +a) Dq’t (3-1)
—=—"=1- ) —————exp(——)
M, Co,—C, n=19+9a+a q: R§

where a = V/(amWHR), and gn is the non-zero positive root of tan gn = -a(3qn/3+agn?).
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Mt is the amount of phenol and toluene adsorbed at time t; Me is the M value at
equilibrium, C is the phenol and toluene in solvent at time t, Co and C. are the initial
and equilibrium C; values, respectively, D is the intracrystalline diffusivity of the
diffusion substance, Ro is the radius of the spherical-shaped zeolite crystals, am is the
outer surface area of the zeolite crystals, V is the volume of the liquid phase, W is the
weight of the zeolite, and H is the partition factor.

The effective diffusivity is an important parameter for studying the kinetics
of the actual reaction rate using a reaction scheme based on the Thiele model, and this
can be evaluated by multiplying the partition factor H by the intracrystalline diffusivity,
and where the value of H is calculated from the adsorption isotherms, which are as
follows [18].

H=pK (3-2)

Der=DxH (3-3)
where K is the equilibrium constant, p is the apparent density of the Y-type zeolite
crystals.

3.3. Results and Discussion

3.3.1. Characterization of the H-Y zeolite

SEM image of the H-Y zeolite is presented in Fig.3.2. The image reveal that
H-Y particles have a spherical shape with a mean crystal size (thickness) of 3.98 pm.
The N2 adsorption-desorption isotherm of H-Y exhibited type | behavior, which is
consistent with the presence of micropores. Moreover, deAl-Y exhibited type IV
behavior, which is consistent with the presence of micropores and mesopores. (not
shown here) The specific surface area (Sger) of 770 and 621 m? g%, the external surface
area (Sext) of 12.54 and 38.6 m? g*and the pore volume (Vm) of 0.31 and 0.29 cm® g
for H-Y and deAl-Y are summarized in Table 3.1, respectively. Fig. 3.3 shows the
NHz3-TPD profiles of H-Y and deAl-Y zeolite. The peak of H-Y is much higher than that
of deAl-Y, which indicated that low Bronsted acid sites in the pore of deAl-Y zeolite. In
addition, XRF analysis revealed a Si/Al ratio of 2.8 for H-Y.
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Fig.3.2 SEM image of H-Y.

Table 3.1 Properties of H-Y-type zeolites

Zeolites SgeT SexT Vin® Si/Al ratio”
[m?g] [m?g?']  [emig?] [-]
H-Y 770 12.54 0.31 2.8
deAl-Y 621 38.6 0.29 —

* Pore volume (Vm) was calculated by the BJH method, and the Si/Al ratio obtained by XRF

analysis.

55



Chapter 3
Effect of solvents coexistence on the intracrystalline diffusivity of toluene and

phenol within Y-type zeolite in the liquid phase

H-Y
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Fig.3.3 NHs-TPD profile of H-Y and deAl-Y zeolites.

3.3.2. Adsorption of 2-propanol, mesitylene and cyclohexane on H-Y in the vaper
phase

Adsorption isotherms for 2-propanol, mesitylene and cyclohexane on H-Y in
the vapor phase at 298 K are presented in Fig.3.4. 2-propanol shows a much larger
amount of adsorption on H-Y compared with mesitylene and cyclohexane. Moreover,
the amount of mesitylene adsorbed is the lowest on H-Y in the low-pressure range. This
indicates that the adsorption ability on the pore surface of H-Y is greater for 2-propanol
compared to that for cyclohexane or mesitylene. Therefore, it is considered that the
2-propanol molecules find it easier to undergo adsorption onto the pore surfaces of H-Y
compared to mesitylene and cyclohexane due to their stronger adsorption affinity.
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Fig. 3.4 Vaper adsorption isotherm of mesitylene (Po = 0.41), cyclohexane (Po = 10.77) and
2-propanol (Po=11.55) on H-Y at 298 K.

3.3.3 Adsorption of phenol and toluene within H-Y

Adsorption isotherms for phenol and toluene within H-Y at 313, 323 and 353 K
in mesitylene are presented in Fig.3.5. The adsorption isotherms for phenol and toluene
on H-Y exhibit a Henry-type equation with a linear correlation:

Q=KCe (3-4)
where Q is amount of adsorbed diffusion substance, K is the equilibrium constant.

The adsorption enthalpies for phenol and toluene on H-Y from the following Van’t Hoff
equation:
K=exp(-AH/RT) (3-5)
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Where AH is adsorption enthalpy, R is the universal gas constant (8.314 JK*mol™?), T is
the absolute temperature (kelvin)

Phenol exhibits stronger adsorption within H-Y compared to toluene at
each temperature. The adsorption enthalpies (AH) for phenol and toluene in mesitylene
solution were calculated from the respective equilibrium constants. During the
adsorption of phenol or toluene, replacement of mesitylene, which was adsorbed on the
micropore surface of Y-type zeolite, with a molecule of phenol or toluene (via diffusion)
occurred. The phenol molecules have a stronger interaction with the Brgnsted acid sites
on the H-Y pore surfaces by hydrogen bonding compared to the interactions between
the aromatic rings and the acid sites [19, 33, 37]. Thus, the replacement of mesitylene
with phenol more readily occurred relative to that for toluene.

4.0 - - - -
Adsorbent: H-Y

3.5 | Solvent: mesitylene
Diffusion substance:
3.0 + Phenol close
Toluene open

g
(o3

2.0

1.5

1.0

Amount of adsorbed [mol -kg'l]

0.5

0 100 200 300 400 500
Equilibrium concentration [mol -m]

Fig.3.5 Adsorption isotherms for phenol and toluene on H-Y.

To investigate the effect of solvent type on the adsorption and diffusivity of
phenol, 2-propanol, cyclohexane and mesitylene were used as solvents. The adsorption
isotherms for phenol on H-Y in these solvents are presented in Fig.3.6. The adsorption
isotherms for phenol on H-Y at specific temperatures in mesitylene, cyclohexane and
2-propanol can also be expressed by Eg. (3-4) for the concentration range examined.
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The amount of adsorbed phenol within H-Y was the smallest in 2-propanol. As shown in
Fig.3.4, the amount of 2-propanol adsorbed on H-Y in the gas phase was higher than
that for cyclohexane or mesitylene, indicating that 2-propanol was strongly adsorbed on
the pore surface of H-Y. Thus, it is considered that the affinity between the solvent and
zeolite pore surface would affect the amount of phenol being adsorbed. The adsorption
enthalpies (AH) for phenol in the three solvents were calculated from the equilibrium
constants. The adsorption enthalpies for phenol in 2-propanol, cyclohexane and
mesitylene were -33.1, -21.7 and -20.7 kJ/mol, respectively. Clearly, AH for phenol in
2-propanol is much larger than that for cyclohexane and mesitylene due to a stronger
adsorption on the Brgnsted acid sites of H-Y, which make it difficult for phenol to
undergo adsorption.

4.0 IDiffusion substance: Phenol

— | Adsorbent: H-Y 313K
& 3.5 [solvent:m mesitylene

- I A cyclohexane

g 3.0 e 2-propanol ‘ 32
= 25

2

S 20

5 353 K
<

«— 157

o

S 10T

g

< 05

o @

0 100 200 300 400 500 600
Equilibrium concentration [mol -m]

Fig.3.6 Adsorption isotherms for phenol on H-Y in mesitylene, cyclohexane and 2-popanol

solutions.
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3.3.4 Adsorption of phenol within deAl-Y

In order to prove the hydroxy group in phenol was adsorbed strongly on the
Bransted acid sites of H-Y, we investigated the adsorption of phenol within H-Y and
deAl-Y in 2-propanl and mesitylene solution. The adsorption isotherms of phenol within
H-Y and deAl-Y in the 2-propanol or mesitylene solution at 313 and 353 K are shown in
Fig.3.7. The deAl-Y exhibits lower phenol adsorption ability compared with H-Y in
2-propanol or mesitylene. The result indicated that hydrogen bonding between the OH
group in phenol and the Brgnsted acid sites within H-Y is considered to enhance the
adsorption of phenol.

4.0

Adsorbent: H-Y red

351 deAl-Y green
Diffusion substance: Phenol
3.0 | Solvent: mesitylene mm
2-propanol @ ©

2.5

2.0

1.5

1.0

Amount of adsorbed [mol -kg'l]

0 100 200 300 400 500
Equilibrium concentration [mol -m]

Fig.3.7 Adsorption isotherms for phenol on H-Y and deAl-Y in mesitylene or
2-propanol.

3.3.5 Intracrystalline diffusivities of phenol and toluene within Y-type zeolite in
mesitylene, cyclohexane and 2-propanol.

The effects of temperature on the intracrystalline diffusivities of phenol and
toluene within H-Y in mesitylene solution are illustrated in Fig.3.8. The activation
energy for the intracrystalline diffusivity of toluene within H-Y in mesitylene was 17.2
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kJ/mol, and this value is larger than the reported value (8.1 kJ/mol) for the gas phase
[36]. When a molecule diffuses within a zeolite pore, the molecule undergoes repeated
adsorption and desorption processes within the pore structure. There are geometrical
limitations to this process as determined by the relationship between the pore structure
and the geometry of diffusion molecules; moreover, the acid sites of the zeolite affect
the diffusivity of the diffusion molecule [13]. H-Y has a super-cage-like structure,
whose size is much larger than the diameter of the aromatic ring. In the gas phase,
diffusion molecules undergo repeated adsorption and desorption processes inside the
super-cage and the molecules adsorbed near the pore mouth of the super-cage further
diffuse inside the zeolite crystal. This lower activation energy is a reflection of the
relatively small geometrical limitations. In contrast, in the liquid phase, both the
diffusion molecules and solvent exist inside the pores of H-Y. In this study, at first,
solvent was introduced to the zeolite pores, and then the target molecule (toluene)
would diffuse into the zeolite pore. Thus, the toluene molecules underwent diffusion
and adsorption on the acid sites inside the pores by replacing the mesitylene molecules
that were adsorbed on the acid sites. In addition, it is considered that the diffusion
molecules and the solvent molecules adsorbed on the surface of the pores (channel and
the super-cage) inhibited the diffusion of toluene. Therefore, the activation energy for
the diffusion of toluene in the liquid phase was different from that in the gas phase.

The intracrystalline diffusivity of toluene within H-Y in mesitylene solution
exhibited a higher value compared with that for phenol. In addition, the activation
energy for the intracrystalline diffusivity of phenol (27.9 kJ/mol) within H-Y was much
higher than that for toluene (17.2 kJ/mol). It has been reported that the adsorption of
diffusion molecules on the acid sites reduces the diffusivity of the molecules because
the residence time on the acid sites becomes extended. As shown above, phenol has
higher affinity for acid sites compared to toluene due to hydrogen bonding, which
makes the residence time for phenol on the acid sites of H-Y longer than toluene.

The dependence of the intracrystalline diffusivity of phenol on temperature
within H-Y for mesitylene, cyclohexane and 2-propanol are shown in Fig.3.8. The
intracrystalline diffusivities of phenol within H-Y for the three solvents occur in the
following order: 2-propanol > cyclohexane > mesitylene, and the corresponding
activation energies for phenol in 2-propanol, cyclohexane and mesitylene are 10.8, 26.9
and 27.9 kJ/mol, respectively. These data indicate that the solvent coexisting within the
H-Y pores affects the diffusivity of phenol. As mentioned above, the amount of phenol
adsorbed depends on the solvent, and the amount of phenol adsorbed on H-Y in
2-propanol was the lowest among the solvents investigated in this study. Given that
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2-propanol has a higher affinity for the acid sites than phenol, the extent of adsorption
of phenol on the acid sites decreased. In contrast, phenol has a higher affinity for the
acid sites than cyclohexane and mesitylene, and hence the amount of phenol adsorption
on the acid sites became relatively high (Fig.3.6). It is considered that the residence time
of phenol on the acid sites in cyclohexane (as well as mesitylene) is longer than that in
2-propanol. As a consequence, the diffusivity of phenol within H-Y in cyclohexane and
mesitylene was lower than that in 2-propanol. In addition, because the kinetic diameter
of 2-propanol is smaller than that of cyclohexane and mesitylene, it is considered that
the effective pore space for diffusion of 2-propanol that is unoccupied by adsorbed
molecules becomes large. Therefore, the effect of adsorbed 2-propanol on phenol
diffusion (adsorption inhibited) is small compared with cyclohexane and mesitylene;
these conditions thus lead to a high intracrystalline diffusivity for phenol and a low
activation energy.

The effective diffusivity of molecules, which does not have a physical
meaning, may be used to assess the overall reaction rate in reaction kinetics via the
Thiele modulus and the effectiveness factor. Arrhenius plots of the effective diffusivity
values for phenol and toluene within H-Y for the three solvents are presented in Fig.3.8.
For phenol diffusion within H-Y, 2-propanol displayed the highest effective diffusivity
than that in mesitylene and cyclohexane.
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Fig.3.8 Arrhenius plots of the intracrystallinediffusivity and effective diffusivity of
phenol and toluene within H-Y in mesitylene, cyclohexane and 2-propanol.
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Fig.3.9 Temperature dependency of the intracrystalline diffusivity of phenol within H-Y
and the apparent diffusivity within deAl-Y in mesitylene and 2-propanol.

Apparent diffusion resistance can be expressed as follow:

L2/D=Lm?/Dm+L2/D;, (3-6)
Here, D, Dm and D; indicate the apparent intracrystalline diffusivity (m2s™?), diffusivity
in the mesopore (m?s) and diffusivity inside zeolite pore (m?s™), respectively. L, Lm
and L indicate the diffusion length of zeolite of H-Y, diffusion length of mesopore and
diffusion length of zeolite in deAl-Y, respectively.

From the nitrogen adsorption data (Table 3.1), ratio of external surface
area to specific surface area of deAl-Y is 6 %. Indicating that large part of deAl-Y has
Y-type zeolite structure and L is much smaller than L,, which considered that diffusion
and adsorption in the remaining zeolite structure is dominant. However, because it is
very difficult to decide actual diffusion length of remaining zeolite structure, diffusivity
of phenols within deAl-Y was evaluated using diffusion length of H-Y (before
dealumination) as tentative value. Thus, the diffusivity of phenols within deAl-Y in the
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previous manuscript is the apparent intracrystalline diffusivity.

The dependence of the intracrystalline diffusivity of phenol on
temperature within H-Y and the dependence of the apparent diffusivity of phenol on
temperature within deAl-Y in the 2-propanol and mesitylene solution are shown in
Fig.3.9. The activation energy of phenol within H-Y and deAl-Y in 2-propanol are
approximately same (10.8 kJ/mol). This indicate that effect of acid site on diffusion
mechanism of phenol within Y-type zeolite in 2-propanol is small. Because 2-propanol
are preferentially adsorbed on the acid site of zeolite pore surface, it can be assumed
that frequency of phenol adsorption is decreased and interaction between phenol and
2-propanol is dominant resistance for diffusion. In addition, the activation energy of
phenol within H-Y (27.9 kJ/mol) in mesitylene is higher than that within deAl-Y (17.7
kJ/mol). Indicating that the presence of Brgnsted acid sites affect the diffusion of phenol
in the H-Y pores in mesitylene solutions. The results suggest that the hydroxy group in
phenol was adsorbed strongly on the Bragnsted acid sites of H-Y in mesitylene.

Based on above results, the assumed diffusion mechanisms for phenol within
H-Y in the liquid phase are summarized in Fig.3.10. In the gas phase, the pore size of
the H-Y is large enough to neglect the mass transfer resistance at the pore mouth, and
the molecules can diffuse within the pores with minimal geometrical limitations (as
previously mentioned) [13]. In contrast, in the liquid phase, because the diffusion
molecules and the solvent coexist within the pores of H-Y, the molecules adsorbed on
the acid sites of the pore surface affect the diffusivity. The ease of adsorption of the
diffusion molecules and the solvent molecules coexisting inside the pores on the acid
sites of H-Y as well as the kinetic diameter of the solvent molecules adsorbed on the
acidic sites affect the diffusivity of the molecules and their activation energy. Therefore,
toluene can readily undergo diffusion and be adsorbed on the acid sites within H-Y,
because there is no solvent effect. However, in the liquid phase, the target molecules
and the solvent molecules both co-exist within the pores of H-Y.
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Fig.3.10 Possible diffusion mechanisms for phenol within H-Y in mesitylene,
cyclohexane and 2-propanol solutions

3.4. Conclusions

The intracrystalline diffusivity of phenol and toluene within H-Y zeolites in
the liquid phase together with the effect on the diffusivity of phenol and toluene of
solvents coexisting in the H-Y zeolite pores were studied. In the gas phase, given that
the geometrical limitations are small when toluene diffuses into the zeolite pores, the
activation energy for intracrystalline diffusivity was small. In contrast, in the liquid
phase, the activation energy for the intracrystalline diffusivity of toluene was larger than
that in the gas phase because solvent molecules coexisted inside the pores. To
investigate the affinity of the diffusion molecule for the acid sites of H-Y and its effect
on the diffusivity, the diffusivities of phenol and toluene were measured in mesitylene
solutions. The hydroxy group in phenol was adsorbed strongly on the Brensted acid
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sites of H-Y and this led to a lower intracrystalline diffusivity than that for toluene.
Furthermore, the intracrystalline diffusivities of phenol within H-Y for three solvents
were measured to investigate the effect of the affinities of the solvents and the acid sites
on phenol diffusion and to clarify the order of phenol diffusivity, this being as follows:
2-propanol > cyclohexane > mesitylene. It was clarified that the ease of adsorption of
the diffusion molecules and the solvent molecules coexisting within the pores on the
acid sites of H-Y as well as the kinetic diameter of the solvent molecules adsorbed on
the acid sites affected the diffusivity of the diffusion molecules and their activation
energy.
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Chapter 4
Measurement of diffusivity of toluene and 1-methylnaphathlene within
silicalite-1 and Si-beta in the sub- and super-critical fluids

4.1. Introduction

Zeolite has various functions such as strong acid, shape selectivity and ion

exchange ability, which an important porous material as catalyst and adsorbent in
industrial process [1-2]. It is known that the pore size of zeolite is close to the molecular
size of some hydrocarbons. Most of the acid sites of the zeolite are located on the
surface of the pore, and the reaction proceeds to the first reaction by diffusing the inside
of the zeolite pore from the bulk fluid and adsorbing it to the active sites [3]. The
apparent reaction rate of the catalytic reaction with zeolite is evaluated by the reaction
of the zeolite particle and the molar flux of the product [4]. The observed maximum
reaction rate is the diffusion rate in zeolite crystals. Therefore, the reaction of zeolite
catalysts is influenced by the diffusion, and the information about the diffusion rate of
molecules in the zeolite crystal is indispensable for the reaction engineering analysis
and the catalyst design using the zeolite catalyst.
For the gas phase, various methods for measuring the diffusion coefficient of molecules
within zeolite crystals, such as microscopic methods using NMR [5-7] and macroscopic
methods using the constant volume method, and discussions on the diffusion
mechanism have been conducted. We also reported that diffusivity within zeolite by
constant volume method [8-14].

On the other hand, there are some reports on the low-temperature liquid phase
including our laboratory [15-17]. Furthermore, there are few research reports on the
diffusion mechanism in zeolite crystals in high-temperature liquid phases, subcritical
and supercritical fluids. Liu et al. studied HZSM-5@AI-MCM-41 exhibits the excellent
catalytic performance with the highest catalytic activities to enhanced diffusivity and
the lowest deactivation rate for the improved performances of catalytic cracking of
supercritical n-dodecane (773 K, 4 MPa) [18]. We found that the concentration of
diffusing substances in the high-temperature liquid phase, subcritical and supercritical
fluids can be measured by using a Raman spectrophotometer, and there has been no
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report so far by applying this concentration measurement method for measurement of
diffusion coefficient of aromatic compounds within zeolite crystals in subcritical and
supercritical fluids.

The main objectives of this study were to develop a method for the direct and
continuous measurement of intracrystalline diffusivity of 1-methylnaphathlene and
toluene within Si-beta, silicalite-1 and K-ZSM-5 using a Raman spectrometer in the
sub- and super-critical fluids has been investigated. Moreover, the intracrystalline
diffusivity of toluene within Silicalite-1 in the sub- and super-critical fluids was
compared with that in the gas phase.

4.2. Experimental
4.2.1. Preparation of silicalite-1, Si-beta and K-ZSM-5

Si-beta zeolite was supplied from Kubota, Japan. The silicalite-1 were prepared
by traditional hydrothermal method. The silicalte-1 and ZSM-5 (pore size:
0.53x0.56nm) were prepared by traditional hydrothermal method. The NaxSiOs,
Al2(SO4)3 (only for ZSM-5), and tetra-n-propylammoniumbromide (TPABr) were
dissolved in deionized water. An aqueous solution was stirred for 24 h when a gel was
formed. Then transfer into a Teflon-lined steel autoclave, and heated to 423 K for 72 h.
After the hydrothermal crystallization, the obtained zeolites suspensions were washed
with deionized water by centrifugation and then dried in the air atmosphere. The
resulting powders was calcined at 823K. All the samples were essential to ion-exchange
to H-type with NH4NO3z aqueous solution at 348 K for 3 h. The H-type samples were
washed with deionized water by centrifugation and dried overnight at 383 K. The
ZSM-5 with Si/Al ratio of 110 was obtained. K-type samples (K-ZSM-5) were prepared
by impregnating K-type samples with a KNOs aqueous solution of appropriate
concentration at 348 K for 2 h. Finally, the targeted K-type zeolites were washed with
deionized water, calcined at 823 K for 12 h.
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4.2.2. Characterization of silicalite-1, Si-beta and K-ZSM-5

Morphology (crystal sizes) and crystallinity of the zeolites were analyzed by
field emission scanning electron microscopy (FE-SEM; JSM-6500F, JEOL) and X-ray
diffraction (XRD; Ultima IV, Rigaku Co. Ltd.), respectively. The pore volumes and the
external and specific surface areas of the zeolites at 77 K were calculated using the
BET- and the t-methods based on N2 adsorption isotherms (Microtrac BEL Corp.,
Belsorp-mini.).

4.2.3. Measurement of intracrystalline diffusivity in the sub- and super-critical
fluids

The intracrystalline diffusivity of 1-methylnaphthalene and toluene within
Si-beta and silicalite-1 in the sub- and super-critical fluids by a constant volumetric
method using Raman spectroscopy, respectively. Cyclohexane and cyclopentane served
as the respective solvents. The transient change process can be described the following
theoretical equations for the zeolites with a spherical shape (Si-beta) and a hexagonal
slab shape (silicalite-1 and K-ZSM-5).
Fig.4.1 show the change in the toluene concentration with time, where silicalite-1 was
used as the catalyst. The benzene concentrations in cyclohexane solution at initial time
(Co) were 203 mol/m3. The symbols and the curve represent the experimental results
and the numerical result calculated using Eqg. (1). Toluene concentrations decreased with
time in silicalite-1 due to toluene molecules diffuse into the pores of the catalyst and are
adsorbed on the pore surface.
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Fig. 4.1. Change in the toluene concentrations with time.
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where, Mt is the amount of aromatic hydrocarbon adsorbed at time t; Me is the M; value
at equilibrium; C; is the aromatic hydrocarbon in cyclopentane at time t; Co and Ce are
the initial and equilibrium C; values, respectively; D is the intracrystalline diffusivity of
the aromatic hydrocarbon; R and L are the radius and half-thickness of the spherically
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shape zeolites and the hexagonal slab-shaped zeolite crystals, respectively; am is the
outer surface area of the zeolite crystal, V is the volume of the sub- and super-critical
fluids; W is the weight of the zeolites; and H is the partition factor.

The intracrystalline diffusivity was calculated in the sub- and super-critical
fluids using the experimental apparatus shown in Fig.4.2. Cyclohexane and
cyclopentane were used as the solvents, which can fill with the pores of Si-beta or
silicalite-1 or K-ZSM-5. Si-beta or silicalite-1 or K-ZSM-5 zeolites were put in a Pt
basket and immersed in the cyclohexane or cyclopentane solution and placed into the
vacuum drier for 3 h. Thereafter, the Pt basket was fixed into a stainless-steel autoclave
with one of the solutions (critical point of cyclohexane and cyclopentane are 553 K, 4.1
MPa and 511 K, 4.5 MPa, respectively), and then reached the target pressure of 5 Mpa
using the pump. The autoclave was heated to the experimental temperature (373-573 K),
and the solution was magnetically stirred. After reached the desired temperature and
pressure, 1-methylnaphthalene or toluene was injected by syringe into the autoclave and
pump. Hence, in situ measurement of 1-methylnaphthalene or toluene concentration
changes in respective solution with time was conducted to calculate the intracrystalline
diffusivity in the sub- and super-critical fluids.

Through the Raman spectrum of the mixed solution of diffusion substance
and solvent, it can be seen that the concentration of diffusion substance in the solvent is
different at different temperatures. This may be due to the density of diffusion
substance varies at different temperatures and pressures. According to this situation,
under the condition of constant pressure, we made calibration curves at different
temperatures.
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Fig.4.2 Experimental apparatus for measuring the intracrystalline diffusivity of 1-methylnaphthalene and

toluene in the sub- and super-critical fluids of cyclohexane and cyclopentane, respectively.

4.3. Result and discussion
4.3.1. Characterization of the silicalite-1, Si-beta and K-ZSM-5

The powder XRD patterns of the silicalite-1 and K-ZSM-5 are presented in
Fig.4.3. All of the diffraction peaks in the patterns of the silicalite-1 and K-ZSM-5
correspond to typical characteristic diffraction peaks of MFI-type zeolites. SEM image
of the silicalite-1, Si-beta and K-ZSM-5 zeolites are showed in Fig. 4.4. The image
reveal that H-silicalte-1 and K-ZSM-5 particles have hexagonal slab shape with a mean
crystal size (thickness) of 1.8 and 2.9 um, respectively; Si-beta particles have spherical
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shape. The N adsorption-desorption isotherms of silicalite-1, Si-beta and K-ZSM-5
exhibited type | behavior (not shown here), which is consistent with the presence of
micropores. N2 adsorption isotherms of silicalite-1, Si-beta and K-ZSM-5 were recorded
at 77K, and the BET specific surface area (Sget), external surface area (Sexr), and the
micropore volume (Vm) of the silicalite-1, Si-beta and K-ZSM-5 were estimated (Table
1). The NH3-TPD profiles of K-ZSM-5 is shown in Fig. 5. In the profile of K-ZSM-5,
one NHsz desorption peaks are observed at approximately 483 K. A total acid site
amount of 0.073 mol/kg (Table 4.1). The Si/Al ratio (100) of K-ZSM-5 obtained by
XRF analyze is also shown in Table 4.1.
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Fig.4.3 XRD patterns of silicalite-1 and K-ZSM-5.
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Fig.4.4 SEM image of silicalite-1, Si-beta and K-ZSM-5

Table 4.1 Properties of H-silicalite-1, Si-beta and K-ZSM-5 zeolites

Zeolites SBET SExT Vi Number of acid sites ~ Si/Al ratio”
[m*g™  [m*g?'] [cm3gT] [mol kg™] [-]
Silicalite-1 401 0.27 0.17 — —
Si-beta 533 20.6 0.20 — —
K-ZSM-5 387 15.2 0.17 0.26 110

* Pore volume (Vm) was calculated by the BJH method and the Si/Al ratio obtained by XRF analyze.

4.3.2. Diffusivity of 1-Methylnaphthalene or toluene within Si-beta or H-silicalite-1
in the respective solvents

The  typical temperature  dependency  of  diffusivities  of
1-Methylnaphthalene (within Si-beta in cyclohexane), and toluene (within H-silicalite-1
in cyclopentane) were shown in Fig 4.5. The diffusivity of toluene within H-silicalite-1
in the gas phase [11] is much higher than that in the liquid phase, sub- and super-critical
of cyclopentane. In the gas phase, diffusion molecules go through repeated adsorption
and desorption processes inside the zeolite. In contrast, both the diffusion molecules and
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solvent exist inside the pores of H-silicalite-1 in the liquid phase, sub- and super-critical
fluids. In this study, at first, solvent was introduced to the zeolite pores, and then the
toluene would diffuse into the zeolite pore. Thus, the toluene molecules went through
diffusion inside the pores by replacing the cyclopentane molecules. It is considered that
the diffusing molecules and the solvent molecules adsorbed on the surface of the pores
inhibited the diffusion of toluene. Therefore, the intracrystalline diffusivities of toluene
in the liquid phase, sub- and super-critical fluid were different from that in the gas
phase.

Logarithm of diffusivities of toluene within H-silicalite-1 measured under 5
MPa and liquid phase were correlated with a single line against inverse number of
temperatures indicating that the diffusivity only depends on temperature. In contrast,
above 473 K, the diffusivity of toluene within silicalite-1 was decreased and the almost
minimum value at critical temperature (513 K) was obtained in the supercritical fluids.
In addition, the diffusivities of 1-Methylnaphthalene within Si-beta in the sub-critical
fluids under 5 MPa and in liquid phase were increased with increasing the temperature
while the diffusivity of 1-Methylnaphthalene within Si-beta was decreased and also
took almost minimum value at critical temperature (553 K).

10-13 F T T T
«—critical temperature of cyclohexane
toluene S~ «—critical temperature of cyclopentane ]
';‘ 4
N = 10—14 3 (Vaper phase @ Toluene(silicalite-1) 3
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é 10715E 3
.q: F
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o i
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S 107¢ .
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Fig.4.5 Diffusivities of toluene in gas, liquld phase and sub-, super-critical
fluids(solvent:cyclopentane, adsorbent: silicalite-1);1-methylnaphthalene( solvent:cyclohexane,
adsorbent: Si-beta).
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It has been reported that dynamic structure of a cluster formed around a solute in the
supercritical fluids was observed. This phenomenon suggestion that cluster of solvent
would be formed easily in the supercritical fluids [19]. With the assumption described
above, formation of clusters between diffusion substance and solvent molecules near the
critical point of solvent was considered, which lead to increased mass transfer resistance
at pore mouth near the outer surface of the silicalite-1or Si-beta.

4.3.3. Analysis of mixed solution by using Raman spectrometer

To demonstrate the formation of clusters between diffusion substance and
solvent, the Raman study of mixed solution of toluene and cyclopentane (mole ratio is
0.1lor 0.3) at 5 MPa in the temperature range from 313 to 573 K were investigated. The
experimental results of Raman shift of cyclopentane and toluene in
toluene/cyclopentane mixture under 5 MPa at different temperature were shown in Fig.
4.6. CH2 contrastively symmetric stretching vibration of cyclopentane (Fig.6a) and
coupled vibration of toluene ring and substituent-ring stretching of toluene (Fig.6b)
were observed. Zerda et al. studied Raman Shifts to a higher frequency is attributed to
increased repulsive interaction in the intermolecular; Raman Shifts to a lower frequency
Is attributed to increased attractive forces in the intermolecular [20]. The peak of
cyclopentane was shifted to the lower frequency with decreasing concentration of
cyclopentane, and took the almost minimum value around the critical temperature,
which suggestion that attractive interactions in the intermolecular of cyclopentane
molecules became stronger and vibration of cyclopentane was suppressed (Fig.4.6 a).
The peak of toluene was shifted to the higher frequency with increasing the
concentration of toluene, which suggestion that increased repulsive interaction in the
intermolecular of toluene molecules (Fig.4.6 b). The results indicated that cluster of
solvent would be formed easily around the critical temperature. Moreover, we also used
1-Methylnaphthalene /cyclohexane mixture solution (mole ratio is 0.1) did the same
experiment and the peak of cyclohexane was also shifted to the lower frequency around
the critical temperature. It is considered that formation of clusters between diffusion
substance and solvent molecules near the critical point of solvent, which lead to
increased mass transfer resistance at pore mouth near the outer surface of the zeolite.
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Fig.4.6 Raman shift of cyclopentane and toluene in toluene/cyclopentane mixture under
5 MPa at different temperature. [molar ratio of toluene to cyclopentane:0.1 (circle), 0.3
(triangle), cyclopentane without toluene (square)]

4.3.4 Effects of the crystal size of Silicalite-1 on the intracrystalline diffusivity

The pore surfaces of silicalite-1 and Si-beta have no acid sites. Therefore,
diffusion molecules in zeolite pore diffusion process, the pore mouth of zeolite diffusion
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and the internal pore wall of zeolite - intermolecular physical diffusion are resistant.
The overall resistance to mass transfer for the diffusion can be expressed by

L’ AL? L’
- = = 4 (4-3)
D D,, D,

where D is apparent diffusivity within pore; Dm is intracrystalline diffusivity at pore
mouth; Dy is intracrystalline diffusivity in the gas phase. and AL is a hypothetical
diffusion distance at the pore mouth where the molecules diffuse at the rate of Dm /AL
[12].

Hypothetical that formation of clusters between diffusion substance
molecules and solvent molecules near the critical temperature, resulting in a low
diffusivity. Thus, diffusion resistance will form at the pore mouth of zeolite. The
equation (4-3) can transform into equation (4-4)

11 AL 1
—_— = — = (4-4)
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Fig.4.7 Relationship between 1/D-1/Dp value and 1/L2 value.
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Accordingly, the intracrystalline diffusivity of toluene within silicalite-1 at 543 K and 5
MPa in the cyclopentane solution with different crystal sizes of silicalite-1 were
measured. Relationship between 1/D-1/D, value and 1/L? value was shown in Fig.4.7.
Here, Dy is intracrystalline diffusivity of silicalitel in the gas phase. Relationship
between 1/D-1/D, value and 1/L2 value were found to lie on a single line through the
origin. Indicating that the mass transfer resistance across pore mouth near the outer
surface of the silicalite-1 was existence around critical points of cyclopentane. This was
further demonstrated that formation of clusters between diffusion substance and solvent
molecules near the critical point of solvent at pore mouth of zeolite (without acid sites).

4.3.5 Intracrystalline diffusivity of toluene within K-ZSM-5 in sub- and
supercritical fluids

In addition, the intracrystalline diffusivity of toluene within K-ZSM-5 in
supercritical fluid of cyclopentane was also measured. The typical temperature
dependency of intracrystalline diffusivity of toluene within K-ZSM-5 in the sub- and
super-critical of cyclopentane was shown in Fig.4.8. The intracrystalline diffusivity
showed much higher value than that within silicalite-1. Because of toluene
concentration at outer surface of the K-ZSM-5 was increased, formation of the cluster
may be suppressed and decreased diffusion resistance at pore mouth, which leading to
increase the diffusivity. It has been reported that the adsorption of diffusion molecules
on the acid sites reduces the diffusivity of the molecules in the gas and liquid phase,
which indicated that the diffusivity of diffusion molecules within silicalite-1 (without
acid sites) is much higher than that within ZSM-5 (with acid sites). In contrast, we got
the opposite results in the supercritical fluids, which may ascribe to the formation of
clusters between diffusion substance and solvent molecules near the critical point of
solvent at pore mouth of siliclite-1. In order to demonstrate this point, we also did the
further investigate.
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Fig.4.8 The typical temperature dependency of intracrystalline diffusivity of toluene
within K-ZSM-5 in the sub- and super-critical of cyclopentane.

4.3.6 Intracrystalline diffusivity of toluene within K-ZSM-5 with different Si/Al
ratio in supercritical fluids

The effect of Al content in K-ZSM-5 on intracrystalline diffusivity of toluene
within K-ZSM-5 under 5 MPa at 543 K was shown in Fig.4.9. The diffusivity of toluene
was reduced with decreasing Al content in K-ZSM-5, which was further confirmed
diffusion resistance at the pore mouth was increased with decreasing the acid site
leading to increase the diffusivity within K-ZSM-5 due to toluene molecular adsorbed
on the acid sites of pore mouth of K-ZSM-5 to make the toluene concentration at outer
surface of the K-ZSM-5 was increased. And formation of the cluster may be suppressed
and decreased diffusion resistance at pore mouth, which leading to enhance the
diffusivity with increasing the Al content.

82



Chapter 4
Measurement of diffusivity of toluene and 1-methylnaphathlene within silicalite-1
and Si-beta in the sub- and super-critical fluids

1 0—13 - T T T T I T T T T I T T T T =
F Diffusion molecule: Toluene 3
- | Solvent: Cyclopentane i
w
(o]
é 1014 Temperature: 543 K .
> F -
.S r . 7
= L i
E B ‘ .
(v -
S 10 @ .
@ E 3
= C ]
z :
[72] | -
Py
§ 1071 E 3
= c 3
1()'17 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1
0 0.005 0.01 0.015

Al/(Si+Al) /-
Fig.4.9 Effect of Al content in K-ZSM-5 on intracrystalline diffusivity of toluene within
K-ZSM-5 under 5 MPa at 543 K.

4.4. Conclusions

The intracrystalline diffusivity of 1-Methylnaphthalene or toluene within
Si-beta or silicalite-1 and K-ZSM-5 in the sub- and super-critical fluids. In the gas phase,
the geometrical limitations are small when toluene diffuses into the zeolite pores, the
activation energy for intracrystalline diffusivity was small. Moreover, in the sub- and
super-critical fluids, the intracrystalline diffusivity of 1-Methylnaphthalene or toluene
was much larger than that in the gas phase because solvent molecules coexisted inside
the pores. The intracrystalline diffusivity of 1-Methylnaphthalene or toluene in the
cyclohexane or cyclopentane solvent was also investigated. During 313 ~ 473 K, the
intracrystalline diffusivity increased with increasing the temperature. Above 473 K, the
intracrystalline diffusivity of 1-Methylnaphthalene or toluene within Si-beta or
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silicalite-1 was decreased and the almost minimum value at critical temperature was
obtained in the supercritical fluids. This may be because solvent molecules gather
around diffusion molecules near the critical point to forming clusters. For this point,
the resistance at the pore mouth of the Si-beta or silicalite-1 increases and the
intracrystalline diffusivity decreases. In contrast, intracrystalline diffusivity of toluene
within K-ZSM-5 in the sub- and super-critical of cyclopentane showed much higher
value than that within silicalite-1 as well as the diffusivity of toluene was reduced with
decreasing Al content in K-ZSM-5. Because of toluene concentration at outer surface of
the K-ZSM-5 was increased, formation of the cluster may be suppressed and decreased
diffusion resistance at pore mouth, which leading to increase the diffusivity.
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Chapter 5
The diffusion mechanism of aromatic hydrocarbons within silicalite-1,
K-ZSM-5, and K-Y in the sub- and super-critical fluids

5.1. Introduction

The ordered crystalline porous materials such as zeolite catalysts are
crystalline alumino-silicate with ultra-fine nano-pores, the diameters of which are
almost the same as those of minimum molecular diameters of lighter hydrocarbons [1-6].
Therefore, the zeolite exhibits unique catalysis caused by molecular sieving effect and
shape selective catalysis, which are exploited as adsorbents, catalysis, and separation
membrane in the variety of application fields of petroleum, fine chemical, and chemical
biomass conversion [7-11]. The pore size and structure sometimes strengthen limitations
to the mass transport processes that contact activity and selectivity of the reaction
because surface active sites in zeolite crystals are not fully utilized. Generally, apparent
reaction rates of zeolites-catalyzed reactions can be controlled by diffusion resistance of
reactants and products inside the zeolite [12]. Because the diffusion coefficient of the
hydrocarbon substrate depends on its size relative to the size of catalyst pores and the
physicochemical features of the fluid where the catalysts and the substrate exist. In
addition, investigating the intrinsic kinetics of heterogeneous reactions as well as
designing reactors hinge on their diffusivity. Therefore, understanding diffusion
mechanisms of molecules in the porous catalysts under different conditions are very
critical for designing the catalysis and supply more useful information on reaction
processes using those catalysts, since the degree of the diffusion limitations are
observed differently by depending on molecular size and circumstance around the
catalysts, such as gas, liquid, sub-critical and supercritical fluids.

Several research works have been reported to measure the diffusivity of
hydrocarbon within porous materials in the gas and have been few reported in the liquid
phase [13-21]. Nevertheless, the desulfurization and denitrogenation of hydrocarbons in
the process of oil refinery, and the production of useful aromatic chemicals from
carbohydrate [22], and low molecular lignin in the biomass [23] need to be carried out
at high temperature and high pressure. Among the different high temperature and high
pressure systems, the supercritical fluids have gained growing attention in a variety
processes, which attributed to its physicochemical properties of solubility, high
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diffusivity, lower viscosity and liquid-like density that can enhance the mass transfer of
substrates to the active sites of catalysts [24-29]. These properties make it as green
solvent for various applications because of supercritical fluids are environmentally
friendly, sustainable and low chemical toxicity [30]. Many studies have displayed that
gasification, liquefaction, carbonization, and upgrading of biomass, petroleum oil,
microalgae and waste sources by using supercritical water [31-38]. Peng et al. studied
esterification of acids into ester with HZSM-5 catalyzed in supercritical ethanol, which
effectively cracked and hydrogenated compounds in bio-oil [39]. Moreover,
supercritical fluids are effective way to suppresses the formation of coke on the outer
surface of zeolites during reaction [40], and some literatures from our previously work
[41-42]. However, diffusivity of aromatic hydrocarbons within porous materials in the
sub and super-critical fluid have not been proposed.

Our group demonstrated a method for measurement of intracrystalline
diffusivity of hydrocarbon within porous materials in sub- and super-critical fluids by a
constant volumetric method using Raman spectroscopy, which can directly and
continuously measure the change in the diffusion substance concentration with time and
explore the diffusion mechanism in the sub- and super-critical fluids. This study aimed
to measuring the intracrystalline diffusivities of aromatic hydrocarbons within
silicalite-1, K-ZSM-5 and K-Y in the in sub- and super-critical fluids. Moreover, the
mechanism of aromatic hydrocarbons diffusion within silicalite-1, K-ZSM-5 and K-Y in
super-critical fluids were investigated.

5.2. Experimental
5.2.1. Preparation of K-ZSM-5 and K-Y

The ZSM-5 (pore size: 0.53x0.56nm) were prepared by traditional
hydrothermal method. The Na>SiOs, Al>(SO4)3, and tetra-n-propylammoniumbromide
(TPABT) were dissolved in deionized water. An aqueous solution was stirred for 24 h
when a gel was formed. Then transfer into a Teflon-lined steel autoclave, and heated to
423 K for 72 h. After the hydrothermal crystallization, the obtained zeolites suspensions
were washed with deionized water by centrifugation and then dried in the air
atmosphere. The resulting powders was calcined at 823 K. Y-type zeolite (pore size:
0.74x0.74nm) with SiO2/Al>O3 ratio of 5.5 was purchased by Wako Chemical Ltd.,
Japan. All the samples were essential to ion-exchange to H-type with NHsNO3 aqueous
solution at 348 K for 3 h. The H-type samples were washed with deionized water by
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centrifugation and dried overnight at 383 K. K-type samples (K-ZSM-5 and K-Y) were
prepared by impregnating K-type samples with a KNO3s aqueous solution of appropriate
concentration at 348 K for 3 h. Finally, the targeted K-type zeolites were washed with
deionized water, calcined at 823 K for 12 h. The samples were labeled K-ZSM-5 and
K-Y, respectively.

5.2.2. Characterization of silicalite-1, K-ZSM-5 and K-Y zeolites

Morphology (crystal sizes) and crystallinity of the zeolites were analyzed by
field emission scanning electron microscopy (FE-SEM; JSM-6500F, JEOL) and X-ray
diffraction (XRD; Ultima IV, Rigaku Co. Ltd.), respectively. The Si/Al ratios of the
samples were determined by X-ray fluorescence measurements (XRF; Shimadzu,
EDX-700HS). Acidity of the zeolites were evaluated by NHs-temperature programmed
desorption (NH3-TPD; BEL CATII (MicrotracBEL Corp.) with a Q-mass spectrometer
(Bel-mass, MicrotracBEL Corp.)). The pore volumes and the external and specific
surface areas of the zeolites at 77K were calculated using the BET- and the t-methods
based on N adsorption isotherms (Microtrac BEL Corp., Belsorp-mini.).

5.2.2. Measurement of intracrystalline diffusivity in the sub- and super-critical
fluids

The intracrystalline diffusivity of aromatic hydrocarbons within silicalite-1,
K-ZSM-5 and K-Y in the sub- and super-critical fluids (cyclopentane as a solvent) by a
constant volumetric method using Raman spectroscopy. The transient change process
can be described the following theoretical equations for the porous materials with a
hexagonal slab shape (silicalite-1and K-ZSM-5) and a spherical shape (K-Y).

Hexagonal slab shape

My _Co—Ce_, _ > 2a(1 + @) eXp(_Dq,%t
M, Co—C, 11+a+a2q,21 L2

n=

) (5-1)

a=V/(amWHL) and gn are the non-zero positive root of tan gn=-agn
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Spherical shape

. -2
My Co—Cp 6a(l + a) Dq2t 6-2)

M, Cy—C, 19+9oc+a2q,21 R?

n=

)

a=V/(amWHR) and qn are the non-zero positive root of tan gn=-a(30n/3+agn?)

where, Mt is the amount of aromatic hydrocarbon adsorbed at time t; Me is the M; value
at equilibrium pressure; C is the aromatic hydrocarbon in cyclopentane at time t; Co and
Ce are the initial and equilibrium C; values, respectively; D is the intracrystalline
diffusivity of the aromatic hydrocarbon; R and L are the radius and the half-thickness of
the spherically shape zeolites and the hexagonal slab-shaped zeolite crystals,
respectively; am is the outer surface area of the zeolite crystal, V is the volume of the
sub- and super-critical fluids; W is the weight of the zeolites; and H is the partition
factor.

The intracrystalline diffusivity was calculated in the sub- and super-critical
fluids using the experimental apparatus shown in Fig.1, which includes a pump and a
stainless-steel autoclave with a Raman spectrophotometer. Cyclopentane was used as a
solvent, which can enter the pores of silicalite-1, K-ZSM-5 and K-Y. The weight of the
zeolite sample, which was put in a Pt basket and was immersed in the volume of the
cyclopentane solution, which placed them into the vacuum drier for 3 h. Thereafter, the
Pt basket with zeolite was fixed into a stainless-steel autoclave with cyclopentane
solution (critical point of cyclopentane is 511 K, 4.5 MPa), and then filled 5 MPa
pressure by using the pump. The autoclave was reached to the experimental temperature
(473 K-543 K) and cyclopentane solution with magnetically stirred. After reached the
desired temperature, aromatic hydrocarbons (toluene, xylene isomers, p-propylphenol,
propylbenzene and p-cresol) was injected by syringe into the autoclave and pump.
Hence, in situ measurement of aromatic hydrocarbon concentration changes in
cyclopentane solution with time was conducted to calculate the intracrystalline
diffusivity in the sub- and super-critical fluids.
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Fig.5.1 Experimental apparatus for measuring the intracrystalline diffusivity in the sub- and

super-critical fluids

5.3. Results and discussion

5.3.1. Characterization of the silicalite-1, K-ZSM-5 and K-Y

The XRD patterns were conducted for all the samples and the results are
shown in Fig.5.2. Prominently, all diffraction peaks of samples a and b showed a broad
diffraction peak in the 26 range of 7-9.5° and 22-25°, confirming that the acquired
samples are crystallized in the MFI structure. The sample ¢ showed diffraction peaks
over the angular range of 5°-50°and all diffraction peaks were corresponding to the Y
zeolites. The morphologies of all samples were investigate using FE-SEM. Fig.5.3
shows SEM images recorded for silicalite-1, K-ZSM-5 and K-Y. The surface
morphology of silicalite-1 and K-ZSM-5 are hexagonal platelet-shape, whereas the
SEM image of K-Y has a spherical structured. The crystal size of silicalite-1, K-ZSM-5
and K-Y is approximately 1.8 um, 2.46 um and 3.88 pm, respectively.

N2 adsorption isotherms profile of silicalite-1, K-ZSM-5 and K-Y are
depicted in Fig.5.4. All the samples exhibit a type | isotherm and a strong uptake at low
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p/po, confirming the existence of micropores. Table 1 listed specific properties in
surface area, external surface area and the micropore volume of silicalite-1, K-ZSM-5
and K-Y based on N adsorption/desorption isotherms.

Fig.5.5 shows the NHs-TPD profiles of K-ZSM-5 and K-Y. With the addition
of K*, both K-ZSM-5 and K-Y exhibited one NH3 desorption peaks at about 473 K,
which can be correspond to the desorption of the weak acid sites. The total acid site
(Table 1) of K-ZSM-5 and K-Y was 0.26 and 3.29 mol/kg, respectively.
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Fig.5.2 XRD patterns of silicalite-1, K-ZSM-5 and K-Y.
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Fig.5.4 SEM image of silicalite-1, K-ZSM-5 and K-Y.
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Fig.5.5 NH3-TPD profile of K-ZSM-5 and K-Y.

Table 1 Properties of Silicalite-1, K-ZSM-5 and K-Y

Zeolites SBET SExT Vi Number of acid sites ~ Si/Al ratio”
[m*g™  [m*g?'] [cm3gT] [mol kg™] [-]
Silicalite-1 401 0.27 0.17 — —
K-ZSM-5 387 15.2 0.17 0.26 110
K-Y 622 15.7 0.24 3.29 3.2

* Pore volume (Vm) was calculated by the BJH method and the Si/Al ratio obtained by
XRF analyze
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5.3.2. Diffusivities of aromatic hydrocarbons within Silicalite-1 in the sub- and
super-critical fluids of cyclopentane

The Temperature dependency of p-xylene, p-cresol, p-propylphenol and
toluene intracrystalline diffusivities of within silicalite-1 in the sub- and super-critical
fluids are presented in Fig.6. The diffusivity of toluene within silicalite-1 in sub- and
super-critical fluids of cyclopentane was much lower than that in the gas phase, which
indicated that the solvent coexisting within the silicalite-1 pores affected the diffusion of
toluene. The diffusivities of p-xylene, p-cresol, p-propylphenol and toluene within
silicalite-1 in the sub-critical fluids under 5 MPa were correlated with a single line,
indicating that the diffusivity only depends on temperature (313K-473K). On the
contrary, the almost minimum value at critical temperature of cyclopentane (513 K) was
obtained in the supercritical fluids. Liew et al. reported that dynamic structure of a
cluster formed around a solute in the supercritical fluids was observed. This
phenomenon suggestion that cluster of solvent would be formed easily in the
supercritical fluids [43]. With the assumption described above, formation of clusters
between diffusion substance and solvent molecules near the critical point of solvent was
considered, which lead to increased mass transfer resistance at pore mouth near the
outer surface of the silicalite-1. The diffusivities of p-xylene, p-cresol, and
p-propylphenol within silicalite-1 are approximately the same as that of toluene in the
sub-critical and super-critical fluid irrespective of the para-position functional groups on
the benzene ring. Moreover, the diffusivities for p-xylene, m-xylene and o-xylene at 473
K, 513 K and 543 K are list in Table 5.2. From the table, it can be seen that the
diffusivities for three xylene isomers within silicalite-1 in sub-critical and super-critical
fluids are in the following order: p-xylene > m-xylene > o-xylene, which shows the
values as expected according to their molecular kinetic diameter.
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Fig.5.6 Temperature dependency of the diffusivity of aromatic hydrocarbons within silicalite-1 in gas,

sub- and super-critical fluids (solvent: cyclopentane).

Table 5.2 The intracrystalline diffusivity of three xylene isomers within silicalite-1, K-ZSM-5 and K-Y

Zeolite Diffusivity of Sorbate T (K)
473 513 543

p-xylene 1.0x10?%° 3.0x10% 4.6x107°

Silicalite-1 m-xylene 6.3x10° 2.3x10°% 3.7x10%
o-xylene 4.2x1016 2.0x10 3.1x10%

p-xylene 1.8x10°%° 2.4x107% 3.7x10%

K-ZSM-5 m-xylene 1.0x10%° 1.8x10% 2.4x10%
o-xylene 6.0x10% 8.8x10°1 1.5x10°

p-xylene 1.5x10% 1.4x10% 2.0x10%

K-Y m-xylene 7.3x10°%6 1.2x10% 1.5x10°
o-xylene 5.6x10 9.2x10°% 1.1x10?°
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5.3.3. Intracrystalline diffusivities of aromatic hydrocarbons within K-ZSM-5 in
the sub- and super-critical fluids of cyclopentane

The typical temperature dependency of intracrystalline diffusivities of
toluene, p-xylene, p-cresol, and propylbenzene within K-ZSM-5 in the sub- and
super-critical fluids are shown in Fig.5.7. The intracrystalline diffusivities of toluene,
p-xylene, p-cresol, and propylbenzene in the supercritical fluids were correlated with a
single line and shows much higher value than that within silicalite-1. It is considered
that aromatic hydrocarbons adsorb on the outer surface of K* of the K-ZSM-5 to make
aromatic hydrocarbons concentrations were increased, formation of the cluster may be
suppressed and decreased diffusion resistance at pore mouth, which leading to increase
the diffusivity. The intracrystalline diffusivities of toluene, p-xylene and propylbenzene
are approximately the same without affected by functional groups on the benzene ring,
whereas p-cresol shows low value within K-ZSM-5 compared to toluene. The results
reflecting the enhanced molecular transport resistance of p-cresol in K-ZSM-5.
Moreover, the relation of corresponding activation energy values calculated according to
the relationship between the temperature and intracrystalline diffusivity, p-cresol within
K-ZSM-5 is 29 kJ/mol, which is greater than that of toluene, p-xylene and
propylbenzene (21 kJ/mol). It is attributed that the formation of hydrogen bonding
between p-cresol and K-ZSM-5, and p-cresol molecules are strongly adsorbed on K* of
K-ZSM-5 to the residence time of p-cresol on the K" becomes extended in the
framework, which lead to the intracrystalline diffusivity decreased within K-ZSM-5.
The intracrystalline diffusivity for three xylene isomers followed the order of o-xylene
< m-xylene < p-xylene at the same temperature range (Table 5.2), which is attributed to
the smaller molecular kinetic diameter and weaker interaction between p-xylene and
K-ZSM-5 compared with m-xylene and o-xylene. In addition, activation energies for
p-xylene, m-xylene and o-xylene, which exhibited the opposite trend with
intracrystalline diffusivities. (23.3 kJ/mol for p-xylene, 27.7 kJ/mol for m-xylene and
28.8 kJ/mol for o-xylene, respectively)
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Fig.5.7 Temperature dependency of the intracrystalline diffusivity of aromatic
hydrocarbons within K-ZSM-5 in sub- and super-critical of cyclopentane.

5.3.4. Intracrystalline diffusivities of aromatic hydrocarbons within
K-Y in the sub- and super-critical fluids of cyclopentane

The temperature dependency on K-Y for toluene, p-cresol, p-xylene and
propylbenzene intracrystalline diffusivities in the sub- and super-critical fluids are
investigated in Fig. 5.8. For toluene and propylbenzene, the intracrystalline diffusivities
also shows almost the same values. Moreover, intracrystalline diffusivity of p-cresol
exhibits lower within K-Y than that of toluene. In addition, calculate activation energies
for toluene and p-cresol within K-Y were 16.0 and 22.1 kJ/mol, respectively. It indicated
that p-cresol diffused through the K-Y zeolite forming hydrogen bonding interacts with
oxygen atoms of the framework of K-Y and adsorbed on K* of K-Y for decreased the
diffusivity. Furthermore, intracrystalline diffusivity of p-xylene within K-Y is lower
than that of p-cresol while intracrystalline diffusivity of p-xylene and p-cresol within
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K-ZSM-5 got the opposite results. It is considered that the p-xylene may undergo
repeated adsorption and desorption processes inside the super-cage of the K-Y, which
make the low diffusivity while p-creasol can adsorbed on the K+ near the pore mouth of
the super-cage further diffuse inside the zeolite crystal. The Y-type zeolite depend on its
porous structure and surface property (acid sites), which lead to complex process in
diffusion of hydrocarbon within Y zeolite.
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Fig.5.8 Temperature dependency of the intracrystalline diffusivity of aromatic
hydrocarbons within K-Y in sub- and super-critical of cyclopentane

From the Table 5.2, it was also observed that the diffusivities of xylene
isomers within K-Y exhibited the same trend as the silicalite-1 and K-ZSM-5 (p-xylene
> m-xylene > o0-xylene) in sub- and super-critical fluids, while their activation energies
values displayed the opposite phenomenon (22.6 kJ/mol for p-xylene, 23.2 kJ/mol for
m-xylene and 23.7 kJ/mol for o-xylene, respectively). In addition, a significant
downward tendency can be seen for all diffusion substances within K-Y compared to
that within K-ZSM-5, which reveals that the activation energy involved in diffusion
within zeolite with large pore size (K-Y) would be relatively lower than that within
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zeolite with small pore size (K-ZSM-5).

5.3.5. Possible diffusion mechanism within silicalite-1 and K-ZSM-5 in
gas, sub- and super-critical fluids

On the basis of the experimental results, possible diffusion mechanism within
silicalite-1 and K-ZSM-5 (K-Y) in the gas, sub- and super-critical fluids can be
described, as shown in Fig.5.9. In the gas phase, the toluene can easily adsorb and
diffusion within silicalite-1, because there is no solvent effect. However, in the sub- and
super-critical fluids, the diffusion molecule and solvent can exist inside the pore of
silicalite-1 and K-ZSM-5. For the silicalite-1, Formation of clusters between solvent
molecules and diffusion substance near the critical point of solvent was considered to
lead to the increase of diffusion resistance at pore mouth of silicalite-1, intracrystalline
diffusivity was decreased. For the K-ZSM-5, diffusion substance adsorbed on the acid
site at outer surface of the zeolite was considered to lead to increase diffusion substance
concentration near critical point of solvent. And then, formation of the cluster of solvent
solution may be suppressed for decreasing diffusion resistance at pore mouth, which
intracrystalline diffusivity increased with increasing the acid site at pore mouth,
compared to diffusivity within silicalite-1. For the K-Y, the diffusion mechanism of
some diffusion substances worked the same way as within K-ZSM-5. However, K-Y
has the super-cage size, which make some diffusion substances such as p-xylene may
undergo repeated adsorption and desorption processes inside the super-cage of the K-Y,
which make the low diffusivity while p-cresol can adsorbed on the acid site near the
pore mouth of the super-cage further diffuse inside the zeolite crystal, which make the
high diffusivity. The Y-type zeolite depend on its porous structure and surface property
(acid sites), which lead to complex process in diffusion of hydrocarbon within Y zeolite.
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Fig.5.9 Possible diffusion mechanisms for toluene within H-silicalite-1, K-ZSM-5 and
p-cresol and p-xylene within K-Y in the gas phase, the sub- and super-critical of
cyclopentane.
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5.4. Conclusions

The intracrystalline diffusivities of toluene, xylene isomers, p-propylphenol,
propylbenzene, and p-cresol within silicalite-1, K-ZSM-5, and K-Y in sub-, and
super-critical fluid of cyclopentane (473-543 K, 5 MPa) and the diffusion mechanism of
aromatic hydrocarbons within silicalite-1, K-ZSM-5, and K-Y zeolite pores has been
investigated. The intracrystalline diffusivity of p-xylene, p-cresol and p-propylphenol
within silicalite-1 under sub-, and super-critical fluid shows approximately same
irrespective of the para-position functional groups on the benzene ring and made the
almost minimum value at critical temperature (513 K). This result suggested that
formation of cluster between solvent and diffusion substance near the critical point of
solvent. Moreover, the intracrystalline diffusivities of toluene and propylbenzene within
K-ZSM-5, and K-Y showed almost the same value, and p-cresol exhibited lower
intracrystalline diffusivity. It is attributed that the hydroxy group in p-cresol was
adsorbed strongly on K* of K-ZSM-5 (or K-Y) and this led to a lower intracrystalline
diffusivity. However, the diffusion mechanism of p-xylene within K-ZSM-5 and K-Y
are different may be due to the different pore structure between K-ZSM-5 and K-Y. The
intracrystalline diffusivity for three xylene isomers within silicalite-1, K-ZSM-5 and
K-Y in sub-critical and super-critical fluids follow the order of o-xylene < m-xylene <
p-xylene, which shows the values as expected according to their molecular kinetic
diameter.
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Summary

Summary

The chapter 1 is the introduction that describes research background including
the general characteristics of zeolites, intralystalline diffusion phenomenon within
zeolite and the general characteristics of supercritical fluids, and finally introduces the
purpose of this study and the structure of this paper.

Chapter 2 This study investigated the intracrystalline diffusivity of phenol,
p-propylphenol, m-cresol, and toluene within silicalite-1 and H-MFI in the liquid phase.
The amounts of phenol, p-propylphenol and toluene adsorbed within silicalite-1 are
approximately the same, whereas the amounts of adsorbed m-cresol is small, which is
attributed to the larger kinetic diameter of m-cresol. In addition, compared with toluene,
phenol exhibits a greater adsorption amount in H-MFI, because of strong interaction
between hydrogen bonds in phenol molecules and Brgnsted acid sites within H-MFI.
The investigation of the intracrystalline diffusivity of phenol, p-propylphenol, and
toluene within silicalite-1 indicates that they exhibit approximately the same diffusivity,
which is ascribed to geometrical limitations alone determining the intracrystalline
diffusivity. However, the m-cresol exhibited a lower intracrystalline diffusivity and
effective diffusivity, and a higher activation energy (21.8 kJ/mol) than the other
phenolic compounds (~17 kJ/mol). This result is attributed to the larger molecular size
of m-cresol strongly limiting its diffusion inside the micropores of silicalite-1. In H-MFI
zeolite, the acid sites affect phenol diffusion, leading to a low intracrystalline diffusivity
and a high activation energy compared with silicalite-1, indicating a difference in the
hydrogen bonding interaction between phenol and H-MFI than between toluene and
H-MFI, it is considered that the residence time of phenol on the acid sites was longer
than that of toluene, which led to the difference in intracrystalline diffusivity within
H-MFI.

Chapter 3 The intracrystalline diffusivity of phenol and toluene within H-Y
zeolites in the liquid phase together with the effect on the diffusivity of phenol and
toluene of solvents coexisting in the H-Y zeolite pores were studied. In the gas phase,
given that the geometrical limitations are small when toluene diffuses into the zeolite
pores, the activation energy for intracrystalline diffusivity was small. In contrast, in the
liquid phase, the activation energy for the intracrystalline diffusivity of toluene was
larger than that in the gas phase because solvent molecules coexisted inside the pores.
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To investigate the affinity of the diffusion molecule for the acid sites of H-Y and its
effect on the diffusivity, the diffusivities of phenol and toluene were measured in
mesitylene solutions. The hydroxy group in phenol was adsorbed strongly on the
Bransted acid sites of H-Y and this led to a lower intracrystalline diffusivity than that
for toluene. Furthermore, the intracrystalline diffusivities of phenol within H-Y for three
solvents were measured to investigate the effect of the affinities of the solvents and the
acid sites on phenol diffusion and to clarify the order of phenol diffusivity, this being as
follows: 2-propanol > cyclohexane > mesitylene. It was clarified that the ease of
adsorption of the diffusion molecules and the solvent molecules coexisting within the
pores on the acid sites of H-Y as well as the kinetic diameter of the solvent molecules
adsorbed on the acid sites affected the diffusivity of the diffusion molecules and their
activation energy.

Chapter 4 The intracrystalline diffusivity of 1-Methylnaphthalene or toluene
within Si-beta or silicalite-1 and K-ZSM-5 in the sub- and super-critical fluids. In the
gas phase, the geometrical limitations are small when toluene diffuses into the zeolite
pores, the activation energy for intracrystalline diffusivity was small. In contrast, in the
sub- and super-critical fluids, the intracrystalline diffusivity of 1-Methylnaphthalene or
toluene was much larger than that in the gas phase because solvent molecules coexisted
inside the pores. The intracrystalline diffusivity of 1-Methylnaphthalene or toluene in
the cyclohexane or cyclopentane solvent was also investigated. During 313 ~ 473 K, the
intracrystalline diffusivity increased with increasing the temperature. Above 473 K, the
intracrystalline diffusivity of 1-Methylnaphthalene or toluene within Si-beta or
silicalite-1 was decreased and the almost minimum value at critical temperature was
obtained in the supercritical fluids. This may be because solvent molecules gather
around diffusion molecules near the critical point to forming clusters. For this point,
the resistance at the pore mouth of the Si-beta or silicalite-1 increases and the
intracrystalline diffusivity decreases. In contrast, intracrystalline diffusivity of toluene
within K-ZSM-5 in the sub- and super-critical of cyclopentane showed much higher
value than that within silicalite-1 as well as the diffusivity of toluene was reduced with
decreasing Al content in K-ZSM-5. Because of toluene concentration at outer surface of
the K-ZSM-5 was increased, formation of the cluster may be suppressed and decreased
diffusion resistance at pore mouth, which leading to increase the diffusivity.

Chapter 5 The intracrystalline diffusivities of toluene, Xxylene isomers,
p-propylphenol, propylbenzene, and p-cresol within silicalite-1, K-ZSM-5, and K-Y in
sub-, and super-critical fluid of cyclopentane (473-543 K, 5 MPa) were investigated.
The Arrhenius plots of the intracrystalline diffusivity of p-xylene, p-cresol and
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p-propylphenol within silicalite-1 under 5 MPa shows similar values and made the
almost minimum value at critical temperature (513 K). This result suggested that
formation of cluster between solvent and diffusion substance near the critical point of
solvent. In addition, the intracrystalline diffusivities of toluene and propylbenzene
within K-ZSM-5, and K-Y showed almost the same value, and p-cresol exhibited lower
intracrystalline diffusivity. It is attributed that the hydroxy group in p-cresol was
adsorbed strongly on K* of K-ZSM-5 (or K-Y) and this led to a lower intracrystalline
diffusivity. The diffusion mechanism of p-xylene within K-ZSM-5 and K-Y are different
may be due to the different pore structure of K-ZSM-5 and K-Y. The intracrystalline
diffusivity for three xylene isomers within silicalite-1, K-ZSM-5 and K-Y in sub-critical
and super-critical fluids follow the order of o-xylene < m-xylene < p-xylene, which
shows the values as expected according to their molecular kinetic diameter.
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Outlook

supercritical carbon dioxide (SCO3) as solvent

With the continuous growth of the world's population and economy, the global
demand for energy has increased dramatically. To meet this demand, the global
community relies heavily on the burning of fossil fuels (coal, petroleum, and crude oil).
The massive use of fossil fuels has led to serious environmental problems such as
Nitrogen dioxide pollution from vehicle exhaust Global warming caused by the emitted
CO2. As awareness of these problems and effective alternatives has increased,
considerable efforts have been put into achieving substantial reductions in CO2
emissions. Therefore, the utilization and conversion of CO; as renewable resources have
been important issues and paid much attention in the field of green and sustainable
chemistry. The conversion of CO> to chemicals and fuels has attracted much interest as
CO: is a nontoxic, non-flammable, and cheap carbon—oxygen source.

Moreover, most of the chemical reactions that can take place depend on
solvents, but most solvents also cause environmental pollution of varying degrees.
Therefore, the use of supercritical carbon dioxide (SCO>) as a fluid has been identified
as a promising energy technology for reduced environmental impact and high
conversion efficiency.

In the supercritical state, CO. as a fluid in an energy conversion system
presents interesting properties. When the temperature is higher than the critical
temperature (31°C) and the pressure is higher than the critical pressure (7.4 MPa), ATM,
the properties of carbon dioxide will change. Its density is close to that of liquid, its
viscosity is close to that of gas, and its diffusion coefficient is 100 times that of liquid,
so it has amazing solubility. It can be used to dissolve a variety of substances, and then
extract the active components, which has a wide application prospect. Therefore, in
recent decades, many researchers have used SCO; as a solvent to convert chemicals and
fuels, such as supercritical carbon dioxide extraction technology, oxidizing reaction and
catalytic hydrogenation.

Theses chemical reactions need to be carried out using SCO, which attributed
to its physicochemical properties of solubility, high diffusivity, lower viscosity and
liquid-like density that can enhance the mass transfer of substrates to the active sites of
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catalysts. However, diffusivity of reactant within zeolites in the super-critical fluid have
not been proposed. Therefore, understanding diffusion mechanisms of molecules in the
porous catalysts under different conditions are very critical for designing the catalysis
and supply more useful information on reaction processes using zeolites. Moreover,
since the degree of the diffusion limitations are observed differently by depending on
molecular size and circumstance around the catalysts, such as gas, liquid, sub-critical
and supercritical fluids. SCO will be used as the most suitable solvent to explore the
diffusion mechanism of aromatic compounds within zeolites in supercritical fluids.
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