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Everything flows, nothing stands still.

Heraclitus of Ephesus
(535 - 475 BC)
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A amplitude
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Np  mol™! avogados number: N = 6.022 - 10?3 mol~!
P,p (bar) pressure

q (g mol™1) adsorbed phase concentration
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r m radius
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R (J mol™" K7') molar gas constant
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S (J mol™) entropy of adsorption

S (m?) surface area

t (s) time

T (K) temperature

u (m s™1) velocity

1% (m?) volume

T (-) relative pressure: x = p/po
z,y, 2z (-) coordinate

w (m) wall thickness

Greek symbols
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mean free path

chemical potential
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time constant of a transport process
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SYMBOLS AND ABBREVIATIONS

Indices

| parallel
perpendicular

0 reference or initial value
a axial
ads adsorption
c core
des desorption
e edge
ext external
fiber fiber
m molecular
max maximum
ma macropore
me mesopore
mi micropore
min minimum
p,pore pore
r radial
S surface
t tangential
tot total

w wall
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Abbreviations

Abbreviations
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a.u.
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BET
BJH
CVD
CLD
DFT
DLS
DSC
DTA
EFI
FAU
FT
FTIR
FR
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GUI
HC
HR
H-ZSM-5
IUPAC
IR
IRM
IZA

LAS
LTA
MCM-22
MD

MFI
MEL
MOR
MS

atomic absorption spectroscopy
arbitrary units

Bronsted acid sites

Brunauer, Emmett, Teller
Barrett, Joyner, Halenda
chemical vapor deposition
chemical liquid deposition
density functional theory
dynamic light scattering
differential scaning calorimetry
differential thermoanalysis
electronic fuel injection
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Fourier transformation

Fourier transform infrared spectrometer
frequency response

gas chromatography

graphical user interface
hydrocarbons

high resolution

H-form of zeolite Socony Mobile 5
international union of pure and applied chemistry
infrared

infrared microscopy
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Mobil composition of matter 22
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mass spectrometry, mass spectrometer
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NMR nuclear magnetic resonance
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PID proportional-integral-derivative controller
PFG pulsed field gradient

PSD pore / particle size distribution
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XRD X-ray diffraction
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ZSM-5 Zeolite Socony Mobil 5
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1 Introduction

The fundamental understanding of the sorption and transport properties of porous solids
is essential for their application as adsorbents, catalysts, or functional materials. The
focus of this thesis is the detailed investigation of the mass transport processes in several

complex porous solids.

The thesis is structured in the following way. In chapter 2, a broad introduction to
porous materials, to their sorptive properties, and to the analysis of sorption dynamics is
given. This also includes a chapter on the fundamentals of diffusion and on the techniques

typically used to measure the sorption kinetics.

In chapter 3, the intracrystalline transport properties of ZMS-5 zeolites are systemat-
ically investigated by correlating the complex structure of the zeolite with the transport
properties of several aromatic compounds. It was found that, depending on the molecule

geometry, the diffusion in the particles is isotropic or anisotropic.

Chapter 4 is based on the results of chapter 3. In this chapter, the ZSM-5 sample
investigated in chapter 3 is compared to a sample that is composed of nano-sized particles.
In the case of such small particles, surface effects may dominate the overall transport. A
kinetic transport model including the gas-phase adsorption of molecules on the outer
surface, the pore entering into the zeolite framework, and the intracrystalline diffusion is
presented and used in order to quantify the effects that occur. It was found that in the
case of the sample with nano-sized particles, surface effects are rate limiting and, thus,

define the tranport properties.

Chapter 5 is directly based on this finding. If surface effects are the rate limiting
step in the nano-sized particle system, modification of the outer surface should distinctly
influence the overall transport. In this study, the surface of the particles was modified
by a chemical liquid deposition in order to build up an amorphous silica layer on the
surface. The transport was investigated and some important changes in the kinetics were
observed. For instance, for some molecules, an enhancement of the overall transport was
observed, whereas for other molecules, a decrease in the rate occurred. These findings
are quantified and discussed on the molecular level in order to understand the impact of

such surface treatments, for instance for applications in catalysis.



CHAPTER 1 INTRODUCTION

In the last chapter of this thesis, the transport in a new system is investigated in
detail. The material studied in this chapter is a very complex hierarchical mesoporous
fiber sample. It is composed of a primary, a secondary, and a ternary structure, and can
be considered as a model system for complex materials composed of several hierarchical
domains with different porosities or other structural features. It was found, that only by
relating the transport properties of each structural domain, an accurate description of

the macroscopic transport is possible.

In summary, this thesis gives a broad overview of the analysis of a multitude of different
transport processes that may occur in porous solids. This includes the intracrystalline
diffusion in micropores, the effective diffusion in mesopores, surface diffusion, and surface

effects, as well as the combination of all these processes.



2 State of the art

2.1 Porous materials

Porous materials have attracted the interest of scientists and industry due to their various
applications, for instance in molecular separation, heterogeneous catalysis, adsorption
technology or opto-electronics, as well as new challenges in the fundamental material
research (Banhart, 2001, Davis, 2002, Yaghi et al., 2003). In all applications where
porous materials are involved, the molecular level understanding of catalytic and sorptive

processes in porous materials is essential for the improvement of their specific properties.

In general, the surface area of a porous material is higher than the surface of an
analogous non-porous material. Thereby the internal surface area is usually much higher
than the one contributed by the external surface. Due to the fact that heterogeneous
catalyzed chemical reactions basically occur on surfaces or at phase boundaries, a higher
surface area would, theoretically, directly yield to an improved reactivity. In reality,
different kinds of limitation can occur and have to be taken into consideration. Apart
from the surface area, other important characteristics of porous solids are the crystallinity
or regularity if present, the distribution of pore sizes and the chemistry of the walls. In
an ideal porous material, these attributes should be tailored exactly to the needs of the
application. To be commercially interesting, such a material should be inexpensive and
highly stable for regeneration. Materials based on silicate show such kind of flexibility

and have found wide fields of industrial applications.

According to the IUPAC definition (Sing et al., 1985) micropores are pores with a
diameter under 2 nm, mesopores with a diameter between 2 and 50 nm, and macropores
have diameters greater than 50 nm. Corresponding to this definition, materials can
be labeled as solids with a certain porosity. A list of selected definitions associated
with porous solids is given in Table 2.1. Examples of microporous materials are zeolites
(Kirschhock et al., 2008, Kokotailo et al., 1978, Olson et al., 1981). A well-known
mesoporous material is MCM-41 (Mobil Composition of Matter No 41) (Beck et al.,
1992) with highly ordered pores. The MCM-41 bi-porous counterpart is SBA-15 (Santa
Barbara No 15). Macroporous materials are, for example, porous glasses or gels. In

the following two important classes of porous materials relevant for this thesis will be
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Term ‘ Definition

Porous solid Solid with cavities or channels that are deeper than they are wide

Open pore Cavity or channel with access to the surface

Interconnected pore Pore that communicates with other pores

Blind or dead-end pore | Pore with a single connection to the surface

Closed pore Cavity not connected to the surface

Void Space between particles

Micropore Pore of internal width less than 2 nm

Mesopore Pore of internal width between 2 and 50 nm

Macropore Pore of internal width greater than 50 nm

Pore size or width Diameter or distance between opposite walls

Pore volume Volume of pores determined by a stated method

Porosity Ratio of pore volume to overall volume of particle or granule

Surface area Area of total surface, as determined by stated method

Internal surface area Area of pore walls

External surface area Area of surface outside micropores and mesopores

True density Density of solid, excluding pores and voids

Apparent density Density of solid including pores, as determined by stated method

Tortuosity Ratio of path available for diffusion to distance across porous bed

Zeolitic cage Intracrystalline pore with windows allowing no passage of molecules
larger than H20

Zeolitic channel Intracrystalline pore extending infinitely in one direction allowing
passage of molecules

Table 2.1: Selected definitions associated with porous solids. From (Neimark et al.,
1998b)

reviewed in more detail. The first class are the Zeolites and the second is the class of the

ordered mesoporous materials.

2.1.1 Zeolites

Zeolites are an unique class of microporous, crystalline aluminosilicates that can either
be found in nature or synthesized artificially (Kirschhock et al., 2008). They are the most
widespread group of porous materials industrially used on large scales. The importance
is due to their high surface areas in combination with their chemical nature. Their
flexible and highly ordered framework structure allows the incorporation of hetero-
atoms, i.e., aluminum, making zeolites acid solids with well defined properties. Both
material features make them efficient cation exchangers, e.g., Zeolite A in laundry powder,
adsorbents, or catalysts (Zeolite Y, mordernite, MCM-22, Zeolite beta, ferrierite, ZSM-5,

ZSM-22). TImportant industrial applications are, for instance, catalytic processes in
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the petrochemical industry, e.g., fluid catalytic cracking, isomerization, and alkylation
(Corma, 1995, Gilson and Guisnet, 2002).

Figure 2.1: Schematic representation of a SiO, tetrahedra.

Zeolites were discovered in 1756 by the Swedish mineralogist Axel Frederick Cronsted,
who observed that the mineral stilbite loses water when heated. The name zeolite stems
from the two Greek words, zeon (to boil), and lithos (stone). In the 1930s, Richard Barrer
studied the synthesis of zeolites, and succeeded in 1948 for the first time to synthesize an
artificial zeolite without counterpart in nature. Nowadays, about 250 zeolite structures
are known and new ones are discovered every year. A general classification of structures
was defined by the IUPAC (International Union of Pure and Applied Chemistry). In this
system, each structure has three letters, e.g., FAU for faujasites or MOR for mordenites.
The most common types of zeolites can be found in the database of zeolite structures
(Baerlocher and McCusker, Baerlocher et al., 2001).

H

o o 0 8]
X
& \\Si/ \Al/ \5‘_/

ANANA
Q

O 0 0 0 O

Figure 2.2: Representation of a Brgnsted acid site in a zeolite matrix.

Basically, zeolites consist of SiO4 and AlOy4 tetrahedra as shown in Figure 2.1, that
are arranged by sharing of oxygen atoms to build a crystalline lattice. The tetrahedra
can be arranged into several silicate units, for instance, six, eight, or twelve-membered
rings. These units are called secondary building blocks as shown in Figure 2.3. The
zeolite structure is then formed by joining these secondary building blocks into periodic

structures.
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00 OO

4
(52) (45) (15) (3.5)
4-4 6-6 8-8 6-2
(3.5) (9.5) (2.4) (7.0)
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5-1 5-2 5-3 spiro-5
(21) (1) (3.5) (1)

Figure 2.3: Secondary building units (SBUs). Adapted from Baerlocher et al. (2001)

including frequency of occurrence in % (in parentheses)
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By replacing Si** by AI’* ions in the tetrahedras, a net charge of -1 is generated
for each substitution. This negative charge is neutralized by cations such as Na®. The
number of cations in the zeolite structure equals the number of alumina tetrahedra in
the framework. If the sodium ion is replaced by protons (H) a Breonsted acid site is
obtained as shown in Figure 2.2. The acid strength of the site depends on the local
environment of the proton, and, in particular, on the number of other aluminum ions in

the environment.

A p == A
By n_/

Reactant Selectivity

A _,B

T

Product Selectivity

Reaction Selectivity

Figure 2.4: Catalytic selectivities induced by the distinct shape of zeolites.

In summary, the combination of crystallinity, uniform pore systems with cages, reactive
(acid) surfaces, and a high internal surface area enables the application of zeolites as
adsorbents, ion exchangers, and especially shape selective catalysts. In Figure 2.4, the
three types of shape selectivity due to the pore structure are shown. The pores only allow
molecules small enough to enter or to leave the zeolite lattice. In the case of reactant
selectivity as shown in Figure 2.4, one of the reactants is excluded, as it is to big to enter
the zeolite. In the second case, i.e., product selectivity, several products are formed in
the cages of the zeolite; however, only the product that is small enough is also able to
leave the pores of the zeolite. The third type of selectivity induced due to the zeolite
structure is the reaction selectivity. In this case, the formation of a bulky transition state
is prohibited, and thus a certain reaction pathway excluded (Barthomeuf, 1996, Caro
et al., 2000).
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2.1.2 Mesoporous materials

Zeolites are, in principle, perfect functional materials, with many unique properties. The
major drawback of zeolites is their limitation to pore sizes below 2 nm. Such small pores
only allow the reaction of small molecules and often leads to diffusion limitations and
thus to rapid deactivation in many industrial processes. Larger pores are required to
prevent deactivation and are also needed for the catalytic conversion of bulky molecules.
In 1992 researchers from the Mobil Oil Company were the first to develop a synthesis
route using liquid crystal templating leading to a new family (M41 S) of mesoporous
molecular sieves (Kresge et al., 1992). The MCM-41 materials, as shown in Figure 2.5
are one species of these materials which have been the most investigated. They are
mesoporous materials of cylindrical rod-like pores with diameters from 1.5 nm up to
about 8 nm ordered in hexagonal arrays. The long range space group is P6mm. The
pore walls are amorphous and relatively thin. The wall thickness is usually between 0.6
and 1.2 nm (Neimark et al., 1998a). Due to the long rod-like pores, this material is

ideally homogeneous and isotropic only on a mesoscopic scale in one or two dimensions.

600

B —o— Adsorption
100 — —a— Desorption

Adsorbed volume/cm? g-!

00 02 04 06 08 1.0
Relative pressure p/pg

Figure 2.5: Left: Transmission electron microscopy image of MCM-41. Center: Repre-
sentation of the hexagonal lattice. Right: Nitrogen physisorption isotherm
measured at 77 K of calcined MCM-41. From Linden et al. (1998)

Typical pore size distributions are very narrow, an indication for a well ordered
structure. The porosity only consists of mesopores without intrawall micropores. This

leads to a one-dimensional diffusion through the pores.

MCM-41 materials have found various application in catalysis (Ciesla and Schiith,

1999, Sayari, 1996, Zhao et al., 1996) and various techniques for characterization have
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been developed (Jaroniec et al., 1998, 1999, 2000, Kruk and Jaroniec, 2001, Kruk et al.,
1999, 2000, Lukens et al., 1999, Neimark and Ravikovitch, 2000, Neimark et al., 1998a,
Ravikovitch et al., 1997, 1998, Sayari et al., 1997). They have a very high BET surface
area up to 1000-1200 m?/g. The morphology, pore sizes and BET surface areas are highly
adjustable during the synthesis. Also, the chemistry of the walls can be easily changed by
incorporation of heteroatoms or grafting techniques (Lim and Stein, 1999, Maschmeyer
et al., 1995, Moller and Bein, 1998, Wu et al., 2002). The most important limitation,
for example, as FCC catalyst is the low hydrothermal stability of these materials (Kim
et al., 1995, Ryoo and Jun, 1997), caused by the rather thin and amorphous pore walls.

In order to overcome this limitation, materials with thicker walls were developed. SBA-
15 is a typical material prepared under acidic conditions with the triblock copolymer
Pluronic P123 (EO9PO7 EOy) surfactant as template (Zhao et al., 1998a,b). The
mesopores are ordered in hexagonal arrays providing the same long range space group as
the one of MCM-41 materials (P6mm). However, due to the properties of the Pluronic
type surfactant (Alexandridis and Hatton, 1995) SBA-15 materials show important
differences in porosity and adsorption properties compared to MCM-41 materials. In
a regular synthesis, SBA-15 materials have much thicker walls and primary mesopore
diameters between 5 nm and 15 nm. The BET surface area of SBA-15 is generally
lower than the one of MCM-41. Due to thicker pore walls, they are hydrothermal more
stable (Han et al., 2002, Wu et al., 2002). Also, because of the Pluronic surfactant type,
SBA-15 materials generally have a second intrawall porosity consisting of micropores or
smaller mesopores. These unordered pores interconnect the primary mesopore channels.
It is possible to tailor the micro/mesopore ratio to the needs of the application, still
conserving the rather thick pore walls. The intrawall microporosity is caused by the
penetration of the hydrophobic PO groups of the blockcopolymer chain into the silica

matrix. The wall thickness is caused by the length of these polymer chains.

2.1.3 Hierarchical materials

Hierarchical materials are materials with structures on more than one length scale (Lakes,
1993). Typically, they are composed of structures which themselves contain structured
elements. The structural hierarchy often defines the macroscopic, i.e., the bulk properties
of the material itself. Many examples of hierarchical materials or frameworks can be
found in nature as well as in engineering. In engineering, the Eiffel Tower, or bridges
such as the Garabit Viaduct are prominent examples. Porous materials such as zeolites

or human bones, as shown in Figure 2.6, are examples for natural hierarchical materials.

In general, hierarchical structures can be characterized by the hierarchical order that
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Figure 2.6: Hierarchical structure of a compact bone. Figure from Marlow et al. (2007).

is defined as the number n of length scales with structured elements. A material without
structural order, i.e., a zero order hierarchy (n = 0), can be regarded as a continuum
with respect to the analysis of physical properties. A first order structure contains only
one length scale of structural elements. One example is the atomic lattice of a crystal. A
material with a hierarchical order of 0 or 1 is typically not considered to be a hierarchical
material. An order of 2 is typical for complex structures, such as zeolites, as the zeolite
structure is formed by the assembly of secondary building blocks into periodic structures.
Higher hierarchical orders are often very complex and the complete unterstanding of the

bulk properties is challenging.

An example of third order materials relevant for this thesis are ordered mesoporous
fibers. Ordered mesoporous fibers are an interesting, novel type of materials of the
M41 S family, with a unique morphology and internal structure. The primary structure
is composed of cylindrical mesopores and secondary pores in framework. The second
structural domain is composed of the cylindrical mesopores arranged in an ordered
hexagonal pore array, and the ternary structure of rod-like particles with diameters of 20

to 50 pum and a length of up to several milimeters.

In order to understand and to quantify the diffusion in such kind of hierarchical
materials, all three domain have to be considered. A detailed analysis of the diffusion in

ordered mesoporous fibers is given in chapter 6.

10
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2.2 Fundamentals of sorption equilibria

This chapter deals with the fundamentals of the analysis of equilibria and kinetics
of adsorption in porous solids. In particular, systems relevant for this thesis will be
discussed, however, the methods described herein are valid for a broad range of adsorption
phenomena in porous media, e.g., liquid phase systems. Adsorption is usually associated
with a porous solid. This is due to the fact that a porous solid, because of its internal
pores, provides a much higher surface area compared to a non-porous solid. Often these
pores are very small with a high pore volume, and thus, a high adsorption capacity can
be reached. During the filling of the pores, molecules need to pass through many of
them in order to find a way inside the solid. The understanding and modeling of the
transport process occurring during the adsorption of molecules is the domain of the
sorption kinetics. The understanding of the adsorption capacity under certain condition is
the domain of the sorption equilibria. Both equilibria and kinetics need to be understood,
in order to understand a sorption process. In this chapter, first sorption equilibria will
be discussed, as these are necessary in order to understand the sorption kinetics that will

be discussed subsequently.

2.2.1 The Langmuir adsorption theory

The first consistent adsorption theory was proposed by Irving Langmuir in 1918. It is
based on a kinetic point of view, that is, a continuous bombardment of molecules onto
the surface, and a continuous desorption from the surface in order to lead to a zero rate
accumulation of molecules at the surface at equilibrium.

The assumptions of the Langmuir model are:

1. The surface is homogeneous, that is, a flat surface where the adsorption energy is

constant over all sites.

2. Adsorption on surface is localized, that is, adsorbed atoms or molecules are adsorbed

at definite, localized sites. No interaction between the adsorbed species occur.

3. Each site can accommodate only one molecule or atom, thus only one monolayer

can be adsorbed.

The rate of striking the surface, in mole per unit time and unit area, obtained from the
kinetic theory of gas multiplied by the sticking coefficient «, gives the rate of adsorption

on an empty surface:
Rempty — P

. —_—« 2.1
ads o MRT ( )
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the rate of adsorption on an occupied surface is equal to the rate given by equation (2.1)

multiplied by the fraction of empty sites (1 — 0):

aP
Roge = ——_ .(1—4 9.2
d ST MRT (1-6) (22)

The rate of desorption from the surface is equal to the rate, that corresponds to a fully

covered surface (kqes), multiplied by the fractional coverage 6:

Faes
Rdes = kdes 0= kgzs - €Xp < RdT,> (23)

where Fy4e is the activation energy for desorption, which is identical to the heat of

adsorption for physically adsorbed molecules.

Since the rate of adsorption has to be equal to the rate of desorption, that is,

R.qs = Rges the Langmuir isotherm is obtained:

Kp
0= 2.4
1+ Kp (24)
where (Hon/RT) e
& €XP ads ads
= —= KOO - ex 25
ko2 M RT P ( RT ) 29

Herein, K is the Langmuir constant, which is a measure of how strong a molecule is
attracted to the surface. K is the pre-exponential factor, which is inversely proportional

to the square root of the molecular weight.

The Langmuir isotherm reduces to the Henry isotherm when the pressure is very low,
ie, Kp<<1:
0 =Kp (2.6)

In the Henry region, the adsorbed amount increases linearly with the pressure. In
contrast, at high pressures, the saturation capacity is reached (6 — 1) corresponding to
a complete coverage of all adsorption sites. Langmuir isotherms for different Langmuir

constants K are shown in Figure 2.7.

Strong adsorbate-adsorbent interaction, i.e., a high heat of adsorption, result in a large
Langmuir constant K leading to a higher surface coverage compared to the corresponding
coverage for lower K at the identical pressure as shown in Figure 2.7. An increase in the
temperature decreases the amount of adsorbed molecules, as adsorption is an exothermic
process and thus more molecules have sufficient energy to evaporate from the surface.
Adsorption must be exothermic (i.e., AH < 0) since the free energy AG must decrease
and the entropy change AS' is negative because of the decrease in the degrees of freedom

for the adsorbed molecule:

AH® = AG® + TAS® < 0 (2.7)
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Figure 2.7: Langmuir isotherms for different Langmuir constants.

Isosteric heat of adsorption

Essential in the study of adsorption kinetics is the knowledge of the heat of adsorption.
When molecules are adsorbed, the produced heat can be dissipated to the surrounding, or
absorbed by the solid. The portion that is absorbed by the solid increases its temperature
and may influence the kinetics of sorption. The isosteric heat of adsorption can be

obtained from the vant Hoff equation:
AH Olnp

= — 2.
RT? ( oT ) 0 (28)

2.2.2 Multilayer adsorption

Brunnauer, Emmett and Teller introduced the concept of multilayer adsorption. Here
the first layer of adsorbed molecules acts as new substrate for further adsorption. The

classical 2-parameter equation is the well known BET-equation:

n 1 Kz

QBET(x):azl—x'l—i-(K—l)x

(2.9)

with the total amount of adsorbates n, the amount of adsorbates in a monolayer n,,, the

relative concentration or pressure z, and a constant K, which is related to the net heat
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of adsorption of the monolayer. It is important to note that this classical form is only
valid for an infinite number of layers on a flat surface taking into account the same heat
of adsorption for each layer. To calculate the parameters n,, and K, equation (2.9) can

be rewritten into the classic BET linear form:

T 1 1 K—-1
= 1 K—1 = 2.10
n(l—z) an( * ) %) Ny I + N K v ( )

Now a plot of x/n(1—z) against  should yield a straight line in a pressure range of about
0.05 to 0.3 p/po. From the slope and the intercept, it is possible to determine the above
two parameters. The specific surface Sggr occupied by the monolayer of the adsorbates
can be obtained from n,, and the net heat of adsorption from K. Some restrictions to
the parameter K can be used to optimize the BET analysis. For instance, K always has

to be positive and larger than zero. Sing et al. (1985) analyzed the influence of K.

The analysis of the adsorption isotherm by the BET method is a common method to
determine the surface area of a porous material, but it is mostly restricted to mesoporous
or macroporous materials. The application of the BET method to materials containing

micropores has to be done with care and only an apparent surface area can be obtained.

Depending on the structure of the solid and on the forces during adsorption, the
IUPAC developed in 1985 a standard classification into six general sorption isotherm
types. Type I is characteristic for microporous solids like zeolites or monolayer adsorption,
type II for nonporous and type III for macroporous solids. Type IV and V possess a
hysteresis loop typical for sorption in mesopores proceeding through multilayer adsorption
and capillary condensation. Type VI represents the relatively rare stepped multilayer

sorption isotherm (Figure 2.8A).

Beside the ITUPAC classification, the interpretation of the hysteresis loop observed for
mesoporous materials with type IV isotherms can reveal more interesting phenomenas.
Rouquerol et al. (1999) has classified the hysteresis loop into four main types as shown
in Figure 2.8B. A loop of type H1 is symmetrical with nearly parallel adsorption and
desorption branches and often found in cylindrical pore systems in materials like MCM-41,
MCM-48 or SBA-15. Type H2 is asymmetrical and triangular and can be assigned to

pore systems with pore network connectivity and pore blocking as typical for ’ink-bottle

pores. Type H3 is typical for slit-shaped pores.

It is generally believed that the shape of the adsorption branch of the hysteresis loop
is related to the absence or presence of pore network connectivity in the mesoporous
materials. Type H1 hysteresis loop is usually assigned to a mesoporous material made
up of unconnected pores, whereas type H2 hysteresis loop is expected for mesoporous

materials with a connected pore structure (Sangwichien et al., 2002).
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Figure 2.8: (A) IUPAC classification of sorption isotherms from Sing et al. (1985); (B)

Modern classification of hysteresis loops from Rouquerol et al. (1999).

Neimark has shown that three different effects can affect the hysteresis loop. These
are in particular cavitation and pore-blocking effects or the near equilibrium desorption.
In SBA-15/MCM-41 or MCM-48 materials the desorption is generally near equilibrium,
no major kinetic effects are limiting the desorption. In pore-blocked materials such as
SBA-16 the desorption is kinetically limited by smaller pore entrances, the desorption
can be spinodal, that means at a certain critical point the liquid will switch from an
meta-stable regime to an unstable regime and desorp immediately out of the mesopores
at a certain pressure. Cavitation effects are similar to pore blocking and also a spinodal
desorption occurs, but even at a lower pressure (0.45 - 0.48 p/py) due to even smaller

pore entrance sizes (Neimark and Ravikovitch, 2000, Ravikovitch and Neimark, 2002).

2.2.3 Pore volume and pore size distribution

The pore size distribution reflects in some way the distribution of any one dimensional

geometric parameter of a porous material. Of course any arbitrary parameter can be
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used to generate other kinds of distributions, such as pore volume distributions.

Looking at this definition, one easily realizes that the exact description of the porous
geometry is fundamental to obtain valid distributions for any geometric parameter of the

porous systems.

The typical pore size distribution (PSD) can be obtained in a statistical or in a
classical way. The basic concept of the statistical way, which is in parts equal with the
thermodynamic way, is to represent the experimental physisorption isotherm as a set
of independent, non-connected pores. This can be done by multiplication of the sum of
all pore sizes of the system (the actual PSD) with the theoretical representation of the

adsorption data, as expressed by the following integral equation:

Rmax
Nexp(2) = /R Nineo(,7) - PSD(r) dr (2.11)

where Ne, () is the experimental isotherm as a function of the relative pressure and
Nineo(, ) the theoretical isotherm as a function of the relative pressure and the pore
radius (or any other one dimensional geometric parameter of the porous system). To

obtain the PSD, this equation has to be solved by inversion of the integral equation.

The main challenge is now to find a appropriate theory to compute the theoretical
isotherm. An analytical solution by statistical mechanics and thermodynamics is the
non local density function theory (NLDFT). Also well known are numerical solutions by
Monte Carlo simulations. The classical way is known as the BJH-method and has been
developed 1951 by Barrett et al. (1951). It is based on classical thermodynamics and
uses the Kelvin equation to calculate the radius of the pore and an adequate analytical
equation for the statistical film thickness of the adsorbates. The Kelvin equation is only
valid for a limited number of geometries and is a function of the shape. These are for

example cylindrical, spherical or slit-shaped mesopores.

Kruk et al. (1997) proposed in 1997 a modified version of the BJH method. They
introduced a correction therm for the original statistical film thickness equation and
were able to accurately reproduce the pore size distributions of MCM-41 materials. The

original and the modified BJH methods will be further studied in the following section.

The original and modified BJH method

As mentioned before, the original BJH method (Barrett et al., 1951) is based on a model
for capillary condensation and evaporation in cylindrical pores using the classical Kelvin

equation:
29V,

RTr.(x)

Inx = — (2.12)
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where V7, represents the molar volume of the liquid, 7 the surface tension and r. = r —t(x)
with 7. as the ’core’ radius and r as the physical radius of the pore. The treatment
of ’core’ radius and pore radius is the main difference of different BJH methods. The

original BJH assumes a constant ratio of 'core’ to pore radius.

The Kelvin equation in (2.12) quantifies the deviation in equilibrium vapor pressure
above a curved surface from that above a plane surface at the same temperature. In
other words, it gives a basic relationship between curvature and thermodynamic activity

of a liquid film.

Original BJH method In the original BJH method (Barrett et al., 1951) a calculation

scheme has been developed to solve the following integral equation:

Nexp(z) = /OO 7 (r—1t)*-PSD(r) dr (2.13)

Rmin

The calculation scheme can be written the following way:

k
Nexp( ZAVZ ri < re(xy)) Z AS; - ti(r; > re(xy)) (2.14)
\z 1 3 k+1 J
lsi?;art 2nd§art
or as an indexwise scheme:
r(x,)? — 2V
Vn = = 5 " A‘N’exp n tj © = J (215)
(Tem + Aty) = (Fen + At ) 7(z;)
AS,,

This recursive defined equation has to be implemented starting ’backward’ from the
point where all pores are filled up with liquid (the last point of the desorption or adsorption
branch). The PSD follows from the above using its definition: PSD,, = V,,/2Ar,.

Modified BJH method (KJS) As stated before the most important difference between
the modified BJH method or KJS method (Kruk et al., 1997) is the treatment of the
core radius of the Kelvin equation. Introducing the statistical thickness and a correction
factor, Kruk, Jaroniec and Sajary (Kruk et al., 1997) were able to modify equation
(2.12) to better represent the experimental data of SBA-15 measurements. The modified

equation to calculate the core radius is the following:

2V,
rela)(mm) = T g (2) + 0.3 (2.16)
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2.3 Diffusion in nanoporous materials

Critically important for the application of zeolites or mesoporous materials as adsorbents
and catalysts are the transport properties, in particular the intracrystalline diffusion.
Over the past 50 years, a number of experimental methods to measure the intracrystalline
diffusion were developed in order to increase the basic understanding of the transport
mechanisms. A complete understanding is still far from complete. This is in part due to
the fact that, in order to measure the intracrystalline diffusion, desorption and adsorption
have to be controlled by this process. (Kérger, 2003, Karger and Ruthven, 2002, Kéarger
et al., 1992). In many previous studies this was obviously not the case. Heat effects,
inhomogeneous materials with varying features, surface effects, and improper experimental
conditions led to the measurement of kinetic processes that were not controlled by the
intracrystalline diffusion (Ruthven and Brandani, 2005, Ruthven, 2007a). Therefore, in
order to characterize the transport properties of porous materials, in principle the only
methodology is to study the transport for each system under the relevant conditions. A
different approach is to use model systems as benchmark materials. However, up to now,
in the case of zeolites, consistency between different experimental measuring techniques
was not achieved (Kérger, 2003, Kéarger and Ruthven, 1989). In other words, different
measurements techniques tend to measure different diffusivities in identical zeolite samples.
For the characterization of the transport, however, only a single intracrystalline diffusivity
is generally reported. The inconsistency is in part due to the investigated materials

themselves, but also due to the experimental measurement techniques.

The techniques basically differ on the length scale that is observed. Roughly, they can
be divided in microscopic, mesoscopic, and macroscopic methods (Ruthven, 2007b). The
microscopic techniques measure the diffusivity on length scales smaller than the individual
crystals or particles. Therefore, only a small detail of the complete transport is studied.
In the case of mesoscopic techniques, only the transport of individual crystals or particles
is observed. Thus, the length scale equals the crystal size. Using macroscopic methods,
the complete transport from the surrounding phase into the porous phase is considered.
Also, often not only individual particles, but packed beds are investigated. Two different
types of diffusivities can be obtained by these techniques. The microscopic methods
generally provide Dy, that is, the self diffusivity. The application of mesoscopic or
macroscopic methods provide the transport diffusivity. Some experimental configurations
of microscopic and macroscopic set-ups allow the measurement of the transport or self
diffusion and vise-versa. A detailed description of the methods will be given in the next

chapter.
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2.3.1 Fundamentals of diffusion

Fick’s first law provides a basis for the quantitative analysis of transport in microporous
solids. In essense, it defines the diffusivity D(gq) as a function of the adsorbed phase
concentration q:

dq

J=-Dlg)5! (2.17)

The diffusivity defined in this way measures the rate of transport of sorbate under a

given concentration gradient, and thus may also be called the transport diffusivity.

From thermodynamics, however, the true driving force is the chemical potential
gradient:

0
JZ—B(Q)-q-a—Z

where B(q) is the intrinsic mobility and p the chemical potential. The mobility, or the

(2.18)

so called corrected diffusivity Do(q) = B(q) - RT can be derived by assuming equilibrium
between the adsorbed phase ¢ and the vapor phase. Commonly, this correction is referred

to as Darken’s equation:

dlnp Jlnp

@) 7 Olng * 9In q (2.19)
For for a Langmuir system, the thermodynamic factor dlnp/01n g is equal to:
0l 1
np_ (2.20)

dlng  1—q/g;

where ¢, is the adsorbed concentration at saturation. According to this model, at high
loading the transport diffusivity will tend to infinity, and at low concentrations it will

tend to be equal to the corrected diffusivity.

The tracer diffusivity D* may also be defined using Fick’s first law in a very similar

way:
aq*
0z

This coefficient measures the flux of marked molecules J* under the influence of a

lq (2.21)

concentration gradient of marked molecules ¢* at constant total species concentration q.
The major difference between the tracer diffusivity and the transport diffusivity is, beside
its physically different definition, the fact that no external concentration gradient is
present for the tracer diffusivity. Thus, in the case of the tracer diffusivity, molecules will
move with respect to each other according to the Brownian motion, but not induced by an
concentration gratient. Therefore, the tracer diffusivity is actually more a ’self-diffusivity’
rather than a transport diffusivity. The self-diffusivity can be defined based on the
Einstein relation:

(r?)

—r (2.22)

1
Dse = =
1f 6 t
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where (r?) is the mean squared displacement of a molecule over a given time ¢.

These diffusivities are related to each other by the following relation that follows from
the Maxwell-Stefan model (Paschek and Krishna, 2001):

L_1., 0
Dself DO Dll

(2.23)

According to this model, in the low concentration limit, the transport, the corrected, and

the self diffusivities are the same:
for g > 0= Dyyy=Dg=D (2.24)

herein, Dy is the corrected diffusivity or the Maxwell-Stefan diffusion for a single compo-

nent.

Most experimental techniques do not directly measure the diffusive flux, but the

concentration change over time, dg/dt, that is defined by the Fick’s second law:

oq 0?%q

5t = D7y (2.25)

This follows directly from Fick’s first law, provided that the diffusivity is independent
of concentration and is used by macroscopic techniques to experimentally quantify the

diffusivity.

2.3.2 Diffusion mechanisms

In the following section, the most common diffusion mechanims are discussed based on
their importance for the transport in porous solids. The most important mechanisms
occurring in these materials are the Knudsen diffusion in mesopores and the surface,
slip, or single file diffusion in micropores. Figure 2.9 shows a selection of these diffusion
mechanism in a schematic way. Often, in hierarchical materials composed of a wide
range of pores, a combination of these diffusion mechanisms occur, leading to an effective
diffusion coefficient (Krishna, 2009, Krishna and van Baten, 2009).

Molecular diffusion

If the mean free path of the sorbate molecules is much smaller than the one of the pores
d, >> A, the number of molecule-molecule collisions is higher than the collisions with
the pore walls, and the dominant diffusion mechanisms are viscous flow and molecular

diffusion.
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Figure 2.9: Selection of various diffusion mechanism. Figure from Krishna and Wesselingh
(1997).

Due to the frequent collisions, molecules move at random and can be modeled as a
random walk in three dimensions. Thus, molecular diffusion is identical to the Brownian
motion of molecules. If a pressure gradient is present, the diffusive flow can be described

according to Fick’s first law, given in eq. 2.17.

Viscous flow

If the pores are large, another common diffusion mechanism is viscous Poiseuille flow in
the pores. In this case, the transport is induced by a pressure gradient of a continuum
fluid mixture. Hence, due to the viscous flow, all the molecules are moving in the same
direction. The velocity gradient in a capillary is parabolic. The viscous flux can be
derived from the Navier-Stockes equation, assuming a steady flow, no backmixing, and

no slip at the capillary walls:

J=—q- —— (2.26)

where r is the radius of the capillary and p the dynamic viscosity of the fluid.
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Knudsen diffusion

When the number of collisions with the pore walls becomes more pronouced than the
number of molecule-molecule collisions, the transport occurs by Knudsen diffusion. In
this case the molecule bounces from wall to wall. This mode usually occurs at low
pressures in meso- and small macropores. The regime of Knudsen diffusion can be defined

by the dimensionless Knudsen number:

f h
Kn mean free pat i (2.27)

- diameter of channel - d

When the Knudsen number is much larger than unity, transport occurs through a
Knudsen flow and no longer through a viscous flow. For numbers much less than unity,

the concept of viscosity is applicable and the transport occurs through a Poiseuille flow.
The Knudsen diffusivity for a cylindrical capillary may be defined as:

B 2r SRT

Dy = 2.28
K= 73 M (2.28)

where 7 is the radius of the capillary, and M the molecular weight of the adsorbed species.
The Knudsen diffusion is proportional to the pore radius and to the pore geometry, to
the square root of the temperature, and to the inverse of the molecular weight. It is,

however, independent of the total pressure and of other diffusing species.

The Knudsen flux can than be written in terms of a concentration gradient according
to Fick’s first law:
J=-D op (2.29)
- Koz '

Surface and intra-crystalline diffusion

When the pores are small, i.e., micropores (< 2 nm), or the surface-molecule interactions
are strong, molecules stick for a certain period to the walls and diffusion occurs through a
hopping mechanism. This regime of diffusion, appart from being termed as surface or slip
diffusion, is also widely refered as configurational, intracrystalline, or micropore diffusion.
In all cases steric hinderances and surface-molecule interactions become important. It
is the dominant diffusion mechanism in zeolites and often occurs in combination with
Knudsen diffusion in the case of micro- and mesoporous materials. Due to the fact
that many parameters are important for this type of diffusion, this is the most complex

diffusion mechanism present in porous solids and many aspects are still poorly understood.

This diffusion regime can be easily distinguished from other transport mechanism

by its activation energy. Due to the strong interactions between the molecules and the
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pore wall, transport occurs through activated molecule jumps, leading to activation
energies of 20 to 50 kJ/mol, depending on the level of confinement. In addition, the
diffusion coefficents are generally between 107! to 1072° m?/s, i.e., several orders of
magnitude lower than typical Knudsen diffusion coefficents (107 to 1077 m?/s). This
type of transport can be described by equations 2.17 to 2.24 that provide an adequate

description of transport in microporous solids.

Single file diffusion

If the pores are so small that molecules are not able to pass one another, the Einstein
equation 2.22 is not valid anymore and diffusion occurs by an entirely different class
of behavior, i.e., the so called single file diffusion. In such a system, the mean square
displacement increases with the square root of time rather than with the first power of
time:

(r?y = 2F\/t (2.30)

where F is the single file mobility given by

F= <¥) Do (2.31)

™

Effective diffusion

In porous solids, a combination of the different types of diffusion may be present. This is
especially the case for materials composed of micro- and mesopores such as SBA-15 or
mesoporous zeolites. In this case it is nessesary to define an effective diffusion coefficent,
which represents the combined resistance formed by all diffusion mechanisms present in
the solid. Beside the diffusion mechanism the tortuosity of the diffusion pathway is also
included in the effective diffusivity. In analogy to multiple resistance in an electric circuit
the total effective flux of processes occuring in parallel are additive. Thus the total flux
is in general given by the fast process. In contrast, for processes that are in series, the
total flux is predominantly limited by the slower process. A combination of a diffusion in
series of Knudsen and molecular diffusion in the gas phase of the solid in combination
with surface and viscous flow in parallel gives the following expression for the effective
diffusivity Deg:
2
Dot = % <?1;) + %KHDS + %q : g—ﬂ (2.32)
Dk " Dm

where 7 is the tortuosity of the corresponding diffusion pathway, Ky the Henry constant,

Dy, D,,, and Dg the Knudsen, the molecular, and the surface diffusion coeflicient.
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2.3.3 Experimental methods to measure sorption kinetics

A number of theoretical and experimental techniques exists to study diffusion in porous
materials. This section gives a brief overview over the most important techniques with a

strong focus on the techniques that are relevant to this thesis.

Roughly, these methods can be divided in microscopic and macroscopic methods.
Figure 2.10 gives an overview over the most important techniques sorted in the range of

diffusivities that can be determined by these methods.
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Figure 2.10: Range of diffusivities that can be determined with different methods. A

diameter of 10 pm as assumed for the particle size, from Schuring (2002).

Gravimetric uptake

The direct measurement of the uptake by gravimetry is a very common technique to
measure sorption kinetics. In principle, it can be modeled as a step change of the pressure
or concentration in a batch system. The system response is called the step response. In

order to derive a kinetic model, several experimental requirements must be fulfilled:

1. The bed is composed of uniform spherical particles.
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2. Intra-crystalline diffusion is the only mass transfer resistance. All other sorption

steps are fast, and, thus, in equilibrium.

3. The diffusivity is constant over the pressure step and the sorption isotherm is linear

within this region.

4. The thermal conduction within a particle and the heat transfer between the particles
of the bed is rapid. Thus, the only significant heat transfer resistance is at the

external surface of the sample.

5. The temperature is constant throughout the sample. However, a time dependent
difference in the temperature between the adsorbent and the surroundings is allowed.
Diffusive heat transfer according to Newton’s Law is assumed to be the governing

heat transport mechanism.

According to these simplifications and assumption, the following solution for the

uptake kinetics as given by Ruthven et al. (1980) is obtained:

c—c _ . i 9[(gncot g, — 1) /qu]2 -exp (—¢2T) (2.33)
Coo — Co £~ 1/B + 3/2[gn cot gu (g cot ¢ — 1) /% + 1]

where 7 is the dimensionless time constant of diffusion, i.e., 7= D/L*-t, and « and 3

are dimensionless parameters related to sorption curve and temperature history of the

sample:
AA
pCh ( )
AH  Oceq

where A is the external heat transfer coefficent, A the external surface area per unit
volume of adsorbent sample, p the effective density and C), the effective heat capacity of
the adsorbent sample, AH is the heat of adsorption, and ce, the equilibrium adsorbed

phase concentration. ¢, is given by the roots of:

38 (gucot g, — 1) = g2 — @) (2.36)

Equation (2.33) is a general expression for the analysis of uptake curves that are
limited by diffusion or heat transfer, or controlled by both. In the limiting case of

diffusion control, eiter &« — oo or  — 0, and equation (2.33) reduces to:

oo
1
2
n

n=1

C—(C
=1

. 2.2
p— exp (—n’m°7) (2.37)
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which is the well known expression for the analysis of uptake curves that are controlled by
intra-crystalline diffusion. When diffusion is very rapid and the heat transfer is slow, the
kinetics are entirely controlled by heat transfer. In this case « is small and the limiting

case of heat transfer is obtained from the first term of equation (2.33):

e I P exp (— ar ) (2.38)

Coo — Co 1+p

Figure 2.11: (1) (Thermo-)gravimetric high sensitivity microbalance from SETARAM,
(2) vacuum chamber and sorbate dosing valve, (3) pressure transducer and

(4) mass spectrometer for gas phase analysis.

In principle from the analysis of uptake curves by this expression it is possible to
identify heat transfer limited systems, however, for certain values of o and [ the shapes
of the curves obtained from equation (2.37) and (2.33) are similar. Thus, it is not always
possible to differentiate by a mathematical analysis of the uptake curves diffusion and
heat limited systems. Experimentally, however, it is possible to identify heat effects
by variation of the sample amount and sample configuration as « varies with the total

external area of the sample.

Experimental set-up In Figure 2.11 the experimental set-up used in this thesis for the
gravimetric uptake experiments is shown. It is composed of a (thermo-)gravimetric high
sensitivity microbalance from SETARAM (TG-DSC 111) connected to a high vacuum

system. Two pressure transducers in the pressure range of 10~% mbar to atmospheric
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pressures provide the option to measure in a broad pressure range. Probe gases are

introduced into the system using a Balzers UDV 040 dosing valve. Adsorption and

sample activation at temperatures up to 700 °C is possible.

Infrared spectroscopy in rapid scan mode

AU
e
] 1 | .
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u
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Figure 2.12: Data acquisition scheme for IR spectroscopy in rapid scan mode using a
step change volume modulation. The rapid scan experiment is divided into
n cycles of 60 s, each composed of 100 time intervals, which are co-added to

a single measurement file.

A disadvantage of the gravimetric uptake technique is its limitation to rather slow
transport processes with time constants larger than ~100 s. This is due to the fact that
most gravimetric systems have rather high relaxation times, and thus can not measure
processes that are faster than the relaxation time of the system. Infrared microscopy in
rapid scan mode is a possible solution to this problem. Very similar to the gravimetric
technique, the diffusive system is exited by a step change in the sorbate pressure. The
relaxation, that is, the responce of the system, is followed by infrared microscopy and not
by gravimetry. In order to have a very high time resolution, the spectrometer is operated

in the so called rapid scan mode. In this mode, a high time resolution is obtained by
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repeating a certain experiment several thousand times in order to optain a single uptake
curve by co-addition of these experiments. In figure 2.12 the data acquisition procedure

is schematically shown.

Intensity [a.u.]

Figure 2.13: Time resolved uptake of benzene on H-ZSM-5 at 403 K by infrared microscopy
plotted as a series of 100 difference IR spectra as obtained from a rapid scan

experiment.

Experimentally, the reservibility of the process is achieved by applying only very small
pressure changes of below 3% of the volume to the system. This also reduces the intrusion
of heat effects. An other advantage of this method compared to the gravimetric uptake is
the fact, that not only the total uptake of sorbate inside the sample can be observed, but
also possible acidic sites inside the zeolite. This makes it possible to directly differentiate
surface and bulk transport. In Figure 2.13 a typical time resolved uptake by infrared

microscopy as obtained from a rapid scan experiment is shown.

Experimental set-up Figure 2.14 shows the experimental set-up used in this thesis for
infrared microscopy and frequency responce experiments. It consists of four parts: an IR
spectrometer (Bruker IFS 66v/S) (1) equipped with a transmission vacuum cell that is
connected to a high vacuum system (2). Sorbate gases are introduced to the vacuum
system via a dosing system using a Pfeiffer UDV040 dosing valve. A differential pressure
transducer (Baratron MKS 161 A11) is used to measure the pressure of the sorbate gases
in the system and a Pfeiffer TMU(071 turbo molecular pump (70 1 h™') to pump the

system.

Solid pressed powder samples are placed in the IR cell on a gold ring sample holder.
An electronics unit (3) with two Eurotherm 2416 and 2460-type temperature controllers

control the temperature of the samples in a range of 298 K to 873 K and of the vacuum
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Figure 2.14: Photograph (top) and scheme (bottom) of the infrared and FR apparatus,
composed of an IR spectrometer (1), vacuum apparatus (2), electronic
controlling unit (3) and water filled cryostat (4).

system. Periodic volume change of the system is achieved via a magnetically driven
modulation unit, being composed of a pair of flexible UHV bellows separated by a
metal separator plate, placed horizontally between two electromagnets. The magnet
polarization is controlled via a HP-Vee based program. For the rapid scan in-situ IR
experiments, a constant modulation frequency of 0.0167 Hz is used. The magnets are
held at a constant temperature of 313 K by a water-filled cryostat (4).

The amplitude of the volume modulations is limited to AV = £5% in order to
minimize adiabatic effects due to compression of the gas volume, heat effects due to
exothermic sorption processes, and further non-idealities of the system. Blank experiments
are used in order to quantify this non-ideal behavior. The sorption kinetics were followed
using a time resolution of 600 ms. A typical example of a rapid scan experiment is shown
in figure 2.13.
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Zero length column (ZLC)

A disadvantage of both gravimetric or infrared uptake analysis is the fact that both are
operating under conditions that are potentially susceptible to mass and heat transfer
limitations. The zero length column methods tries to minimize these effects by using a
very small gas volume that is equilibrated with the sorbate of interest and then purged
with an inert gas at a high flow rate in order to further decrease external transfer

resistances.

Differential ZLC Model The basis of the ZLC model is formed by the Fick’s second
law of diffusion, which describes the mass balance through the solid-phase via diffusion.
Mass transfer also occurs via the constant flow through the reactor bed. Both mass

balances have to be solved simultaneously.

This technique has been applied mainly to gaseous systems (Brandani and Ruthven,
1995, 1996, Brandani et al., 2000a,b, Cavalcante and Ruthven, 1995, Duncan and Moller,
2000) but the application to liquid systems have also been reported (Brandani and
Ruthven, 1995, Ruthven and Stapleton, 1993). The application to zeolite powders has
been extended to pellet systems as well. The diffusion of non-hydrocarbon sorbates has
been demonstrated. Furthermore, several criterions for the ZLC technique were also
reported (Brandani and Ruthven, 1996, Brandani et al., 1998, Cavalcante et al., 1997,
Duncan and Méller, 2002, Ruthven and Brandani, 2005).

Model assumptions The following assumptions were made during the model derivation:
1. The bed is isothermal.
2. No external film resistance.
3. The adsorption equilibrium isotherm is linear (Henry isotherm).

4. The gas hold-up in the fluid-phase was neglected in comparison with the adsorbed-

phase accumulation.
5. The particles are spherical and of constant size.

Assumptions (1-3) can be controlled and checked during the measurement. The effect of
assumption (4) has to be minimized by a clever design of the set-up. Assumption (5)
is more critical and can be solved by analysis of the so called long time reagion of the

desorption, i.e., only taking into consideration the biggest particles.
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Model equations and solution The mass transfer via diffusion through spherical

particles in radial coordinates is given by:

dq 0% 20q
5 =Da G+ 25t (239)

where ¢ is the concentration of the adsorbed-phase, Dqg the effective diffusion constant
and r the radial coordinate. The fluid-phase mass balance in one dimension is given by:
dc 9%c  Ov dc (1 — 6) dq

ot = Pgz e Ve ot

: (2.40)

where ¢ is the concentration of sorbates in the fluid-phase, v the velocity of the fluid
€ the porosity of the bed, D, the axial diffusion coefficient and z the axial coordinate.
Only taking the relevant terms under assumption of stationarity, under negligence of the

fluid-phase hold-up, and introducing the volumes of solid-phase, one gets:

dq
VSE +F-c(t)=0 (2.41)

In this equation Vj is the solid volume and F' the fluid flow rate.

Equation (2.39) and (2.40) are a set of coupled differential equations. Brandani
and Ruthven (1995) presented an analytical solution to this problem. It can be solved
analytically using the above assumptions and initial and boundary conditions. The
following set of equations is the analytical ZLC solution for the model and describes the

desorption out of a porous three dimensional material:

C(t) > 2L 2 Deﬁ
— = . — t 2.42
o ;@%L(L—l) eXp( "R ) 24
0 = Bp-cotf,+L—1 (2.43)
1F R?
L = ——-. 2.44
3Vs KuDeg (2.44)

where R is the mean particle radius, Ky is the dimensionless Henry constant. (3, are the
positive roots of equation (2.43) and L a value which introduces the flow rate into the

set of equations.

Experimental set-up The typical experimental set-up was described Jiang and Eic
(2003) and is shown in Figure 2.15.

The high pressure cylinder (1) contains the helium inert gas, which is subdivided
into three different lines. These are the adsorption, the desorption and the sorbate

line. Both adsorption and desorption are high flow rate streams, to minimize external
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Figure 2.15: Schematic representation of the experimental ZLC set-up.

mass resistance during the measurements (2). To achieve a certain concentration of the
sorbates in the adsorption stream, the sorbate line is used as a carrier stream and passed
through a bubbler (4) containing the liquid hydrocarbons cooled by a thermostat (3) at
a constant temperature of —10 °C to saturate the Helium stream with a certain amount
of sorbate, which has to be low, in order to be in the Henry region of the adsorption
isotherm. Both desorption and adsorption lines are connected through a 6-way switching
valve (6).

The central part of a ZLC system is the zero length cell (7), which typically consists
of a 1/8 Swagelok union. Two 1/8 sintered disks are placed on one end of the union to
hold the powder samples between them. The outlet of the ZLC cell is connected to a

flame ionization detector FID or to a mass spectrometer (8).

Frequency response (FR)

The frequency response technique is widely used to analyse the transport in porous
materials. This technique, however, can not only be applied to diffusive systems, but in
principle, to any kind of dynamic system. In the frequency response, typically, a system
is pertubed periodically and its relaxation as a function of the frequency is measured.

In order to eliminate heat effects and non-linearities in the responce, it is nessesary
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to keep the perturbations very small. In the case of diffusive systems, the gas phase
concentration or the pressure is varied and the system response is recorded. Due to the
transport processes occuring inside the adsorptive material, a phase shift and a change in
the amplitude of the pressure is obtained. An important feature of the linear frequency
response method is the so called superposition principle. It says, that in the frequency
space, multiple kinetic processes are additive. Thus this faciliates the identification of

multiple processes that occur in parallel.

Differential FR model for batch adsorbers In the typical FR experiment for batch
adsorbers, first a small amount of sorbate is equilibrated at constant pressure with the
sorbent. Near equilibrium pressure perturbations of varying frequencies are achieved by
small (£1%) sinusoidal or square-wave modulations of the system volume. A detailed
derivation of the model equations can be found in the publications by Yasuda (1991,
1994a,b), Yasuda and Sugasawa (1984). In the following, only the solution of the
differential FR model that is used to quantify the experimental FR data in this thesis is

given.

The frequency response of such a system expressed as the in-phase and out- of-phase
solutions of the mass balance of a closed volume subjected to periodic sinusoidal volume

modulations is given by:

A "
IB cos (0 —0g) — 1= 51 Kgg - 5 (2.45)
Ap . ~ o <(n
IB sin (0 — 0g) — 1 = §1 K o (2.46)
with RT 90
K=—— — 2.47
V. 0Op (2.47)

Herein K is related to the amount of molecules involved in the reversible sorption and
desorption process, R is the molar gas constant, 90/0p the gradient of the adsorption
isotherm and V' the total measurement volume. The number of diffusion processes is

defined by n. For instance, in the case of a dual diffusion n equals 2.

A blank experiment without sorbent is required for quantification of the delays and
of the non-ideal behavior of the apparatus itself. The corresponding phase 6§ — 6g and
amplitude Ag/A responses in equations (2.45) and (2.46) are obtained by subsequent
Fourier transformation of the pressure square-waves or, in the case of a sinusoidal modu-

lation, directly from the pressure waves. The in-phase and out-of-phase characteristic
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functions d;, and d,y¢, are solutions to Fick’s second law. In the case of diffusion in a

planar sheet with the thickness 2L, they are given by:

1 ( sinh i

Oin = 015 = — (—Sm nt Sm") (2.48)
1 \ .coshn + cosn
1 [ sinhn —si

Oim = 015 = — (—Sm d Smn) (2.49)
1 \ coshn + cosn

where n = \/2wL?/D, w is the angular frequency and D the intracrystalline transport

diffusion coefficient.

In the case of a finite rate adsorption process on the surface or supply of sorbate to
the surface, i.e., if a so called surface barrier is present, the characteristic functions are
given by (Yasuda, 1994a):

b = (‘;—F“')2 - % (2.50)
b= (22 (1- (1) el e @

where ,
¢ = (CL—K + céls) + (a + cdic)? (2.52)

is the rate constant of the surface barrier, and a and ¢ are normalized parameters reflecting

the amount of adsorbate in the pores c¢ and on the surface cx:

() (25

a= (Cifpc) / (d<cAd;r CC)) =l-a (2.54)

For most zeolites, the dominant amount of the sorbate is present within the micropores
(c~1).

In practice, zeolites usually do not have a uniform particle size, therefore, the

characteristic functions have to be modified by using a normal distribution (Yasuda,

1994a):
3(T) = 5\/1% /0 75 exp (-%) dr (2.55)

where 0 and L are the mean values of the characteristic function and of the crystal half

thickness.
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Experimental set-up The set-up used for the frequency response experiments is identi-
cal to the one for the rapid-scan infrared experiments shown in Figure 2.14. The only
difference is the location of the sample. For the frequency response experiments, it is
placed inside a small tube as powder sample and not as a pressed wafer as for the IR

experiments.

Microscopic methods

All the previously described methods are methods belonging to the group of the so called
macroscopic methods of diffusion measurement. These methods all have in common that
the complete transport process from the gas phase into the porous solid is analysed. This
includes possible surface effects and non-homogenities in the particle. Additionally, most
macroscopic methods measure the kinetics in particle bed and not in single particles.
This makes these methods susceptible to distributions of the particle size or other features
influencing the overall transport. In contrast to these methods, microscopic methods
provide direct information on the molecular mobility at microscopic scale. Surface effects
do not directly influence the analysis and it is generally assumed that the short range

mobility can be upscaled to long range mobility.

The two most common microscopic measurement techniques are the quasi-elastic
neutron scattering (QENS) and the nuclear magnetic resonance (NMR) based techniques.
In contrast to QENS, which only provides mobility information at the local scale below 1
nm, the pulse field gradient NMR (PFG-NMR) can also be applied over longer distances
in order to follow the movement of molecules over longer distances. It is, however, still
limited to distances smaller than the crystal size. Since the experiment is carried out
in steady state, without the application of a concentration gradient, the self diffusivity
is directly obtained from the Einstein equation (2.22). The major development and
application of the PFG-NMR to measure diffusivities in zeolites was done by Kéarger,
Pfeiffer and their collaborators. Full detail can be found in the following articles: (Kérger,
2003, Karger and Ruthven, 1989, Karger et al., 1992, Krishna, 2009, Krishna and van
Baten, 2009, Ruthven, 2007b).
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3 Diffusion Pathways of Benzene, Toluene and
p-Xylene in MFI

This chapter was published in the journal Microporous and Mesoporous Materials as

research article:

Diffusion pathways of benzene, toluene and p-xylene in MFI
Oliver C. Gobin, Stephan J. Reitmeier, Andreas Jentys, and Johannes A. Lercher,
Microporous and Mesoporous Mat.; 2009; 125(1-2), pp 3-10

Abstract The diffusion of alkyl-substituted aromatic molecules in H-ZSM-5 was in-
vestigated by means of the frequency response method decoupling particle size effects
and intracrystalline diffusion. For zeolite crystals above 5 um average diameter, the
transport in the zeolite pores exerts significant effect on the overall transport causing
anisotropic diffusion as the aspect ratio of the aromatic molecules increases. Diffusion of
benzene is nearly isotropic, while p-xylene shows marked differences between the diffusive
processes in the straight and sinusoidal channel system of ZSM-5. The isotropic diffusion
of benzene is rationalized on the basis of its ability to reorient between the two channel
systems without major hindrances. For p-xylene, switching between the channels is only
possible by energetically unfavorable rotational motions leading to a low probability for

changing between both channel system.
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3.1 Introduction

The molecular level understanding of catalytic and sorptive processes in micorporous
materials is essential for the developing and tailoring of next generation materials (Davis,
2002). Among the few zeolites used industrially in a large scale H-ZSM-5 (MFT structure)
(Kokotailo et al., 1978, Olson et al., 1981) is a key component in catalytic and separation
processes (Corma, 1995). Its complex crystal structure and widely varying external
morphology has led to complex and ambiguous interpretations of the transport processes
in its pores. To contribute to the understanding of individual transport steps in this
material transient techniques have been explored by our group and have led to a detailed
understanding of the elementary steps during the entrance of rigid molecules into the
MFT pore system (Jentys et al., 2006, Mukti et al., 2007, Reitmeier et al., 2008).

In the present study we revisit the use of the frequency response (FR) technique to
explore and model transport diffusivities in complex, but larger MFT crystals. Being a
relaxation technique, it measures the phase lag and the amplitude change by subjecting
a system to an oscillating pressure or concentration perturbation of varying frequency
and constant amplitude. Naphtali and Polinski (Naphtali and Polinski, 1963) were the
first to apply this technique for determination and interpretation of adsorption kinetics.
Yasuda extended it to study the diffusion in porous solids such as zeolites (Yasuda,
1994a). The main advantage of the FR technique compared to other transient methods
is its unique ability to differentiate between several kinetic processes. This is achieved by
the transformation of the time dependent diffusion information into the corresponding
frequency domain. In the frequency domain, multiple processes are additive, and thus
easier identified and deconvoluted compared to time dependent uptake or desorption
processes. However, the interpretation of the frequency response is complex and may
lead to ambiguity in case of multiple processes. Particle size distributions of powdered
samples, for instance, lead to broadening of the frequency response. Moreover, multiple
diffusion processes with different time constants, and heat or bed effects are also known
to change the shape of the frequency response by masking the intracrystalline diffusion
(Sun and Bourdin, 1993, Sun et al., 1993).

Diffusion processes with time constants differing by at least one order of magnitude
can be identified by bimodal phase functions, i.e., showing two maxima in the case of a
binary diffusion of different molecules or in the case of single component diffusion in a
porous solid with different diffusivities in two distinct and unconnected pore systems. If
the diffusivities do not differ at least by one order of magnitude only a broadening of the

phase function will be observed.

Macroscopic methods, such as the frequency response method, are influenced by
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all steps involved during the transport of gas phase molecules into the porous particle
(Jentys et al., 2006, Reitmeier et al., 2008, 2009b). These are in particular the sorption of
a molecule on the external surface, described by the probability that a gas phase molecule
is adsorbed on the external surface of the particle after collision (sticking probability), the
entering into the pore and the intracrystalline diffusion processes. The mutual relation
of these elementary processes will subtly determine the overall process and it has been

unclear whether or not isolable rate determining steps exist.

straight
channel
system

sinusoidal
channel
system

1 nm
G——

Figure 3.1: Schematic representation of the silicalite-1 / ZSM-5 structure. (a) front [001],
(b) left [100], (c) top [010], and (d) isometric projection [111]. Generated

from the database of zeolite structures (Baerlocher et al., 2001).

MFT has two interconnected channels with slightly different pore diameters and pore
shapes. The slightly elliptical channels are generally denoted as straight channels with a
diameter of about 0.53 x 0.56 nm and as sinusoidal channels, which are slightly smaller
with a diameter of 0.51 x 0.55 nm (Kokotailo et al., 1978, Olson et al., 1981). Between
both channel systems intersections of about 0.9 nm (Liu et al., 2004) exist. The Si
framework structure and the pore surface based on the ionic radii of the zeolite framework
atoms are shown in Figure 3.1 from four different projections (Baerlocher et al., 2001).
The front projection [001] shows the sinusoidal channel system horizontally along the
(001) plane and the straight channel system vertically along the (001) plane. From the
[010] projection, the sinusoidal shape of the channel system can be seen. Rotation of the

bulkier molecules along the (010) plane is only possible at the channel intersections, as
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can be easily seen on the basis of Figure 3.1a. Moreover, the [100] projection in Figure
3.1b indicates that rotation of the bulkier molecules along the (100) plane is strongly
hindered. Thus, reorientation of rigid molecules with a maximum length larger than
the pore diameter of the straight or sinusoidal channels is demanding. Certainly, the
necessary reorientation for transport in the sinusoidal channels would make transport
in these channels slower than transport in the straight channel inducing anisotropic
diffusion. In the case of smaller and sterically less constrained molecules an isotropic
diffusion is observed as recently reviewed by (Ruthven, 2007a). Note in this context that
Shen and Rees (1991, 1993, 1995) observed for the diffusion of p-xylene in silicalite-1 or
ZSM-5 a bimodal frequency response, which was ascribed to the different diffusivities of
the molecules in the two types of channels. In contrast, for silicalite-2 (its pore system
consists of two interconnected straight channels with identical pore diameter) only one
diffusion process was observed (Shen and Rees, 1993). While this is direct evidence
for anisotropic diffusion of p-xylene in ZSM-5, there is still a debate if in the case of
interconnected pore structures the two processes can be monitored by a macroscopic

technique.

In this contribution, the transport diffusion of benzene and derivatives with increasing
degree of methyl-substitution, i.e., toluene and p-xylene, in H-ZSM-5 was investigated
using the frequency response method. As the presence of more than one transport
pathway and the presence of a wide distribution of particles in the sample as well as
thermal effects could lead to similar effects on the characteristic functions in frequency
response experiments, emphasis was laid upon showing that both latter effects can be

excluded to dominate in the results described here.

3.2 Experimental section

3.2.1 Materials

Polycrystalline H-ZSM-5 was provided by Siid-Chemie AG with a Si/Al ratio of 45.
Particle size distributions (PSD), or more precisely number densities of particles, with a
diameter of 4.4 + 1.5 pym were obtained by dynamic light scattering (DLS). In addition,
the particle size distribution was estimated by scanning electron microscopy (Figure 3.2).
An average diameter of 3.9+ 1.2 um was obtained, which is in acceptable agreement with
the results by DLS. The respective standard deviations were obtained by a Gaussian fit
to the data. The particle size distributions obtained by DLS and SEM are compared in
Figure 3.3. For diffusion measurements benzene, toluene, and p-xylene in spectroscopic
grade (GC standard, > 99.96%) provided by Sigma-Aldrich were used without further
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purification. The liquids were treated by several pump-and-freeze cycles to remove

gaseous contaminations and afterwards slightly heated before usage.

3.2.2 Physicochemical characterization

Dynamic light scattering measurements were performed on a Malvern Zetasizer Nano
ZS. The samples were dispersed in water and kept in an ultrasonic bath prior to the
measurements that were repeated at different concentrations several times. Scanning
electron microscopy (SEM) images were recorded on a REM JEOL 5900 LV microscope
operating at 25 kV with a resolution of 5 nm and a nominal magnification of 3.0x10°.
The characterization of the acid sites with respect to concentration and distribution was
described previously (Zheng, 2002).

3.2.3 Frequency response experiments

For the frequency response experiments, 30 mg of the powdered samples were ground
and 30 mg were carefully dispersed on several layers of quartz wool at the bottom of
a quartz tube in order to avoid artifacts from bed- depth effects. The sample tube
was connected to a vacuum system, placed inside a heating oven and pumped to 10~7
mbar at room temperature. The samples were afterwards heated to 823 K with a ramp
of 10 K/min and activated under vacuum below 10~7 mbar for one hour to remove
adsorbed water. The sorbate gases were added with a partial pressure of 0.3 mbar into
the system at temperatures between 333 and 423 K. After the sorption equilibrium
was fully established, the volume of the system was modulated periodically by two
magnetically driven plates sealed with UHV bellows. The modulation resulted in a
square-wave perturbation of the system volume with an amplitude of 1%, and was
performed in the frequency range of 0.001 to 5 Hz. The pressure response of the system
to the volume perturbation was recorded with an inon-line Baratron pressure transducer
(MKS 16A11 TCC). The amplitude and the phase lag of the frequency response were
obtained by Fourier transformation of the pressure data. Nonlinear parameter fitting
of the theoretical characteristic functions to the experimental frequency response was
performed by using the CMA evolution strategy in Matlab (Hansen, 2006). The root
mean squared error normalized to the variance of the data (NRMS error) was used as
the objective function to be minimized. To ensure that the globally optimal parameter
set was found, each optimization run was repeated three times with varying parameter

sets of the evolution strategy.
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Figure 3.2: Scanning electron micrograph showing the primary particles of the H-ZSM-5

sample.
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Figure 3.3: Comparison of the number densities of particles obtained by DLS and SEM.
The shaded area represents a Gaussian fit to the experimental DLS data with
an average diameter of 4.39 ym and a standard deviation of 1.49 pm.
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Figure 3.4: Out-of-phase frequency responses of toluene at 403 K. The sample amount
and the way the sample was placed in the sample tube were varied in order
to check for heat and bed-depth effects. The curves are shifted by 0, 0.05,
and 0.10 respectively.

The influence of heat or bed-depth effects was checked by variation of the sample
amount and by the way the sample was placed in the sample tube, i.e., with and without
dispersing the sample on quartz wool. The frequency responses are shown in Figure 3.4.
In all cases the same frequency response was observed and therefore, we can exclude heat
or bed-depth effects to be present to the best of our knowledge. In addition, modeling
assuming a non-isothermal diffusion (Sun and Bourdin, 1993, Sun et al., 1993) where
the time constant of heat transfer is in the same order as for the diffusion process was
carried out for all data, and the consistency of the parameters was checked. The resulting
fit was poor in many cases and the obtained time constants were inconsistent, which
gives further confirmation that heat effects are not significant in the present frequency

response experiment under the conditions studied.

3.2.4 Model building

In order to differentiate between broadening effects of the frequency response either
caused by a particle size distribution of the sorbent crystals or by multiple diffusion
processes in the H-ZSM-5 samples, a careful evaluation of the data is required. First,

a model taking into consideration either a Gaussian particle size distribution or the
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experimental particle size distribution obtained by DLS and a surface resistance was
fitted to the experimental data. The modeling procedure was repeated for each sorbate
using the average standard deviations of the Gaussian distribution obtained by the first
modeling. In order to study the contribution of both, particle size distribution and
multiple diffusion processes on the broadening of the frequency response, subsequent
modeling was also performed using a model assuming two diffusion processes in addition
to a particle size distribution. The standard deviation of the distribution was set constant
to the value obtained by DLS.

3.3 Results

The diffusivities of benzene, toluene, and p-xylene (all having the same minimum kinetic
diameter) at temperatures between 343 and 403 K, and the fitting parameters are given
for both samples in rable 3.1. All diffusivities increase as function of temperature and are
consistent with respect to the molecule dimensions and to diffusivities measured by other
methods (Brandani et al., 2000a, Ruthven, 2007a, Shen and Rees, 1991). The sterically
more demanding molecules (toluene and p-xylene) show a lower diffusivity than benzene
(see Figure 3.5). The apparent activation energies of diffusion increase with the molecule
size and with degree of substitution from 20 to 30 kJ/mol (see Table 3.1) in agreement
with the literature (Brandani et al., 2000a).

T loading | D - 10% K | NRMS-Error Ea
°C | molec/u.c. m?/s | () (-) | kJ/mol
benzene 343 1.65 3.09 | 0.84 0.28
L= 4.39-107% m || 373 0.83 5.28 | 0.57 0.21 21
o= 2.22-107% m || 403 0.34 9.50 | 0.46 0.17
toluene 343 2.69 1.35 | 1.00 0.25
L= 4.39-107% m || 373 1.39 2.81 | 0.65 0.32 28
o= 3.18-107% m || 403 0.66 5.83 | 0.42 0.17
p-xylene 343 3.60 1.14 | 091 0.26
L= 4.39-107% m || 373 2.15 2.46 | 0.78 0.3 29
o= 4.28 -107% m || 403 1.09 5.04 | 0.41 0.35

Table 3.1: Diffusivity data, loadings, loadings, and fitting parameters obtained for a
theoretical model assuming one processes with a Gaussian particle distribution

as additional fitting parameter
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Figure 3.5: Arrhenius plot of benzene, toluene, and p-xylene for a single diffusion model

with a Gaussian particle size distribution and surface resistance.

The standard deviations of the Gaussian particle size distribution obtained by fitting
the experimental frequency responses are also summarized in Table 3.1. With increasing
degree of substitution a broader distribution, characterized by an increasing standard
deviation, is needed to adequately describe the frequency response indicating a funda-
mental problem with this approach. The representative frequency responses of the three
sorbate molecules are shown in Figure 3.6. Even by directly comparing the frequency
response, the significantly broader maxima in the phase function for p-xylene compared

to benzene can be clearly observed.

The widths of the PDS obtained from the modeling of the frequency responses
assuming only one diffusion process are in all cases larger (summarized in Table 3.1)
than the equivalent PDS derived the Gaussian fit to the DLS data (the most realistic
description of the PDS, see Fig. 3). The distribution obtained by SEM is slightly
narrower, however, it fits very well the distribution by DLS. As the latter distribution is
not an ideal Gaussian function, modeling using the experimental particle size distribution
(obtained by DLS) was performed, but the results could not be differentiated from those
assuming an ideal Gaussian distribution. This suggests that the particle size distribution

cannot account for the widths and shapes of the characteristic FR functions.

Because the shape of the FR functions also varies with the type of molecule, phenomena
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Figure 3.6: Out-of-phase frequency responses of benzene, toluene, and p-xylene at 403
K. The fits were obtained using a single diffusion model with a Gaussian
particle size distribution and taking into consideration a surface resistance.
The curves are shifted by 0, 0.1, and 0.2 respectively.
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T D, D, Dpean | K1 | Kz | NRMS 1N Eaz | Eamean
°C || 103 m?/s | 103 m2/s | 10 m?/s Error | kJ/mol | kJ/mol | kJ/mol
benzene | 343 4.95 0.51 3.30 | 0.56 | 0.33 0.27
373 7.98 1.02 5.82 | 0.40 | 0.18 0.20 17 26 20
403 11.20 2.08 9.02 | 0.35 | 0.11 0.16
toluene 343 4.01 0.40 1.88 | 0.41 | 0.59 0.23
373 7.52 0.98 3.12 | 0.17 | 0.35 0.17 19 27 23
403 11.00 1.49 7.74 | 0.23 | 0.12 0.20
p-xylene | 343 3.9 0.17 1.16 | 0.25 | 0.69 0.24
373 5.65 0.44 2.26 | 0.28 | 0.52 0.28 20 27 23
403 10.90 0.93 3.85 | 0.12 | 0.29 0.33

Table 3.2: Diffusivity data and additional fitting parameters obtained for a theoretical
model assuming two processes with a constant Gaussian particle distribution
of 1.49-107% m

besides a broad particle size distribution must be included. At this point, two diffusion

processes, as suggested in the previously literature, were taken into account to explain

the distinct broadening of the frequency response with the size of the molecule used.

In order to quantify the contributions of the particle size distribution and of the two
diffusion processes to the overall broadening of the frequency response, modeling using
a dual diffusion model was performed and the diffusivities are given in Table 3.2. The
quality of the fits, indicated by the normalized root mean squared error (NRMS error),
is substantially better than the one obtained by using a single process diffusion model
(Table 3.1).

For all molecules the diffusivity of the fast process D; is higher and the diffusivity
of the slow process is lower compared to the diffusivity obtained by a single diffusion
model. For benzene the contribution of the slower process is minor compared to the cases
of toluene and p-xylene (see Figure 3.7). In fact, for benzene the frequency response

could also be modeled reasonably by assuming only one process in agreement with earlier
studies (Jobic et al., 2000, Ruthven, 2007a, Snurr et al., 1993).

For toluene and p-xylene the difference between D; and D, increases in average
from 8 to 15, respectively. This can be related to the broader frequency response of
p-xylene, which requires a stronger separation of the diffusion processes, leading to the
interesting effect, that the first diffusion process D; has nearly the same value for all
molecules (see Figure 3.7), while the diffusion process D, is slower for p-xylene compared
the toluene and benzene. The contribution of the two processes, however, is different
for these molecules. This can be seen on the basis of Ky and K5, describing the relative

contribution of both processes. In the case of benzene, the diffusion is dominated by the
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Figure 3.7: Out-of-phase frequency responses of benzene, toluene, and p- xylene at 373 K
for a theoretical model assuming two processes. The dotted lines correspond
to the two diffusion processes.
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Figure 3.8: Arrhenius plots of benzene, toluene, and p-xylene for a theoretical model
assuming two processes, a Gaussian particle distribution and surface resistance.
The fast process D, is represented by a square, Dy by a circle, and Dyean by
a triangle.
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first process, i.e., K1 > K, while for p-xylene the contribution of the slower process D,
is stronger (K, > K7). Toluene lies in between. The resulting D,ean shows the same
trend as the diffusivities in Table 3.1 obtained by assuming a single diffusion process.
The temperature dependencies of D;, D5, and Dmean are shown by Arrhenius plots in
Figure 3.8. For all molecules, the observed activation energy of the process (related to

Dy) is significantly smaller compared to that of the second process.
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Figure 3.9: Out-of-phase frequency responses of benzene, toluene, and p- xylene at 373
K for a theoretical model assuming two processes with constant D;. The

dotted lines correspond to the two diffusion processes.

In a second step, these results were refined by assuming a fixed diffusivity for the faster
transport pathway (D;). This boundary condition was introduced with the speculation in
mind that transport of molecules with identical minimum kinetic diameters in the straight
channel of MFT should be invariant. The quality of the fitting process is comparable by
these measures without changing the overall trends observed as can be seen in Table 3.3

and Figure 3.9.

3.4 Discussion

Bimodal frequency responses are usually observed for solids with two separated and
unconnected channel systems, showing different diffusivities. Thus, after having excluded
other possible factors for broadening of FR functions, the results of this study indicate

that two distinct transport processes in the pores of MFI occur. However, as the two
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T Dy D, Dpean | K1 | Kz | NRMS Ear Exs | Eamean
°C || 1013 m?/s | 1013 m?/s | 10 m?/s Error | kJ/mol | kJ/mol | kJ/mol
Benzene | 343 4.95 0.51 3.30 | 0.56 | 0.33 0.27
373 7.98 1.02 5.82 | 0.40 | 0.18 0.20 17 26 20
403 11.20 2.08 9.02 | 0.35 | 0.11 0.16
Toluene 343 4.95 0.38 2.13 | 0.38 | 0.61 0.22
373 7.98 0.81 3.45 | 0.21 | 0.36 0.18 17 27 23
403 11.20 1.49 7.49 | 0.21 | 0.13 0.19
p-Xylene | 343 4.95 0.18 1.36 | 0.23 | 0.70 0.24
373 7.98 0.50 2.67 | 0.23 | 0.56 0.28 17 30 23
403 11.20 0.92 4.27 | 0.14 | 0.29 0.34

Table 3.3: Diffusivity data and additional fitting parameters obtained for a theoretical
model assuming two processes with a constant Gaussian particle distribution
of 1.49 - 107% m. The diffusion coefficient D; was set constant to the value of

benzene

types of channels are highly interconnected in ZSM-5, the question arises, how in such
an environment a bimodal frequency response can be observed. In this context it should
be emphasized that the relative contribution of two diffusion pathways increases as
the maximum length of the aromatic molecules increases, i.e., in the sequence benzene
< toluene < p-xylene. This leads to the puzzling suggestion that the larger aromatic
molecules tend to stay in a particular pore and do not strongly mix between the channels
at the intersection. The situation is even more complex, as the FR technique measures
overall diffusivities encompassing all steps in the transport process, thus, requiring that
the individual contributions are to be analyzed in order to understand the behavior in

the pores.

The overall transport from the gas phase into the bulk of a ZSM-5 particle can be
described by a series of consecutive elementary steps and two parallel diffusion processes
as shown in Figure 3.10. We showed recently that the overall process of adsorption is
dominated by a subtle balance between the initial adsorption on the external surface and
the process of entering the micropores (Reitmeier et al., 2008). The rate of transport in
the pores and especially the rate difference between the two diffusion pathways play a
minor role in small crystals (below 100 nm). Under these conditions benzene, toluene
and p-xylene appear to diffuse isotropically. While this was shown conclusively on a
qualitative basis, a detailed quantitative analysis of the transport mechanism to describe
the adsorption and diffusion properties of small (below 100 nm) ZSM-5 particles is

currently under preparation.

Applying this model to large particles, the rate of transport in the particle contributes
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B \ ky.k_,

Figure 3.10: Schematic representation of the complete transport process from the gas
phase (A), onto the particle surface (B), into the ZSM-5 pore sytem (C),
and inside the particle (D). The two diffusion pathways through the straight
and sinusoidial channels are represented by D; and D,, the rate constants

for each elementary step by k.

markedly to the overall adsorption rate. Thus, for small particles the processes at the
external surface are dominating the rates of sorption, while with increasing particle size
the importance of intracrystalline diffusion increases. This leads potentially to a stronger

impact of the anisotropic diffusion in the particle.

The overall transport of benzene appears to occur through infrequent hops between
adsorption sites predominantly in the intersections. This is also seen through the
quantitative adsorption of benzene localized at the Bronsted acid sites indicating a
residence time which is long on the timescale of IR vibrations (Jentys et al., 2006).
Computational modeling (Snurr et al., 1994) suggests that reorientation of benzene
within the channels is facile. Computed trajectories of benzene clearly indicate that
benzene diffuses in both channels and is capable of switching between them without

major hindrances.

In case of toluene and p-xylene the motion is more constrained, as, e.g., p-xylene
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is only able to rotate in the intersections along the axis horizontal to the plane of the
aromatic ring, as can be seen in Figure 3.11 as well as in Figure 3.1. Perpendicular
rotations along the (100) plane are energetically difficult, as the length of p-xylene (0.99
nm) (Choudhary et al., 1997) exceeds the maximum diameter of the intersection (0.9 nm)
(Liu et al., 2004). However, to switch from the straight into the sinusoidal channel this
rotational motion has to occur, which requires passing the high energy barrier needed
to distort the zeolite framework and/or the p- xylene molecule. Compared to benzene,
which does not need to surpass an additional energetic or entropic barrier, the number of
p-xylene molecules exhibiting the energy required is much lower leading to a drastically
lower probability for p-xylene to switch between channels. The difficulty for molecules
with an increasing aspect ratio to rotate would also explain the differences in the rates
of transport in the straight and the sinusoidal channels. For the latter channel system

partial rotations are required at each intersection leading so to a slower process.

It is important to note that the contribution of the slower transport pathway increases
markedly with the aspect ratio of the molecule. This is surprising at first sight, because
the diffusion constant for the faster pathway varied only in such small quantities (see
Table 3.2) that we assumed it to be constant in the final fitting procedure (see Table
3.3 and figure 3.9). On the other hand the diffusion constant for the second pathway
decreases with increasing aspect ratio, i.e., from benzene to toluene. This is attributed
to the increasing difficulty for reorienting to access the next section of the sinusoidal

channel after passing an intersection.

If one accepts for the moment the conclusion that the p-xylene is not able to switch
between the straight and the sinusoidal channel, the relative fraction of molecules being
transported along the two channels would depend upon the relative ratio of molecules
entering the crystal via a straight or a sinusoidal pore. The sorption sites, i.e., the
sites at which the molecules are located between jumps, are presumably located at the
intersections. This is deduced from the fact that IR spectra indicate that all molecules
adsorb in a 1:1 complex at Brgnsted acid sites, which are located at the intersections.
It also indicates that the residence time at sites in the channels different from OH
groups must be short on the timescale of IR vibrations, as otherwise more molecules
should be found adsorbed than OH groups interacting with sorbed molecules (Jentys
et al., 2006, Mukti et al., 2007). However, the question arises, why the transport of
aromatic molecules should increasingly proceed along the slower transport channel, i.e.,

the sinusoidal channel if the arguments in favor of the attribution are valid.

In order to explore the potential reasons let us discuss the elementary steps of the
transport using first p-xylene as example. As outlined above, transport occurs through

hopping between sites at intersections and the orientation at the intersection is primarily
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Figure 3.11: Schematic representation of a p-xylene molecule located in the intersection
of the MFI framework.
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given by the principal orientation of the molecule. The interactions with available
Brgnsted acid sites only lead to lateral interactions and a very modest reorientation
of the sorbed molecule for orientations along the straight and the sinusoidal channels
(Jentys et al., 2006, 2007, Mukti et al., 2007). Using canonical ensemble Monte Carlo
simulations of p-xylene adsorption Song et al. (Song et al., 2002) showed that p-xylene
adsorbs initially statistically at loadings of less than four molecules per unit cell with
the alkyl groups along the sinusoidal or the straight channel. A molecule would hop to
the next intersection, if it has the sufficient potential energy via thermal equilibration or
receives it via an impact from another molecule. While the transport along the straight
channel could eventually pass one of the sorption sites, for the sinusoidal channel this is
not possible, because of the reorientation the molecules require at each intersection. Thus,
one could assume an increasing fraction of p-xylene being adsorbed in an orientation
along the sinusoidal channel. This preferred orientation is attributed primarily to kinetic
reasons, while the sorbed state should be enthalpically equivalent in both channels.
The somewhat higher activation energy of the transport through the sinusoidal channel
indicates a lower minimum in the sorbed state, which is, however, more than compensated

by a lower preexponential factor (suggesting lower transition entropy).

Therefore, not only the residence time (population) would be higher for the sorption
complex oriented towards the sinusoidal channel, also the fraction of unsuccessful collisions
with these sorbed molecules should be significantly higher than for molecules oriented
along the straight channel. Such unsuccessful collision of molecules from the straight
channel and molecules residing in the intersection directed along to the sinusoidal channel
should lead to a significant retardation of the rate of transport of a fraction of molecules.
Transferred to a simple kinetic model, it would suggest that a fraction of the molecules
in the straight channels is transported with the same low rate as the molecules blocking
these channels during the reorientation, which would add them to the characteristic
wave function attributed to the slower process. We conclude, thus,that the relative high
contribution of the slow pathway is related to two effects, a higher relative concentration
of the molecules oriented along the sinusoidal channel and the retardation of a fraction

of the molecules being transported in the straight channels.

3.5 Conclusions

The presence of two diffusion pathways for aromatic molecules in ZSM5 has been
established. This was possible through rigorous exclusion of potential artifacts resulting
from the presence of discrete particle size distributions or heat effects. The manifestation

of two pathways increases with increasing aspect ratio of the aromatic molecule and
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increasing size of the zeolite crystals. It should be emphasized that the importance of
these processes may be absent for particles below 100 nm diameter, because under such

conditions the relative transport steps at the external surface may begin to dominate.

The presence of two separate diffusion pathways is attributed to the sterically con-
strained reorientation of toluene and p-xylene. Energetically and entropically unfavorable
rotational motions are required to switch from one channel system to the other. The
transport in the straight channels is faster for all three molecules and most likely constant
for all molecules having the same minimum kinetic diameter. The slower transport
through the sinusoidal channels is attributed to the larger fraction of unsuccessful col-
lisions necessary to change the direction at the intersections. This larger number of
collisions is also concluded to be associated with a higher concentration of molecules
oriented towards the sinusoidal channels. The heat of adsorption for the orientation of
the molecules oriented towards the sinusoidal channel may be higher as inferred from
the somewhat higher energy of activation for diffusion, while the low pre-exponential
factor for the latter process is in line with the expected frequent collisions in order to
be able to change directions, when diffusing in the sinusoidal channel. The increasing
importance of the diffusion pathway in the sinusoidal channel with increasing aspect
ratio of the aromatic molecule is attributed to a retardation of a fraction of molecules

being transported in the straight channel.

The results presented establish for the first time unequivocally the role of anisotropic
transport in MFI zeolites suggesting that a minimum size of crystals is required for the
anisotropy to manifest. Moreover, this further indicates rigorously that molecular traffic
control, as envisaged by Derouane and Gabelica (Derouane and Gabelica, 1980), can be
experimentally realized for molecules with a diameter of gyration exceeding the space

available for a free rotation at the intersections of molecular sieves.
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Abstract The diffusion of alkyl-substituted aromatic molecules in two H-ZSM-5 sam-
ples consisting of very small (< 100 nm) and large (~3-4 pm) primary particles was
investigated by means of the frequency response method. Analysis of the experimental
data in combination with the theoretical modeling of the complete transport network
shows that the details of the transport processes and the rate determining step depend on
the particle size. With large particles, intracrystalline diffusion was rate determining for
the overall diffusion, while for the small particles the diffusion was controlled by surface

effects.
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4.1 Introduction

The fundamental understanding of the catalytic and sorptive processes in microporous
materials is essential for the development and tailoring of next generation materials (Davis,
2002). The overall mass transfer from the gas phase into the porous particle is generally
influenced by a series of elementary steps (Jentys et al., 2005, Reitmeier et al., 2008). In
particular, these are (i) sorption of the molecule at the outer particle surface, described
by the sticking probability, (ii) entering into the pore, and (iii) intracrystalline diffusion
processes. The mutual relation of these elementary processes subtly determines the
overall transport process and it has been unclear whether or not a single rate determining
step exists. Intracrystalline diffusion can be assumed to be rate determining, if the
intracrystalline diffusivity D is not a function of the particle size or the characteristic
length of diffusion L as the time constant of diffusion (L?/D) is directly proportional
to L2. Thus, a series of identical materials with different particle sizes allows verifying
this situation. If this is not the case, surface adsorption or pore entering might be other

potentially rate limiting steps.

Among the zeolites industrially used in large scale, H-ZSM-5 (MFI structure) (Koko-
tailo et al., 1978, Olson et al., 1981) is a key component in many catalytic and separation
processes (Corma, 1995). In the previous chapter (Gobin et al., 2009a) the intracrys-
talline diffusion of methyl substituted aromatic compounds in ZSM-5 was correlated to its
complex crystal structure. The frequency response experiments showed a broadening of
the characteristic functions with increasing degree of methyl substitution of the aromatic
compounds studied, i.e., benzene, toluene, and p-xylene. This broadening is in part due
to a size distribution of the particles in the powder sample and was described accordingly
by a diffusion model including a distribution in the particle size. We concluded, however,
that two kinetic processes, namely two diffusive flows in the straight and sinusoidal chan-
nels ZSM-5 exist leading to anisotropy of the diffusion and to an additional broadening
of the frequency responses as a function of the molecule type. The overall transport from
the gas phase into the bulk of a ZSM-5 particle can, therefore, be described by a series
of consecutive elementary steps including two parallel diffusion processes. In contrast to
this highly differentiating behavior of benzene, toluene, and p-xylene in the pores of large
particles of MFI materials, small MFT crystals with primary crystal size smaller than 100
nm did not show such a differentiation between the aromatic molecules (Reitmeier et al.,
2008).

To resolve this apparent discrepancy, the nature and role of the rate determining
steps for the transport as function of the particle size is addressed in this contribution

combining extensive characterization of the two materials with diffusion studies using the
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frequency response technique. A kinetic model containing all elementary steps involved
in transport of the aromatic molecules from the gas phase to the sites inside the pores is

established via a detailed analysis of the experimental data.

4.2 Experimental section

4.2.1 Materials

Polycrystalline H-ZSM-5 samples with a Si/Al ratio of 45 and a particle size of < 100 nm
and ~3-4 pm were provided by Siid-Chemie AG. For diffusion measurements benzene,
toluene, and p-xylene in spectroscopic grade (GC standard, > 99.96%) provided by
Sigma-Aldrich were used without further purification. The liquids were treated by several

pump-and-freeze cycles to remove gaseous contaminations.

4.2.2 Physicochemical characterization

Nitrogen physisorption isotherms were measured using a PMI automated sorptometer at
liquid nitrogen temperature (77 K), after outgassing under vacuum at 473 K for at least
6 h. The apparent surface area was calculated by applying the Brunauer-Emmett-Teller
(BET) theory to the adsorption isotherms over a relative pressure range from 0.03 to 0.10.
In the typical BET pressure range (p/po = 0.10 to 0.30) the BET plot was not linear with
a negative intercept, i.e., a negative BET K constant. In addition the Langmuir surface
area was obtained by performing a Langmuir plot in the relative pressure range up to 0.10.
The pore volumes were evaluated using the a; comparative plot (Kruk et al., 1998) using
nonporous hydroxylated silica (Gregg and W., 1982) as the reference adsorbent. Because
of the limitations of the PMI instrument, the isotherms were measured at relative partial

pressures higher than 1075 p/pg

Dynamic light scattering (DLS) measurements were performed on a Malvern Zetasizer
Nano ZS. The samples were dispersed in water and kept in an ultrasonic bath prior to
the measurements that were repeated at different concentrations several times. Scanning
electron microscopy (SEM) images were recorded on a REM JEOL 5900 LV microscope
operating at 25 kV with a resolution of 5 nm and a nominal magnification of 3.0-10°. The
morphology of the samples was studied using an ultrahigh resolution cold field emission
scanning electron microscope (HR-SEM) operated at 1.5 to 30 kV (Hitachi S-5500). For
SEM, the powdered samples were used without any pretreatment or coating. Transmission

electron microscopy (TEM) was measured on a JEOL-2011 electron microscope operating
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at 200 kV. Prior to the measurements, the powdered samples were suspended in ethanol
solution and dried on a copper-carbon-grid. The X-ray powder diffraction patterns
were measured on a Philips Xpert Pro XRD instrument operating with the energy of
Cu-Ka;-radiation at 40 kV using a Ni-filter to remove the Cu-Kj- line. Data points were
recorded using a spinner system with a 1/4 inch slit mask between 26 angles of 5° to 70°
with a step size of 0.017° and a scan speed of 115 s per step. The characterization of
the acid sites with respect to concentration and distribution was described previously
(Zheng, 2002).

4.2.3 Frequency response experiments

30 mg of powder sample were carefully dispersed on several layers of quartz wool at the
bottom of a quartz tube in order to avoid artifacts from bed-depth effects. The sample
tube was connected to a vacuum system, placed inside a heating oven and pumped to 107
mbar at room temperature. The samples were heated to 823 K with a ramp of 10 K/min
and activated under vacuum below 10~7 mbar for one hour to remove adsorbed water.
The sorbate gases were added with a partial pressure of 0.3 mbar into the system at
temperatures between 333 and 423 K. After the sorption equilibrium was fully established,
the volume of the system was modulated periodically by two magnetically driven plates
sealed with UHV bellows in the frequency range of 0.001 to 5 Hz. The modulation
resulted in a square-wave perturbation of the system volume with an amplitude of 1%.
The pressure response of the system to the volume perturbation was recorded with
an on- line Baratron pressure transducer (MKS 16A11 TCC). The amplitude and the
phase lag of the frequency response were obtained by Fourier transformation of the
pressure data. Nonlinear parameter fitting of the theoretical characteristic functions to
the experimental frequency response was performed by using the CMA evolution strategy
in Matlab (Hansen, 2006). The root mean squared error normalized to the variance of
the data (NRMS error) was used as the objective function to be minimized. To ensure
that the globally optimal parameter set was found, each optimization run was repeated

three times with varying parameter sets of the evolution strategy.

The influence of heat or bed-depth effects was checked by variation of the sample
amount and by the way the sample was placed in the sample tube, i.e., with and without
dispersing the sample on quartz wool. In all cases the same frequency response was
observed and therefore, we can exclude heat or bed-depth effects. In addition, modeling
assuming a non-isothermal diffusion (Sun and Bourdin, 1993, Sun et al., 1993) where
the time constant of heat transfer is in the same order as for the diffusion process was

carried out for all data, and the consistency of the parameters was checked. The resulting
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fit was poor in many cases and the obtained time constants were inconsistent, which
gives further confirmation that heat effects are not significant in the present frequency
response experiment under the conditions studied. An experimental error of less than
5% was obtained for the resulting FR parameters by performing the same experiment

several times.

4.2.4 Numerical simulation of the transport network

Numerical simulations were performed in Matlab using the ordinary differential equation
solver with 4" order Runge Kutta time discretization or the state space solution in
Matlab as implemented in the control system toolbox. The frequency response was
obtained in two ways: the first option was to obtain the frequency response by solving the
corresponding linear state space model. In the case of the second option the frequency
response was by obtained applying small fluctuations, i.e., small changes to the initial
conditions, to the set of ordinary differential equations at different frequencies. The
initial conditions for the subsequent frequencies were obtained from the corresponding
previous frequency. Subsequently, the in- and- out-of-phase characteristic functions were
obtained just like the ones during the experimental frequency response measurement.
The advantage of this method compared to the linear state space solution in Matlab is
the possibility to directly solve the non- linear set of differential equations. The difference
in the results, however, is not significant, as implicitly linearization is obtained by only
applying small fluctuations. It is important to note that linearization is essential in order
to obtain a meaningful frequency response. Non-linear frequency responses are dependent
on the size of the fluctuation and may involve higher order frequency components, which
are difficult to quantify. Parameter estimation was performed in all cases using the CMA

evolution strategy in Matlab (Hansen, 2006).

4.3 Results

4.3.1 Particle size and surface morphology
For diffusion studies the precise investigation of the particle size is crucial as the time
constant of diffusion L?/D is directly proportional to the square of the particle size.

Particle size distributions (PSD), i.e., number densities of particles, with a mean
diameter of 0.36 + 0.17 pum for the sample with the small particles and 4.4 + 1.5 ym
for the sample with the large particles were obtained by DLS. The standard deviations
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Figure 4.1: Scanning electron micrographs of the sample with (A) small and (B) large

particles.

were obtained by a Gaussian fit to the DLS data. These two samples are denoted further
on as the small and large crystal sample. In addition, the particle size distribution
was estimated by SEM (Figure 4.1) and by TEM (Figure 4.2). An average diameter
of 0.4 £0.2 pm and 3.9 + 1.2 um was obtained for the two samples by SEM, which
is in acceptable agreement with the results by DLS. In the case of the small crystal
sample, primary crystals of less than 0.1 um were also observed by TEM (see Figure
4.2). In contrast, large and highly crystalline domains can be distinguished for the large
crystal sample. Crystallinity was also checked by XRD (given in the supplementary
information) and in both cases well defined reflections corresponding to the MFI structure
were observed. By application of the Scherrer equation crystalline domains of about
40-50 nm were obtained for the sample with small particles, which is consistent with the
primary crystalline size observed by TEM. For the sample with large particles sharper
reflexes were observed and the application of the Scherrer equation indicates crystalline
domains of about 200 nm. One should note, that the crystalline size obtained by the
Scherrer equation does not necessarily correspond to the particle size, as defects in the

crystals lead as well to a broadening of the XRD reflexes.

The nitrogen physisorption isotherms are shown in Figure 4.3. The amount of Ny
adsorbed in the micropores, determined from the adsorption branch up to a relative
pressure of p/py = 0.2, is identical for both samples, therefore, an identical micropore
volume of 0.12 ¢cm?®/g (and a BET surface area of 420 m?/g) is obtained. Significant
differences can only be seen in the meso- and macrostructure at higher pressures. A small
amount of mesopores with diameters in the range below 4 nm are present in both samples,

in addition, a small fraction of slit shaped mesopores with diameters up to 10> nm
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Figure 4.2: Transmission electron micrographs of the sample with (A) small and (B)

large particles.

were observed for the sample with large particles. The most important differences were
present in the pressure region above p/py > 0.8, which is characteristic for macropores
larger than 30 nm. These pores can be ascribed to the inter-particle voids formed by
agglomeration of the primary particles and are, therefore, predominantly present in
the small crystalline sample. This is consistent with the particle size obtained by DLS
or SEM (360 £ 170 nm) which is significantly larger than the primary particle size by
TEM (< 70 nm). The morphology of the sample, in particular the external surface area,
presents the major difference between the two samples. The structural properties of the

samples are summarized in Table 4.1.

Sa‘mple S BET Vmi Vme Vma S, ext ‘/tot

ng—l CmSg—l Cm3g—1 Cm3g_1 m2g—1 Cm3g_1
small 423 0.12 0.04 0.22 65 0.38
large 421 0.12 0.07 0.03 6 0.22

Table 4.1: Structural properties of the ZSM-5 materials. Sggr is the surface area ac-
cording to the BET theory, and S.y the external surface area. Vi, Vine, Vina,
and Vi, are the micropore, mesopore, macropore, and total pore volume,
respectively, obtained as described in the experimental section by using the ag

comparative plot.
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Figure 4.3: Nitrogen physisorption isotherms for the sample with (A) small and (B) large

particles.

In order to better understand the surface morphology, HR-SEM measurements were
performed and representative images are shown in Figure 4.4. The primary particles of
the large sample, shown in Figure 4.4A and 4.4B, appear to be very rough and composed
of smaller particles in the order of 50 to 100 nm. The question that arises at this point is
if the large particles are agglomerates composed of small particles similar to the particles
of the small crystal sample or if the particles are dense with a highly textured surface.
In Figure 4.4D a representative cross section of a primary particle of the sample with
the large particles is shown, which confirms the well-defined inner core of the primary
particles. Other cross sections or broken pieces of the primary particles are shown in
the supplementary information. From these images, and also based on the particle size
obtained from XRD and on the nitrogen physisorption experiments, it seems highly
unlikely that the primary particles of the large sample are agglomerates as in the case
of the sample with small particles (Figure 4.4C). Therefore, we assume that the large
particles consist of a homogenous core with the size corresponding to the characteristic

length of diffusion.
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Figure 4.4: High resolution scanning electron micrographs for both samples. (A),(B)
show the morphology of the primary particles of the large sample, (C) the
morphology and the primary crystalites of the small sample, and (D) a

representative cut-through of a primary particle of the large sample.
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4.3.2 Transport measurements

The diffusivities of benzene, toluene, and p-xylene at temperatures between 343 and
403 K and the results from the frequency response analysis for the sample with large
and small particles are summarized in Table 4.2 and 4.3, respectively. In the case of
the sample with the small particles intracrystalline diffusion was assumed to be the rate
determining step. For the analysis of the experimental frequency responses a model
assuming a particle size distribution, as described in the previous chapter (Gobin et al.,
2009a), was used. The out-of-phase frequency responses of benzene, toluene, and p-xylene
for both samples at 403 K are compared in Figure 4.5. As already discussed (Gobin
et al., 2009a) a distinct broadening of the frequency responses as a function of the
degree of methyl substitution of the aromatic compounds was observed for the sample
with the large particles, whereas for the sample with the small particles the standard
deviation of the particle diameter (i.e. ~ 0.2um) was the same for the three molecules
studied. In contrast, for the sample with large particles the shape of the FR functions
also varied with the type of molecule. Therefore, two diffusion pathways along the
straight and the sinusoidal channels for aromatic molecules in ZSM-5 (Gobin et al.,
2009a) were proposed, which result from the energetically and entropically unfavorable
rotational motions for sterically more demanding molecules required when switching
between the two channel systems. In addition, the relative contribution of the slow
pathway increases with increasing degree of methyl substitution, i.e., for sterically more
demanding molecules. This is related to two effects, a higher relative concentration of
the molecules oriented along the sinusoidal channel and the retardation of a fraction of
the molecules being transported in the straight channels. These effects are consistent
with earlier FR studies and with simulations (Snurr et al., 1993, 1994, Song et al., 2002,
Song and Rees, 2000), and with the molecular traffic control model of Derouane and
Gabelica (1980) for molecules with a diameter of gyration close or exceeding the space
available for a free rotation at the intersections of molecular sieves. The diffusivities of
the two transport processes in the sample with large particles are summarized in Table
4.4. They were obtained by applying equations 2.45 and 2.46 with n = 2 for a dual

diffusion process. The corresponding figures can be found in the previous chapter.

Comparing the time constants of the transport process obtained for the samples
with small and large particles, it is remarkable to note that the time constants (L?/D)
are in the same order. This can be directly seen from the position of the maximum in
the out-of-phase frequency response in Figure 4.5. As mentioned in the introduction,
this cannot be the case, if in both samples the intracrystalline diffusion was observed.
Assuming the intracrystalline diffusion to be the rate determining step, the diffusivities

as given in Table 4.2 and 4.3 would be obtained. However, the calculated apparent
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Figure 4.5: Out-of-phase frequency responses of benzene, toluene, and p- xylene at 403 K
for the sample with (A) small and (B) large particles. The fits were obtained
using a single diffusion model with a Gaussian particle size distribution and
taking into consideration a surface resistance. The curves are shifted by 0,

0.1, and 0.2, respectively.

T | L?*/D Dapp K | NRMS-Error En

°C s | x 10'° m?/s kJ /mol
benzene 343 | 32.5 3.96 | 0.73 0.26

=1359x107% m || 373 | 17.6 7.34 | 0.46 0.19 23
o=1]212x10"% m || 403 10.0 12.9 1 0.29 0.16
toluene 343 | 58.6 2.20 | 0.89 0.11

L=1]359x10"%m | 373 | 27.7 4.66 | 0.53 0.17 29
o=1]217x10"% m || 403 13.5 9.56 | 0.34 0.16
p-xylene 343 | 132.9 0.97 | 0.77 0.30

=1359x107% m || 373 | 52.0 2.48 | 0.57 0.32 35
o=1232x10"m || 403 214 6.02 | 0.39 0.19

Table 4.2: Transport data and fitting parameters obtained for a theoretical model assum-
ing one apparent diffusion process D,,, with a Gaussian particle distribution

as additional fitting parameter for the sample with small crystals.
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T | L?*/D Dapp K | NRMS-Error En

°C s | x 10'° m?/s kJ /mol
benzene 343 | 62.4 3.09 | 0.84 0.28

L=439x10"%m || 373 | 36.5 5.28 | 0.57 0.21 21
o=1222x10"%m || 403 20.3 9.50 | 0.46 0.17
toluene 343 | 142.8 1.35 | 1.00 0.25

=1439x107% m || 373 | 68.6 2.81 | 0.65 0.32 28
o=1318x10"% m | 403 | 33.1 5.83 | 0.42 0.17
p-xylene 343 | 169.1 1.14 | 0.91 0.26

=1439x107% m || 373 | 78.3 2.46 | 0.78 0.30 29
o=]428x107% m || 403 38.2 5.04 | 0.41 0.35

Table 4.3: Diffusivity data and fitting parameters obtained for a theoretical model assum-
ing one processes with a Gaussian particle distribution as additional fitting

parameter for the sample with large crystals.

diffusivity of the sample with small particles is two orders of magnitude lower compared
to the sample with the large particles. In addition, the apparent activation energies
of the transport process are higher for the sample with small particles (see Table 4.3
and Figure 4.6). This situation in combination with the fact that broadening of the
out-of-phase characteristic functions as a function of the molecule type was not observed
for the sample with small particles is clear evidence that different rate limiting steps in

the transport processes were observed depending on the particle size.

4.4 Discussion

In order to understand the complex transport processes in both samples, a transport
network involving all relevant elementary steps was developed, as shown schematically
in Figure 4.7. It is composed of surface adsorption, pore entering and intracrystalline
diffusion inside the particle. Each transport step was assumed to depend on the relative
occupancy of the corresponding neighbor site, thus, involving non-linear relationships
between each state. The following non-linear set of ordinary differential equations
(summarized as equation 4.1) was developed based on Figure 4.7 and can be used to

describe the transport process in both samples.
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T D, D, Duean | K1 | Ko | NRMS-Error Ea Eas | Eamean
°C | 10 m?/s | 103 m?/s | 10*® m?/s kJ/mol | kJ/mol | kJ/mol
benzene || 343 4.95 0.51 3.30 | 0.56 | 0.33 0.27
373 7.98 1.02 5.82 1 0.40 | 0.18 0.20 17 26 20
403 11.2 2.08 9.02 | 0.35 | 0.11 0.16
toluene 343 4.01 0.40 1.88 | 0.41 | 0.59 0.23
373 7.52 0.98 3.12 | 0.17 | 0.35 0.17 19 27 23
403 11.0 1.49 7.74 | 0.23 | 0.12 0.20
p-xylene || 343 3.90 0.17 1.16 | 0.25 | 0.69 0.24
373 5.65 0.44 2.26 | 0.28 | 0.52 0.28 20 27 25
403 10.9 0.93 3.85 | 0.12 | 0.29 0.33

Table 4.4: Diffusivity data and additional fitting parameters obtained for a theoretical

model assuming two processes with a constant Gaussian particle distribution

of 1.49 x 107% m for the sample with large crystals.
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Figure 4.6: Arrhenius plots of the apparent diffusivities for the sample with (A) small

and (B) large particles. It is assumed, that in both cases the intracrystalline

diffusion is the rate determining step.
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Figure 4.7: Schematic representation of the complete transport process from the gas
phase (A), onto the particle surface (B), into the ZSM-5 pore sytem (C),
and inside the particle (D). The two diffusion pathways through the straight
and sinusoidial channels are represented by D; and D,, the rate constants
for each elementary step by k.
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where p and ¢; correspond to the pressure and concentration of the corresponding state 1,
k1,-1 to the rate constants for adsorption, ks/_s to the rate constants for pore entering
and D,,/L? to the intracrystalline diffusion processes.[pic]is the total number of sites and
6; the fractional coverage of the corresponding site i. dpay is the total number of all sites
(B,C, Dy and D,). For small fluctuations, i.e., after linearization, higher order terms
are small and can be neglected. State B represents the concentration on the particle
surface, state C' the concentration in the ZSM-5 structure just below the surface, and
state D the concentration at the center of the particle. The most important simplification
of the transport network is the modeling of the intracrystalline diffusion assuming a
first-order kinetic process. Analytical solutions of the 2"¢ Ficks law are generally series
of exponential functions, however, by neglecting all higher order terms, an exponential

decay is obtained, which can be modeled by a first order kinetic process.
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Figure 4.8: Simulated out-of-phase characteristic functions of a system, where the time
constants for the diffusion processes were varied over a range from D;/L* =
0.001 s~! to 10 s'. D; corresponds to the fast diffusion process. The second
diffusion process Dy was set to 0.1 - D;.The adsorption and pore entering
kinetics, as well as the number of sites, were kept constant (k; = 10 s™,
k_1 =10000 s71, ky = k_o =0.5s71).

Figure 4.8 shows a series of computed out-of-phase characteristic functions for a
system where the time constants for the diffusion processes were varied over four orders of

magnitude, thus, simulating the behavior of a series of samples with varying characteristic
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diffusion length. The adsorption and pore entering kinetics, as well as the number of
sites, were kept constant (k; = 10 s7% & — 1 = 10000 s7%, ky = k_5 = 0.5 s7!) and set to
values which are close to the one we expect from the experiments conducted. The initial
adsorption was considered to be fast compared to the pore entering. Two diffusive flows
with diffusivities differing by one magnitude are assumed to be present, as suggested by
the experimental results obtained for the diffusion of p-xylene in the sample with large
particles. One can clearly see in Figure 4.8 that two distinct peaks at low frequencies are
present, if the rate of diffusion is small compared to the one of pore entering. In addition,
a distinct peak related to the pore entering kinetics is visible at high frequencies. By
gradually decreasing the particle size the rate of diffusion of both diffusive flows increases
and leads to a shift of the peaks in the frequency response to higher frequencies and to a
narrowing of the out-of-phase function of the frequency response. A further decrease of
the particle size yields in a faster rate of diffusion compared to the pore entering and
consequently only one kinetic process is visible. Unexpectedly, this process lies at lower
frequencies compared to the rate of pore entering. This series shows clearly the relation
between the internal and the external transport kinetics. In the case of the sample with
small particles, the rate of diffusion is much higher than the one of pore entering, which
becomes the rate limiting step and consequently only one kinetic process can be observed
in the frequency response. The shift of the process to slightly lower frequencies compared
to the mere pore entering is attributed the presence of the forward and backward steps
(microscopic reversibility). If the rate of diffusion is fast compared to the pore entering,
the concentration at state C' (Figure 4.7) is low which leads to a decreased backward rate.
In contrast, if the rate of diffusion is low, the concentration at state C' is high leading to
a higher backward rate and to a shift of the pore entering peak in the frequency response
to higher frequencies. This shows the complexity of such a system, in which the rates of
a single elementary step are directly related to the kinetics of the preceding or succeeding
steps. The model, however, explains why only one peak in the frequency response can
be seen in the case of a very fast diffusion process due to small particles, although two

intracrystalline diffusive flows which differ by one magnitude are still present.

Slow diffusion processes or, correspondingly, large particles, lead to a lower diffusion
rate compared to the pore entering process. Therefore, the diffusion process becomes the
rate limiting step and is apparent in the frequency responses. This situation is perfectly
in line with the results observed for the substituted aromatic compounds in the two
samples and is also consistent with previous findings (Mirth et al., 1993, Muller et al.,
1994). It also explains why the observed activation energy of the process is higher for
the small sample, for which the observed kinetic process is dominated by adsorption and

pore entering and not intracrystalline diffusion.
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Recent studies (Tzoulaki et al., 2008a,b, 2009) have shown that surface barriers are
observable on many microporous materials including ZSM-5. Molecules from the gas
phase have to overcome these barriers on the crystal boundary in order to enter the
pore system. In the case of very small particles, the transport is governed by surface
effects, including surface barriers. It is interesting to note that the activation energy of
the transport process obtained for the sample with small particles is higher than the one
of the sample with large particles, where the transport is governed by intracrystalline
diffusion. In our recent findings on surface effects (Jentys et al., 2007, Reitmeier et al.,
2008, 2009a), we attributed surface barriers to entropic effects, such as the reorientation
of the molecules required to surpass the surface boundary layer. Higher activation energy
for the sample with small particles, however, would suggest an enthalpic nature of these
barriers, which is not in agreement with our previous results. We therefore suggest, that
the higher activation energy is related to a higher sorption enthalpy on the surface due

to a larger concentration of surface defect sites in the case of the sample with small

particles.
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Figure 4.9: Simulated characteristic functions of a system, where the time constants for
the diffusion processes were fast, i.e., D;/L? = 100 s, compared to the
adsorption and pore entering kinetics (ks = k_5 = 0.5 s7!). Only the number
of pore entering sites was varied from 3% to 83% relative to the total number

of site.

In order to better understand the transport in the samples investigated in this work, in
addition to the variation of the rate constants, the weighting of the relative contributions
of each state by varying the number of sites o has to be also considered. A faster internal
diffusion rate compared to the pore entering step leads to a convolution of the transport

mechanisms resulting in a single peak in the frequency response. This peak slightly shifts
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to lower frequencies compared to the peak resulting from the pore entering as shown in
Figure 4.8. As udiscussed in the previous paragraph the shift is due to a decreased rate at
state C'. A series of frequency responses computed by changing the relative contribution
of the diffusion and of the pore entering process assuming a fast internal diffusion while
maintaining the rate constants of each step constant is shown in Figure 4.9. In all cases
only the pore entering step is visible in the frequency response. In the case of a more
pronounced pore entering process, the in- and out-of-phase functions are overlapping as
typically observed for a mere adsorptive system (Yasuda, 1994a). This effect can also be

reproduced by changing the relative contribution of intracrystalline diffusion and pore

entering.
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Figure 4.10: Simulated characteristic functions of a system, where the contribution for
the diffusion processes was varied from 0% to 100% relative to each other
(D;/L*=0.1s"1and D;/L* = 0.01 s7'). The adsorption and pore entering
kinetics, as well as the number of sites, were kept constant (k; = 10 s™!,
k_1 =10000 s, ky = k_o =0.5s71).

A second effect can be explained by variation of the relative contribution of the
kinetic processes. In all cases depicted in Figure 4.8, the peak at higher frequencies
resulting from the faster diffusion process was more pronounced compared to the diffusion
peak at lower frequencies. In contrast, however, the experimental frequency responses
obtained for the sample with large particles always show a more pronounced peak at
lower frequencies as can be seen in Figure 4.5. As discussed by in the previous chaper
(Gobin et al., 2009a) and confirmed by the results of this work, the fraction of the
molecules in the straight channels is transported with the same low rate as the molecules
blocking these channels during the reorientation, which leads to a more pronounced

low frequency process. In the proposed model in this work, this can be described by
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changing the relative contribution of each diffusion pathway, as shown in Figure 4.10,
where a series of out-of-phase frequency responses was calculated by only varying the
relative number of sites of the two diffusive flows. In this case the number of sites can
be regarded as weighting factors related to the number of molecules involved in the
transport at the corresponding rate and a clear transition between the diffusive flows
can be observed. Similar to the previous case where the rates were varied (see Figure
4.8), the process related to pore entering (i.e., the peak at higher frequencies in the
frequency response) becomes apparent, when the slow diffusion process dominates, due

to the stronger separation of the kinetic processes in the frequency response.
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Figure 4.11: Comparison of experimental (A/B/C/D) and simulated (a/b/c/d) character-
istic functions of benzene (A/B, a/b) and p-xylene (C/D, ¢/d) in the sample
with small (A/C, a/c) and large (B/D, b/d) particles. The parameters for
the simulations were chosen according to the experimental data obtained in
several previous studies. Only the contribution of pore entering and diffusion
processes was varied relative to each other. Particle size effects were not

considered.

To validate the observed results and the conclusions made herein, the model was
directly used to describe the experimental frequency responses. One should note that a
direct fitting of the experimental data is not reasonable, as the number of parameters
is too high and different parameter sets may produce similar results. We, therefore,
followed a different strategy in order to verify the results using the theoretical model.
The experimental parameters obtained using various experiments (Jentys et al., 2007,
Reitmeier et al., 2008, 2009a) were directly taken and incorporated into the model. In
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addition, reasonable choices for inaccessible parameters and some simplifications were
made. All the steps were assumed to be in equilibrium except the initial adsorption
at the surface. The adsorption was considered to be fast with a considerably higher
rate for the desorption, which is in line with the low sticking probability previously
observed (Reitmeier et al., 2008). The rate constants of the pore entering were obtained
from infrared (IR) pressure step experiments as previously reported. Using variations in
coverage determined by IR spectroscopy it is possible to directly investigate surface effects
and to differentiate between the various sites present in the acidic H-ZSM-5 samples. The
intracrystalline diffusion constants were obtained from the frequency response experiments
on the sample with large particles. The time constants of diffusion for both samples
were calculated assuming that the intracrystalline diffusion is the same for both samples
by using the corresponding characteristic length. These values are consistent with the
one obtained using the diffusivities reported in the literature (Ruthven, 2007a) and are
summarized in Table 4.5. The density of sites or the contribution of the kinetic process
were used as normalized scaling parameters and only varied relative to each other. They
can be regarded as fitting parameters in order to describe the previously discussed effects.
The results of the simulations are directly compared to the experimental results in Figure
4.12 and in Figure 4.11 in the supplementary information. Figure 4.11 shows the same

results as Figure 4.12 | however, without incorporation of particle size effects.

adsorbate | sample pore entering diffusion 1 diffusion 2

k | contribution | D;/L? | contribution D5/L? | contribution
benzene small 0.5 57! 67% | 100 s—! 33% - -
p-xylene | small 0.5 57! 44% | 100 s—1 22% 10 s71 33%
benzene large 0.5 st 44% | 0.05 s~ 1 56% - -
p-xylene | large 0.5 s ¢ 33% | 0.05 s~1 22% | 0.005 s~! 44%

Table 4.5: Simulation parameters used in order to reproduce the experimental frequency

responses shown in Figure 4.5 and 4.12.

The main features of the experimental results can be reproduced very well using
this kinetic model. Only one peak is present for the sample with small particles, which
slightly shifts as a function of the molecule type, exactly as observed experimentally.
For benzene in the sample with large particles also only one peak can be seen, however,
located at lower frequencies as the peak for the small sample. For p-xylene two diffusion
peaks become apparent and lead to a stronger broadening of the frequency response
compared to benzene. The results are in all cases similar to the frequency response
experimentally observed. This is remarkable, as the only parameters which were adjusted

were the relative contribution of the transport processes and the total number of sites.
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Figure 4.12: Comparison of experimental (circle) and simulated (square) characteristic
functions of benzene (A/B) and p-xylene (C/D) in the sample with small
(A/C) and large (B/D) particles. The parameters for the simulations were
chosen according to the experimental data obtained in several previous
studies, including the variance of the particle size distribution. Only the
contribution of pore entering and diffusion processes was varied relative to

each other.
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All other parameters, including the particle size distribution, were directly obtained
from the experimental results. It can be seen, that also the overlapping of the in- and
out-of-phase function can be reproduced. Only for the sample with small particles, the

overlapping is not as pronounced as in the case of the experimental data.

Overlapping of the characteristic functions can be attributed to two effects, which
cannot be differentiated as both lead to exactly identical characteristic functions. First,
an overlapping is observed in the case of an adsorptive system, where the contribution of
external surface adsorption is high or in the same order as the intracrystalline diffusion
(Yasuda, 1991). Second, an overlapping is also observed in the case of macropore
diffusion (Jordi and Do, 1993, Sun et al., 1994). In the case of the small sample, a
significant contribution of macropore diffusion is present. As macropore diffusion was
not implemented in the theoretical model, the overlapping cannot be described perfectly.
In contrast, in the case of the sample with large particles, a lower amount of macropores
are present as can be seen in the isotherms in Figure 4.3, and the theoretical model is

able to describe precisely the observed effects.

Based on the results and the discussions above, a major general conclusion with
respect to the measurement of diffusivities by macroscopic methods can be made. If the
time constant of the diffusion process is small, i.e., a fast diffusion or small particles,
a macroscopic method will not be able to measure the mere diffusion, but a complex
interplay between surface adsorption, pore entering, and intracrystalline diffusion. This
situation still holds, even if the accuracy and time resolution of the apparatus is very
high, as for instance in the case of a hypothetical frequency response apparatus able
to perform high quality pressure perturbations at high frequencies up to 100 Hz. We
conclude, therefore, that independently of the macroscopic method, intracrystalline
diffusion can be only measured, if the time constants are distinctly larger than the one
of the surface processes. For zeolitic systems, we have shown that the time constants of
surface processes are in the order of 1s, therefore, it is suggested, that the diffusion time
constant L?/D must be at least one magnitude larger, i.e. > 10 s. This is for instance
the case for benzene diffusion in ZSM-5 (D =~ 107! m?/s) composed of particles of at
least 1-2 pm, or for o-xylene in ZSM-5 (D ~ 107'% - 107" m?/s) (Klemm and Emig,
1997) for particles in the nanometer range (10 - 100 nm). A faster diffusion process
or smaller particles will lead to a complex and practically inseparable convolution of

multiple kinetic processes masking the intracrystalline diffusion.
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4.5 Conclusions

A new model based on frequency response kinetics, able to describe the complex relation
between surface transport and diffusion, is proposed. In ZSM-5 samples composed
of primary particles below 100 nm the transport of benzene, toluene, and p-xylene is
governed by the rate of surface adsorption and pore entering. Diffusion processes cannot
be investigated under these conditions, as the rate of diffusion is considerably higher
than the one of the surface processes. Although being fast, the diffusion processes still
influences the overall transport in a subtle way. In contrast, in particles larger than
1 pm, the diffusion process becomes apparent. Two diffusion pathways for aromatic
molecules in ZSM-5 are present, leading to diffusion anisotropy in ZSM-5 for sterically

more demanding aromatic molecules.

For any system composed of nano-sized particles, we suggest that a complete descrip-
tion of the transport processes requires knowledge of the intrinsic transport properties,
i.e., elementary steps and rate constants, in order to understand the complex inter-
play of these transport mechanisms. Any interpretation of the results obtained from a
macroscopic method for measuring intracrystalline diffusion without knowledge of these
intrinsic properties will suffer from the limitation that the rates of the intracrystalline
diffusion processes have to be considerably lower than the ones of the surface adsorption
and pore entering. If this is not the case, the intracrystalline diffusion will be masked

and only separable from the other kinetic processes if the intrinsic properties are known.
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5 Role of the surface modification on the
transport of hexane isomers in ZSM)5

This chapter was published in the Journal of Physical Chemistry C as research article:

Role of the surface modification on the transport of hexane isomers in ZSM5
Oliver C. Gobin, Stephan J. Reitmeier, Andreas Jentys, and Johannes A. Lercher J.
Phys. Chem. C; 2011; 115(4), pp 1171-1179

Unmodified Modified

Abstract The role of the surface modification on the transport properties of nano-
sized ZSM-5 particles was investigated by the analysis of the sorption kinetics of hexane
isomers. The rate of diffusion is enhanced by this modification, if the initial adsorption
is the limiting step, i.e., for n- hexane, 2-methylpentane, 3-methylpentane. If the
intracrystalline transport is the rate determining step, i.e., for 2,2-dimethylbutane, the
surface modification leads to a significantly decreased sorption rate. This reduction in the
transport rate is caused by a lower pre-exponential factor, i.e., it is entropically induced.
Due to the surface modification a certain fraction of the pores is completely blocked
for the sterically demanding molecules reducing the probability of entering the pores.
The results show that surface modification of microporous materials allows selectively

enhancing or decreasing the transport rate of defined systems.
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5.1 Introduction

Recent studies have shown that surface effects may strongly influence molecular transport
and shape selectivity of zeolites and in particular of ZSM-5 (Kortunov et al., 2004,
Reitmeier et al., 2009b,c, Wloch, 2003, Zhang et al., 2009, Zheng et al., 2006). The
nature of these surface modifications and their impact on the transport rates is, however,
only partially understood. The sorption rate is enhanced for samples composed of
very small particles, which are surface modified with tetraethyl orthosilicate (TEOS)
using chemical liquid deposition (Reitmeier et al., 2009a,b). In contrast, physical vapor
deposition of differently sized silica sources showed a negative effect on the sorption
rates (Chmelik et al., 2007). The properties of the surface can only be characterized
by macroscopic transport experiments, if the rate determining steps are either the
surface adsorption or the pore entering step. In other words, the overall rate constant
of intracrystalline diffusion has to be fast compared to the overall rate constant of the
surface kinetics. As reported in a recent contribution by Gobin et al. (2009b), the analysis
of systems, in which all involved steps are kinetically significant is possible, however, it

requires additional information on transport properties.

In several recent publications (Reitmeier et al., 2009a,b, Zheng et al., 2003) we
reported and discussed the effects of surface modification of ZSM-5 by chemical liquid
deposition of TEOS on the transport properties of aromatic molecules, i.e., benzene,
toluene, and p-xylene. For benzene and toluene, the sticking coefficient increased after
applying a surface layer leading to faster transport to acid sites in the pores in the
modified materials (Reitmeier et al., 2009b). This specificity of the impact of the surface
modification depends on the structure of the surface that influences the rate of the initial
sorption of the molecules from the gas phase, i.e., the first elementary steps in the kinetic
network of diffusion (Gobin et al., 2009a, Reitmeier et al., 2009a,b) and the reorientation
of the molecules in the surface layer. Both effects enhance the sticking probability due to
the larger pore openings compared to the parent ZSM-5 pores. The facile reorientation
of molecules in the surface layer and enhances their access into the zeolite pore system
(Reitmeier et al., 2009a). A kinetic transport model composed of gas phase adsorption,
pore entering, and intracrystalline diffusion allowed us to verify the presence and to

quantify the rates of these steps (Reitmeier et al., 2009b).

In this study, the transport of hexane isomers is investigated with these parent and
surface modified materials. Compared to the diffusion of benzene, toluene, and p-xylene
two major differences are evident, i.e., hexane isomers are more flexible and their critical
molecule diameter changes significantly from n-hexane to 2,2-dimethylbutane. Relevant

molecular dimensions of the molecules such as the length of the molecules and their
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critical diameter are given in Table 5.1 (Cavalcante and Ruthven, 1995). The critical
diameter is defined here as the diameter of the smallest cylinder that circumscribes the
molecule considering the van der Waals radii. It can be seen that this diameter increases
from 0.43 nm for n-hexane to 0.63 nm for 2,2- dimethylbutane resulting in a dramatic
change of the transport properties. Note that the critical diameter is independent of
the length of the main carbon chain and depends only on the methyl substitution of the

main carbon chain.

Compound Abbrev. || crit. diameter | length

nm nm
n-hexane nH 0.43 1.07
2-methylpentane 2MP 0.54 0.94
3-methylpentane 3MP 0.54 0.94
2,3-dimethylbutane | 23DMB 0.58 0.81
2,2-dimethylbutane | 22DMB 0.63 0.81

Table 5.1: Dimensions of the hexane isomers used as sorbates (in nm) in this study. The
critical diameter is the diameter of the smallest cylinder that circumscribes the
molecules. All values were estimated based on bond angles and bond length

using van der Waals radii for the outer atoms (Cavalcante and Ruthven, 1995).

ZSM-5 is composed of two interconnected pore systems, one with straight channels
with a diameter of about 0.53 x 0.56 nm, and the other with slightly smaller sinusoidal
channels with a diameter of 0.51 x 0.55 nm. Though the pore size of ZSM-5 is smaller
than the critical diameter of 2,2-dimethylbutane it diffuses and adsorbs in ZSM-5. This
can be explained by the fact that both diameters are calculated from van der Waals radii
and are, hence, not rigid parameters. Additionally, the zeolite lattice is flexible and can
be distorted in the process of sorbing molecules (van Koningsveld and Jansen, 1996) or

expanded as a function of the temperature (Webster et al., 1999).

Herein, we are reporting the transport properties of iso-hexane molecules in nano-sized
H-ZSM-5 particles with and without modification of the outer surface. The results are
compared to the recently reported transport measurements of aromatic compounds in
the same type of materials (Gobin et al., 2009a,b, Reitmeier et al., 2009a,b).
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5.2 Experimental section

5.2.1 Materials

As parent material, a commercial, polycrystalline H-ZSM-5 sample with a Si/Al ratio of
45 was used. The particle size and morphology was investigated using several techniques.
Dynamic light scattering (DLS) and scanning electron microscopy (SEM) showed that the
sample was composed of larger agglomerates with a mean diameter of 0.36 £0.17 gm. The
primary particle size, i.e., the size relevant for the interpretation of transport experiments,
was found to be below 100 nm by transmission electron microscopy (TEM) and X-ray
diffraction (XRD) (Gobin et al., 2009b). Post-synthetic modification of the external zeolite
surface was performed by chemical liquid deposition (CVD) of tetraethyl orthosilicate
(TEOS) according to Zheng et al. (Zheng, 2002, Zheng et al., 2003). Typically, 1.5 ml
TEOS (4 wt% SiO2) and 10 g zeolite were dispersed in 164.50 g hexane and heated
at 353 K under reflux for one hour. Afterwards hexane was evaporated in a rotary
evaporator. The resulting powder sample was dried before calcination at 823 K for at
least 8 h. This procedure was repeated three times, resulting in an amorphous silica layer
of about 3 nm. For transport measurement n-hexane (nH), 2-methylpentane (2MP), 3-
methylpentane (3MP), 2,3-dimethylbutane (23DMB), and 2,2-dimethylbutane (22DMB)
in spectroscopic grade (GC standard, > 99.96%) provided by Sigma- Aldrich were used
without further purification. The liquids were treated by several pump-and-freeze cycles

to remove gaseous contaminations.

5.2.2 Physicochemical characterization

Nitrogen physisorption isotherms were measured using a PMI automated sorptometer at
liquid nitrogen temperature (77 K), after outgassing under vacuum at 473 K for at least
6 h. The apparent surface area was calculated by applying the Brunauer-Emmett-Teller
(BET) theory to the adsorption isotherms over a relative pressure range from 0.03 to
0.10 p/po. In the typical BET pressure range (p/po = 0.10 to 0.30) the BET plot was
not linear with a negative intercept, i.e., a negative BET K constant. In addition the
Langmuir surface area was obtained by performing a Langmuir plot in the relative pressure
range up to 0.10 p/po. The pore volumes were evaluated using the a,; comparative plot
(Kruk et al., 1998) using nonporous hydroxylated silica (Gregg and W., 1982) as the
reference adsorbent. Because of the limitations of the PMI instrument, the isotherms
were measured at relative partial pressures higher than 1075 p/py. DLS measurements
were performed on a Malvern Zetasizer Nano ZS. The sample was dispersed in water and

kept in an ultrasonic bath prior to the measurements that were repeated at different
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concentrations several times. SEM images were recorded on a REM JEOL 5900 LV
microscope operating at 25 kV with a resolution of 5 nm and a nominal magnification of
3.0 x 10°. The morphology of the samples was studied using an ultrahigh resolution cold
field emission scanning electron microscope (HR-SEM) operated at 1.5 to 30 kV (Hitachi
S-5500). For SEM, the powdered samples were used without any pretreatment or coating.
TEM was measured on a JEOL-2011 electron microscope operating at 200 kV. Prior to
the measurements, the powdered samples were suspended in ethanol solution and dried
on a copper-carbon-grid. The X-ray powder diffraction patterns were measured on a
Philips Xpert Pro XRD instrument operating with the energy of Cu-Ka;-radiation at
40 kV using a Ni-filter to remove the Cu-Kg-line. Data points were recorded using a
spinner system with a quarter inch slit mask between 260 angles of 5° to 70° with a step
size of 0.017° and a scan speed of 115 s per step. The characterization of the acid sites

with respect to concentration and distribution was described previously (Zheng, 2002).

5.2.3 Gravimetric sorption and uptake experiments

The gravimetric sorption capacities of the molecules as well as the slow transport kinetics
of 2,2-dimethylbutane were measured on a Setaram TG-DSC 111 thermoanalyzer. In
order to avoid bed depth and thermal effects a low amount of powder sample ( 10 mg)
was dispersed in quartz wool. Activation was performed at 823 K for 1 h with a heating
rate of 10 K min~* under vacuum (p < 10~7 mbar). The weight increase and the thermal
flux were measured during equilibration with the sorbate at 343, 373, and 403 K using
small pressure steps up to 13 mbar. The heats of adsorption were directly obtained
by integration of the observed heat signal, whereas the entropies of adsorption were
calculated using the Gibbs-Helmholtz equation. Uptake curves were normalized and

analyzed using a 1D diffusion model (Crank, 1979).

5.2.4 Infrared spectoscopy

Experimental Setup: A high vacuum system equipped with a system for periodic volume
modulation was combined with a Bruker IFS 66 v/S infrared spectrometer using a vacuum
cell for infrared spectroscopic measurements in transmission mode. The sorbate partial
pressures were measured by a MKS Baratron (MKS 616A11) pressure transducer. For
fast time-resolved rapid scan experiments periodic volume modulations with an amplitude
of 0V = £5% were generated by a pair of flexible UHV bellows and synchronized with
the recording of the infrared spectra (Jentys et al., 2005). These small variations of

the system volume are necessary to exclude adiabatic effects due to local exothermicity
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otherwise interfering with the transport kinetics of the sorbate. A complete description
of the full instrumental setup and the measurement principle of the fast-time resolved
infrared spectroscopy is published elsewhere in detail (Jentys et al., 2005, Zheng et al.,
2004).

Sample preparation and activation: The powdered zeolite samples were pressed into
self-supporting wafers («~20 mg cm~2) and subsequently inserted into a gold ring sample
holder inside a vacuum IR cell. Preliminary evacuation below 10~° mbar at 403 K for
several hours was followed by activation under vacuum below 10~7 mbar at 823 K for 1
h using an incremental heating rate of 5 K min~! before sorbate gas was added. The
IR spectra were recorded with a resolution of 4.0 cm™! for sorption and 8.0 cm™! for

transport experiments at a temperature of 343 K.

Fast time-resolved infrared spectroscopy: Sorbate gas was added with partial pressure
of 0.10 mbar at 343 K. A series of 100 IR spectra with time resolution of 600 ms was
recorded during 400 modulation cycles. The resulting data was processed according to
Jentys et al. (Jentys et al., 2005, 2006). In order to verify that system non-idealities do
not influence the measurements, so called blank or empty measurements were performed
in addition. It was found, that that the influence of the system non-idealities on the

measurement is only minor and does not influence the quantitative results.

In order to directly compare the surface coverage of the adsorbed species all spectra
were baseline corrected and normalized to the integral of the overtone lattice vibration
bands between 2105 and 1740 cm ™! of the IR spectra of the activated H-ZSM-5 samples.
Quantification of the sorbate concentration changes was obtained by integration of the
characteristic C-H and C-C stretching vibrational bands (1406 - 1506 cm™! for C-C and
2740 - 3020 cm™! for C-H) assuming a constant molar extinction coefficient obtained
by gravimetric equilibrium measurements. Herein, for the surface modified sample, the
data was corrected by the mass of the non-adsorbing surface overlayer (12 wt% SiOs).
The concentration change after reaching equilibrium AC,q and the characteristic time
constant of the sorption 7 was obtained according to Jentys et al. (Jentys et al., 2005,
2006) by fitting the concentration profiles with first-order exponential functions as given

for the adsorption and for the desorption in equation 5.1 and 5.2:
—t
Ac(t) = Ace- [1 — exp (—)} Vo<t<t,/2 (5.1)
T
t—1t,/2
Ac(t) = Aceq-exp (——M) Vi, 2 <t<t, (5.2)
T

Herein ¢, denotes the time period of the modulation cycle. The initial sorption rate

is given by equation 5.3:

CAAC() | Ace

,
dt T

(5.3)
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5.2.5 Calculation of sticking probabilities on zeolites

The sticking probabilities a of the sorbate molecules were calculated according to Equation
5.4, which was derived in detail in our previous studies (Reitmeier et al., 2009c¢).
47 R-T

- Na-(p2—p1)

a (5.4)

Herein u denotes the mean gas velocity of the sorbate molecule in the gas phase, p; the
pressure limits within the volume modulation cycle during in-situ infrared spectroscopy,
r the initial rate defined in equation 5.3, Ny the Avogadros number, T' the temperature

and R the general gas constant.

5.2.6 Theoretical calculations

Density functional theory (DFT) calculations of the sorbate molecules were performed in
Gaussian 03 using the B3LYP32 exchange-correlation functional together with the 6-31G
basis set. Additional parameters were Opt=CalcFC and Pop=Minimal.

5.3 Results

The parent sample is a polycrystalline ZSM-5 material with primary crystallites with
diameters of below 100 nm as obtained by analysis of the XRD pattern using the Scherer
equation (for XRD patterns see Figure S1 in the supplementary material). In addition,
TEM indicates the presence of particles with high crystallinity of 50 to 80 nm size, which
is consistent with the results by XRD. Using DLS and SEM it can be seen, that the
primary particles form agglomerates with an average diameter of 0.36 + 0.17um. The
inter-particle void formed by the agglomeration of the primary particles is in the range
of 30 to 50 nm, as obtained by analysis of the nitrogen physisorption isotherm (given
in Figure S2 in the supplementary information). Pore volumes obtained from nitrogen
physisorption are compiled in Table 5.2. After correction of the deposited SiO, amount,
the micropore volume is identical for both parent and surface modified sample. A slight
increase in the mesopore volume with diameters of about 1.5 nm can be observed, which
is related to the sponge like pore structure of the deposited surface overlayer (Reitmeier
et al., 2009a). The modification can be seen by TEM in Figure 5.1 as an amorphous

surface layer with an average thickness of 3.0 nm.

The results from gravimetric equilibrium adsorption experiments are given in Table

5.3. After correction of the mass of the deposited surface layer, the results are identical for
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unmodified

modified:

Figure 5.1: Transmission electron micrographs of (right) the unmodified ZSM-5 and (left)
three-fold modified ZSM-5 sample. The surface layer consisting of amorphous

SiO9 covering the crystalline core is clearly seen (left).

Sample SBET Vini Vine Vina Viot

m’/g | em?’/g | em’/g | cm®/g | em?/g
Parent MFI 423 | 0.121 | 0.0173 | 0.225 | 0.364
Modified MFI 383 | 0.113 | 0.0308 | 0.178 | 0.322
Modified MFI x 112% 429 | 0.127 | 0.0345 | 0.200 | 0.361

Table 5.2: Structural parameters obtained from the analysis of the N2- physisorption
isotherm. The BET surface area Sggr, micropore volume V,;, mesopore
volume V., macropore or interparticle volume V.., and the total pore volume
Viot are given for the parent and the modified sample. In addition, the values
of the modified material after correction of the deposited SiOy amount are
also included.
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Figure 5.2: Gravimetric adsorption isotherms of n-hexane, 2-methylpentane, 3-
methylpentane, and 2,3-dimethylbutane at 343 K.

both samples, as the pores of the surface modification are not adsorbing at these pressures.
The surface modification, therefore, only affects the transient and not the equilibrium of
the sorption properties. The corresponding isotherms at 343 K are shown in Figure 5.2.
Additional isotherms are included in the supporting information. The sorption properties
of the parent and modified sample were also checked by analysis of the IR adsorption
isotherms. Also in this case, after correction of the mass of the non-adsorbing overlayer
pores, the same amount was adsorbed and, therefore, we conclude, that the zeolite pore

system has not been compromised by the surface treatment.

The gravimetric isotherms were measured up to 13 mbar and, thus, a complete filling
of the pore system was not achieved for all isomers. Under these condition, hexane shows
a two step adsorption isotherm that can be modeled by assuming a dual Langmuir model
(Cavalcante and Ruthven, 1995). The isotherms of the single branched isomers 2MP and
3MP as well as of the di-branched isomers can be modeled by a single Langmuir model.
The maximum possible loading for the iso-hexanes as theoretically calculated by 7 is 8
(nH), 7 (2MP), 6.3 (3MP), and 4 (23DMB / 22DMB) molecules per unit cell. Only for
23DMB and 22DMB the maximal loading was achieved at a pressure of 13 mbar (at 343
K). In the case of the single branched molecules (2MP and 3MP) only the first Langmuir

component is visible up to 13 mbar, the second part only becomes apparent at higher
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Sorbate || AH [ AS | ot / bz | K(343 K) | K(373 K) | K(403 K)

kJ/mol | J/mol mmol/g 10% (-) 10% (-) 10% (-)
nH =72 -121 0.65 / 0.57 49.1 5.82 1.24
2MP -70 -121 0.65 24.3 3.97 0.70
3MP -65 -111 0.64 14.2 2.51 0.54
23DMB -64 -113 0.64 7.13 1.22 0.29
22DMB -63 -106 0.65 11.9 2.42 0.54

Table 5.3: Summary of the gravimetric equilibrium data for the sorbates. The equilibrium
constant K of the first Langmuir component and the maximum loadings 0y,
and 0.0 Were obtained by fitting the isotherms with a Langmuir model for

the branched isomers and a dual Langmuir model for n-hexane.

pressures, which is consistent with results reported previously (Cavalcante and Ruthven,
1995, Sommer et al., 2003). In the case of n-hexane, a higher loading with a partial
filling of the second type of sorption sites is already observed at pressures below 13 mbar.
The Langmuir fitting parameters, i.e., maximal loading and equilibrium constants, are
summarized in Table 5.3 together with the enthalpies and entropies of adsorption. As
expected, the heats of adsorption show a slight trend depending on the length of the
main carbon chain. The heat of adsorption of 22DMB is the lowest and close to the one
of n-pentane. The other isomers show values in between. This is attributed to the fact,
that the heat of adsorption is directly related to the strength of dispersive interactions of
the molecule with the zeolite host. The molecules orientate along the walls in order to
maximize the van-der- Waals interactions. n-Hexane has the longest main carbon chain,
and, thus, the interaction with the pore walls is the highest. The other isotherms require
statistically less space on the surface, however, in contrast more space in the pore void.
Thus, the van-der-Waals interactions are lower, resulting in lower enthalpies of adsorption.
In addition, more space is required in the pores, thus, at a given pressure, the loading of
the iso- hexanes is lower than the one of n-hexane. 22DMB can be seen as the extreme
case, for which the maximum loading is significantly lower, as the adsorption only takes
place in the ZSM-5 intersections and a filling of the ZSM-5 channels is energetically
not possible under the tested conditions (Cavalcante and Ruthven, 1995, Sommer et al.,
2003).

An inverse trend can be observed for the entropies of adsorption. n-Hexane loses a
larger fraction of entropy during adsorption than 22DMB. This larger loss of entropy is
associated with the stronger bonding that reduces the residual degrees of freedom. Such

compensation between the enthalpy and entropy of adsorption has also been reported
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for the adsorption of alkanes in other zeolites (Bond et al., 2000, Denayer et al., 1998,
Eder and Lercher, 1997, Eder et al., 1997). From IR isotherms it can be seen, that
the concentration adsorbed on the surface silanol groups is very low compared to the
total number of molecules adsorbed. From both, the IR and gravimetric isotherms at a
pressure of 0.1 mbar, a strong preferential adsorption on the bridging silanol groups was

observed being accompanied by non-specific adsorption in the ZSM-5 pores.

Contrary to the equilibrium experiments, for which effects of the surface modification
were not observed, transient transport experiments showed marked differences between
the parent and the surface modified sample. The time constants from the rapid scan
experiments obtained by integration of the specific SIOHAI IR bands and of the C-C or
C-H IR bands were in all cases the same within the experimental error range. However, in
order to investigate the transport involving all molecules adsorbed in the ZSM-5 lattice,
the results for the C-C or C-H IR bands are reported herein. For both samples, the
uptake of all molecules except 22DMB was very fast with time constants below 10 s. It
is not reasonable to analyze such fast processes by gravimetric analysis as the relaxation
time of the gravimetric system itself is in the range of 1 to 5 s. Therefore, the kinetics
was followed using time resolved infrared spectroscopy. The results for both parent and
modified sample are visualized in Figure 5.3 together with the quantitative evaluation

and the equilibrium loadings at 0.1 mbar in Table 5.4.

Sample | Sorbate T Oeq ACeq Ar
s | molec./UC | umol/g | umol/(g - s)

parent nH 2.32 2.99 4.91 2.11
2MP 4.89 2.60 5.16 1.05

3MP 5.22 2.14 5.92 1.14

23DMB || 6.49 1.53 5.88 0.91

modified | nH 1.42 2.99 4.91 3.45
2MP 1.41 2.60 5.16 3.65

3MP 2.31 2.14 5.92 2.56

23DMB || 7.26 1.53 5.88 0.81

Table 5.4: Time constants 7, loading 0, equilibrium concentration changes AC,,, and

rates Ar of the transport obtained from the IR concentration profiles.

For the parent sample the time constants or the sorption rates were found to vary
in the order nH > 2MP ~ 3MP > 23DMB, whereas for the surface modified sample
the order changes: 2MP ~ nH > 3MP > 23DMB. The rates of the molecules nH, 2MP,

and 3MP were significantly enhanced by the surface modification. Interestingly, 23DMB
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Figure 5.3: Changes in coverage of the C-C IR band at 343 K, for the parent (left)
and modified (right) sample. A volume perturbation of (5% around the
equilibrium pressure of 0.10 mbar was applied.
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showed a slight decrease in the rate. Similar sorption effects were already observed for
aromatic compounds as discussed by Reitmeier et al. in recent publications (Reitmeier
et al., 2009a,b).

1,0 . , . r v T v T
O parent
O modified

Normalized concentration (-)
o
(6]
[

0,0 y r . . . . . . .
0 1000 2000 3000 4000 5000

Time (s)

Figure 5.4: Gravimetric uptake of 2,2-dimethylbutane at 343 K for the parent and
modified ZSM-5 sample.

Figure 5.4 shows the influence of the surface modification on the gravimetric uptake
of 22DMB at 343 K. As the uptake was much slower compared to the other isomers, the
kinetics was measured by gravimetry. A strong decrease in the uptake rate was observed
upon surface modification. Assuming an intracrystalline controlled diffusion process as
the dominant transport mechanism for 22DMB, diffusivities as summarized in Table 5.5
are obtained. For the parent sample, a diffusivity of 1071 to 1072° m? /s was observed,
which is consistent with the literature value of 22DMB diffusion in ZSM-5 (Boulicaut
et al., 1998). For the surface modified sample, a decrease in diffusivity of one order of
magnitude was observed. Interestingly, the activation energies obtained by analyzing
the temperature dependence of the uptake (see Figure 5.5) were found to remain nearly
constant as can be seen in Table 5.5. The pre-exponential factor of the Arrhenius term
shows, however, a pronounced change. This can easily be seen in Figure 5.5 as the slope
of the Arrhenius plots remains nearly constant, whereas the intercept changes by about

half an order of magnitude (see Table 5.5).
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T T D Ea k
K s | 107 m?/s | kJ/mol | 107* s
parent 343 || 34.1 2.94
373 || 8.36 12.0 58 52.5
403 || 1.62 61.6
modified | 343 || 325 0.31
373 || 79.4 1.26 62 1.14
403 || 12.3 8.14

Table 5.5: Time constants 7, diffusivities D, energies of activation FEj,, and pre-
exponential factor k of the Arrhenius term obtained from the gravimetric
uptake of 2,2-dimethylbutane.
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Figure 5.5: Arrhenius plots of the time constants of 2,2-dimethylbutane uptake for the

parent and modified sample.
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5.4 Discussion

From the analysis of the sorption properties, it is obvious that they do not account for
the observed effects. Their interpretation requires the understanding of the steps involved
during the transport of gas phase molecules into the porous particle (Gobin et al., 2009a,
Reitmeier et al., 2009b). This situation is schematically represented in Figure 5.6 for the
unmodified and for the modified zeolite. In particular the steps involved in the transport
from the gas phase (A) to the zeolite (B) are: the sorption of a molecule on the external
surface (a+b), described by the probability that a gas phase molecule is adsorbed on the
external surface of the particle after collision, i.e., the sticking probability, the entering
into the pore (c), and the intracrystalline diffusion (d). For the surface modified zeolite,
in between the gas phase (A) and the zeolite (B) an amorphous layer (C) is present,
changing the properties of the surface and of the subsequent transport steps (e) to (g).

In the series of transport steps, the rate limiting step seems to be shifted from a
situation that is limited by adsorption and pore entering for hexane, 2MP and 3MP to a
situation limited by intracrystalline diffusion in the case of 22DMB. This assumption
can be checked by calculation of the intracrystalline diffusion time constant assuming
a primary particle size of 50 to 100 nm using the corrected vapor phase diffusivities
of nH (5x107! m?/s), 2MP (10713 to 2x107!* m?/s), 3MP (2x10—14 m?/s), 23DMB
(1071 m?/s), and 22DMB (1078 - 1071 m?/s) at 70 °C in ZSM-5 as reported in the
literature by Boulicout et al.31. Diffusion time constants of 1072 to 107! s would be
obtained for nH, 2MP, and 3MP. For 23DMB and 22DMB time constants in the range of
2 to 10 s (23DMB) and 10% to 10* s (22DMB) would be expected. This clearly confirms
the assumption, that the system is adsorption limited for nH and the one-time methyl
substituted alkane molecules 2MP and 3MP. In contrast, for 22DMB the system is limited
by intracrystalline diffusion, while for 23DMB all kinetic steps are of similar rate as the
calculated time constant of intracrystalline diffusion is similar to the one observed by

uptake experiments.

In the following, the effects on systems which are adsorption limited will be discussed
first. Besides nH, 2MP and 3MP also the transport of benzene and toluene as reported
and discussed in several previous studiesl,8 is adsorption limited. The first step of the
kinetic transport network is the sticking of the molecules to the external surface of the
particle, which can be quantified by the sticking probability. The experimentally obtained
sticking probabilities along with theoretical calculations of the moments of inertia, the
rotational partition functions and the derived theoretical sticking probabilities are given
in Table 5.6. Low sticking probabilities in the order of 107% are obtained for all the

hexane isomers. The sticking probability can in general be regarded as the successful
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Unmodified Modified

B

_

Figure 5.6: Scheme illustrating the interconnected sorption and transport pathways on
unmodified (left) compared to surface modified (right) zeolites. For the
unmodified one, gas phase molecules (A) collide and adsorb on the zeolite (B)
surface in a weakly bound physisorbed state (a+b), which is followed by pore
entering (c) and intracrystalline diffusion (d). On modified zeolites, molecules
do not collide with the zeolite surface anymore, but with the amorphous silica
surface overlayer (C) and with a certain probability, they can directly enter
(e) the overlayer porosity. A subsequent step (f) is necessary here to access
the crystalline zeolite core hidden below this overlayer, shown in the TEM
inset. Molecules not trapped onto the surface are instantaneously rejected to
the gas phase (h) (Reitmeier et al., 2009b)
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trapping of the molecules originating from the gas phase into a weakly bound physisorbed
state. As discussed by Reitmeier et al. (Reitmeier et al., 2009¢) four interconnected
factors influence the absolute value of the sticking coefficient «: (1) the degrees of
translational and rotational freedom lost, (2) the initial entropy of the gas phase molecule,
(3) the compensation of the heat of sorption, and (4) the geometrical dimensions of the
molecules that determine the space occupied on the surface. According to van Santen
and Kramer (1995), van Santen and Niemantsverdriet (1995), the observed (apparent)
sticking coefficient is given by the product of the theoretical sticking coefficient o, which
is determined by the first two factors, and the trapping coefficient y, which is determined
by the latter two factors:

a=yx-a? (5.5)

The theoretical sticking coefficient can be theoretically calculated when the rotational
Grot and vibrational ¢y, partition functions of the molecules in the gas phase and adsorbed

on the surface are known:
surf surf

Qrot " vib
Oé# = qgoats i qsgé“f (56)

Herein, the rotational partition function ¢, assuming free rotation around all principal

axes (x,y, z) is given by:
w1 /87T
Qrgot = 5 (T) "V Wlxlyjz (57)

The expression for the theoretical sticking coefficient o given in equation 5.6, already
accounts for the reduction of the translational degrees of freedom, assuming that the
molecule looses one degree of freedom (from three to two) upon sorption (van Santen and
Kramer, 1995). The required moments of inertia for the hexane isomers were calculated
using Gaussian after energy minimization of the structure of the molecule. It is noted,
that different conformations of the alkane molecule lead to slight changes in the moments
of inertia, or in the respective rotational partition function. From theoretical calculations
performed by Vansteenkiste et al. (2005), the partition function may be overestimated at
most by 18%, which is still reasonable for the estimation given in this work. In addition,
it is assumed in a first approximation, that only the free gas phase rotations are hindered
during the trapping of the molecule on the surface, while changes in the vibrational

contributions are of minor importance and will be neglected in our estimations.

Assuming total loss of all external rotational degrees of freedom upon sorption, the
theoretical sticking coefficients as given in Table 5.6 are obtained. Compared to the
sticking probabilities derived for the aromatic molecules in previous studies (Reitmeier

et al., 2009b,c), the experimental sticking probabilities are about one order of magnitude
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sorbate g I, Iy I, Grot | Qtheory | (parent ®mod | Xparent | Xmod

- 107%¥ kgm? | 100 kgm? | 100*® kgm? | x10° | x107% | x 107 | x 107 - -
nH 2 0.58 7.50 7.76 1.28 7.82 2.08 3.39 0.27 0.43
2MP 1 1.28 4.99 1.15 1.19 8.39 1.04 3.59 0.12 0.43
3MP 2 1.29 4.60 5.34 1.24 8.05 1.12 2.52 0.14 0.31
23DMB 2 2.02 2.95 4.54 1.14 8.74 0.89 0.79 0.10 0.09
22DMB 1 1.98 3.41 3.43 2.12 4.71 - - - -

Table 5.6: Symmetry number o, moments of inertia along the principal axes I,, I,
1., rotational partition function q.., theoretical and experimental sticking
probabilities «, and trapping coefficients x of the sorbates on the ZSM-5
samples. Calculations were performed in Gaussian and theoretical sticking
probabilities were calculated by statistical thermodynamics assuming total loss
of the external rotational degrees of freedom upon sorption. It is important to
note, that the experimental values for 23DMB and 22DMB are influenced by
intra-crystalline diffusion and, therefore, can not be compared to the data of
nH, 2MP, or 3MP.

larger. This can be explained by the fact that all carbon atoms are sp? hybridized, leading
to more internal degrees of rotational freedom that are preserved during adsorption into
a weakly bound physisorbed state for the alkanes compared to the aromatic molecules.
In addition, the heat of adsorption and the space required on the surface is higher for the
alkane molecules leading to relatively high trapping coefficients x of about 0.10 to 0.30
for the parent sample to about 0.40 for the modified sample were obtained (Table 5.6).

Compared to the trapping coefficient of the aromatic molecules, the values for the
hexane isomers are one magnitude higher. This is attributed to the fact, that the trapping
coefficient describes the probability of a molecule to be trapped into a physisorbed state
due to exothermic collision on a surface (van Santen and Kramer, 1995, van Santen and
Niemantsverdriet, 1995) and, as stated before, it is directly related to the space the
molecule requires on the surface and to the accommodation of energy. In this context,
it can be noted that the alkane molecules studied inherently possess more vibrational
degrees of freedom (3N-6) compared to the aromatics (comparable number of C atoms).
This allows for a much better dissipation of the energy released upon collision and of the
heats released upon adsorption. It is interesting to see that with increasing dimensions on
the surface the trapping coefficient increases (see Table 5.6). n-Hexane shows the highest
trapping coefficient, as it has the highest heat of adsorption and, due to its length, it

requires statistically more space on the surface as for instance 2,3-DMB.

Upon modification, for all molecules, which are not limited by intracrystalline diffusion,
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i.e., nH, 2MP, and 3MP, the trapping and also the sticking coefficient increases. This is
due to the fact that the probability of a direct pore entering from the gas phase into the
small zeolite pores («~0.55 nm) is very low according to Skoulidas and Scholl (2000). In
contrast, direct pore entering of the molecules into the larger pores («~1.5 nm) of the
amorphous surface layer is possible, as the ratio of the pore diameter and the sphere
that the rotating molecule takes up is more favorable leading to a marked increase of
the initial trapping probability (in Figure 5.6, step e). This situation is identical to the
one described previously for the aromatic compounds, and it shows, that the remarkable
way of sorption enhancement reported for aromatic compounds is also valid for flexible

molecules.

2,2-dimethylbutane is a molecule that barely fits into ZSM-5 and, therefore, the
transport investigated in this study is limited by intracrystalline diffusion. Due to
this fact, this molecule is a very interesting candidate for the investigation of certain
properties of the surface layer, which cannot be observed for smaller and adsorption
limited molecules. Upon modification, the transport of 22DMB decreases by one order of
magnitude as reported in Table 5.5. This cannot be explained by a decreased sticking
coefficient. According to the theoretical estimates compiled in Table 5.6 and to the
equilibrium measurements in Table 5.3, a trapping and sticking coefficient very similar

to the one of the other hexane isomers would be expected.

Experimentally, however, the determination of the sticking coefficient is not possible,
as the transport is not determined by the surface processes. In Table 5.5 the activation
energy of the 22DMB transport process is given. It can be easily seen, that the activation
energy does not change upon modification, which is an indication that the energy surface
is identical for both the parent and modified sample. Only an additional entropic barrier
is created, as the pre-exponential factor of the Arrhenius relation (see Table 5.5) is
decreases by half an order of magnitude after surface modification. In conclusion, the
surface modification does not change the intrinsic transport for 22DMB, that is, the
diffusion inside the ZSM-5 framework, but creates a major entropic surface barrier. This
is confirmed by the fact that after correction of the deposited SiO, mass, the micropore
volume is the same for the parent and for the modified sample as given in Table 5.2.
Therefore, blocking of intracrystalline pores due to a possible hydrolysis of TEOS upon

modification can be excluded.

The physical nature of the created surface barrier can be in principle: (1) a complete
blocking of a certain amount of pore openings, (2) a narrowing of the pore openings by
the silica deposition, or (3) that the flexibility of the zeolite framework is affected by the
amorphous silica layer, leading to more rigid pore openings. All three possibilities have

in common, that they introduce an additional barrier to the transport. The first option,
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however, differs from the two others. In this case mathematically the characteristic
length of the diffusion pathway is increased, leading to an increased number of molecule
reorientations in order to find an open pore, whereas the physical nature of the open pore
itself is not changing. Options (2) and (3) are hard to differentiate and a combination of
both effects is reasonable to assume. In both cases, reorientation and distortion of the
molecule as well as of the zeolite framework are necessary for the successful entering into
the pores of the zeolite. Due to the fact that the activation energy of the transport of
22DMB is not changing, and thus, an entropic surface barrier is expected, only option
(1), that is, a complete pore blocking is reasonable for 22DMB. In the case of options
(2) or (3) a change in the activation energy would be expected, as additional energy
is required in order to distort either the zeolite framework or the molecule itself. A
complete pore blocking of a certain number of surface pores is consistent with previous
studies, where the surface properties were investigated by adsorption of di-tert-butyl-
pyridine (DTBPy) (Zheng, 2002). It was found, that 28% of the total bridging hydroxyl
groups interacted with DTBPy, and thus, must be located at the zeolite surface in the
pore mouth region. After modification 76% of these sites were removed by the silica
deposition. These pore openings are likely to be completely blocked for 22DMB, and,
thus, confirm the entropic nature of the surface barrier. Interestingly, one should note,
that the transport of 22DMB was first limited by intracrystalline diffusion for the parent
sample. After modification and creation of an important entropic barrier at the surface,
the limiting step of the overall transport shifts to the pore entering step, that is then

also significantly more demanding.

sorbate || Direct pore entering | Surface barrier | Intracrystalline | Observed effect
and pre-orientation diffusion
nH enhancing no effect no effect enhanced
2MP enhancing no effect no effect enhanced
3MP enhancing no effect no effect enhanced
23DMB enhancing no effect limiting no effect
22DMB enhancing negative limiting negative
benzene enhancing no effect no effect enhanced
toluene enhancing no effect no effect enhanced
p-xylene enhancing negative no effect negative

Table 5.7: Summary of the rate enhancing (green) and decreasing effects (red), and the
resulting observed effect on the overall transport for iso-alkanes and aromatic

compounds.
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In conclusion, the surface modification increases the sticking and trapping of molecules
smaller than the pores of the amorphous surface layer. This can be related to an increased
direct pore entering probability as reported in detail for aromatic molecules by Reitmeier
et al. (2009b) (Figure 5.6, step e). Once a molecule is trapped, the pore entering into the
zeolite lattice is also enhanced, as the molecule orientates and is guided to the parent
zeolite pores (Figure 5.6, step f). This situation leads to an enhanced adsorption and
pore entering rate compared to the unmodified sample in the case of molecules with
small critical diameters, i.e., critical diameters that are distinctly smaller than the pores
of the parent zeolite. For molecules with similar or even slightly larger pore diameters,
the surface modification leads to a decreased pore entering rate (Figure 5.6, step f), as
an additional entropic surface barrier is created as described in the last section. In other
words, the rate of the pore entering step for the unmodified zeolite (Figure 5.6, step c)
is faster compared to the pore entering for the modified sample (Figure 5.6, step f) for
molecules with critical diameters similar or even larger than the parent zeolite pores.
This situation is in principle independent of the rate of the intracrystalline diffusion.
However, if the intracrystalline diffusion is very slow and, thus, rate limiting, the favorable
sorption enhancing effect of the amorphous layer is not visible anymore, and the overall
transport is independent of the surface modification or is decreased, due to the creation
of an additional entropic surface barrier. This is the reason, why a sorption enhancing
effect was not observed up to now for zeolitic systems composed of large (> 100um)
zeolites crystallites (Chmelik et al., 2007). In table 5.7, all these effects are summarized
in order to give a clear overview of the different systems. The results of the aromatic
compounds obtained in previous studies (Gobin et al., 2009a, Reitmeier et al., 2009b)

are also included in this Table.
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5.5 Conclusions

Surface modification by chemical liquid deposition of TEOS can be used to post-
synthetically modify the transport properties of nano-sized ZSM-5 crystals. If the
transport of the guest molecules is not limited by intracrystalline diffusion and the size
of the molecule is distinctly smaller than the pore diameter of the surface overlayer, a
sorption enhancing effect can be observed. The surface modification, however, creates a
significant entropic surface barrier, if the critical diameter of the adsorbed molecules is
similar or distinctly larger compared to the ZSM- 5 lattice pores. The physical nature of
this barrier can be a combination of a pore blocking or narrowing and an increased rigidity
of the pore entrances due to the surface overlayer. For molecules distinctly smaller than
the ZSM-5 pores, no additional entropic barrier is created. These conclusions are valid
for rigid aromatic molecules, i.e., benzene, toluene, and p-xylene, as well as for flexible
linear or non-linear alkanes as shown by the sorption of the hexane isomers within this
work. This confirms the general feasibility of tailoring transport properties by surface

modification of zeolites.
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6 Diffusion in Circularly Ordered Mesoporous
Silica Fibers

This chapter was published in the Journal of Physical Chemistry C as research article

Diffusion in circularly ordered mesoporous silica fibers
Oliver C. Gobin, Hatem Alsyouri, Andreas Jentys, and Johannes A. Lercher J. Phys.
Chem. C; 2011; 115(17), pp 86028612

Primary structure Secondary structure Ternary structure
(a single mesopore) (hexagonal mesopore bundle) (helical fiber)

Abstract The investigation of transport processes in complex hierarchical materials
is reported based on diffusion measurements of n-hexane and mesithylene in circularly
ordered mesoporous silica fibers. Using the frequency response method, it is possible to
differentiate between several kinetic processes occurring in the silica fibers. By comparing
theoretical calculations based on the complex hierachical structure with the experimental
results from the frequency response experiments, a clear identification of the transport
pathways in the fibers is reported. Three pathways were observed: diffusion in axial,
tangential, and radial direction. All these processes are occurring in parallel. The radial
diffusion is the dominant process and is governed by intrawall transport. Transport in
axial direction overlaps the radial diffusion and can be either governed by intrawall or
by mesopore transport. Cracks or defects at the surface enable diffusion in tangential

direction, which is the third kinetic process experimentally observed.
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6.1 Introduction

Ordered mesoporous fibers (Kleitz et al., 2001, Marlow et al., 2000) are an interesting
novel type of materials of the M41 S family, with a unique morphology and internal
structure. The cylindrical shape of the fibers is formed by hexagonally-packed tubular
pores, similar to those of MCM-41, which are coiled around the central axis of the
fiber (Marlow et al., 2007). Silica fibers possess longer pores compared to particulate
MCM-41 materials. This feature can be attractive for applications employing the pores
as nanoreactors such as extrusion polymerization where properties of polymer chains
can be influenced by the pore length (Ye et al., 2003). The complex internal structure
of these fibers, however, is not fully understood. For instance, it is unclear, if diffusion
perpendicular to the fibers is important or if the diffusion only takes place across the
fibers inside the mesopores. Recently, the interpretation of diffusion results (Alsyouri and
Lin, 2005) of different probe molecules was controversially discussed (Lin and Alsyouri,
2006, Marlow and Stempniewicz, 2006), but there is still a lack of a clear identification

of the diffusive processes inside such fibers.

In the last decades the frequency response (FR) method has been adapted to measure
diffusion in porous solids (Yasuda, 1994a). One conceptual advantage of this method is
the possibility to measure the significant kinetics of a system simultaneously with option
to disentangle the individual contributions subsequently. Therefore, this technique allows
to identify multiple diffusive flows inside the mesoporous silica fibers and to quantify the
contribution of these processes. Such clarification is especially useful in understanding the
behavior of mesoporous silica fibers in real applications. For example, this morphology
is being prepared as membranes for applications as modulated nanoreactors, where the
silica fibers are grown as plugs inside the openings of straight pore supports (Seshadri
et al., 2010). In oder to understand how solutes and products pass through the supported
helical pores of the silica plugs a clear identification and quantification of the diffusion

mechanisms in this class of materials is required.

In this work, the diffusion of n-hexane and mesitylene was investigated by means of
the frequency response method. Two fiber samples, with a different average fiber length
were investigated, in order to identify the dependence of the diffusional time constant
with the length of the fibers.
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6.2 Experimental section

6.2.1 Materials

Mesoporous silica fibers were prepared by the self-assembly method as described in
detail by Alsyouri and Lin (2003), Ye et al. (2003). Tetrabutylorthosilicate (TBOS) silica
precursor was added on the top of a pre-mixed water solution containing cetyltrimethylam-
monium bromide (CTAB) surfactant and HCI acid without mixing creating a two-phase
mixture. The silica fibers grow under quiescent conditions at the interface. After two
weeks, the silica product were collected, dried and calcined at 823 K. The silica product
contains fibers of various lengths accompanied by particles with various shapes. Therefore,
samples containing uniform fibers and non-fibrous particles were separated by sieving.
The fiber length was subsequently reduced by crushing the sample containing uniform

fibers.

6.2.2 Physicochemical characterization

Nitrogen physisorption isotherms were measured using a PMI automated sorptometer
at liquid nitrogen temperature (77 K), after outgassing under vacuum at 473 K for at
least 6 h. The apparent surface area was calculated by applying the Brunauer-Emmett-
Teller (BET) theory to the adsorption isotherms over a relative pressure range from
0.10 to 0.30 p/po. The pore volumes were evaluated using the ag comparative plot (?)
using nonporous hydroxylated silica (Gregg and W., 1982) as the reference adsorbent.
In addition, calculations based on the non-local density functional theory (NLDFT)
were performed using the Quantachrome Autosorb 1 software. As DFT kernel, the
nitrogen equilibrium model at 77 K on silica was used. Because of the limitations of the
PMI instrument, the isotherms were measured at relative partial pressures higher than
107°p/po. SEM images were recorded on a REM JEOL 5900 LV microscope operating at
25 kV with a resolution of 5 nm and a nominal magnification of 3.0 x 10°. For scanning
electron microscopy (SEM), the powdered samples were used without any pretreatment
or coating. Transmission electron microscopy (TEM) was measured on a JEOL-2011
electron microscope operating at 200 kV. Prior to the measurements, the samples were
suspended in ethanol solution and dried on a copper-carbon-grid. The X-ray powder
diffraction (XRD) patterns were measured on a Philips X’pert Pro XRD instrument
operating with the energy of Cu-K,1-radiation at 40 kV using a Ni-filter to remove the
Cu-Kg-line. Data points were recorded using a spinner system with a 1/4 inch slit mask
between 26 angles of 1.5° to 8° with a step size of 0.017° and a scan speed of 115 s per
step.
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6.2.3 Gravimetric sorption experiments

The gravimetric sorption capacities of the molecules were measured on a Setaram TG-
DSC 111 thermoanalyzer. Activation was performed at 823 K for 1 h with a heating rate
of 10 K min™! under vacuum (p < 10~7 mbar). The weight increase and the thermal flux
were measured during equilibration with the sorbate using small pressure steps up to
13 mbar. The heats of adsorption were directly obtained by integration of the observed

heat signal.

6.2.4 Frequency response experiments

30 mg of powder sample was carefully dispersed on several layers of quartz wool at the
bottom of a quartz tube in order to avoid artifacts from bed- depth effects. The sample
tube was connected to a vacuum system, placed inside a heating oven and pumped to 107
mbar at room temperature. The samples were heated to 823 K with a ramp of 10 K/min
and activated under vacuum below 10~7 mbar for one hour to remove adsorbed water.
The sorbate gases were added with a partial pressure of 0.3 mbar into the system at
temperatures between 333 and 423 K. After the sorption equilibrium was fully established,
the volume of the system was modulated periodically by two magnetically driven plates
sealed with UHV bellows in the frequency range of 0.001 to 5 Hz. The modulation
resulted in a square-wave perturbation of the system volume with an amplitude of (1
%. The pressure response of the system to the volume perturbation was recorded with
an on- line Baratron pressure transducer (MKS 16A11 TCC). The amplitude and the
phase lag of the frequency response were obtained by Fourier transformation of the
pressure data. Nonlinear parameter fitting of the theoretical characteristic functions to
the experimental frequency response was performed by using the CMA evolution strategy
in Matlab (Hansen, 2006). The root mean squared error normalized to the variance of
the data (NRMS error) was used as the objective function to be minimized. To ensure
that the globally optimal parameter set was found, each optimization run was repeated

three times with varying parameter sets of the evolution strategy.

The influence of heat or bed-depth effects was checked by variation of the sample
amount and by the way the sample was placed in the sample tube, i.e., with and without
dispersing the sample on quartz wool. In all cases the same frequency response was
observed and therefore, we can exclude heat or bed-depth effects. An experimental error
of less than 5% was obtained for the resulting FR parameters by performing the same

experiment several times.
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6.3 Results

6.3.1 Characterization results
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Figure 6.1: Ny-Physisorption isotherm and the DFT pore size distribution (inset).

The internal structure of the fibers was analyzed by XRD, TEM, and nitrogen
physisorption. The reflections of the XRD pattern given in Figure 6.2 correspond to a
hexagonal mesophase clearly showing the (100), (110), and (200) reflections. The internal
hexagonal structure of the fibers was confirmed by TEM images as shown in Figure
6.3. From the XRD pattern a d(100) spacing of d = 3.72 nm and a unit cell parameter
of ag = 2/ V3 - digo =4.30 nm can be calculated. The pore structure was furthermore
analyzed by nitrogen physisorption. The isotherm shown in Figure 6.1 is a typical type
IV isotherm with a high initial adsorption at low pressures and a well defined capillary
condensation step at 0.3p/pp indicating a very uniform and narrow pore structure. By
applying the BET theory a surface area of Sggr = 1008 m?/g was calculated. The pore
volumes were obtained using the ¢- and ag-comparative plot method. In both cases an
intercept close or below zero was observed, which is a clear confirmation that no or only

a very small amount of micropores are present very similar to the situation in MCM-41.

A total pore volume of Vi, = 0.64 cm?®/g and a mesopore volume of V. = 0.63
cm?®/g was obtained. A mesoporosity €me = pVine/(1 + pVier) of 0.58 was calculated
assuming a constant framework density of p = 2.2 g/cm?® (Chen et al., 2004, Sa-

yari et al., 1997). The pore size can also be obtained by geometrical considerations
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(100)

Figure 6.3: TEM micrograph of the fiber sample.
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Wpore = €+ d - (pVine/ (14 pVine)) /2, where ¢ = 1.213 from the XRD d(100) spacing and the
mesopore volume Vi, (Sayari et al., 1997). Using this relation, a pore size of wpoe = 3.44
nm was calculated. This pore size is in good agreement with the pore size wppr = 3.53
nm obtained from the DF'T pore size distribution as can be seen in the inset of Figure 6.1.
Consistent with the results from the ag-plot, only one pore population could be identified
from the DF'T calculations. No micropores are visible in the pore size distribution. By
application of the BJH analysis an average pore diameter of wgygy = 2.35 nm pores was
obtained. It is known that the BJH-theory systematically underestimates the pore size,
therefore this pore size is considered to represent a physically wrong value. The pore wall
thickness can be calculated from the difference between the pore size and the unit cell
parameter. In the case of the DFT calculations a wall thickness of ~0.85 nm is obtained.

All the structural properties of the sample are summarized in Table 6.1.

SBET Vini Vine Viot | WByH | WpFT Wq €
m?/g | em?®/g | cm®/g | cm®/g | nm nm | nm -
1008 0.01 0.63| 0.64| 2.35| 3.53|3.44 | 0.58

Table 6.1: Textural properties of the fibers. Vi, Vine, and Vi, are the micropore, meso-
pore, and total pore volume as obtained by the ag-plot. wgjn, wppr, wq is the
mesopore diameter as obtained by BJH, DF'T, and by geometric considerations

from XRD. € is the mesoporosity.

The particle morphology was studied using SEM. It can be easily seen that the as
synthesized material contains two types of particles. These are nearly uniform fibers
with a length up to a few millimeters and a thickness of 15 to 25 ym and small spherical
particles. These particles are denoted as small rotational symmetric particles according
to Marlow et al. (2007). Their diameter is similar to the thickness of the fiber and their
internal structure is also composed of ordered hexagonally arranged mesopores belonging
to the class of SBA-3 materials (Marlow et al., 2007). A differentiation between fibers
and the small rotational symmetric particles is only possible by XRD by performing
several measurements at different sample orientations (Marlow et al., 2005). In this case,
the relative intensities of the XRD reflections change. For diffusion measurements a
high uniformity of the particles drastically facilitates the interpretation. Therefore, the
small particles were separated from the fibers by sieving in order to have a sample only
composed of fibrous shapes. This sample is denoted as parent fiber sample. Subsequently,
the fiber length was reduced by mechanically breaking the fibers, resulting in a sample
predominantly composed of small fiber pieces denoted as crushed fiber sample. In Figure

6.4 the SEM images of the sample containing the parent fibers (a), the non-uniform and
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small rotational symmetrical particles (b), and the crushed fibers (c) are shown. It can
be easily seen, that the length of the crushed fibers was drastically reduced. By SEM

an average length of about 50 ym was obtained, in contrast to an average length of the

parent fibers of about 300 pm.

Figure 6.4: SEM images of the fiber sample. (a) the parent sample only containing fibers,
(b) the fraction of non-fibrous particles, and (c) the crushed fiber sample.

Important for the quantitative evaluation of the transport experiments is the knowl-
edge of the adsorption properties of hexane and mesitylene at the corresponding temper-
atures. The adsorption isotherms for mesitylene are shown in Figure 6.5. Up to 13 mbar
the isotherms are in all cases linear, and therefore a simple Henry isotherm was used to
fit the experimental data. Relatively low dimensionless weight-based Henry constants of
101, 32, and 10 at 70 °C, 100 °C, and 130 °C and a heat of adsorption of 44 kJ/mol were

obtained for mesitylene.

6.3.2 Frequency response results

The frequency response results were performed using n-hexane and mesitylene as probe
molecules on the parent and crushed fiber sample. The frequency responses of n-hexane
for the parent and crushed fiber sample at 30 °C are shown in Figure 6.6. In all cases
it can be clearly seen, that the in-phase characteristic function is not approaching zero
at high frequencies and, thus, the in- and out-of-phase characteristic function are not
crossing in the measured frequency range. This unusual behavior was observed for the
first time in this system. An improper reference or blank measurement would be an
explanation for such characteristic function. The reference measurement, however, was
repeated several times in order to verify and validate the measurements and in all cases

characteristic functions showing this behavior were obtained.

Beside an improper reference measurement, the only physically reasonable explanation

is a second fast kinetic process located in the high frequency range above 10 Hz. Due
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Figure 6.5: Sorption isotherms of mesitylene at 70 °C, 100 °C, and 130 °C of the fiber

sample. The fits are linear fits based on Henry’s law.
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Figure 6.6: Frequency responces of n-hexane in (a) the parent, and (b) the crushed sample
at 30 °C.
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to the limitation of the frequency response apparatus, such high frequencies cannot be
directly measured; however, such a fast process would exactly show the characteristics we
observe in the frequency response. That is, the fast kinetic process is not visible in the
out-of-phase characteristic function, whereas it appears indirectly as an offset in the in-
phase characteristic function of the frequency response. Assuming two kinetic processes,
the experimental n- hexane frequency responses can be fitted with a high accuracy. The
exact location, that is, the exact time constant of the fast kinetic process cannot be
unambiguously determined as the location is given by the out-of- phase characteristic
function. Therefore, an arbitrary time constant located in the frequency region above 10
Hz was assumed. Only the amplitude of the response, that is, the relative number of
molecules involved in this transport step (Kpr value in equation 2.47) can be accurately
determined by the offset of the in-phase characteristic function. In Table 6.2 the kinetic

data obtained from the fitting of the experimental frequency responses of n- hexane is

given.
Sample T T1 Ty | Kyry | Krr2 | Krr1 + Krr2 ﬁ o
°C s s - - - -
parent 30 | 20.9 | 0.10 0.21 0.03 0.24 0.87 10
crushed || 30 | 19.9 | 0.10 0.19 0.05 0.24 0.79

Table 6.2: Frequency response data for n-hexane. 7 is the kinetic process visible in the
frequency response, 7 is the kinetic process at high frequencies, that can not
be directly measured. The exact value of this process is not known. Kyg1
and Kpg o are the contributions of the processes as given by equation 2.47.
Krr1/(Krr1 + Krr2) is the relative contribution of 74, and o is the variance
of the distribution as obtained by the fitting.

Due to the fact that the characteristic length of the transport process is not known,
only the time constants (L?/D), not the diffusivities, are given in Table 6.2. Corresponding
diffusivities can be calculated by assuming a certain characteristic length L of the diffusion
pathway. From Table 6.2, it can be seen that the time constants of the slow kinetic
process, i.e., 71 = 20 s, are identical for the parent and crushed sample. The shape of
the out-of-phase frequency response is very narrow and can be nicely fitted by an ideal
1D diffusion model (Figure 6.6). No convolution of multiple diffusion processes due to a
distribution in particle size or a distribution of diffusivities is present for n-hexane in the
parent and crushed fiber sample, i.e., the variance o was set to zero during the fitting as
given in Table 6.2. From the Kgr values obtained by fittingby fitting the experimental

frequency responses, the contribution of the very fast transport process at frequencies
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higher 1 Hz and of the slow process can be calculated. In Table 6.2 the values along with
the relative contribution of the slow process to the overall transport Krg 1/(Krr1+ Krr.2)
are given. Herein the Kpg values were corrected by the corresponding sample mass. The
dominant process with a contribution of 80% is the slow transport process for both
samples. A very slight increase of the contribution of the fast process can be observed

for the crushed sample.

KFR,1

Sample T Ti T2 | Krry | Krrz2 | KFr1 + KFr2 KrratKrns o
°C S S - - - - s
parent 70 | 71.310.10 | 225 | 0.28 2.53 0.89 | 4.97
100 | 32.4 | 0.10 1.14 0.38 1.52 0.75 | 3.00
130 | 24.1 | 0.10 | 0.87 | 0.38 1.26 0.69 | 2.93
crushed || 70 | 51.6 | 0.10 | 2.07 | 0.43 2.50 0.83 | 9.46
100 | 289 1 0.10 | 1.23 | 0.45 1.68 0.73 | 4.50
130 [ 23.3 1 0.10 | 1.07 | 0.50 1.57 0.68 | 3.85

Table 6.3: Frequency response data for mesitylene. Parameters and variables are given
in the description of Table 6.2.

In order to measure the transport with a molecule large enough not to diffuse through
small micropores in the framework, the transport of mesitylene was also investigated.
The transport was distinctly slower than the one of n-hexane, therefore, higher tempera-
tures were used to perform the experiments. For n-hexane the investigation of several
temperatures was not possible, as the intensity of the frequency response was already
very low at a temperature of 30 °C. The unusual type of frequency response (Yasuda,
1994a) observed for n-hexane was also seen for mesitylene. That is, a kinetic process at
high frequencies not directly visible anymore in the investigated frequency range had
to be assumed in order to fit the experimental data. In Figure 6.7 and Table 6.3 the
corresponding measurements and parameters used for the fitting are summarized. Again,
very similar results between the parent and the crushed sample are obtained. The time
constants are nearly the same within the experimental error range. A slight trend to
shorter time constants can be seen in the crushed sample. The slow transport process is
again dominating the whole transport, with a contribution of 70% to 90% depending on
the temperature. It was found, that at 130 °C the fast process at high frequencies has a
larger contribution compared to its contribution at 70 °C (see Table 6.3). In addition, for
mesitylene, the out-of-phase function of the frequency response could not be fitted by an
ideal diffusion model. In contrast to the results of n- hexane, a particle size distribution,

or, mathematically equivalent, a distribution of the diffusivities within the sample had to
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Figure 6.7: Frequency responces of mesitylene in (a) the parent, and (b) the crushed
sample at 70, 100, and 130 °C.

be assumed. The variance o of this distribution was found to be temperature-dependent

as can be seen in Table 6.3.

The apparent activation energy of the slow transport process as obtained from the
temperature depence of 71 in Table 6.3 was calculated to about 20 kJ/mol for the parent
and about 16 kJ/mol for the crushed sample. The activation energy is lower for the
crushed sample, mainly due to the difference in the time constants at 70 °C. It should
however be noted, that the experimental frequency response of mesitylene in the crushed
fiber sample shows a second peak, that may be related to an additional third kinetic
process. Also presence of a distribution of the time constants and the fact that this
distribution is temperature dependent leads to the conclusion that a third kinetic process
at frequencies in the range of 10 to 100 Hz must be present for mesitylene. Therefore, the
time constant may not accurately represent the correct time constant of the underlining
process and, thus, the measured activation energies of the parent and crushed sample are

not significantly different.
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6.4 Discussion

Mesoporous fibers are hierarchically structured materials with a primary, secondary, and
tertiary structure (Marlow et al., 2007). In order to understand and to quantify the
diffusion in this system all three domains have to be considered. The primary structure
is composed of the cylindrical mesopores and secondary micropores in framework as
shown in Figure 6.8A. In this domain, the diffusion can be characterized by diffusion in
the mesopore channels D,, and diffusion in micropores or larger cracks in the pore walls
Dy,. Tt is reasonable to assume that the diffusion in the mesopore channels is Knudsen
diffusion influenced by the surface adsorption, i.e., surface diffusion (Ruthven et al., 2009).
Such kind of system, where both surface diffusion and mesopore Knudsen diffusion exist
can be represented by an effective diffusivity in the mesopores Deg,, by embedding both

surface diffusion and pore diffusion coefficient:

€meDp + (1 — €me) K Ds
Do = P 1
ff.p 7 [eme + (1 — €me) K] (6.1)

where €, is the mesopore void fraction, and (1 — €,,) the adsorbed liquid. The products
emeDp and (1 — €ye) K Dy are the corresponding diffusion processes in the gas phase of
the mesopores and in the adsorbed phase on the surface. K is the dimensionless Henry’s
constant based on particle volume. 7 is the tortuosity of the mesopores. For MCM-41
materials, i.e., cylindrical pores, 7 = 1.12 was calculated by Salmas and Androutsopoulos
(2001). The term [€me+ (1 — €me) K| represents the capacity of the system to accommodate

adsorbed molecules in both phases.

In the case of the diffusion in the mesopores it is reasonable to assume a Knudsen

diffusion flow described by:

47, [8RT

Dp=Dx =39\ 17

(6.2)

where r, = wq/2 is the average radius of the mesopores, M the molar mass of the
molecule, R the molar gas constant, and T the temperature. If micropores or cracks in
the structure are present, the surface diffusion is identical to the intrawall diffusion in
the adsorbed phase:

Dy = Dy, (6.3)

The second structural domain as shown in Figure 6.8B is composed of the primary
cylindrical mesopores arranged in an ordered hexagonal pore array similar to the pore
arrangement in MCM-41 materials. In this domain, the diffusion can be characterized
by an effective diffusion parallel D.g) and perpendicular D.g  to the mesopores. As-

suming that the gas phase capacity in the pore is mush less than the adsorbed capacity
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(A) (B) (C)

eff, L

eff ||

D eff,a

Figure 6.8: Schematic representation of the three structural domain present in mesoporous
silica fibers. (A) corresponds to the primary structure, (B) to the secondary
structure, and the representation (C) to the ternary structure. The primary
structure is a single mesopore, the secondary structure corresponds to a
hexagonal arrangement of these mesopores. In the ternary structure, these
mesopore boundles form helical fibers. The possible diffusion pathways in

each structural domain are indicated by arrows.

€me <K (1 — €me) K, the effective diffusion coefficients are related to D, and D, by the

following equations:

Deﬁ,” = Deﬁ,p (64)
€me DK DW
~ Nt 6.5
Ky 7 + T (6.5)
[emeDR! + (1 — eme) (KDy) 1™
D, = (6.6)

T [€me + (1 — €me) K|
(6.7)

Q

Dy,
T

where Ky = €pe + (1 — €me) K (Gobin et al., 2007a). Herein it was assumed for Deg |
that the intra-wall diffusion Dy, is mush slower than D, leading to an effective diffusion

perpendicular to the mesopores that is only determined by Dsy,.

The ternary structure of the fibers can be described by three new effective diffusivities
according to Marlow et al. (2007): the tangential diffusion (Degy), radial diffusion (Deg,),
and axial diffusion direction (Deg,) as shown in Figure 6.8C. Thereby, only the radial
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and the axial diffusivities are the ones, that are visible by macroscopic measurements,
and, therefore, represent the two possible kinetic processes visible in the experimental
frequency responses. The tangential diffusion is not visible by a macroscopic measurement
technique, as in an ideal fiber no open mesopores in tangential direction are present as
can be easily seen in Figure 6.8c. The diffusivities are related to the effective diffusivities

D.g) and Deg by the following equations:

Deff,t = Deﬂ,” (68)

Deff,r = Defﬂj_ (69)
De B L er

Dera ~ Deg1 + & :Deff,J_“'/ I dr - Do (6.10)
Tfiber 0 Lpore (r)

)

where Lyoe(r) is the length of the primary mesopore as a function of the helix radius 7.
The macroscopic properties R and Lgpe, are the (measurable) radius and length of the
fiber. If the pitch (h) of the helix is known, the length of the primary mesopore can be
obtained by geometrical calculations as a function of the fiber length Lgpe, and of the

helix radius:

A\ Leber
Lypore(r) = 2717 - 1+(—) L2 (6.12)

2mr h

A schematic of orientation and dimensions of the helical pore orientation inside the
fiber is shown in Figure 6.9. The tortuosity of the fiber is given by: Taper(r) = Lypore(T")/ Lfiber-
If a minimal pitch equal to the unit cell parameter aq is assumed (A, = 4.30 nm) the
following maximal tortuosities are obtained: 7gper = 15 for a helix radius very close to
the center (r = 1 nm), and Tgsper = 30000 for a helix with a radius identical to the fiber
radius (r = 20 pum). Larger pitches result in lower tortuosities, as for instance a pitch of
10 hpin gives Taper = D in the fiber center and 74y, = 3000 at the edge of the fiber. As
an important conclusion, the diffusion time constant in axial direction would strongly
depend on the radius of the corresponding mesopore helix in the fiber, thus leading to a
distribution of the diffusion time constant and to a convolution of multiple axial diffusion

processes.

In order to understand the complex situation present in these fibers, the experimental
results are compared in the following with the results of the quantitative evaluations of
the diffusivities according to equations 6.1 to 6.12. Due to the fact that the surface area
at the end of the fibers is a very small fraction of the total surface area of the fibers, a
low contribution of the axial diffusion process is expected if diffusion in radial direction
is possible. Several studies by Marlow and Stempniewicz (2006), Marlow et al. (2007),
Stempniewicz et al. (2007) showed that the radial diffusion pathway is the dominant one.
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Figure 6.9: Schematic representation of an internal helical mesopore.

This was concluded based on several facts: first, modification of the outer surface leads
to a distinct change in the uptake, second, the concentration gradient of Rhodamine 6G
(Rh6G) followed by light microscopy showed no gradient at the fiber end but a continuous
depletion was observed. However, these experiments do not unambiguously show that
radial diffusion is possible, as these observations could also be explained by a strong
surface barrier at the end of the fibers. Therefore, in this study, the average fiber length

was shortened in order to analyze the diffusion as a function of the length of the fiber.

Sample | Compound T | Ku| Dk | Dewi | Degy | D't | Dig's | Do | Dy
(OC) (_) Deff,r Deff,t
parent mesitylene 70 | 101 | 17779 2.2 93 8.4 2.2 21 2.2

mesitylene 100 | 32 | 18539 4.8 304 25 4.8 66 4.9
mesitylene 130 10 | 19270 6.5 | 1009 74 6.5 208 6.8
n-hexane 30 13 | 19734 7.5 790 60 7.5 166 7.8
crushed | mesitylene 70 | 101 | 17779 3.0 94 9.3 3.0 22 3.1
mesitylene 100 | 32 | 18539 5.4 304 26 5.4 66 5.5
mesitylene 130 10 | 19270 6.7 | 1009 74 6.7 209 7.0
n-hexane 30 13 | 19734 7.9 790 61 7.9 166 8.1

Table 6.4: Calculated effective diffusivities in the fiber samples for n- hexane and mesity-
lene. The effective diffusivities in axial direction are given in the core 'c¢’ or at
the edge ’e’ of the fiber calculated for a pitch of hy = 4.30 nm and hy, = 43
nm. The units of all the diffusivities are 1071 m?/s.

If the axial diffusion pathway is significant, the diffusion time constants should differ
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by more than one order of magnitude. However, such a dependence was not observed, as
the main diffusion process was found to be independent of the fiber length. This confirms
the assumption that the dominant transport process is the radial effective diffusion. In
Table 6.4 the calculated effective diffusivities for n-hexane and mesitylene are given.
Based on these facts, for the calculations, the radial diffusion process was associated
to the experimentally obtained 7, (see Table 6.2 and 6.3), as the process given by 7
is the dominating transport process, which that is observed in the frequency response
experiments. According to equation 6.6, this diffusivity is identical to the intrawall

diffusion.

From the results in Table 6.4 some interesting conclusions can be drawn. The
effective tangential diffusivity in the mesopores (Deg,|) as given in equation 6.4 is strongly
dependent on the temperature and may differ by several orders of magnitude compared
to the Knudsen diffusion. This is the case, as the effective diffusion in this mesoporous
material is strongly lowered by the adsorption capacity as described by the Henry law.
A similar situation was also recently found for the diffusion in large pore SBA-15 and
SBA-16 materials (Gobin et al., 2007a,b, Hoang et al., 2005).

Interestingly the activation energy of nearly 46 kJ/mol of the effective diffusion
in mesopores D.g,| is much larger than the one experimentally observed for the main
diffusion process in the mesopores (15 to 20 kJ/mol) as reported in Table 6.5. This is
another clear indication, that the main diffusion process is not determined by the diffusion
in the mesopore channels of the fiber material. The effective diffusion in the mesopores,
i.e., the tangential effective diffusion Deg || = Deg is, however, only theoretically relevant,

as this diffusivity can not be observed by a macroscopic technique.

Ex(exp) || Ea(Dx) | Haas | Eay | Ea,L | Eaalchi) | Eaa(eh1) | Eaa(che) | Eaa(ehs)
Eny | Eay
21.0 1.5 44.4 | 45.6 21.0 41.6 21.0 44.1 21.6

Table 6.5: Activation energies of the diffusivities present in the fibers, and the heat of
adsorption of mesitylene in the parent sample. All values are given in kJ/mol.

Nomenclature is identical to the one given in Table 6.4.

The other relevant diffusion process is the effective axial diffusion Deg, as given
in equation 6.10. As can be easily seen, this diffusivity is influenced by both effective
diffusivities perpendicular to the main mesopore channels, i.e., the intrawall diffusion,
and by the effective diffusion in the mesopores itself divided by the tortuosity of the
mesopores in the fiber. A value of Deg, close to D, signifies that also the axial process

is determined by the intrawall diffusity and not by the diffusion in the mesopore channels.
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In Table 6.4 several effective axial diffusivities are given for mesopores located in the
center of the fiber (’c’) and at the edge (‘e’) for a pitch of the mesopore helix of hy = 4.30
nm and he = 43 nm. It can be easily seen, that the effective axial diffusivities obtained
for mesopores located at the edge of the fibers are entirely determined by Deg |, i.e., by
the intrawall diffusion. This is also confirmed by the analysis of the activation energies
reported in Table 6.5. The activation energies of the effective axial diffusion in the center
(Eaa(c) = 42 to 44 kJ/mol) approaches the one of the effective tangential diffusion (Ex 4
= 45.6 kJ/mol), whereas the activation energy of the effective axial diffusion at the
edge (Ea.(e) = 21 to 22 kJ/mol) approaches the one of the radial diffusion (Ea, =
21 kJ/mol). This finding is remarkable, as it clearly shows that even in the axial fiber
direction the diffusion is to a large extent given by the intrawall transport and not by
the primary mesopore structure. Only the helical mesopores located in or close to the

fiber center show an effective axial diffusion that is faster than the radial diffusion.

The findings reported herein in combination with the results from Marlow et al. (2007)
strongly suggest that perpendicular connections between the mesopore channels are
present, leading to a radial transport in the fibers. The exact type of these connections
is, however, still unclear. Interestingly, the analysis of the No-physisorption isotherm
indicates no pore population in the micropore range below 2 nm. This can be explained
by the fact that the thickness of the mesopore walls is only ~0.85 nm as obtained by the
DFT analysis of the nitrogen isotherm. Compared to the wall thickness of SBA-15 or 16
materials (Gobin et al., 2007b) the thickness is around four times smaller depending on
the synthesis conditions. It is, therefore, possible, that the intrawall pores in the fibers
are simply not visible in the nitrogen physisorption isotherm. This situation is similar to
the one in ITQ-2, where the experimental micropore volume is lower than the theoretical
one, due to the fact, that the micropores are accessible by larger pores and therefore
only act as pockets (Corma et al., 2000). The minimum size of the micropores must be
larger than the critical diameter of mesitylene, i.e., 8.4 nm (Satterfield and Cheng, 1972),
as both hexane and mesitylene show a radial transport as discussed previously. As an
additional confirmation of the presence of intrawall pores, recent studies showed that it

is possible to obtain stable carbon replicas of the fibers (Chen et al., 2004).

By macroscopic techniques, such as the frequency response methods, the diffusivity is
not directly measured. In principle, it is always the diffusional time constant L?/D that
is observed. In order to assign all the peaks in the experimental frequency response it is
therefore necessary to transfer the calculated diffusivities into diffusional time constants
L?/D by knowledge of the corresponding characteristic length of the diffusion pathway.
In the case of the radial effective diffusion the half-diameter, i.e., Lqia = 12.5 pm,
is the characteristic length for both fiber samples. The half-length of the fiber or the
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Sample || Compound T | Tradial | Taxial(C:P1) | Taxial(€,01) | Taxial(C,h2) | Taxial(€;ha2)
°C s S s s s

parent mesitylene | 70 | 20.9 374.0 2994.7 135.9 2903.2
mesitylene | 100 | 71.2 2681.9 10244.9 1082.6 10116.4
mesitylene | 130 | 324 898.1 4658.7 3434 4572.5

n-hexane | 30 | 24.1 305.1 3458.4 108.0 3304.6

crushed || mesitylene | 70 | 19.9 10.3 79.4 3.8 77.1
mesitylene | 100 | 51.6 67.4 206.4 28.7 204.5

mesitylene | 130 | 28.9 24.3 115.2 9.4 113.3

n-hexane | 30 | 23.3 8.4 92.8 3.0 88.8

Table 6.6: Time constants L?/D of the radial and axial diffusion processes. For the radial
process Tradial @ characteristic length of Li,q = 12.5 pum, i.e. the average
half diameter of the fibers, for both parent and crushed sample is assumed.
For the axial processes Taxal a characteristic length of Laial parent = 150 pm,
and Layial crushed = 25 pm are used for the parent and crushed fiber sample
respectively. The corresponding diffusivities D are reported in Table 6.4.

Nomenclature is identical to the one given in Table 6.4.

characteristic length of the axial diffusion process is Laxial parent = 150 pm for the parent,
and Laxial crushed = 25 pm for the crushed sample. The time constant briefly indicates the
frequency in the experimental frequency response where the maximum of the out-of-phase
characteristic function is expected. The results are given in Table 6.6 and clearly show
that for the parent fiber sample in all cases the time constants of the axial diffusion
processes are larger than the one of the radial processes, and thus, the axial diffusion is
not the dominant transport mechanism. For the crushed fiber sample this situation is
different. In this case, the time constants of the axial diffusion processes in the center of
the fiber can be lower, that is, a faster transport, than the one of the radial processes.
This, however, is only valid for the helical mesopores close to the center of the fiber. At

the edge, the radial transport once again becomes faster than the axial.

After quantification of the diffusivities present in the fibers, it is possible to explain
the different processes visible in the experimental frequency response data as given in
Table 6.3. Experimentally, three diffusion processes are present: two diffusion processes
at frequencies in between 0.1 to 0.01 Hz and a fast process at frequencies higher than 1
Hz. The dominant transport process has to be composed of two processes, as it shows
a relatively broad frequency response that is temperature dependent. This can not be

explained by a simple distribution of the fiber dimensions. Due to the temperature
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dependence of the distribution it has to be related to a distribution of diffusivities. This
result is consistent with the finding obtained by the preceding calculations. A second
process, the effective axial diffusion, overlaps with the effective radial diffusion in the
fibers and leads to a broadening which is dependent of the temperature. This distribution
is more pronounced for the crushed fiber due to the shorter diffusion pathway, that shifts
the time constant to a frequency region which is overlapping with the one of the radial
diffusion process. The third process located at frequencies higher than 1 Hz is difficult to
understand. In the uptake rate analysis done by Stempniewicz et al. (2007) also such
kind of fast process was observed. Obviously this fast process is related to a structural
feature of the fibers or to a feature that is due to the synthesis method. Stempniewicz
et al. (2007) related the fast process to cracks in the fibers and not to a diffusion process

in the mesopores.

In order to contribute to a fast diffusion process in these cracks, a certain fraction
of molecules would have to be adsorbed in these cracks. From the frequency response
measurements a contribution of ~20% was observed, thus this amount of molecules
would have to be adsorbed in these cracks in order to contribute to the fast transport
process. This situation seems very unlikely, as this pore fraction, that must be larger
than the framework mesopores, is not seen in the Nao-physisorption isotherm. However,
assuming that cracks are indeed the reason for the very fast transport process, the
following situation would be present: due to the cracks in the fibers, the characteristic
length of the axial diffusion pathway would be significantly reduced and the contribution
of the diffusion in the mesopores would be more important to the overall diffusion. This
would lead to an activation energy of the observed transport process, that is close to the
one of D (45 kJ/mol). In the frequency response experiments, however, an activation
energy of ~20 kJ/mol was observed, confirming the fact that cracks in the fibers are not

the reason for the fast transport process.

Two types of shapes grow during the synthesis at the phase boundary: fibers and
small rotational symmetrical particles. Both have the same primary and secondary
structure. They only differ in the ternary structure. These particles are rather small,
with diameters similar to the diameter of the fibers. In these particles, the effective
diffusion in the mesopores would have time constants below 1 s and, thus, be located
in the frequency response at frequencies above 1 Hz. Therefore, it seems reasonable to
assume, that this second population of particles may be the reason for the fast transport
process. Also a weight fraction of 10% to 20% of the rotational symmetrical particles
relative to the fiber fraction is reasonable as can be seen in SEM images. However, the
temperature dependence of the relative contribution of the processes can not be explained

by this model. As can be seen in Table 6.3, the relative contribution of the fast process
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is nearly 30% at 130 °C of mesitylene, whereas it decreases to a contribution of ~10% at
70 °C. As the adsorption properties of the small rotational symmetrical particles and of
the fibers are identical, this leads to the conclusion, that the small particles can not be

the only explanation for the fast transport process.

In Table 6.4 diffusivities of the effective tangential diffusion are given. This diffusivity
is in principle identical to the effective diffusion in the mesopores. As this process is
more than one order of magnitude faster than all other present in the fibers, it is a
potential candidate for the very fast process experimentally observed. It was, however,
stated that this diffusion pathway can not be observed by a macroscopic method, as in
an ideal fiber, no open mesopore in tangential direction exists. Assuming that indeed
cracks or more precisely open mesopore walls at the edge of the fiber are present in the
fibers, this transport pathway would be possible and would lead to such a fast and also
temperature dependent transport process. In conclusion the fast process is attributed
to the effective tangential diffusion in the fibers in addition to a certain fraction of fast

desorbing rotational particles present in the samples.

6.5 Conclusions

Circularly ordered mesoporous silica fibers are complex, hierarchical materials with very
interesting transport properties. All three structural domains present in the fibers have
to be considered in order to quantitatively understand the different diffusion pathways.
The diffusion in radial direction is the dominant transport process. It is related to
intrawall pores present in the framework walls. Diffusion in axial direction is also a
potential transport pathway. Interestingly, this diffusion is essentially also governed by
the intrawall diffusion and not by diffusion in the mesopores. This is due to the helical
internal structure of the fibers that leads to high tortuosities of up to 104 at the edge of
the fiber in the axial direction. In the fiber center, transport in axial direction is caused
by diffusion in the mesopore channels. In addition to these two transport pathways, it
was found, that also diffusion in tangential direction in the mesopores is present. The
process is very fast and is due to non-idealities of the fiber structure, leading to mesopore

openings at the edge of the fiber.
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7 Conclusions

The transport of molecules in porous materials can be considered as a highly complex
dynamic system. In this thesis, by application of the frequency response technique
in addition to several other experimental techniques, a detailed understanding of the

transport mechanisms present in several porous systems was obtained.

The intracystalline diffusion in MFI type materials, e.g., H-ZSM-5, is highly confined
due to the MFI pores and, thus, strongly depends on the molecular dimensions of the
molecule. Diffusion is isotropic in MFI for small molecules, however, in contrast, for
bulkier molecules, the diffusion can be anisotropic. This is due to the complex pore
structure of MFI, that is composed of two interconnected channel systems with different
diffusivities. If the channel switching rate of the molecule is low, an anisotropic diffusion

is observed (see chapter 3).

Intracrytalline diffusion properties of porous solids are highly important, however, for
practical application, always the complete transport from the gas phase to the porous
particle or crystal has to be considered. If the particles are small or the intracrystalline
diffusion process fast, the transport is given by surface properties and not any more by
the bulk properties of the particles (see chapter 4). Surface effects dominate and can lead
to a selective enhancement or decrease of the transport. Thus, by tailoring the surface
properties, for instance by deposition of reactive molecules, it is possible to selectively

modify the overall transport properties of the porous solid (see chapter 5).

Often porous solids are not only compored of a uniform population of pores, but rather
of complex hierarchical structures. In each structural domain, diffusion and transport
properties may change. In such kind of complex material, the transport is a composite
of all effects induced by each structural domain, and thus, for a complete description of
the kinetic properties, characterization of the transport in each domain is essesary (see
chapter 6).
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