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Symbols and abbreviations

Latin symbols

A7 B (')

a,b,c  (m)

c (mol m™3)
dhki (m)

D (m)

D (ms™1)
E (J)

F (m3 s71)
P (m)

h (-)

H (J)

k (-)

K (-)

Ka ()

l (-)

n (-)

p (Pa)

q (mol m™3)
q (m™)
Qwa ()

r,R  (m)

R (m? kg s7? mol ™! K1)
S (m? kg™1)
t (s)

t (m)

T (K)

L (-)

v (m s 1)
V (m3 kg™1)
x (-)

x,Y, 2

dimensionless parameters (ZLC value)

unit cell parameters

concentration of the sorbates in the fluid phase
spacing between the (hkl) planes

diameter

intracrystalline diffusivity

energy

flow rate

wall thickness

Miller index

enthalpy

Miller index, control variable

adsorption equilibrium constant

Henry constant

Miller index

BET parameter, degree of order, control variable
pressure

concentration of the adsorbed phase

g-value of a scattering experiment
crystallographic parameter depending on the space group
radial coordinate

radius

molar universal gas constant

specific surface area

time variable or coordinate

statistical thickness of the adsorbed nitrogen layer
temperature

dimensionless parameter (ZLC value)

velocity of the fluid

specific volume

relative pressure (x = p/pg)

coordinates

v



SYMBOLS AND ABBREVIATIONS

Greek symbols

g (-) positive root (ZLC value)
e (-) porosity
A (m) wavelengh
A constant (ZLC value)
wo (=) number of cavities per unit cell
T (-) number Pi
v () surface tension
v () dimensionless parameter (ZLC value)
p (kg m™3) density
0 (degree) angle
0 (-) normalized isotherm
Indices
0 reference or initial value
1,2 first and second microporosity
ads adsorption
c core
des desorption
eff effective
exp experimental value
ext external property
f fluid-phase
hkl value as a function of the Miller indices
1,7, k,m,n control variables
max maximum
me mesoporous property
mi microporous property
min minimum
S solid-phase
t total



Abbreviations

BET
BJH
CMT
CMC
CMK
DSBM
EDX
FCC
FID
HR-TEM
I
IUPAC
KIT-z
KJS
MCM-z
MD
MSC

N
NLDFT
NMR
PAA
PE
PEO
PEP
PFG

PI

Pluronic P123
Pluronic F127

PPO
PS
PSD
QENS
S
SAXS
SBA-x
SEM
STP
TEM
TEOM
TEOS
TAP
TST
XRD
ZLC

SYMBOLS AND ABBREVIATIONS

Brunauer-Emmett-Teller plot
Barret-Joyner-Halenda method

critical micelle temperature

critical micelle concentration

ordered mesoporous carbon number

Dual Site-Bond Model

energy dispersive X-ray microanalysis
fluid catalytic cracking

flame ionization detector

high resolution transmission electron microscopy
inorganic component (silica source)
International Union of Pure and Applied Chemistry
Korean Institute of Technology number z
Kruk-Jaroniec-Sakamoto method

Mobil Composition of Matter number x
molecular dynamics simulation

model of spherical cavities

non-ionic surfactant

non local density function theory

nuclear magnetic resonance

poly(acrylic acid)

polyethylene

poly(ethylene oxide)

positron emission profiling

pulsed field gradient

polyimide

(ethylene oxide)so-(propylene oxide)rq-(ethylene oxide)qq
(ethylene oxide);ge-(propylene oxide)7o-(ethylene oxide);oq

poly(propylene oxide)

polystyrol

pore size distribution

quasi-elastic neutron scattering
surfactant

small angle X-ray scattering
Santa-Barbara number x

scanning electron microscopy

standard temperature and pressure conditions
transmission electron microscopy
tapered element oscillating microbalance
tetraethyl orthosilicate

temporal analysis of products

transition state theory

X-ray diffraction

zero length column chromatography
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1. Introduction and motivation

The focus of this seminar thesis is the synthesis and characterization of a recently
developed kind of porous silicate material. The development of new kinds of highly
specialized materials and their characterization is fundamental for many fields of in-
dustrial application and engineering science. The proper characterization involves their
microscopic as well as their macroscopic properties. Often only one of these properties is
well investigated, but only the combination of both properties leads to a holistic analysis.

In this thesis, a series of SBA-16 materials was synthesized and characterized by
microscopic and macroscopic techniques, as for instance the diffusion of hydrocarbons
through SBA-16 particles. It is build-up on several prior studies on a series of SBA-15
materials investigated by Huang et al. The comparison and discussion of differences will
be a major issue.

The structure of this thesis is in brief:

e Chapter 2 gives an overview on relevant aspects on porous materials and on their
evolution during the synthesis. The time and temperature dependent self-assembly
of these materials is fundamental to this thesis, because precisely these parameters
were used to obtain SBA-16 materials with strongly varying structural properties.

e The third chapter gathers the relevant characterization techniques and discusses
their applicability and their mathematical or numerical implementation.

e Chapter 4 gives a brief summary of the synthesis of SBA-16 materials. The main
aspect of this chapter is the proper investigation of microporous properties of
the SBA-16 series. This involves the exact determination of pore structure and
crystallographic characteristics.

e Chapter 5 combines the prior results with a macroscopic method to measure
intracrystalline diffusivities, the so called zero length column (ZLC) method. It is
the first time, that diffusivities in such a structure as SBA-16 were investigated.

e Chapter 6 involves the adsorption of hydrocarbons on the SBA-16 series, which are
directly related to the diffusion studies. Unfortunately this chapter has become
rather short, due to a lack of experimental data.



2. Fundamentals of bi-porous materials

2.1. Porous materials

Porous materials have attracted the interest of scientists and industry due to various
applications for instance in molecular separation, heterogeneous catalysis, adsorption
technology or opto-electronics as well as new challenges in the fundamental material
research.

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 mush 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 kind of limitations can occur and have to be taken into consideration. Apart
of 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 up such kind of flexibility
and have hence found wide fields of industrial applications.

In this chapter I will give a brief introduction to porous materials with a focus on
ordered silicate materials with a micro and mesoporosity. According to the ITUPAC
definition [1] micropores are pores with diameter under 2 nm, mesopores with 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. Examples
of microporous materials are Zeolites. A well-known mesoporous material is MCM-41
(Mobil Composition of Matter No 41) with highly ordered pores. In this work bi-porous
materials should be defined as materials containing both micro and mesopores. The
MCM-41 bi-porous counterpart is SBA-15 (Santa Barbara No 15). Macroporous materials
are for example porous glasses or gels.

Zeolites are highly crystalline aluminosilicates with an extremely narrow distribution
of micropores. Due to the well defined structure and large surface area, zeolites are
widely deployed in very specific applications for example in the oil industry as catalyst for
cracking, alkylation or shape selective catalysis, as molecular sieves or as adsorbates. The
most important limitation for application are their small pore sizes up to only 1.2 nm so
far. Molecules that just suit the pore size are inhibited and do not show high diffusivities,
larger molecules with critical diameters even lager than the pore, will not be able to
enter the pore. Hence for catalysis of large molecules or to improve the diffusivities
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larger pores are required. A new kind of material very similar to SBA-15, but having
walls make of ZSM-5, seems to combine the crystallographic advantages of Zeolites and
the pore structure of MCM-41 or SBA-15. Also this material have a superior thermal,
hydrothermal and mechanical stability compared to SBA-15. It is made by replication
using CMK-3 materials [2].

Another important type of porous materials, but not on the basis of silicate, are
porous carbons [3, 4, 5]. Ordered porous carbons can be made by nanocasting using
mesoporous silicate as template [6, 7, 8]. One gets a negative replication of the mesoporous
template. Porous carbons exhibit interesting properties such as the hydrophobic nature
of their surface, chemical inertness, good mechanical and thermal stability as well having
advantages to form membranes, tubes or fibers [9]. Other types of porous materials are
for example porous coordination solids or porous heteropolyanion salts.

The main focus of this work will be porous materials based on silicate containing both
micro- and mesopores or only mesopores. Zeolites and other types of porous materials
will not be a major issue.

2.2. Synthesis of mesoporous siliceous materials

2.2.1. Silica polymerization

The classical way of silica polymerization, the so called sol-gel process, is carried out in
an aqueous solution as Iler [10] investigated in 1979. This process is rather uncontrolled
leading to non or poorly ordered structures with broad pore size and molecular weights
distributions. These porous silica are known as sol-gel materials like aerogels or xerogels.
The pathways leading to ordered porous materials are very similar to the sol-gel process
and will be described in the next section.

As stated before, the polymerization is carried out in an aqueous solution by adding
a catalyst and a source of silica. The silica source is an important factor for the
reaction conditions. Common molecular sources are alkoxysilanes like tetramethyl- and
tetraethylorthosilicate or sodium silicate. Non-molecular silica source are for example
already polymerized sol-gel materials which are leading to non-homogeneous solutions.

The first step of polymerization is the formation of silanol groups by hydrolysis of
the alkoxide precursors, the gel, in aqueous solution:

=S51—-0OR + HLO = =85i—-0H 4+ ROH (2.1)

The actual polymerization occurs through water (oxolations) or alcohol (alcoxolations)
producing condensations:

=S5i—0OH + HO-Si= = =Si—-0-Si= + ROH (2.2)
=Si—-OH + RO-Si= = =Si—-0-Si= + HyO (2.3)
.-+ = polysilicates
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This polycondensation reaction leads to more or less cross linked polysilicates which are
precipitating during the reaction. This dispersion is called the sol. All the reactions
are strongly pH dependent. They can be catalyzed by acid or base catalyst under
formation of cationic (under acidic conditions) or anionic silicate species. Acid catalysts
produces weakly-crosslinked gels which easily compact under drying conditions, yielding
low-porosity microporous xerogel structures. Conditions of neutral to basic pH result in
relatively micro- and mesoporous xerogels after drying.

Under some conditions, base-catalyzed and two-step acid-base catalyzed gels (initial
polymerization under acidic conditions and further gelation under basic conditions)
exhibit hierarchical structure and complex network topology [11, 12].

2.2.2. Concept of templating

The main concept to obtain well defined and structured polysilicates is to use a surfactant
templated polymerization instead of an uncontrolled reaction. In general the Iyotropic
(i.e. amphiphilic) molecules of the surfactant form a liquid crystal by aggregation in
aqueous solution [13, 14]. Of cause the proper formation of the liquid crystal matrix is
strongly dependent on the conditions in the solution. The structure of the liquid crystal
is the so called mesostructure. Important parameters for the mesophase formation are
for instance the temperature (CMT), the concentration (CMC) or the pH-value of the
solution. Depending on these conditions, the structure of the mesophase can be for
example ordered in spherical, cylindrical, lamellar or cubic phase or disordered. Two
distinct families of phases exists. One type is based on periodic continuous minimal
boundary surfaces of the phase components, the other type is micellar being based on
packing of discrete micellar aggregates. Especially for the cubic phase the cubic micellar
'T” and the bicontinuous cubic phases can be well-defined. Later in this chapter some
examples of materials synthesized in a micellar or bicontinuous mesophase will be given.
A detailed study of the polymorphism of lipid water systems was done by Seddon and
Templer [15]. In Figure 2.1 examples of Iyotropic mesophases in such liquid crystal
systems are visualized.

To act as a structure directing agent, the mesophase has to interact in some way with
the silica precursors. There have been many different attempts to develop pathways to
influence the interactions between mesophase and polycondensation reaction of the silica
source. These are in particular alkaline routes (ST17), acidic routes (STX~I*) or non-ionic
(S’1°) and neutral (N°I%) routes. Where S is standing for the surfactant molecules, I for
the silica source, X~ for halides and N for a non ionic surfactant. The difference of the
routes is mostly the kind of driving force, with can be ionic-ionic, ionic-metal in the case
of the ionic routes or hydrogen-bonding interactions in the case of non-ionic routes.

The ionic routes were developed in the early 1990s by Beck et al. [13, 14] and have
been intensively studied so far. They lead to monoporous' materials like the MCM
family. These ionic routes will not be of major interest for this work. For completeness
they will just be briefly described. In contrast newer non ionic routes yield to bi-porous

monoporous: only mesopores
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Figure 2.1.: Examples of Iyotropic structures of surfactant/water systems. (A) inverse
hexagonal Hyy phase; (B) L, fluid lamellar phase; (C) inverse bicontinuous
cubic phase Pn3m; (D) Schwarz’s P-surface (Pm3m); (E) inverse bicontinu-
ous cubic phase Ta3d in 'rod-like’ representation; (F) 'rod-like’ representation
of subfigure (C), from Seddon and Templer [15].

materials with generally larger primary mesopores and thicker walls than the counterparts
templated with ionic surfactants.

The size and the range of the interactions in the solution with the silicate molecules
can be furthermore varied by changing the ionic strange of the solution using inorganic
salts to form halides or metal cations in alkaline or acidic medium (STI~, STX~IT).
For the non-ionic route, cosurfactants like alcohols can be added to vary the molecule
interaction in solution.

lonic routes

The first attempts to synthesize ordered mesoporous silica were done under ionic condi-
tions. Under these conditions the inorganic silicates I and also the surfactant molecules
S are charged depending on the pH-value of the solution.
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The well known mesoporous candidates from the MCM family are typically synthesized
under alkaline conditions. Under these condition the silicates are deprotonated and form
anions I~ and the surfactant molecules form cations ST respectively. Three different
mesophases could be observed for this system leading to three structures, the hexagonal
MCM-41, the cubic MCM-48 and the lamellar MCM-50. The exact reaction conditions
can be found in many publications [16, 17].

The first attempts to synthesize templated mesoporous silica under acidic conditions
were carried out by Huo et al. [18, 19, 20].At these conditions the cationic surfactant
molecules are surrounded by negative halides. A triple layer of surfactant, halides and
the cationic silicate species (STX™IT) is the considerated mechanism for the mesophase
formation. Mesoporous materials synthesized using this route are for instance the SBA-3
materials.

Non-ionic routes

More important for this work are the non-ionic routes templated with amphiphilic triblock
copolymers. These routes are relatively new and have shown a high flexibility in tailoring
the synthesis conditions and the mesostructure of the liquid crystal template. Especially
the easy variation of hydrophobic/hydrophilic copolymer blocks and thus their volume
fraction simply by using different chain length or cosurfactants provides a high degree of
control. Commonly used block components are hydrophobic polymers like PPO, PS, PI
or PE and hydrophilic polymers like PEO and PAA.

Relevant for this thesis is the ternary water, butanol, triblock copolymer (Pluronic
P123 or F127) system at low acid concentrations. Kleitz et al. [23] recently established
several diagrams of the synthesis product phases, which clearly visualize the effects of
concentration of several components. In Figure 2.2 two product phase diagrams for
these systems are shown. Figure 1A and 1B are reflecting the phase domains of the
mesophase leading to SBA-15 (2-D hex domain), SBA-16 (Im3m domain), KIT-5 (Fm3m
domain) and KIT-6 (Ia3d domain) or mixed and disordered materials. Figure 1C shows
the influence of the cosurfactant /surfactant ratio leading to KIT-5, SBA-16 or SBA-15
materials if the mass ratio of BuOH:F127 is less than 2, 2 and higher 3 respectively. A
detailed discussion of these routes at low acid concentration was published recently by
Kleitz et al. [22, 24].

2.3. Overview of micro and mesoporous materials

The main purpose of this section is to give an overview of highly ordered porous materials
with both meso and micropores relevant for this work. Their crystallographic and
structure properties will be the major interest, focusing on important aspects for the
later diffusion studies on these materials.

The diffusion and sorption of hydrocarbons has been carried out on two major types
of materials. Materials with a 2-dimensional hexagonal were examinated recently by



CHAPTER 2. FUNDAMENTALS OF BI-POROUS MATERIALS

(A) (B) (©)
32 3.0
H H ® im-3m
” ) o o F Fme3m
281 O Disordered
254 o ] L] ] X
H A+ " H
244 i 513 Disordered
—~ H mee® + + -] o
2 meeoe + + + =
H =
gZ.D- mee o4 2 20 ‘:-;
E + B -
2 He o e ® + + =2 o 8
E 16 g =
» H HEe®e oo+ - =
o - % 154 1 @
E 1.2 4 Hmeeoe é 8
Hee®+ + + ¥ £
. e ® Ja3d 4
081 5 B H 2Dh 10
+  Disordered D b > > -
4 B Mixed with 2-D hex to Ja-3d =
04 d MikedJoc8ito diordered Disordered
- - - T v . - 05
0.0 04 08 12 16 20 24 28 0.0 0.5 1.0 15 2.0 2.5 3.0
BuOH (molar ratio) BuOH (molar ratio) 05 10 15 20 0

20 (degrees)

Figure 2.2.: (A) Phase domains of the ternary water, butanol, Pluronic P123 system with
a molar ratio of 0.017 P123:x TEOS:y BuOH:1.83 HCI: 195 H50, from Kim
et al. [21]; (B) Phase domains of the ternary water, butanol, Pluronic F127
system with a molar ratio of 0.0035 F127:x TEOS:y BuOH:0.91 HCI:117
H,O, from Kleitz et al. [22]; (C) Experimental (solid line) and simulated
(dashed line) XRD powder patterns of material synthesized using the ternary
water, butanol, Pluronic F127 system with a mass ratio of BuOH:F127 =
0,1,2,3 and 4, from Kleitz et al. [23].

Hoang et al. [25] and materials with a 3-dimensinal cubic symmetry were investigated in
this thesis.

2.3.1. Materials with hexagonal symmetry
MCM-41

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 of mesoporous molecular
sieves [13, 14]. For all these materials the mesophase is created using so called gemini
surfactants (i.e. ternary ammonium compounds) under alkaline conditions. The MCM-41
materials 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 [26]. Due to the long rod-like pores this material is ideally homogeneous and
isotropic only on a mesoscopic scale in one or two dimensions.

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.
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MCM-41 materials have found various application in catalysis [27, 28, 29] and various
techniques for characterization have been developed [3, 26, 30, 31, 32, 33, 34, 35, 36,
37, 38, 39]. 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 synthesis.
Also the chemistry of the walls can be easily changed by incorporation of heteroatoms
or grafting techniques [40, 41, 42, 43]. The most important limitation for example as
FCC catalyst is the low hydrothermal stability of these materials [44, 45], caused by the
rather thin and amorphous pore walls.

SBA-15

Very similar to MCM-41 materials are SBA-15 materials prepared under acidic conditions
with the triblock copolymer Pluronic P123 (EO2PO7EQOy) surfactant as template
[46, 47] (see Figure 2.2). The mesopores are ordered in hexagonal arrays providing the
same long range space group as for MCM-41 materials (P6mm). However, due to the
properties of the Pluronic type surfactant [48] SBA-15 materials show up important
differences in porosity and adsorption properties compared to MCM-41 materials. In
a regular synthesis, SBA-15 materials have much thicker but still amorphous walls
and primary mesopore diameters between 5 nm to 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 [43, 49]. Also due to 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.

2.3.2. Materials with cubic symmetry

SBA-16 and KIT-5

SBA-16 is a porous silica with large (5-15 nm) cage-like mesopores arranged in a three
dimensional cubic body-centered Im3m symmetry [46, 50]. Like SBA-15 it is synthesized
under acidic conditions using a non ionic Pluronic surfactant (Figure 2.2) and is therefore
providing an intrawall complementary porosity [25]. The mesophase can be created using
mixtures of Pluronic P123 and Pluronic F127 (EO;06PO7EO;¢6) or in a ternary water,
butanol and Pluronic F127 system. Caused by the longer PO chains in Pluronic F127
compared to Pluronic P123 SBA-16 generally has thicker pore walls than SBA-15.

The structure of SBA-16 can be described by a triply periodic minimal surface of I-WP
(body centered, wrapped package) [50] as represented in Figure 2.3. The mesophase might
also be a triply periodic minimal surface. As suggested by electron crystallography studies
[50], each mesopore is connected to eight neighboring mesopores for SBA-16. Thereby
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Figure 2.3.: Schoen’s [-WP triply periodic minimal surface as a representation of the
stucture of SBA-16 materials and the corresponding mesophase, from Brakke
[51].

the pore entrance size from one mesopore to another is usually significantly smaller than
the primary mesopore size, making this size the limiting factor for applications involving
intraparticle mass transfer. The desorption out of this kind of structure is dominated by
so called pore blocking and networking effects [52, 53]. The primary mesopore size can
relatively easy be obtained by diffraction or physisorption measurements in combination
with an adapted geometric model like the model of spherical cavities or the triply periodic
[-WP surface [52, 53]. In contrast, the pore entrance size is more difficult to obtain.
Analyzing the PSD of the desorption physisorption isotherm a first guess of a maximal
diameter is possible. If the desorption occurs spinodal at a pressure of about 0.48 - 0.50
p/po the pore entrance diameters are less than 4 nm. Lager sizes will cause a shift of the
desorption isotherm towards higher pressures [54]. Pore entrance sizes greater than 4
nm can thus relatively straightforward be characterized by physisorption measurements.
Using probe molecules of large kinetic diameters and analyzing their sorption properties
it is also possible to characterize entrance sizes below 4 nm.

KIT-5 is also a porous silica with very similar properties than SBA-16. The mesopores
are ordered in a cubic face-centered Fm3m symmetry. Like SBA-16 KIT-5 can be
synthesized in a ternary water, butanol and Pluronic F127 surfactant system (Figure
2.2).

In contrast to the triply periodic bicontinuous minimal surface of the SBA-16
mesophase, for KIT-5 it is possible to have a cubic micellar mesophase. In this case
each mesopore would only be statistically connected to each other, but arranged in a
face-centered symmetry. The further structural properties, including the pore entrances
to the primary mesopores, are very similar to SBA-16.
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MCM-48 and KIT-6

MCM-48 and KIT-6 are both materials with a 3-dimensional Ia3d structure. The best
representation of the structure is a gyroid minimal surface [55]. MCM-48 is synthesized
in a similar way to MCM-41 under alkaline conditions with genimi surfactants. The pore
wall thickness of MCM-48 is about 0.8 to 1.0 nm [55] just like for MCM-41 materials. The
pore sizes are also in the same range as for MCM-41 materials. KIT-6 can be synthesized
using as mesophase the ternary system shown in Figure 2.2A. Pore wall thickness and
pore dimensions are in the same range as for SBA-15 materials.

The gyroid structure, which can be interpreted as two interwoven cylindrical channels,
leads to adsorption properties which are similar to the one of the 2-dimensional hexagonal
materials. The desorption is not kinetically limited and near equilibrium. Pore blocking
effects are not occurring. These materials seem to combine the advantages of the 2-
dimensional hexagonal with the one of a 3-dimensional structure. In this thesis the
properties of these materials will not be further investigated, only for completeness and
to promote further studies a short overview was given.

2.4. Evolution of bi-porous materials

In this section, especially the time and temperature dependency of mesophase and
silica condensation and hence of the calcinated materials will be discussed. A good
understanding of this behavior is important for the later work, where precisely these
synthesis parameters were varied. Also they have been in the last few years some other
interesting studies predominantly focusing on these synthesis parameters [25, 54].

As it will be shown later in the synthesis section, generally the synthesis of these
materials is divided in a reaction period, where mostly the polymerization takes place
and an aging (or hydrothermal treatment) period, where the molecules crystallize in part
and try to reach a thermodynamic stable minimum. The reaction period is generally
well stirred, whereas the aging period usually takes place under static conditions. The
synthesis conditions during the reaction period are often kept constant. In this thesis
the temperature and the time of the aging period were varied. Other parameters as for
instance the pH-value of the solution or cosurfactants are of cause influencing all the
steps involved during the formation of the materials, but for this study only the evolution
period during the aging step is of importance and will be discussed in this section. Also
only relevant surfactants, i.e. Pluronic block-copolymers are being considerated. Detailed
studies discussing other systems and parameters can be found elsewhere in literature
[22, 46, 56, 57].

Evolution during the reaction period

The intrawall micropores of materials synthesized using Pluronic as surfactant are formed
as a result of the penetration of the poly(ethylene oxide) PEO chains into the silica
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framework [58]. Galarneau et al. [59, 60] studied more intensively the micelle structure
of SBA-15 hexagonal mesophases created with the block copolymer Pluronic P123. At
low temperature (around 60 °C) P123 micelles in water are surrounded by a nearly 1
nm thick corona of hydrated PEO chains. The repulsion between the hydrated PEO
chains takes the micelles to a distance of at least 3-4 nm. An increase of the temperature
results in a partially dehydration of the PEO chains and in a decreasing volume of the
hydrophilic corona. Thereby the core radius of the micelle increases as shown in Figure
2.4. This leads to larger mesopores as a function of increasing temperature.

PPO

Figure 2.4.: Schematic representation of micelle dehydration with temperature, from
Galarneau et al. [60].

On the basis of electron parametric resonance (EPR) and electron spin-echo enve-
lope modulation (ESEEM) experiments using spin-labeled block copolymer templates,
Ruthstein et al. [61] proposed a formation mechanism of SBA-15 materials. In Figure
2.5 the initial stages during the formation are shown. The polymerization reaction starts
within the first minutes after adding the acid and silica source in the hydrophilic corona
region of the solution (stage 2.5a). The decrease in water density (stage 2.5b) lead to
an enlargement of the micelle core region and to formation of larger aggregates in stage
2.5¢. The silica wall thickness decreases during this process continuously. The PEO
chains of the block copolymer surfactant were found to be deeply occluded within the
silica wall during this process. As mentioned above these chains are responsible for the
generation of the complementary intrawall microporosity. For a detailed discussion of
the mechanism refer to the original study from Ruthstein et al. [61].

Evolution during the aging period

During the synthesis of the SBA-16 series in this work and of the SBA-15 series in
previous studies Hoang et al. [25] the reaction conditions were kept constant and only
the time and temperature during the aging period were varied (see chapter 4).

An increase of the aging temperature results in an increase in the mesopore diameter
and in a decrease in the micropore volume, due to the dehydration of the PEO blocks, as

11
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Micellar solution (t = 0 min) Stage (4) (t < 5 min)

Wwidler

coremd vore

Stage (b) (t = 5-60 min) Stage (¢) (1= 1-2 hr) Stage (d) (t =2 hr)

Figure 2.5.: Proposed model for the initial stages in the formation of SBA-15 materials.
Darker regions represent a higher concentration of water molecules, from
Ruthstein et al. [61]

observed during the reaction period. It this thus relatively easy to tailor these structural
properties as a function of the aging temperature. The time of the aging process results
in similar effects. The mesopore sizes are increasing and the intrawall micropore volume
is decreasing. This is mainly due to a better condensation of the structure as a function
of these parameters [62]. The time dependence influence the structure in a linear way
whereas the temperature dependence is exponential as can be seen in this thesis or in
other recent studies varying these parameters [25, 54].

Galarneau et al. [60] investigated in detail the influence of the aging temperature
on the intrawall porosity as well as the connections between micro- and mesopores of
SBA-15 materials. In Figure 2.6 a schematic representation of the SBA-15 structure is
shown. An aging temperature of 35 to 60 °C (Figure 2.6A) shows only micropores in
the silica walls but no interconnections between the mesoporous channels. The micelle
corona seems to be too thick for the PEO chains to connect one micelle to another. The
first interconnections are generated when the temperature is increased above 80 °C. At
100 °C and higher interconnecting mesopores are formed (Figure 2.6B) and at 130 °C no
microporous interconnection between the mesopores are left (Figure 2.6C). For SBA-16
materials this mechanism is likely also to be valid, but it is important to note, that the
volume of the micelle corona of the block copolymer Pluronic F127 is greater then the one
of Pluronic P123 and thus providing thicker walls and probably more interconnections
between the mesopores.

12
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Side view

g
2

Figure 2.6.: Schematic representation of the pore structure of SBA-15 materials synthe-

sized (A) between 35 and 60 °C, (B) around 100 °C and (C) at 130 °C, from
Galarneau et al. [60].
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3. Methods and calculations

3.1. Physisorption

A common method for determination of pore volume, pore sizes, areas or volumes is the
sorption of probe molecules on a porous solid. Nitrogen or argon physisorption has found
to be a generally accepted method for this kind of characterization of porous materials.

The adsorption of a gas on a solid can be quantitatively described by an adsorption
isotherm, which represents the amount of condensed molecules (the adsorbates) in a
porous solid (the absorbent) as a function of the partial pressure of the gas-phase at a
constant temperature. Because of the temperature dependence of sorption in general, it
is necessary to measure under isothermic conditions.

(A (B)

Oy H1 H2

Amount adsorbed ——mM8M8Mm™ —————>
=
=

0

plp

Relative pressur¢ ——»

Figure 3.1.: (A) IUPAC classification of sorption isotherms from Sing et al. [1] (1985); (B)
Modern classification of hysteresis loops from Rouquerol et al. [63] (1999).

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
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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 3.1A).

Beside the IUPAC classification, the interpretation of the hysteresis loop observed for
mesoporous materials with type IV isotherms can reveal more interesting phenomenas.
Rouquerol et al. [63] has classified the hysteresis loop into four main types as shown
in Figure 3.1B. 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 effect like ’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 [64].

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 [36, 53].

3.1.1. Theoretical isotherms

Different models were developed to describe the concept of adsorption on a surface.
The most popular isotherm models can be classified into models describing monolayer
localized adsorption on a flat and energetically homogeneous or heterogeneous surface,
in multilayer adsorption isotherms and in isotherms describing the adsorption in micro-
and mesopores.

The isotherms describing adsorption on an energetically homogeneous surface like
the original Langmuir, the Fowler-Guggenheim or the Kiselev equation follow Henry
behavior and reduce to the Henry isotherm at very low concentrations or pressures:

0(z) = Ky -z, witha = L (3.1)

DPo

where 6 represents the dimensionless loading of the adsorbent, x the relative pressure i.e.
the fraction of the vapor pressure of the adsorbates p and the saturation pressure of the

15



CHAPTER 3. METHODS AND CALCULATIONS

pure adsorbates pg and K a constant. K describes, in the case of the Henry isotherm,
Henry’s constant Ky.

Equation (3.1) is the simplest isotherm, describing the linear part of adsorption that
may be observed for relatively high temperatures and very low pressures. The slope of
this linear region is the dimensionless Henry constant. This adsorption law is formally
identical to the well known Henry law for gas absorption in liquids and describes the
intrinsic affinity of the adsorbent for a specific sorbate. Defined in this way the Henry
constant is an equilibrium constant and shows van’t Hoff temperature dependence:

K=K, e (3.2)

where AFj represents the change in internal energy or enthalpy of adsorption.

3.1.2. The BET-surface analysis

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
9 = —_— . .
peT(7) Ny 1—x 14 (K—1x (3.3)

with the total amount of adsorbates n, the amount of adsorbates in a monolayer n,,, the
relative concentration or pressure x and a constant K which is related to the net heat 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 (3.3) can be
rewritten into the classic BET linear form:

x 1 1 K—1

n(l_x)anK(1+(K—1)w)=an+anx (3.4)

Now a plot of x/n(1 — x) against = should yield in a straight line in a pressure range of
about 0.05 to 0.3 p/py. From the slope and the intercept it is now 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. Also it should not be too high or too
low. Sing et al. [1] analyzed the influence of K.

The BET equation was implemented in two different ways. The first algorithm tries to
find the maximum surface area and to optimize the parameter K in the relative pressure
range from 0.06 to 0.15. This leads of course to a variable pressure range from sample to
sample, but eliminates erroneous data points in the measurements and yields in more
physical consistent values of K. The second way was the strict application of the BET
plot in same pressure range as above, but without any more sophisticated algorithm. In
appendix B.1 the implementation in Matlab used to calculate these parameters is listed.
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The analysis of the adsorption isotherm by the BET method is a common method to
determine the surface area of a porous material, but 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.

Other analytical isotherms will not be further discussed here, because they are not
relevant for this work.

3.1.3. Micropore analysis

Different methods were established for a quantitative determination of the micropore
volume and size. The most direct way is to use probe molecules with varying kinetic
diameters as sorbates and to compare their sorption isotherms or to analyze the kinetics
of diffusion and sorption.

Other common methods are comparative plots like the t-plot or the ag-plot method,
the Dubinin-Radushkevich (DR), Dubinin-Astakhov (DA), Horvath-Kawazoe (HK), Saito-
Foley and methods based on the density functional theory (DFT) [65, 66, 67, 68, 69].

In this section only the comparative plot methods will be discussed. The principle
of comparative plots is to compare a physical quantity by plotting two measurements
against each other. If the mechanism of change is the same in both measurements, the
plot would yield in a straight line. In the case of physisorption data the t-plot method
and the ag-plot have found broad application to determine micropore, mesopore volume,
internal and external surface area of micro- and mesoporous materials [31]. Generally
the a, method is more accurate than the ¢-plot especially for the low and high pressure
regions, because it uses a measured reference isotherm.

The following equations where implemented as t-curves in Matlab for the t-plot
method. In principle these are type II isotherms, reflecting the statistical thickness of
the adsorbed Nitrogen multilayer:

Vads

thoor = 011547 2 (3.5)
BET
60.65 0.3968
Harkins ~ 0.1- ' 3.6
Harkins (1) (0.03071—10gx> (3:6)

[ 13.99
t arkins! = '1 : S o4 1 .
Harkins2 (111 0 0.34 — logx (37)

5 1/3
tHasley(nm) = 0.1-3.54- ( ) (38)

—Ilnz

Equation (3.5) is the original ¢-plot equation by Deboer et al. [68] which gives a relationship
of the statistical film thickness and the experimental isotherm. V4 is the adsorption
isotherm (STP). Equations (3.6) and (3.7) are both by Harkins and Jura. Equation
(3.6) shows a good agreement with experimental data for cylindrical pores and has been
used to modify the Kelvin equation in the modified BJH method as developed by Kruk
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et al. [70] in 1997. The last equation (3.8) is from Hasley/FHH and is more useful for
microporous materials. In this work only equation (3.6) will be further applied if not
otherwise specified.

The reference isotherm for the gy method in this work is Nitrogen on the macroporous
silica gel LiChrospher Si-4000 [31, 58] which is also of type II. Stepwise linear interpolation
was used for filling the gaps in the reference dataset. Furthermore for all linear curve
fitting the variance of the fit was calculated and minimized to ensure a good representation
of the linear region.

The presence of micropores is indicated by a positive intercept of a linear fit of the low
pressure or the first linear region, of both ¢- and a,-plots. It is caused by a relatively large
nitrogen uptake at a very low pressures, due to the stronger adsorption in micropores.
Hence, it is possible to calculate the micropore volume V,; from the intercept. From the
high pressure linear region of the aj,-plot it is possible to determine the external surface
area Sey Of the porous material. Deviations from linearity are often caused by capillary
condensation in mesopores or different types of pores, as for instance slit-shaped pores.
Detailed calculations and further interpretation of these methods can be found elsewhere
[31, 68].

3.1.4. Pore size distributions

The pore size distribution reflects in some way the distribution of any one dimensional
geometric parameter of a porous material. Of cause any arbitrary parameter can be 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:

Rumax
Nexp(x) = / Nineo(,7) - PSD(r) dr (3.9)

Rmin

where Ne,(2) 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
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by Monte Carlo simulations. The classical way is known as the BJH-method and has
been developed 1951 by Barrett et al. [71]. 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. [70] 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 [71] is based on a model for capillary
condensation and evaporation in cylindrical pores using the classical Kelvin equation:
20Vy
Inr=————"— 3.10
RTr.(x) (310)
where V, represents the molar volume of the liquid, « the surface tension and r. = r —t(x)
with r. 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 (3.10) 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 [71] a calculation scheme has been
developed to solve the following integral equation:

Nexp(z) = / 7 (r—1t)°-PSD(r) dr (3.11)
Rmin
The calculation scheme can be written the following way:
k n
Nesp(r) = Y AVi(ri < relap)) + Y AS; - ti(ry > re(wy)) (3.12)
=1 =kl )
lst‘}:art 2n(?;art
or as an indexwise scheme:
_ 2 n—1 = 2
Vn = T(x ) 2 ANeXP(':E?n) - Atn : T(x ) 2" At] C ’ (313)
(e + Aty) = (Ten + Aty) ()
AS,
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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,. The
implementation of the above calculation scheme is listed in appendix B.2.

Modified BJH method (KJS) As stated before the most important difference of the

modified BJH method or KJS method [70] is the treatment of the core radius of the kelvin

equation. Introducing the statistical thickness and a correction factor, Kruk, Jaroniec

and Sajary [70] were able to modify equation (3.10) to better represent the experimental

data of SBA-15 measurements. The modified equation to calculate the core radius is the
following;: o
YVL

re{w)(nm) = RTInx

+ tHarkins(7) + 0.3 (3.14)

3.1.5. Measurements

Nitrogen physisorption isotherms were measured using an Omnisorp-100 static-volumetric
sorptometer at liquid nitrogen temperature (77 K). The calcinated samples were first
activated under vacuum for 6 h at 250 °C. After the measurements the weight of the
samples was determined on an analytical balance at room temperature.

3.2. X-ray diffraction (XRD)

X-ray diffraction (XRD) is an extensively used technique in material science to determine
crystallographic and textural properties and inner stress due to defects. Even while
ordered mesoporous materials are amorphous materials on a short range scale, the
long range order still produces distinct diffraction patterns at angles in the range of
0° < 260 < 5° when the Bragg conditions are fulfilled.

The Bragg’s law states, that at distinct (hkl) planes, a reflection will be observed
during X-ray irradiation:
n-A=2- dhkl - sin Hhkl (315)

where )\ is the wavelength of the X-ray beam, 6 the so called glancing angle, d the spacing
between the (hkl) planes in the lattice and n the order of diffraction (n € N*). hkl are
the Miller indices.

The unit-cell parameter a of the crystallographic structure was obtained by solving
the following equation depending on the type of space group:

a=/Qnt * dni (3.16)

where Qhkl is:
Qni = h> + k> + 12 (3.17)
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for a cubic space group like the cubic body centered (Im3m) SBA-16 or

4 a 2
Qu = 5 (* + hk + k) + (E 1) (3.18)
for a hexagonal space group P6. In the case of the 2-dimensional SBA-15 or MCM-41 ma-
terials with space group P6mm, there is no periodicity along the direction corresponding
to the c-index.

The exact determination of the space group is often not as straightforward as it might
look like. To minimize assumptions and ambiguities of powder X-ray diffraction, the
measurements should be accompanied by additional methods such as electron diffraction
or microscopy. Also simulations of diffractogramms might be very useful. In contrast the
determination of the structure using single crystal X-ray diffraction is more reliable, but
due to the synthesis process of micro- and mesoporous materials based on silica no single
crystall is formed. In this thesis the XRD measurements where accompanied by small
angle X-ray scattering and transmission electron microscopy for the confirmation of the
Im3m symmetry of the SBA-16 series.

The powder X-ray diffraction patterns were recorded with a Bruker D4 powder X-ray
diffractometer using Cu-K, radiation.

Additionally, the powder X-ray diffraction patterns of calcined samples were analyzed
with a STOE STADI P #-0 powder X-ray diffractometer in reflection geometry (Bragg-
Brentano) using Cu-K,;42 radiation with secondary monochromator and a scintillation
detector. XRD patterns were recorded in the ranges of 0.7-2.5 (260) with step: 0.1 (20),
time/step: 10 s.

3.3. Small angle X-ray scattering (SAXS)

Small angle X-ray scattering (SAXS) is a powerful technique to study structural properties
on a nanometer length scale in the range from 1 to 300 nanometers. These are typically
macromolecules, colloids or for instance mesoporous materials. It is performed by focusing
an X-ray beam onto a sample and observing a coherent scattering pattern that arises
from electron density inhomogeneities within the sample. A typical SAXS pattern of the
SBA-16 sample S-100-2 is shown in Figure 3.2.

The SAXS patterns of the SBA-16 series were acquired on a Nanostar U small-angle
X-ray scattering system using Cu-K, radiation. The d-spacings were calculated directly
from the scattering patterns by d = 27 /q.

3.4. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a technique whereby a beam of electrons is
focused onto a sample (specimen) to create an image of very small structures of materials.
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Figure 3.2.: SAXS pattern of SBA-16 sample S-100-2.

In contrast to a classical light microscope, the electron beam interacts mostly by scattering
or diffraction rather than absorption, although the intensity of the transmitted beam is
still affected by the volume and density of the material through which it passes. The
intensity of the diffraction depends on the orientation of the planes of atoms in a crystal
relative to the electron beam. At certain angles the electron beam is diffracted strongly,
sending electrons away from the axis of the incoming beam, while at other angles the
beam is largely transmitted. In the case of SBA-16 materials with a cubic body centered
Im3m symmetry these orientations are [100], [110] and [111]. Furthermore it is possible
to determine the position and also the type of defect present, by carefully orientation
of the specimen. The resolution of the microscope is only limited by the wavelength
(energy) of the electrons, which can be easily tuned by adjustment of the accelerating
fields. At present high electron resolution microscopy (HREM) allows separations at
atomic scale (0.1 nm).

In this thesis, TEM images of the SBA-16 series were obtained on a JEOL 2011
transmission electron microscope operated at 200 kV. The samples were prepared by
dispersing the powder probes in ethanol, then dispersed and dried on a carbon film on a
Cu grid.

3.5. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful technique to study the surface mor-
phologies (texture, shape and size) of the bulk samples of solid materials. A beam of
electrons is scanned across the surface of the sample. This method can be combined
with energy dispersive X-ray microanalysis (EDX) to analyze the backscattered and
secondary electrons produced by the primary beam of electrons. In this thesis, SEM
images were used to estimate the size and shape of particles of the samples. The particle
size is a critical value to measure effective diffusivity with the zero length column (ZLC)
technique.
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For all SEM images, a JEOL JSM-840 scanning electron microscope operated at 15
kV was used. The samples were coated by a thin layer of gold before analysis.

3.6. Zero length column (ZLC) chromatography

A number of theoretical and experimental techniques exists nowadays to study diffusion
in porous materials. This section gives a brief overview over the zero length column (ZLC)
method, which was used to determine the effective diffusivity of several hydrocarbons
through the porous structure of selected SBA-16 samples. SBA-15 and Zeolite materials
were analyzed recently on the same set-up and the results will be compared in chapter 5
of this thesis. Also a more detailed theoretical study of diffusion in general will be done
in chapter 5.

3.6.1. Introduction

As stated before, a number of different techniques exists to analyze the diffusion. Roughly,
these methods can be divided in microscopic and macroscopic methods. Figure 3.3 gives
an overview over the most important techniques sorted in the range of diffusivities that
can be determined by these methods. Only the zero length column will be further
discussed here. Detailed descriptions and reviews of the different experimental techniques
can be found in the literature.

TST methods ‘

theoretical

Exch. NMR
QENS microscopic

PFG-NMR

e

TEOM
(TEX-)PEP ,
macroscopic

‘ Zero-length column ‘

‘ Chromatography ‘

‘ Uptake methods ‘

| | | | | | |
-8 -10 -12 -14 6 -18 -20

10° 10 10 10" 10" 10 10
Diffusivity [m®/s]

Figure 3.3.: Range of diffusivities that can be determined with different methods. A
diameter of 10 um as assumed for the particle size, from Schuring [72].
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The zero length column method uses a very small gas volume which is equilibrated
with the sorbate of interest and than purged with an inert gas at a high flow rate in
order to further decrease external mass transfer resistances. The experimental set-up
and procedure was very similar to the one used by Jiang and Eic [73].

3.6.2. Experimental set-up

The experimental set-up used for the ZLC method in this thesis is shown in Figure 3.4.

AIL . Desorption line

b 3

Vent Vent
A A

Adsorption line 10

Bubbler line
{ll}
()

(23]
‘ﬁ
h 4

49 |

Figure 3.4.: Schematic representation of the experimental ZLC set-up.

The high pressure cylinder (1) contains the Helium inert gas, which was subdivided
into three different lines. These are the adsorption, the desorption and the so-called
bubbler line. Both adsorption and desorption are high flow rate streams, to minimize
external mass resistance during the measurements (see chapter 5). All the flow rates were
controlled by mass flow controllers (2). The operating range of the mass flow controllers
were 500 ml/min and 10 ml/min for the high and low flow rate line respectively. To
achieve a certain concentration of the sorbates in the adsorption stream, the bubbler
line was 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. The exact partial pressure of the
sorbates is not relevant for the ZLC measurements, it only has to be very low, to be
in the linear part of adsorption (see the Henry isotherm). An estimation of the partial
pressure can be done using the Antoine equation. Depending on the liquid hydrocarbon
sorbates, i.e., n-heptane, mesitylene and cumene, the bubbler flow rate was varied to
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control the amount of sorbates in the stream. It is than connected with the adsorption
line with a T Swagelok union before passing through the sample. Both desorption and
adsorption lines are connected through a 6-way switching valve (6).

The central part of the ZLC system is the zero length cell (7), which 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 (8). The 6-way switching valve, ZLC cell and FID detector were
placed in a gas chromatograph oven (5) (Hewlett Packard Series 11 5890). The reading of
the FID was directly transferred and saved (9). Flow rates of desorption and adsorption
streams were calibrated using a soap-bubble flow meter (10).

3.6.3. 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. Only the important details of the derivation will be discussed in
this section, in appendix A a detailed derivation can be found.

This technique has been applied mainly to gaseous systems [74, 75, 76, 77, 78, 79, 80]
but the application to liquid systems have also been reported [81, 82]. 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 ZLC
technique were also reported [83, 84, 85, 86, 87].

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. This will be
discussed in chapter 5. The effect of assumption (4) has to be minimized by a clever
design of the set-up. Assumption (5) is more critical. Only taking into consideration the
biggest particles, this assumption is good enough for the model. This will be discussed
in detail in chapter 5.
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Model equations and solution

The mass transfer via diffusion through spherical particles in radial coordinates is given

by:
oq 0% 20q
o~ Der <w+;5 (3.19)

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 D82c ov %_(1—6)@

o o2 “9: Vo ot

(3.20)

€

where c 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 (see appendix

A):
0
V2L 4 Fae(t) =0 (3.21)
ot
In this equation Vj is the solid volume and F' the fluid flow rate.

Equation (3.19) and (3.20) are a set of coupled differential equations. Brandani
and Ruthven presented 1995 an analytical solution to this problem. It can be solved
analytically using the above assumptions and initial and boundary conditions (see
appendix A). The following set of equations is the analytical ZLC solution for the model
and describes the desorption out of a porous 3-dimensional material:

C(t) > 2L QDeﬂ
ct)  _ : _ ¢ 3.99
- ;@%L(L—l) eXp( " R? ) (3:22)
0 = fh-cotfB,+L—1 (3.23)
1F R
L = ——. 3.24
3Vs KuDeg (3:24)

where R is the mean particle radius, Ky is the dimensionless Henry constant. (3, are the
positive roots of equation (3.23) and L a value which introduces the flow rate into the
set of equations.

In chapter 5 two different techniques will be implemented to solve these equations.
In brief these are the long time analysis and the direct implementation of the above
equations.

3.6.4. Measurements

In a typical ZLC measurement, a small amount of the SBA-16 samples (1-2 mg) was
placed between the two sintered disks in the ZLC cell and placed inside the chromatograph
oven. Then the samples were activated at 270 °C over night for at least 6 hours under
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low Helium flow rate. After the activation the two high flow lines were set between 50
and 200 ml/min. Most measurements were done at 100 ml/min. The bubbler flow rate
was set to a convenient value in the range of 0 to 5 ml/min.

The adsorption step was maintained until equilibrium conditions were reached, usually
this was the case after about one hour. Then the 6-way switching valve was switched
to desorption. The relative concentrations (¢/cg) of the effluent sorbates from the ZLC
column were determined using a flame ionization detector and transferred to a computer.

By regeneration of the samples at 270 °C over night, several adsorption and desorption
cycles could be performed before changing the sample.

3.7. Adsorption of hydrocarbons

3.7.1. Experimental set-up

Sorption equilibrium measurements of n-heptane and toluene on all SBA-16 samples
which also were analyzed during the ZLC run and mesitylene and cumene on selected
materials were carried out using a digital microbalance (CAHN Instrument, model D-200)
connected to a high-vacuum system as shown in Figure 3.5. Sorption measurements of a
silicalite reference and of SBA-15 materials were performed on the same set-up in recent
studies [88].

o

Figure 3.5.: Schematic representation of the experimental sorption set-up.

In a typical run, about 8-10 milligrams of powdered sample was loaded on the
sample holder (8). A high vacuum of at least 107 Pascal of the system was reached
by consecutive operating the rotary pump (2) and the oil diffusion pump (3). Under
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that pressure, the powder was activated at 270 °C using the heating tape (9) in order to
eliminate possible adsorbed impurities and hygroscopic moisture. After at least 6 hours,
the sample was cooled down to the required experimental temperature. The electronic
balance (10) was used to accurately monitor the weight of the sample. The equilibrium
pressure was determined by both pressure transducers (12) and (13) and read on the
CAHN D-200 microbalance (16). Adsorption step was started by introducing a dosed
amount of hydrocarbon vapor directly to the sample chamber of the electronic balance
and recording the weight change after reaching a stable equilibrium pressure. Further
consecutive runs were taken by stepwise incrementation of the vapor pressure.

3.7.2. Data analysis and calculations

The adsorption isotherms were obtained from the dependence of adsorption capacities
expressed in millimol of sorbate per gram of sample or in cm? of liquid sorbate per
gram of sample with equilibrium pressure p or relative pressure p/pg respectively. The
maximum adsorption capacities () (mmol/g) were assumed as the maximum value of
sorbate loading in the adsorption isotherms. The Henry constants Ky were calculated
from the linear part of the isotherm at very low pressures. The concentration of sorbate
was calculated by assuming that the density of the silicate powder is 2.2 cm?®/g. The
isosteric heats of adsorption H,qs of the sorbates on the samples were derived from the
temperature dependence of adsorption data, using the Clausius-Clapeyron equation for

an ideal gas-phase:
Olnp 0H qs
) = 3.25
<81/T>q R (3:25)

where p is the equilibrium pressure at absolute temperature 7" at constant adsorbed
concentration ¢ and R is the gas constant.
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4. Synthesis and characterization

4.1. Synthesis of SBA-16 materials

A series of SBA-16 materials was synthesized exactly as reported recently by Kim et al.
[21], Kleitz et al. [23] using poly(ethylene oxide)-poly(propylene oxide)- poly(ethylene ox-
ide) triblock copolymer in a ternary copolymer-butanol-water system and low-acid concen-
trations [21, 22, 24]. The aqueous mixture of Pluronic F127 copolymer (EOQ;06PO70EO106)
with Butanol (1-Butanol, Aldrich 99%) was used to create a mesostructure to achieve an
ordered self-assembly of the silica source tetraethyl orthosilicate (TEOS, Aldrich 98%).

1 day-45 °C
1 day - 60 °C
TEOS 2 days - 60 °C
HCI N 1 day - 80 °C _ .
Pluronic F127 —_24hstimng  _ 2days-80 °C _dving _  EtOH dying  Calcination
45 °C 3 days - 80 °C 100 °C extraction 100 °C 550 °C
Butanol 4 days - 80 °C
H20 5days - 80 °C
1 day-100 °C
2days-100 C

Figure 4.1.: Schematic representation of the synthesis route.

In a typical synthesis 3 g of the copolymer F127 was dissolved in a solution of 144 g
distilled water and 5.94 g of concentrated hydrochloric acid (HCI, Fischer 36.5 - 38.0%).
After about 20 to 30 minutes 9 g of the co-surfactant Butanol was added, to achieve
a 1:3 F127:BuOH mass ratio in the ternary system as shown in Figure 2.1. After 1
hour of stirring 14.2 g TEOS was added to the solution. At a constant temperature
of 45 °C the mixture was further stirred for 24 h. The mixture was then placed under
static conditions at varying temperatures and times for hydrothermal treatment. The
temperature varied from 45 °C to 100 °C and the time from 1 to 5 days depending on
the specific sample. After the hydrothermal treatment the precipitated solid was isolated
by filtration and dried without any additional washing process at 100 °C for at least one
day. The template was removed by a brief extraction in an acidic ethanol solution and
further by calcination at 550 °C under air for 6 h. The samples are denoted as S-T-t
with the time ¢ between 1 and 5 days and the temperature 7" in the range from 45 °C to
100 °C. For instance, the sample treated for one day at low temperature, is denoted as
S-45-1.
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4.2. Results and Discussions

4.2.1. Morphology

The morphology of the SBA-16 samples was determined by analysis of the SEM mi-
crographs. The calcinated powder samples were first treated in a sedimentation step
to narrow the particle size distributions. Only the relevant samples for the later diffu-
sion measurements were treated this way. The corresponding SEM micrographs of the
sedimentation fractions are shown in Figure 4.2.

Figure 4.2.: SEM images of SBA-16 samples powder after a sedimentation step: (a) S-45-1
2nd fraction; (b) S-60-1 3rd fraction; (c) S-80-1 2nd fraction; (d) S-80-5 2nd
fraction; (e) S-100-1 2nd fraction; (f) S-100-2 2nd fraction.

The estimated particle radii from these micrographs are summarized in table 5.1. The
smaller particle size obtained for the sample S-60-1 is due to the different sedimentation
fraction. The increasing particle size as a function of temperature or time can be related
to the faster particle growing at higher temperatures or the longer aging time resulting
in bigger particles.
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4.2.2. Crystallographic structure

For determination of the structure and symmetry of the materials, XRD and SAXS
patterns and TEM images were analyzed. The reflections of the XRD patterns could be
indexed to the cubic body centered space group Im3m, thus providing an indication of
the Im3m IW-P structure of SBA-16. The positions of the reflections were confirmed by
SAXS measurements.

Figure 4.3.: TEM images of sample S-45-1 and their Fourier diffractograms along the
[100], [110] and [111] projections of the Im3m structure

Figure 4.4.: TEM images of sample S-100-1 and their Fourier diffractograms along the
[100], [110] and [111] projections of the Im3m structure

In Figures 4.5 and 4.6 the XRD and SAXS patterns of representative samples are shown
respectively. The augmentation of the hydrothermal treatment time and temperature
caused a pronounced shift towards lower angles, an evidence for the enlargement of the
unit cells as a function of temperature and time. The shift toward lower angles was
accompanied by changes in the relative intensities in the XRD and SAXS reflections. The
(200) reflection could be well resolved by SAXS for all samples, but its relative intensity
significantly decreases while the higher reflections tend to increase. This behavior could
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also be observed by XRD, although the (200) reflection was difficult to resolve for samples
with larger unit-cell parameters. This effect can be assigned to the relative change in the
pore size to wall ratio and was also recently observed in the case of a mesoporous material
with Ta3d symmetry by Kim et al. [21]. TEM measurements yielded a confirmation of
the Im3m symmetry.

Figures 4.3 and 4.4 show images corresponding to [100], [110] and [111] projections
of the cubic body-centered (Im3m) structure for the samples S-45-1 and S-100-1 and
their corresponding Fourier diffractograms. The Im3m space group is therefore reliably
identified. Large domains of highly ordered materials are visible. The change in structural
properties could also be confirmed by TEM. Even if it is not possible to directly access
the primary mesopore diameter or the pore wall thickness by TEM, it is obvious from
Figures 4.3 and 4.4 that for sample S-45-1 the ratio of void to silica wall volume is lower
than in sample S-100-1.
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Figure 4.5.: XRD patterns for SBA-16 materials; (A) recorded on a STOE STADI 6-
0 powder X-ray diffractometer in reflection geometry; (B) recorded on a
Nanostar U small-angle X-ray scattering system.
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Figure 4.6.: SAXS patterns for SBA-16 materials.
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4.2.3. Mesoporous properties

The nitrogen physisorption isotherms of the complete series are plotted in Figure 4.7
showing the shifted isotherms in a normal and semi-logarithmic scale. All the isotherms
are of type IV according to IUPAC classification with a triangular hysteresis loop of type
H2 typical for materials with ink-bottle pores and pore network connectivity like SBA-16
[1, 47, 53]. Since the evaporation of the fluid always occurs spontaneously and at the
same relative pressure of 0.45 to 0.48 p/py, as a result of cavitation [52, 53], the pore
entrance diameter to the main mesoporous cavities must be less than 4 nm [53, 54].

1200 1200

(A) 0Q) (B)
1000 0 1000 |
1)
800 (h) 800 0]
(9)
600 - 600 -

400 400

Amount Adsorbed (cm® STP g™)

200 200 +

0.0 0.2 0.4 0.6 0.8 1.0 1E-3 0.01 0.1 1
Relative Pressure Relative Pressure

Figure 4.7.: N2 adsorption-desorption isotherms for SBA-16 materials synthesized at
different hydrothermal treatment time and temperature in linear (A) and
semi-logarithmic (B) scale. The isotherms (a) S-45-1, (b) S-60-1, (¢) S-60-2,
(d) S-80-1, (e) S-80-2, (f) S-80-3, (g) S-80-4, (h) S-80-5, (i) S-100-1, (j)
S-100-2 are shifted by 0, 20, 50, 50, 90, 150, 220, 320, 500 and 600 ¢cm® STP
g~ 1 respectively

Varying the hydrothermal treatment time or temperature results in a variation of the
total amount of adsorbed nitrogen (estimated at p/py = 0.99) and therefore the total
pore volume V; (Table 4.1). The temperature dependence, in the range investigated in
this work, is for most properties like maximum adsorbed amount of nitrogen, primary
pore size and unit cell size exponential, whereas the time dependence is, as expected,
linear. Sample S-45-1 synthesized at low temperature only adsorbs about 0.23 cm? liquid
nitrogen per gram. In contrast, the sample S-100-1 synthesized at high temperature
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adsorbs nearly three times more. The hysteresis loop increases in height and width with
time and temperature and the capillary adsorption step shifts to higher relative pressures.
This is a clear indication for an increasing primary mesopore size and volume. Pore size
distributions determined using the BJH-methods are not accurate for materials with
non-cylindrical and cage-like pore structures. However, in order to compare this series
with recent works on cage-like materials pore size distributions (PSDs) were calculated
using the modified BJH method on the adsorption isotherm (see Figure 4.7). The values
at maximum of the DBJH are therefore reported in Table 4.1.

Samples SBET ‘/t a DBJH l)me hw €me
(m’g™") | (cm’g™") | (nm) | (nm) | (nm) | (nm) | ()

S-45-1 370 0.23 | 12.8 5.2 7.8 8.410.24
S-60-1 414 0.28 | 13.0 5.7 8.3 7.2 10.28
S-60-2 481 0.32 - 6.1 0.30
S-80-1 621 042 | 13.3 6.9 9.2 5.8 0.34
S-80-2 678 0.50 - 7.3 0.40
S-80-3 728 0.55 | 144 8.3 | 10.5 5.1 1041
S-80-4 800 0.63 - 8.9 0.44
S-80-5 843 0.68 | 14.9 93| 114 4.4 0.46
S-100-1 821 0.66 | 14.9 94| 11.3 4.4 1 0.46
S-100-2 886 0.77 ] 15,5 | 104 | 12.2 3.910.51

Table 4.1.: Structural Properties of SBA-16 materials.

For a better evaluation of important geometric properties the Model of Spherical
Cavities [53] (MSC) was applied to the materials. In this model the diameter the spherical
cavities Dy, may be calculated as:

1/3
Due = a (9%) (4.1)

where a is the cubic cell parameter, p is the number of cavities per unit cell which is
equal to 2 for the Im3m of SBA-16 and €, is the void fraction associated with the
mesopores estimated as:

o pvvme
B 1 + vame
where V.. is the specific volume of the cavities calculated by the ags-plot method and

py the density of the solid walls, which was assumed to be 2.2 g/cm?®. The average wall
thickness can be calculated as:

(4.2)

Eme

2a? Dye

hy = -
DR 3

(4.3)

The values of Vi, py and €y, are also reported in Table 4.1.
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Figure 4.8.: Modified BJH pore size distributions for SBA-16 samples under variation of

synthesis temperature.
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Figure 4.9.: Modified BJH pore size distribution for SBA-16 samples under variation of

synthesis time.
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4.2.4. Microporous and intrawall properties

As observed in recent studies on SBA-16 materials [54] the comparative methods like
t-plot or ag-plot do not show the usual regular shape below the capillary condensation
pressure. As can be seen from Figure 4.10, two different linear regions were observed
below the capillary condensation step in the as-plot.
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Figure 4.10.: ag-plot of selected SBA-16 samples.

The low oy linear region intercept with the ordinate axis yields a volume of micropores
(V1) which is unambiguously ascribed to intrawall micropores. The second linear part
intercept yields a sum (Vi + V3) where V5 is the volume of a population of small
mesopores. The measured values of V;, V; and V; are reported in Table 4.2. Interestingly,
the experimental values of (V; —V; — V%) are very close to the mesopore volume estimated
using the modified BJH approach. The variations of V; and V5 as functions of V; are
shown in Figure 4.11. The nature of the mesopores associated with volume V5 is difficult
to assess as these could not uniquely be intrawall mesopores like those reported in
materials synthesized with Pluronic type surfactants [25, 60, 89, 90, 91]. There is also
a certain possibility that the volumes associated with the pore apertures linking the
primary mesopore cavities may contribute to V5. However, since the as-plot is drawn
from the adsorption branch of the isotherms this second hypothesis is thought less likely.
Indeed, in sample S-45-1 that it is believed to be without intrawall mesopores, the volume
of V5 is essentially zero indicating that, at least in this sample, the contribution of the
pore apertures is also close to zero.
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Samples Vi Vi Vo Vi Vi )
(em®g™) | (em®g™") | (em®g™") | (emPg™") | (em®g™")

S-45-1 0.23 0.072 0.001 0.16 0.18
S-60-1 0.28 0.071 0.005 0.20 0.23
S-60-2 0.32 0.081 0.010 0.23 0.25
S-80-1 0.42 0.101 0.021 0.30 0.33
S-80-2 0.50 0.086 0.031 0.38 0.39
S-80-3 0.55 0.076 0.064 0.31 0.43
S-80-4 0.63 0.060 0.087 0.48 0.49
S-80-5 0.68 0.045 0.110 0.52 0.53
S-100-1 0.66 0.047 0.100 0.51 0.51
S-100-2 0.77 0.018 0.132 0.62 0.61

Table 4.2.: Pore volumes of SBA-16 materials.

Moreover, the consideration of Figure 4.11 also suggests that V5 is associated with
a population of intrawall small mesopores. In this figure it is seen that both V; and V;
increase at V; < 0.42 ecm®g~!. This 0.42 value corresponds to S-80-1 which means that
below 80 °C the materials have a very large volume of intrawall mesopores. Above 80 °C
the contribution of the micropores to the overall pore volume decreases drastically whereas
the V5 value increases steadily. In a recent paper Fajula and Ryoo have established
that in SBA-15 the intrawall interconnecting mesopores are created by the growth
and enlargement of intrawall micropores [60]. They have specifically pointed out the
temperature of 80 °C as the one at which this transition starts occuring. As a consequence
we believe that the data in Figure 4.11 reflect the same kind of transition with the
conversion of intrawall micropores into (connecting) intrawall mesopores occurring at
a significant rate at temperatures equal or higher 80 °C. The interconnected nature of
the mesocage pore system of SBA-16 prepared at 100 °C has recently been evidenced
independently through the nanocast preparation of CMK-type mesoporous carbon inverse
replicas [92].

It should be noted that the slopes of V;(V;) and V5(V;) at high V; are essentially equal,
amounting to —0.296 and 0.330 for V; and V5 respectively. This strongly suggests that
the creation of intrawall mesopore is not by enlargement of a micropore but rather by
the coalescence of micropores since at high V;, V; 4+ V5 is a constant.

Assuming the main process is through coalescence of two micropores it is possible to
use the data in Table 4.1 and 4.2 to estimate a micropore size.

Indeed the values of specific surface area associated with the primary mesopores may
be estimated as:

Sx = SpET — 51— 52 (4.4)

In the case of cylindrical micropores, the pore areas S; and S, can be calculated from
the pore volumes using a simple geometric relation:

2

T

Si

. with i =1,2 (4.5)
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If the small mesopores are obtained by mere coalescence of two cylindrical micropores of
radius r; then

ra=V2-1 (4.6)

and Sy may be expressed as:

2 1
Sx=295ger — — (Vi + —= V& 4.7
wwr = = (Vi 5 12) (4.7

A specific volume of primary mesopores can be in turn estimated as:

S, DB
V= e (4.8)

Samples r dr* S So S, V.
(nm) | (nm) | (m*g™") | (m*g™") | (m’g™") | (em’g™")

S-45-1 0.60 | 0.05 240 2.3 126 0.163
S-60-1 0.60 | 0.05 237 12 154 0.219
S-60-2 0.60 | 0.05 270 23 188 0.286
S-80-1 0.55 | 0.05 404 60 157 0.270
S-80-2 0.50 | 0.05 346 89 243 0.443
S-80-3 0.45 | 0.05 337 202 189 0.392
S-80-4 0.40 | 0.02 300 310 190 0.422
S-80-5 0.40 | 0.02 225 393 223 0.518
S-100-1 0.40 | 0.01 235 357 229 0.538
S-100-2 0.35 | 0.01 102 538 246 0.639

Table 4.3.: Fitting procedure to estimate the micropore radius. * the error bars in Figure
4.12 indicate estimates of r = r1 £+ dr.

Table 4.3 shows the values calculated for Sy, Sa, Sy and V4. In order to fit V, with
the values of VB reported in Table 4.2, it was necessary to assume that the micropore
diameters were not the same in all samples. The values of r; adopted in these calculations
are also reported in Table 4.3. In Figure 4.12 the graph of Vi (Table 4.3) as a function
of VBIH (Table 4.2) is showing relatively good agreement between these two estimates
and justifies the fitting values adopted for the micropore radius (r1). The error bars in
Figure 4.12 correspond to estimates of the micropore radius r = r1 + dr with the values
of dr also represented in Table 4.3. The values of r; in Table 4.3 are indeed indicating
that this parameter depends on temperature, varying from 0.6 nm at 45 °C to 0.35 nm
at 100 °C. This suggests that at the lower temperature the PEO chains of the surfactant
are to some extent entangled when entrapped in the forming wall. At higher temperature
they get less entangled yielding narrower (and possibly longer) micropores.
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Figure 4.11.: Plots of V; and V5 as functions of the total pore volume for SBA-16 materials.
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CHAPTER 4. SYNTHESIS AND CHARACTERIZATION
4.3. Conclusions

A series of high-quality SBA-16 materials was prepared with different structural properties
focusing on the systematic control of intrawall porosity. The mesophase was created
using butanol as cosolute. The symmetry and the high quality of the samples was
established from XRD, SAXS and TEM measurements. By varying the hydrothermal
temperature and time, materials with a high fraction of intrawall micropores and thick
wall (S-45-1) up to mesoporous materials with few micropores, thinner walls and large
primary mesopores (S-100-2) could be obtained. Using the a,-plot, it was possible to
distinguish two different types of intrawall pores. Moreover the variations in intrawall
pore volumes allowed to suggest that the intrawall small mesopores are generated by the
coalescence of two micropores, this process happening at a significant rate at temperature
exceeding 80 °C. These data also allowed a rough estimate of the micropore radius which
varies from 0.6 nm at 45 °C to 0.35 nm at 100 °C. The Model of Spherical Cavities [53]
allowed to calculate provided estimates of the primary mesopore size, pore wall thickness
and primary mesopore void fraction, which are important structural properties for the
correct evaluation of diffusion results. These will be reported in the next chapter of this
thesis.
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5. Diffusional properties

5.1. Theory

In the case of uniform spherical particles being in linear adsorption equilibrium at very
low partial pressures of the sorbate under negligence of the hold-up in the ZLC-bed
and assuming perfect mixing throughout the ZLC cell the normalized effluent sorbate
concentration ¢/cq is described by the set of equations (3.22 - 3.24).

By fitting this set of equations against the experimental data in the complete time
range, it is possible to calculate the effective diffusion time constant Deg/R?. However
to minimize particle size distribution effects which only appear at short times [83], the
so-called long-time solution is more accurate. It is obtained by neglecting all the higher
order terms of the sum in equation (3.22) [93] and yields to a straight line on a semi
logarithmic plot of the normalized effluent sorbate concentration versus the time. From

the slope:
D

eff
R2

2

(5.1)
and the intercept:
. 2L
7 =
B+ L(L—1)
of the plot and under consideration of equation (3.23) the effective diffusion time constant

is obtained. The implementation of the long-time solution in Matlab is listed in appendix
B.3.

(5.2)

5.2. Measurements and calculations

The ZLC set-up was described in detail by Jiang and Eic [73]. The ZLC column and
switching valve were placed in a gas chromatograph oven (Hewlett- Packard Series I1
5890). The flow rates were controlled by mass flow controllers.

A small amount of the SBA-16 sample powder (1-2 mg) was loaded into the ZLC
column and activated at 270 °C overnight or for at least 6 hours to eliminate possible
impurities and moisture in particular. Helium of 99.95% purity was used as the inert
carrier gas. n-heptane, cumene or mesitylene (99% grade, Aldrich) were kept in the
bubbler, and its vapor was carried by a small flow of helium before being diluted in the
main He stream. The sorbate concentration was adjusted and maintained at a low level
corresponding to the linear region of the adsorption isotherm (Henry’s law region) [77].
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In the adsorption step, the samples were equilibrated with sorbate diluted in a helium
flow, for about one hour. Then desorption was performed with helium at a flow rate high
enough to minimize external mass and heat resistances on the surface of the sample. A
flow rate of 100 cm®/min was chosen as standard flow rate for all samples. Flow rates of
100 to 200 cm?/min were chosen to verify the kinetically controlled desorption process.
The relative concentrations (¢/cg) of the effluent sorbates from the ZLC column were
determined using a flame ionization detector. The desorption was then performed until
the baseline was reached or nearly reached.

The effective diffusivity was calculated from the kinetically (diffusion) controlled
long-time region of the ZLC curve using up to eight terms of the sum in equation
(1). Equilibrium and kinetic limitations were determined by plotting the ZLC-curves
(c¢/co) measured at different flow rates against the product of flow rate and time (Ft).
Diverging curves signify a kinetically controlled process [94]. The linear conditions of the
system (Henry’s law region) were determined by varying the sorbate concentration. The
diffusional activation energies were calculated by Arrhenius plots of the corresponding
effective diffusivities measured at different temperatures. From SEM images the particle
dimensions of the powder samples were obtained.

5.3. Results and Discussions

The results from the long-time analysis of the diffusion measurements are summarized in
Table 5.1. As stated in the previous section the time range of the kinetically controlled
long-time region was obtained by F't-plots. In Figure 5.1 F't-plots for n-heptane and
cumene diffusion measurements in S-100-2 are displayed. In Figure 5.2A the desorption
curves corresponding to the F't-plot for n-heptane is plotted. S-100-2 is the sample with
the fastest desorption and most likely in an equilibrium limitation?. For most samples
the short-time region was generally equilibrium controlled, but even for S-100-2 the
long time region shows diverging curves and is thus being kinetically controlled. The
effective diffusion time constants (Deg/R?) were in a small error range the same for all
flow rates investigated in this work confirming the kinetically controlled regime. In Figure
5.2B the effect of varying sorbate concentration is shown. The slope of the long time
region is the same for both measurements, thus indicating that the system is being under
linear conditions. The experimental and long-time fittings for the selected samples of of
the SBA-16 series are presented in Figure 5.3. It was impossible to fit the short- and
long-time region simultaneously very likely because of particle size and shape distribution
effects of the sample powders.

Just like the structural properties reported in the previous chapter, the diffusion
results of the different hydrocarbons are strongly varying as a function of the synthesis
temperature and time confirming a close relationship of micro- and mesostructure and
diffusivity. A remarkable increase in effective diffusivity is observed as a function of
increasing synthesis time and temperature caused by a successive enlargement of the
porous structure as described in the previous chapter. For all samples except S-45-1,

20nly under assumption of the same Henry constant for all samples
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| Sample | Sorbate [| T (°C) [ L | Deg/R? (s1) | Degt (m?*s™ ") | Ea (kJ/mol) |

S-45-1 | n-heptane 10 [ 40 1.58-10% 6.34-10~ 14 6
30 | 43 2.11-10~% 8.45.10~14
50 | 50 2.67-10* 1.07-10713

cumene 30 59 1.36-10~% 5.43-10~14 6
50 | 67 1.59-10~4 6.34-10~14
70 | 112 1.79-104 7.15-10~ 14

mesitylene 30 | 246 1.51-10~% 6.04-10~14 8.2
50 | 361 1.84-10~% 7.37-10714
70 | 641 2.21.107% 8.83.10~ 1

S-60-1 | n-heptane 10 | 40 3.41-.1074 7.67-10714 9.6
(15um) 30 | 53 4.62-10~4 1.04-10713
50 | 87 5.62-107% 1.27-10~13

cumene 50 | 18 1.57-107% 3.53-10~ 14 28.3
70 | 29 2.38.1074 5.35-10714
90 | 50 5.03-10~% 1.13-10713

mesitylene 50 | 27 1.22:10~ % 2.74.10~ 14 20.6
70 | 41 1.78.1074 4.00-10714
90 | 81 2.85-10~4 6.40-10~14

S-80-1 [ n-heptane 10 [ 20 3.26-10°% 1.30-10~ 13 13.3
(20pm) 30 | 27 4.79-1074 1.92.10713
50 | 55 6.55-104 2.62-10~13

cumene 50 | 12 1.24.10~ % 4.98.10~14 29.7
70 | 13 2.24.107* 8.96.10714
90 | 48 4.34-1074 1.69-10~ 13

mesitylene 50 | 12 1.19-107% 47710714 25.8
70 | 13 2.10-10* 8.41.10~14
90 | 21 3.44.1074 1.38.10713

S-80-5 | n-heptane 10 ] 25 3.12:107% 1.65-10~ 13 19.9
(23um) 30 | 41 4.83-1074 2.55.10713
50 | 80 8.93.104 4.72.10713

cumene 50 | 16 1.75-107% 9.26-10~ 14 39.5
70 | 20 3.96-10~4 2.09-10713
90 | 43 8.86-10~* 4.68-10713

mesitylene 50 | 12 1.71-1077 9.07-10~ 14 34.2
70 | 15 3.66-10~% 1.94.10~13
90 | 30 6.97-10* 3.69-1013

S-100-1 | n-heptane 10 25 2.40-10~1 1.27-10713 22.2
(23pm) 30 | 52 4.13-107* 2.19-10713
50 | 96 7.74.10~% 4.10-10713

cumene 50 | 15 1.54-10~% 8.12:10~ 1 40.4
70 | 20 3.66-10~% 1.94.10713
90 | 59 8.05-10~4 4.26-10713

mesitylene 50 | 17 1.37-10~% 7.22.10714 35.5
70 | 26 2.55-10~4 1.35-10713
9 | 34 5.89.1074 3.11-1013

S-100-2 | n-heptane 10] 14 4.52.107% 2.60-10~13 24.7
(24pm) 30 | 23 7.46-10~% 4.29-10~13
50 | 53 1.67-1073 9.62-10~13

cumene 50 | 20 1.92.10~ % 1.11-10° 1 47.9
70 | 28 4.61-1074 2.65-10713
90 | 36 1.38.1073 7.96-10~13

mesitylene 50 | 20 1.58-10~% 9.07-10~ 14 41.8
70 | 24 3.66-10~4 2.11.10713
90 | 36 8.75-10~4 5.04-10~13

Table 5.1.: Diffusivity data of n-heptane, cumene and mesitylene for SBA-16 samples.
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Figure 5.1.: F't-plots for S-100-2.

the effective diffusion of n-heptane is the fastest followed by cumene and mesitylene
respectively, as expected if the kinetic diameter of the molecules is the limiting factor for
diffusion. n-heptane has a kinetic diameter of 0.43 nm, cumene has a kinetic diameter of
0.67 nm and mesitylene of 0.87 nm [95]. For the SBA-16 sample S-45-1 synthesized at low
temperature, with thick and highly microporous walls, n-heptane shows a typical diffusion
for a micro- or mesoporous material (see Figures 5.3a). It enters easily (kinetically fast)
the porous structure. The diffusion mechanism is mostly intracrystalline and Knudsen
diffusion. In contrast the adsorption kinetics of cumene and mesitylene are very slow,
the equilibrium is very difficult to reach in a short period of time. The diffusion is
a combination of a fast surface barrier [87] at short times and a slow intracrystalline
diffusion mechanism at longer times. Interestingly the diffusion of mesitylene is faster
than the one of cumene. Both molecules seem to be in the size of the porous structure.
In this material the primary mesopores are only interconnected by micropores. The
larger interconnections of the main cavities typical for the SBA-16 structure seem to be
undeveloped and thus also being in the size of the intrawall microporosity. This size is the
limiting pore size for mesitylene and cumene, thereby it is more difficult for mesitylene to
enter the pore structure. As a conclusion the micropore diameter in S-45-1 is larger than
the kinetic size of n-heptane but in the range of the kinetic sizes of cumene or mesitylene
confirming the calculations of the intrawall micropore diameter in the previous chapter.

Increasing the synthesis temperature from 45 °C to 60 °C for sample S-60-1 directly
yields in a more developed structure. The interconnections between the primary mesopores
or the so called pore entrance sizes are now large enough for cumene and mesitylene
to enter the porous structure kinetically fast. The diffusion mechanism is not longer
surface barrier. Also the great change in activation energy for cumene and mesitylene is
an indication of a complete different diffusion mechanism. In contrast, the activation
energy of n-heptane is practically the same than the one for S-45-1, the dominant part of
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Figure 5.2.: Experimental ZLC curves at varying flow rate (A) and varying sorbate
concentration (B).

diffusion still takes place in the micropores. Due to the change in activation energy it
might be that the dominant part of diffusion of cumene and mesitylene now takes place
through the open pore structure and not through the intrawall micropores. Thereby
the change in activation energy is less pronounced for mesitylene (see Figure 5.5), thus
some microporous limitations are still occurring. However the easiest way to pass from
one mesopore to another are for both molecules the larger interconnections between
the primary mesopores. It is obvious that each time a molecule passes a mesopore it is
attracted by the pore wall and is thus sliding on the microporous walls from one cavity to
another. The diffusion mechanism could be dominated by a surface or so called slip-type
diffusion [96, 97]. This type of diffusion is strongly temperature dependent and thus
could explain the high activations energies observed for all hydrocarbons for the samples
synthesized at 80 °C to 100 °C.

For these samples the effective diffusion increases in a linear way as a function of the
mesoporosity as plotted in Figure 5.4. The activation energy is also increasing linear as
a function of the mesoporosity (Figure 5.5). This suggests the same diffusion mechanism
for all these samples. In the SBA-15 series [25, 98] the activation energy decreased as a
function of the mesoporosity as expected if Knudsen and intracrystalline diffusion are the
dominating mechanisms. However, this phenomenon can not be explained by a simple
diffusion mechanism, it has to be related to the structure of SBA-16 materials which can
be represented by a triply periodic minimal surface of I-WP (body centered, wrapped
package) as stated in the previous chapter. Also the pore blocking and pore network
effects which are directly related to the I-WP structure have to be taken into consideration.
Assuming a surface diffusion as dominant diffusion mechanism in such a specific structure,
it is obvious that in a material with large mesopore diameters like S-100-2 of about 13.3
nm and still relatively small pore entrance sizes of under 4 nm (probably around 2-3

46



CHAPTER 5. DIFFUSIONAL PROPERTIES

(@
$-45-1/ n-Heptane
Particle radius: R = 20 ym

—o—10C
—0-30 C
—2-50 C

250 500 750 1000

1250 1

Time (s)
1
(©) —o0—10C
5-60-1/n-Heptane —0—30 C
Particle radius: R=15ym  —A—50 C

© —0-10C
§-80-1/ n-Heptane —o0—30C
Particle radius: R=20um ~ —A—50 °C
014
o so 70 10 10 1S
Time (s)
1
—0—10C
(d —0-30C
§-80-5 / n-Heptane —8—50C
Particle radius: R = 26 um
01

o 250 500 750 1000

1250 1500

(e)
100-1/n-Heptane
Particle radius: R = 20 um

0 250 500 750 w000 1250 1500
Time (s)
1
U] —o—10°C
$-100-2/ n-Heptane —0—130 °C
Particle radius: R=24um ~ —A—50 <C

o 250 500 750 1000

Figure 5.3

(f) S-100-2.

1250 1500

(@
§-45-1/ Cumene
Particle radius: R = 20 um

—0—50 C
—0—70C
—4—-90 C

250 500 750 1000 120 1500
Time (s)
(b) —o—50 C
$-60-1 / Cumene —0-70 C

Particle radius: R = 20 um

—a-90 C

(a) —0-50 C
S-45-1/ Mesitylene —o—70C
Particle radius:R=20um  —a—g0 <G

0 250 500 750 1000 120 100
Time (s)

(b) —o-50 C
$-60-1/ Mesitylene —0—70 C
Particle radius: R = 15 um —£—90 °C

001

250 500 750 000 125 1500 0
Time (s)
' 1
© —o-50 C —o-50 C
5-80-1/ Gumene —o—70C 5-80-1/ Mesitylene —o—70C
Particle radius: R =20 um  —A—90 C Particle radius: R =20 um  —A—90 C

500 750 1000

1250 15¢

0 250
Time (s)

—o-50 C

() —0-70C

5-80-5/ Cumene —5-90 C

Patticle radius: R = 26 um

0 250 500 750 1000 1250 1

—5—50C
(d) —0-70C
5805 / Mesitylene —2-90°C

Particle radius: R = 26 um

500 750 1000

1250 1500

o 250 500 750 1000 1250 1500

(e) —o-50 C
$-100-1/Mesitylene —0-70C
Particle radius: R =20 ym ~ —&—90 °C.

500 750 1000

1250 158

0
Time (s)
) —o-50 C
$-100-2/ Cumene —0-70C

o6, ()

Particle radius:

o 250 500 750 1000 1250 1500

f) —o-50 C
5-100-2/ Mesitylene —o-70C
Particle radius: R=24ym  —A—90 °C

500 750 1000
Time (s)

47

1250 188

: Experimental ZLC curves and long time solution
rate of 100 ml/min: (a) S-45-1; (b) S-60-1; (c) S-80-1; (d) S-80-5; (e) S-100-1;

500 750 1000 1250 1

of SBA-16 samples at flow



CHAPTER 5. DIFFUSIONAL PROPERTIES

Diffusivities at lowest temperature

—m— of Heptane at 10 °C
—e—of Cumene at 50 °C
—A— of Mesitylene at 50 °C

1.2x10"

Diffusivities at medium temperature

1.2x10"

Diffusivities at highest temperature

1.0x10"

—m— Heptane at 30 °C
—e—Cumene at 70 °C
—A— Mesitylene at 70 °C

1.0x10™ 4

—m— Heptane at 30 °C
—e— Cumene at 90 °C
—A— Mesitylene at 90 °C

8.0x10™ 4 8.0x10™ [

—N
—a—a

2 6.0x10" £ 6.0x10" 2 60x10" -
& i N
] I ]
4.0x10™ Q 4.0x10™ 4 Q 4.0x10™ 4 /
A
/! )
2.0x10" / 2.0x10"° 4 » 2.0x10" /
— i, o —
—g—" o« A
T T T
03 0.4 05

. T T 0.0 0.0
02 03 0.4 05 02

Mesoporosity (-)

T T T
0.2 0.3 04 05

Mesoporosity (-) Mesoporosity (-)

Figure 5.4.: Diffusivities at different temperatures.

nm [99]) it is difficult for the hydrocarbons to diffuse from one mesopore to another if
there is a lack of kinetic energy. In a material with smaller mesopores or larger pore
entrance sizes the time of flight or a jump of a molecule before being attracted to a wall
is probably longer, leading to a greater mean square displacements from one jump to
another. SBA-15 materials with cylindrical mesopores can be considered as a boundary
case with pore entrances as large as the pore itself. In this case a longer molecule jump
signifies a longer gas phase diffusion which is only weakly temperature dependent. In
contrast in a pore blocked SBA-16 material with network effects the number of jumps
before passing from one mesopore to another is higher and the time of a jump is probably
shorter leading to a more dominant surface diffusion than in SBA-15 materials.
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Figure 5.5.: Activations energies of different samples.

Another very interesting result is related to the order of activation energies for the
three hydrocarbons which is different than the one observed for the same hydrocarbons for
SBA-15 materials [25, 98]. For the SBA-15 materials the activation energy of mesitylene
was higher than the one of cumene. For the SBA-16 series investigated in this study, the
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diffusion of mesitylene in all samples except S-45-1 is less activated than the diffusion of
cumene. This behavior also has to be related to the surface type diffusion mechanism
and the particular structure of SBA-16 materials. The higher polarity of cumene in
contrast to mesitylene could lead to a stronger interaction with the silicate walls and
respectively to shorter surface jumps and displacements. Also the asymmetry of cumene
and the greater moment of inertia compared to mesitylene could require additional kinetic
energy for a successful surface displacement or jump. The diffusion of n-heptane is as
expected the least activated, confirming the assumption of a more dominant Knudsen
diffusion. Anyhow, the increasing activation energy for n-heptane for the samples with
larger mesopores is an indication, that the diffusion takes place dominantly in the primary
mesopores in contrast to a diffusion through the intrawall pores for S-45-1 and S-60-1.
The differences in temperature dependence of diffusion between SBA-15 and SBA-16 are
visualized by Arrhenius plots in Figures 5.6 and 5.7.
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Figure 5.6.: Arrhenius plots of SBA-15 samples, from Hoang et al. [25, 98].
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Figure 5.7.: Arrhenius plots of SBA-16 samples

The two materials S-80-5 and S-100-1 synthesized under different conditions have very
similar adsorption and structural properties. The diffusion is also very similar, confirming
the strong relationship of micro- and mesostructure and diffusivity. It also shows, that
similar materials can be obtained in a long time synthesis at lower temperature or in a
short time synthesis at higher temperature.
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To compare the effective diffusion results with other studies the particle sizes of the
SBA-16 samples have to be obtained. As stated before only the biggest particles are
relevant for the long-time analysis. The obtained sizes and the effective diffusion are
shown in Table 5.1. The effective diffusion is for all samples faster than the one in SBA-15
materials. This can be certainly related to the 3-D pore structure of SBA-16 in contrast
to the only 1-D mesopore diffusion and the more inhibited 3-D intrawall diffusion of
SBA-15.

5.4. Conclusions

The diffusion properties of probe molecules, i.e. n-heptane, cumene and mesitylene in
SBA-16 materials with a 3-D cubic mesoporous structure were investigated using the ZLC
technique. The strong relationship of micro- and mesostructure and diffusivity already
observed for SBA-15 materials could be confirmed. For a complete description of the
diffusional properties micro- and mesoporous limitations have to be taken into account.
As a result of the 3-D mesoporous structure the effective diffusivities are very high in
contrast to the diffusion in SBA-15 or microporous zeolites. The diffusivities are highly
temperature dependent leading to activation energies nearly as high as in microporous
materials. However the high activation energies are not related to microporous limitations.
The particular structure, which consists in a pore blocked structure with network effects,
in combination with a highly temperature dependent surface diffusion mechanism leads
to such a temperature dependency. This result is very important for the use of SBA-16
as a catalyst. Only at higher temperatures the SBA-16 materials will present a high
activity. The systematically highest activation energy for cumene observed in this study
can also be related to the particular SBA-16 structure and to the diffusion mechanism.
This will be further investigated by analyzing the adsorption properties of SBA-16 in the
next chapter.
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6. Adsorption of hydrocarbons

6.1. Results and Discussion

The sorption isotherms of n-heptane and toluene were obtained for three SBA-16 samples
with different structural properties. These are the samples S-45-1, S-80-5 and S-100-2.
For S-80-5 additionally to the adsorption isotherm, also the desorption isotherm was
recorded for 25 °C and 30 °C. Figure 6.1. summarizes these adsorption and desorption
isotherms, expressed as a function of the partial pressure of the sorbate in Pascal and
Torr. The unit Torr was chosen additionally for an easy comparison with the sorption
results of prior works, such as the SBA-15 series, where the partial pressure is expressed
in Torr. The amounts adsorbed are expressed in millimol and volumes of liquid sorbate.
For some of the samples the measurements of the the low pressure region are rather
bad. The analysis, especially of the low pressure region, has to be done with care and is
sometimes not possible.

As expected all the isotherms are just like the nitrogen physisorption isotherms of
type IV according to the ITUPAC classification. The desorption isotherm, only recorded
for sample S-80-5, shows the same hysteresis loop of type H2 as for the nitrogen mea-
surements at 77 K. The hysteresis loop is well pronounced and very steep, thus the same
spinodal desorption mechanism applies for bulkier sorbates than nitrogen and at higher
temperatures.

’ Sample ‘ nitrogen ‘ n-heptane ‘ toluene ‘

S-45-1 0.234 0.148 0.144
S5-80-5 0.678 0.495 0.498
S-100-2 0.773 0.553 0.562

Table 6.1.: Total pore volume (V;, cm?®/g) calculated from the adsorption isotherms of
different sorbates.

The n-heptane and toluene uptake at low pressures decreases as a function of the
microporosity of the samples (S-45-1 > S-80-5 > S-100-2). For the highly microporous
SBA-16 sample S-45-1 the uptake is particularly pronounced. Thereby toluene is stronger
adsorbed at low pressures than n-heptane (Figure 6.1 insets and Figure 6.2). Similar
results were recently reported by Vinh-Thang et al. [88] for SBA-15 materials. The
pressure of capillary condensation increases from about 0.3 p/py to nearly 0.6 p/po®, due

3for nitrogen: 0.5 p/po to nearly 0.8 p/po
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Figure 6.1.: Sorption isotherms of n-heptane and toluene on selected SBA-16 samples
at 25 °C, 30 °C and 35 °C respectively. For sample S-80-5 the desorption
isotherm at 25 °C is also shown. The low pressure region of the isotherms
is plotted on a semi-logarithmic scale in the inset figures. The amounts
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Figure 6.2.: Sorption isotherms of n-heptane and toluene on selected SBA-16 samples at
25 °C. The amounts adsorbed are expressed in volumes of liquid sorbate.

to the increase of the mesopores diameter for the samples synthesized at longer aging
times or higher aging temperatures (S-45-1 < S-80-5 < S-100-2).

In Table 6.1 the values of the total pore volume estimated from the high pressure
region of the isotherms at 25 °C and the pore volume for nitrogen adsorption at 77 K can
be found. As expected according to Gurvitsch rule [100] and also observed by Vinh-Thang
et al. [88] for SBA-15 materials, the maximum values of the pore volumes for the two
hydrocarbons are almost identical. The values obtained from the nitrogen physisorption
are in contrast about 20 to 30 % higher. van Bavel et al. [101] explained this effect by
the partial filling of the micropores of SBA-15 materials by the bulkier hydrocarbons.
As discussed by Vinh-Thang et al. [88] the contribution of the microporosity to the
differences in the density of adsorbed and liquid hydrocarbons can not play a major role,
because the differences of the total pore volume estimated by nitrogen and hydrocarbon
adsorption are larger than the micropore volume of the samples. Also for the SBA-16
series, the micropore volume is not large enough to explain the difference. On the basis
of the analysis of the heat of adsorption, Vinh-Thang et al. [88] proposed an other
explanation for this effect. Lateral sorbate-sorbate interactions, in which the first layers
of adsorbed molecules are successively preventing the following layers to interact with the
pore walls, could lead to less strongly adsorbed molecules. The density of the adsorbed
phase should then be lower than that of the free liquid phase. This, probably together
with the 'micropore effect’ [101], could explain why the total pore volume estimated by
hydrocarbon sorption is found to be significantly lower than the one obtained by nitrogen
physisorption.
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Heat of adsorption

In Figure 6.3 the isosteric heat of adsorption is plotted against the surface coverage for the
adsorption of n-heptane and toluene. For toluene the isosteric heat of adsorption at very
low coverage is very low, sometimes lower than the heat of vaporisation of toluene. This
could be related somehow to the structure of the materials, but certainly experimental
error affect the results. For a proper analysis, further experiments have to be carried
out. Also at high surface coverage, but at partial pressures still under the capillary
condensation pressure, the results for toluene are in a strange order. For S-80- 5, the
isosteric heat of adsorption is the highest.

Isosteric heats of adsorption for n-Heptane Isosteric heats of adsorption for Toluene
160 160
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Figure 6.3.: Dependence of isosteric heat of adsorption with surface coverage for the
adsorption of n-heptane and toluene on SBA-16.

In contrast the results for n-heptane seem to be more consistent, especially at high
coverage. The fitting curves in Figure 6.3 represent the exponential decrease of the heat
of adsorption with the surface coverage. This initial sharp decrease was observed for
many micro- and mesoporous systems, these are for instance MFT zeolites [74, 77, 81] or
MCM-41 materials [102]. Also recently for SBA-15 samples [88, 103, 104] this effect could
be observed. This decrease has often been ascribed to the heterogeneity of adsorption
sites [103, 104]. Another explanation for the exponential decrease are the lateral sorbate-
sorbate interactions, which were already mentioned in the previous section.

Especially at high coverage, but also at low coverage, the isosteric heat of adsorption
for n-heptane is in the following order: S-100-2 > S-80-5 > S-45-1. Vinh-Thang et
al. observed for the sorption of n-heptane on SBA-15 samples the inverse order, in
regard of the structural properties of the samples i.e. micro- and mesoporosity: MMS-
5-80 > MMS-1-80 > MMS-1-60 > MMS-1-RT. The observed order for n-heptane is a
confirmation of the calculated heat of adsorption from the ZLC measurements and could
be an explanation to the inverse relationship of the effective diffusivity as discussed in
chapter 5.

All the discussions concerning the heat of adsorption have to be taken with care.
Most of the measurements seem to be erroneous at low pressures. Also there is not
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enough reliable experimental data available for an accurate or even statistical analysis.
Anyhow, some interesting effects could be distinguished, which surely require further
investigation in the future.
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7. Conclusions and perspectives

For the first time, SBA-16 materials containing both micro and mesopores with a
mesostructure, where pore blocking and network effects play a major role, were synthesized
and characterized by diffusion and sorption experiments.

Using a new kind of synthesis route under low acid concentration and with butanol
as cosurfacting agent, it was possible to obtain a high-quality SBA-16 series by variation
of the time or temperature of the aging or hydrothermal treatment step. Thereby the
intrawall porosity was systematically controlled in order to get materials with a high
fraction of intrawall micropores and thick walls up to materials with few micropores, thin
walls and large primary mesoprores. For all materials the pore entrance size remained
under 4 nm.

Using the ZLC method to measure the intracrystalline diffusivities of n-heptane,
cumene and mesitylene, interesting effects could be observed which are certainly related to
the specific structure of SBA-16. Further investigation should be taken into consideration
especially with respect to the mesostructure of materials showing pore blocking and
network effects, as for instance KIT-5 materials. Also higher hydrothermal treatment
temperatures would cause an enlargement of the pore entrances, which could have very
interesting properties, with less pronounced pore blocking effects. Furthermore, diffusional
studies on MCM-48 and KIT-6 materials, showing both a rather near equilibrium
desorption just like MCM-41 or SBA-15, would be very interesting. The sorption
experiments, with are directly related to the diffusional properties, should be repeated in
an in-depth analysis, to complete and to explain in a more quantitative way the observed
effects.

26



A. Derivation of model equations

A.1. Differential ZLC-Model

Derivation of the mathematical ZLC model, from Brandani et al. [74].

As stated in the experimental section the two governing equations are the fluid-
phase and the solid-phase mass balance in radial coordinates, without negligence of the

fluid-phase hold-up:
dq de

AL O Al
‘/Sdt +Vfdt + C(t) 0 ( )

oq 0% 20q

“—p. (—W 4o (A2)

where ¢ is the value of ¢ averaged over the particle.

The initial conditions of the system are:

q(r,0) = g@Knco; ¢(0) =cp (A.3)

(%) 0 (A4)

Equation A.1 can be considered as a boundary condition on the solid-phase mass balance:

and the boundary condition:

4 dg dq
—TR*—= =47R’D | — A5
37T dt " (87’)7: R (4.5)
with equilibrium at the surface:
a(R,t) = Kc(t) (A.6)

The fluid-phase mass balance A.1 can then be written as:

3 g VyO0q F
2py Ly LA
7 or T gt TRy

=0 (A7)

r=R

Introducing the change of variable (¢ = rq), equation A.2 reduces to:
¢ 0%
S _pls
ot or?

Since ¢(r,t) is always finite the boundary condition in equation A.4, can be rewritten as:

(A.8)

c(0,t) =0 (A.9)
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Equation A.8 can be solved through separation of variables:

C(rt) =Q(r) - T(t) (A.10)
dT d%2Q
. 1 dT  1d%Q
_ . \2
DT dt  Q dr? A (A-12)

where A is a constant. These differential equations are seperable and give the following
solution:
T = Cexp(=A°Dt); Q= Asin(\r) + Bcos(\r) (A.13)

where A must be real (¢ is always finite). Furthermore, from equation (A.9) it follows
that B must be zero. The general solution is given by:

q= a sin(Ar) - exp(—DA*t) (A.14)

r

where a = AC.

Substituting in the fluid-phase mass balance (A.7):

D A 1 D)2
; RVS (}—% cos(AR) — ﬁsin(AR)) - KH? sin(AR) + o SSin(AR) =0 (A.15)
which give as the characteristic equation:
Bacot By +L—1—~32 =0 (A.16)
with 1 F R? 1V
f
_ 1 e _ - — AR A.17
The general solution is therefore given by:
D
q(r,t) = Z % sin (ﬁn}%> - eXp (— 3ﬁt) (A.18)
And for the initial condition:
an . r
q(r,0) = qo = Z —sin (ﬁnﬁ> (A.19)
To evaluate a,, we have to consider the following integral:
R r r
/0 sin <ﬁnﬁ> sin (ﬂmﬁ) dr (A.20)

After integrating twice by parts and taking into account equation (A.16) and (A.19) we
get for a, (see Brandani et al. [74]):

_ foR rqosin (B,r/R) dr + yR*qqsin 3,
[¥sin® (B,r/R) dr +~yRsin® 3,

(A.21)
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taking into account equation A.16:

9 L
On _ 'R . 5 (A.22)
@ snB, B+ (1-—L+~32)°+L—1+~3

The solution of the problem is therefore given by:

q(r,t) R 2L sin (B.r/R) (_ » D )
G T Zﬁg+(1—L+7ﬁ,%)2+L—1+Wg smp, CP\ TR
(A.23)

for r = R and under assumption of linearity of the system!, we get the desorption curve:

ct) _ oL N 22)

where (3, are the possitive roots of equation A.16. Under negligence of the fluid-phase
hold-up (y = 0), the solution reduces to:

c(t) 2L , D
P R G ) 42)

which is the final form of the ZLC model used in this thesis (see equation (3.22)).

IThe adsorbed-phase concentration ¢ can be described as a linear function of the fluid-phase concentration
c.
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B. Source codes

B.1. Matlab source codes

All the listings in this section are only source snippets showing the relevant part of the
computations. Missing parts are represented by: '[...]".

Listing B.1: Optimized Brunnauer-Emmett-Teller analysis
function [V_t_.STP, V_t, V.BET, S_.BET, a, b, ¢, q.ad] = f{_bet(data, p_min, p_max)

% declaration of variables:

[.)]

% find indexes i_min’ and ’i_maz’ corresponding to the minimum and mazimum
% pressure in adsoption data:

]

% optimize BET parameters in given range:
for i=i_min:i_max—1

cnt++;

p_red = data([i-min:i+1],1);

V = data([i-min:i+1],2);

y =pred ./ (V % (1 — p_red));

% BET linear fit:
[P, YF] = polyfit(pred, y, 1);

V_array(cnt,1) = i—i_min;

V_array(cnt,2) = pred(i—i-min+1);

V _array(cnt,3) = P(1);

V_array(cnt,4) = P(2);

V_array(cnt,5) = 1./ (P(1) + P(2)); % to mazimize
end

[mx, mix] = max(V_array(:,5));
% optimized parameters:

a(1) = V_array(mix,3);

b(1) = V_array(mix,4);

% classical BET parameters:

a(2) = V_array(end,3);
b(2) = V_array(end,4);
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CHAPTER B. APPENDIX B: SOURCE CODES

% computation of BET values:

VBET =1./ (a + b); % normalized (ml/g)

S_BET = 4.37 .« V_BET; % Boer 1963

c=a./b+1;

g-ad = R .« T .x log(c); % molar net heat of adsorption

end

Listing B.2: PSD calculation with modified BJH method
function [x PSD dV] = f_psd(data, geom_val)

% declaration of variables:

]

% thickness either by analytical equation or by alphas method:
t_Harkins = 0.1 .x (60.65 ./ (0.03071 — log10(p)))."(0.3968);
t_alphas = alpha_s_interpol .x 0.722; % see Kruk, Jaroniec

]

% computation of the radius (nm) using the modified Kelvin equation. M. Jaroniec and M. Kruk (1997):
for i=1:N
r BJH Kelvin03(i) = —1 .x geom_val .x gamma .x V.L ./ (R .x T .x log(p(i))
r BJH.mod(i) = —1 .x geom_val .x gamma .x V.L ./ (R .x T .x log(p(i))) .x
+ t_Harkins(i) + 0.3;
r.BJH.mod_as(i) = —1 . geom_val .x gamma .x V_L ./ (R .x T .x log(p(i))) .* 107(9)
+ t_alphas(i) .x 0.722 + 0.3;

0°(9) + 0.3;
)

end

for i=1:N-1
% mean and differential values for BJH—equation
rk_mean(i) = 0.5 .x abs(r_-BJH_Kelvin03(i+1) + r-BJH_Kelvin03(i));
r_p-mean(i) = 0.5 .x abs(r_-BJH.mod(i+1) + r-BJH_mod(i));
r_p-mean_as(i) = 0.5 .x abs(r-BJH.mod_as(i+1) + r-BJH_mod_as(i));

% Original equation without ABS!
Dr(i) = abs(r-BJH.mod(i+1) — r-BJH_mod(i));
Dt(i) = abs(t-Harkins(i+1) — t_Harkins(i));
Dr_as(i) = abs(r-BJH.mod_as(i+1) — r-BJH_mod_as(i));
Dt_as(i) = abs(t-alphas(i+1) — t_alphas(i));
DV(i) = abs(V(i+1) — V(i));
end
% recursive BJH— calculation beginning from mazimal pressure at N:
for i=1:N—-1
for j=1:i
S +=r_pmean(N—j)."2 ./ ((rk.mean(N—j) — Dt(N—j))."2) .* Dt(N—j) .x 2 .x Vp(N—j) ./ r_p-mean(N—j);
end
Ra = r_p_mean(N—i)."2 ./ ((rk-mean(N—i) + Dt(N—1i))."2);
Vp(N—i) = Ra .x abs((DV(N—i) — Dt(N—i) .x sum(S)));
end
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diameter = 2 .x r BJH_mod([1:N—1]);
av(1,:) = Vp([1:N~1).
PSD(1,:) = Vp([1:N—1]) ./ (2 .* Dr);

function [Dr2, L, beta, variance, ysmooth, linfit, ylinfit] = {_ ZLC_longtime(t, C, imin, imax, tolerance, dim, gfx)

% 2 pass polynomial smoothing:
dV(2,:) = poly_smooth(dV(1,:)’, 17, 2, 2)’;
PSD(2,:) = poly_smooth(PSD(1,:)’, 17, 2, 2)’;
end
Listing B.3: ZLC long-time solution
% Zero Length Column, Long Time Solution
%
% Requires: f_poly_smooth.m
%
% [Dr2 L beta variance ysmooth linfit ylinfit]
% = f-ZLC-longtime(t, C, imin, imaz, tolerance, dim, gfx)
%
% Input:

% t: time vector

% C: normalized concentration vector of long time region

% imin:
% imax:

% tolerance: accuracy of root (beta) search, default = 1e—/

% dim: 1: 1D—Model, 3: 3D—Model (default)
% gfz: grafic output, default=1

%

% Output:

% Dr2:

% L: error value

% beta: root

% ysmooth: vector of smoothed concentration
% wvariance: variance of fit

% linfit: vector of linear fit

% ylinfit: [slope intercept] of linear fit

% check the input:

]

% 2 pass, poly—smooth of dataset:
C_smooth = f_poly_smooth(C,17, 2, 2);

% do a linear fit:

InC = log(C_smooth);

p = polyfit(t([imin:imax]), InC([imin:imax]), 1);
intercept_fit = p(2);

slope_fit = p(1);

variance = sum(((InC([imin:imax]) — (intercept_fit + slope_fit .x t([imin:imax])))."2)

./ max(size(InC([imin:imax]))));
% 3D Model:
if dim == 3
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aa % try to find the first root:

45 for beta=0.75.xpi:tolerance:pi

46 L =1 — beta .x cot(beta);

a7 intercept = log(2 .x L ./ (beta.”2 + (L .x (L — 1))));
48 if(abs(intercept — intercept_fit) <= sqrt(tolerance))

49 break;
50 end
51 end

s2 % 1D Model:

53 elseif dim ==

sa % try to find the first Toot:

55 for beta=0:tolerance:pi

56 L = beta .x tan(beta);

57 intercept = log(2 .x L ./ (beta.”2 + (L .x (L + 1))));
58 if(abs(intercept — intercept_fit) <= sqrt(tolerance))

59 break;
60 end

61 end

62 end

64 y = intercept_fit + slope_fit .x t;
65 y2 = intercept + slope_fit .x t;

67 % do plots if gft == 1:
68 [...]

70 % results:

71 Dr2 = —1 .x slope_fit ./ beta.”2;
72 %L =1L;

73 % beta = beta;

74 ysmooth = C_smooth;

75 linfit = exp([slope_fit intercept]);
76 ylinfit = exp(y2);

78 end

B.2. SigmaPlot macros

Listing B.4: Parameter calculation for the ZLC full-time solution
fl=col(4,9,9)*exp(—col(4,1,1)*Dxt)
£2=F1/(col(4,1,1)+col(4,10,10))
£3=co0l(4,9,9)xexp(—col(4,2,2)*Dxt)
f4=£3/(col(4,2,2)+co0l(4,10,10))
f5=col(4,9,9)*exp(—col(4,3,3)*Dxt)
£6=£5/(col(4,3,3)+col(4,10,10))
f7=col(4,9,9)*exp(—col(4,4,4)xDxt)
f8=f7/(col(4,4,4)+col(4,10,10))
f9=col(4,9,9)xexp(—col(4,5,5)*Dxt)
£10=19/(col(4,5,5)+col(4,10,10))
f11=col(4,9,9)*exp(—col(4,6,6)xDxt)
£12=F11/(col(4,6,6)+col(4,10,10))
f13=col(4,9,9)*exp(—col(4,7,7)xDxt)
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33

f14=£13/(col(4,7,7)+col(4,10,10))
f15=col(4,9,9)*exp(—col(4,8,8)xDxt)
£16=f15/(col(4,8,8)+col(4,10,10))
f=f24+f4+16+18+f10+£12+f14+f16
fitftoy

[initial parameters]
D = 0.005

[constraints]
D>0

[variables]

t=col(1)
y=col(2)

[option]
iterations = 100
tolerance = 0.0000001
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