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CHAPTER 1

INTRODUCTION

1.1 Statement of Problem

Two classes of materials that are used extensively as heterogeneous catalysts
and adsorption media are microporous (pore diameter < 20 A) and mesoporous (20-
500 A) inorganic solids.' The utility of these materials is manifested in their
microporous structures which allow molecules access to large internal surfaces and
cavity. A major subclass of the microporous is molecular sieves. These materials are
exemplified by the large family of aluminosilicates known as zeolites in which the
micropores are regular arrays of uniformly-sized channels. Zeolites have been used as
catalysts, supports, and adsorbents because of their peculiar characteristics: large
internal surface area and easily controlled uniform pores with molecular dimensions.
When used as catalysts, zeolites exhibit remarkable shape selectivity; the diffusion of

bulky reactants and products into the pore are often obstructed.’

In 1992, Beck et al.’™ the researchers at Mobil, discovered a new family of
mesoporous molecular sieves named M41S. The M41S family is classified into several
members:  MCM-41" (hexagonal),  MCM-48" (cubic) and’ MCM-50 (lamellar). These
materials have uniform pores, and their pore size can be varied from approximately 16
A to greater than 100 A through the choice of surfactant as the template, auxiliary
chemicals and reaction conditions. These materials typically have surface areas above
1000 m*g by nitrogen adsorption and more than 700 m?*g by hydrocarbon adsorption.

There is no doubt that the synthesis of these materials opens definitive new



possibilities for preparing catalysts with uniform pores in the mesoporous region, which
should importantly allow the relatively large molecules present in crude oils and in the
production of fine chemicals to react.

After the discovery of M41S family of mesoporous materials, a considerable
effort was made in order to adapt their structures and properties. Most of the research
in that field was devoted to MCM-41 silicate and aluminosilicates molecular sieves,
which exhibit hexagonal arrays of cylindrical mesopores. Chemical properties of these
materials were modified by framework incorporation of various heteroatoms, such as
transition metal and non-transition metal etc. with the purpose of creating specific

catalytic sites.

Titanium compounds have been widely used as catalysts in oxidation of various
organic substrates.’ Following the discovery of the titanosilicate-1 (TS-1), which
incorporates Ti in the MFI framework, in the early 1980s, TS-1 has been proved to
be an excellent catalyst for selective oxidation of various organic substrates in the
presence of hydrogen peroxide.® Microporous  titanium-containing silicalite has been
attractive for a decade owing to their unique oxidation properties. They are known to
be effective in the oxidation of a variety of small substrate, when hydrogen peroxide
is employed as the oxidant. Although amorphous TiO,-SiO, also exhibits oxidation
activity, it can hardly utilize hydrogen peroxide as an oxidant.” Thus, strenuous efforts
have been made to synthesize titanium-containing ~molecular ‘sieves with larger pore
which-are. ableto-oxidize bulky substrates with hydrogen peroxide; such as Ti-B’* was
synthesized and found to be active for oxidation of cycloalkanes and cycloalkenes.®”
Ti-zeolite application is still limited to molecules smaller than 7 A. There is no doubt
that this is a limitation for the use of Ti zeolites as selective oxidation catalysts in the
filed of fine chemicals. There was, therefore, a need for producing molecular sieve

oxidation catalysts with a pore diameter larger than 7 A.



In 1994, Corma et al."”"" reported the possibility of synthesizing a mesoporous
Ti-MCM-41 with a regular pore diameters of 35 A. It was obtained by direct
synthesis. The OH/SiO, ratio and alkali metal cation content were found to be
important variables to prepare good materials. Ti-MCM-41 samples were prepared with
Ti in framework position and no extraframework TiO, was detected. The materials
prepared are selective catalysts for oxidation of different types of olefins. Although the
intrinsic activity of Ti-MCM-41 was lower than TS-1 and Ti-p when using H,O, as
oxidant with using tertbutyl hydroperoxide (TBHP) as oxidation, the activity of Ti-
MCM-41 was closer to that of Ti-B and much higher than that of TS-1. Ti-MCM-41
has a clear advantage over other Ti-zeolites in the oxidation of large organic
molecules of interest for production of fine chemicals. For the oxidation of larger
organic molecules, such as a-terpineol, which are diffusion-limited even in a large pore
zeolite such as Ti-B, the mesoporous Ti-MCM-41 catalyst is much more active than
the above zeolites, and opens new possibilities for the production of oxygenated fine
chemicals.

The application limitation of Ti-MCM-41 is the instability of its structure. Poor
thermal and hydrothermal stabilities are limiting factors in the potential application of
these materials to several types of hydrocarbon processing procedures and adsorption
processes requiring heavy-duty regeneration. Although, the thermal stability of pure
silica MCM-41 is relatively good, and the materials is stable at temperatures of 850°C
but less was found in many zeolites.'” Ti-MCM-41 is nevertheless: usually destroyed,
and its surface area is reduced to - virtually nil on calcination at  1000°C."” Its
hydrothermal stability especially in boiling water is also very poor. For example, Ti-
MCM-41 lost their hexagonal structure and became amorphous upon boiling in water
for 2 days due to silicate hydrolysis."* The dip peak height of Ti-MCM-41 decreased
by 80% upon exposure to water vapor over a saturated aqueous solution of NH4Cl at

room temperature for 3 days."”” Full structure collapse of MCM-41 was found to occur



when the MCM-41 sample was left in air for three months.'® Particularly, the stability
of Ti-MCM-41 was found low compared to pure-silica MCM-41 so that the
substitution of Ti for Si in the silica framework of MCM-41 greatly reduced the
stability of the structure.'” Ti-MCM-41 structure collapsed and titanium was leached
out of the framework by hydrolysis under mild reaction conditions for phenol
hydroxylation with H,0,."

The M41S material has poor mechanical stability compared to other to other
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materials such as alumina and silica gels. The mesoporous molecular sieves

structure of MCM-41 and MCM-48 was collapsed by mechanically pressing in the
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presence of adsorbed water.

Because of the instability of M41S mesoporous materials, the Ti-MCM-41
development obtained with the high activity and high stability is widely interested.
There have been enormous efforts being devoted to the improvement of stability of

these materials. These techniques can be categorized into 3 methods.

1. The increase in the wall thickness and wall polymerization technique,'*'"?

the simplest one among these techniques, is utilized for improvement of
thermal stability and mechanical stability of these materials but not
hydrothermal stability. The examples of this technique are the well-known

12,24-29

technique ~ of = pH-adjustment and. the post-synthesis hydrothermal

restructuring method.**>’

2. The post-synthesis silylation,*'**'#%40

this method is employed to decrease
the concentration of silanol groups on the pore wall by the reaction with
silanes. The degree of the silylation may be controlled so that the increase
in hydrophobicity of the pore walls leads to a systematic enhancement of

the hydrothermal stability. This kind of treatment is useful for hydrophobic

applications but can be undesirable for hydrophilic application. Undesirable



trimethylsilyl groups of M41S may be lost due to the thermal
decomposition leading to surface silanols at 450°C and the condensation of

silanols on the silica surface at above 550°C.%°

The Salt Effects,'' this treatment is performed by addition of some
sodium salts such as sodium chloride, potassium chloride, sodium chloride,
sodium acetate, ethylenediamineteraacetic acid terasodium salt (Na;EDTA),
K4EDTA, and so on during synthesis, or by ion exchange with Na", K",
Ca®* Y’", La’" and Fe’". This method causes no changes in the silanol
group concentration of the calcined sample but nevertheless was claimed to
be effective for the improvement of the hydrothermal stability. However,
more recent experiments to exploit the salt effect pointed out its poor

reproducibility.”

These three techniques have advantages and disadvantages. A combination of

them that has not been attempted before, may promote the stability and catalytic

activity of Ti-MCM-41 better than using a single technique. A combination of the

post-synthesis hydrothermal restructuring treatment and the silylation is very attractive

in this study to obtain the higher quality Ti-MCM-41.

1.2 Objectives

1.

2.

To prepare high stable and high hydrophobic Ti-MCM-41.

To evaluate the stability of these samples by several tests, the samples

were characterized for their structure change using XRD.



1.3 Scope of This Work

Ti-MCM-41 samples with two pore sizes were synthesized with n-
dodecyltrimethylammonium chloride (C;;H,sTMACI) and n-hexadecyltrimethylammonium
chloride (CisH3;;TMACI) as templates. The Ti-MCM-41 was prepared to improve its
stability using the post-synthesis hydrothermal restructuring method and to reduce
hydrophilicity by replacing the silanol group with trimethylsilyl group by the
trimethylsilylation. The samples were tested for the stability to moisture by exposing to
moisture over a saturated aqueous solution of NH;Cl at room temperature and for the
hydrothermal stability on the boil water for 12 h. Some samples were selected to be
tested for the mechanical stability, which was performed by pressing the samples in a

steel die at various pressures.

1.4 Related Works

Poor thermal and hydrothermal stabilities are limiting factors in the potential
application of these MCM-41 typed materials to several types of hydrocarbon
processing procedures and adsorption processes requiring heavy-duty regeneration. The
relevance of thermal stability has been evident since earliest disclosure of the
materials.

When Si-MCM-41, Al-MCM-41, -and Ti-MCM-41._ were calcined in air at
elevated temperature above 800°C. The pore structures of Si-MCM-41 and AI-MCM-41
collapse at a calcination  temperature above 800°C, while Ti-MCM-41 structural
collapse’ occurs at about 900°C.*° It was reported that the control polymerization of
silicates during synthesis of MCM-41 led to thicker walls, and hence to higher thermal
and hydrothermal stability.”> Whereas, the increase of the wall thickness from 7 to 11
A of MCM-41 structure did not improve the hydrothermal stability. After steam

treatment at 750°C for 5 h, the pores collapsed and the surface area was dramatically



reduced like amorphous. The structure was not stable enough to resist the conditions
in an fluidized catalytic cracking (FCC) regenerator.”’

The stability of MCM-41 after wetting with neutral, basic, and acidic aqueous
solutions and further recalcination was studied by Landau et al.”® Calcined Si-MCM-41
synthesized at room temperature was fully degraded under wetting with neutral water.
Crystallization under hydrothermal conditions improved their wetting stability.
Adjustment of pH and NaCl addition during hydrothermal crystallization let to a
further improvement. The water-stable Si-MCM-41 synthesized with pH adjustment and
salt addition was also insensitive to wetting with acidic aqueous solution. However,
treatment of this non-strained material with a basic solution at pH 7.8-8.9 resulted in
silica leaching and a reduction in crystallinity, the mean pore diameter and the pore
volume. The rod shape and surface area remained relatively unchanged after wetting at
pH 7.8. It was proposed, based on spectroscopic data, that the structural degradation
during wetting was caused by hydration of the siloxane structure at the wetting stage
followed by siloxane hydrolysis, or hydroxylation of strained Si(-OSi-); units and their
rearrangement, or redehydroxylation during recalcination.

Landau et al.”® proposed a model of structural changes occurring in Si-MCM-
41 during base treatment and recalcination as shown in Figure 1.1. Some of the [SiO4]
* units at the pore wall surface leached out resulting in the transformation of Q* to
Q® and Q® to Q° units as observed in ?*Si-NMR spectra. Calcination was performed to
remove ammonia and leave silanol ~groups that disappeared partially as a result of
condensation of adjacent silanol groups. The intergrowth of hexagonal crystal rods,
reduction of the surface area and pore volume of the material, and formation of a
disordered pore structure with increased pore wall thickness supported the proposed

schematic model in Figure 1.2.
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Figure 1.1 Leaching of Si from the pore walls in the Si-MCM-41 creates Q° and Q?

silica units causing roughness of the pores surface.

Figure 1.2 Model for the collapse of hexagonal tubular arrays in the Si-MCM-41

structure during wetting and recalcination.

The mechanical stability of MCM-48 is higher than that of MCM-41, but still

low compared to zeolites, silica gels and alumina."” The structural collapse by
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mechanical pressing was believed to occur through the hydrolysis of Si-O-Si bond in
the presence of adsorbed water.”’™ It was recently shown that similar hexagonal
mesoporous material FSM-16 also became less ordered by pressing.”’ The magnitudes
of applied external pressures which appreciably changed the ordered structure were in
the range of routine high-pressure techniques used in handling these materials. The
structural collapse of mesoporous molecular sieves MCM-41 and MCM-48 materials is

expressed in Scheme 1.1.

Scheme 1.1 Mechanism of mechanical collapse of the M41S structure.

mechanical
/ compression N
—/Slf 00— Sl\ + HO —> 2—Si—OH

The structure was, perhaps, be strained by pressing then made susceptible to
hydrolysis, resulting in the reaction of the ordered structure. MCM-48 adsorbed
relatively large amount of water. When water was absent, however, the cleavage of
siloxane bonds hardly occurred. The noticeable loss of the regularity of the structures
by applying pressure under dry N, might have been due to the incomplete removal of
adsorbed water and/or intrusion of moisture during the stability test. The samples were
inevitably contacted with ambient air ever through momentarily because they were
calcined in a muffle furnace. Other factors related to stability of MCM-41 and MCM-
48 are pore size, silica source, and-adsorption amount of water, which depends also
on the humidity of ambient air. Pore wall thickness and particle size may also affect

the mechanical stability.

It was known that the increases in pore wall thickness and extent of silica
condensation of prepared MCM-41 were significantly improved in thermal and

hydrothermal stability. The pore wall thickness of MCM-41 may be controlled by

13,19.23

careful choice of synthesis condition or by post-synthesis restructuring.**** The
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stability of MCM-41 may also be improved via post-synthesis hydrothermal

restructuring of the as-synthesized (surfactant-containing) material in water.’'

Ryoo et al.”***? found that the textural uniformity and thermal stability of
MCM-41 and AI-MCM-41 were remarkably improved by repeating pH adjustment to
about 11 during hydrothermal reaction of acetic acid. The XRD peak width and
intensity of as-synthesized samples was not significantly affected by pH adjustment
during the synthesis. Conversely, the XRD peak width and intensity for calcined
sample were affected very markedly by the pH adjustment procedure. Each peak was
well resolved in the case of MCM-41 samples synthesized using the pH adjustment
procedure, while the XRD peaks were severely broadened for samples synthesized

without the pH adjustment as shown in Figure 1.3.

The effect of acetic acid addition to the reactant mixture MCM-41 synthesis
was found to be reversible by addition of NaOH and heating to 100°C for 24 h. The
reversibility of the synthesis reaction, or decomposition of MCM-41 and the long-term
product stability under the reaction conditions indicated that the MCM-41 phase is in
equilibrium with the reactants. Thus, addition of acetic acid to the reactant mixture
shifts the equilibrium toward formation of MCM-41. The MCM-41 yield, based on the
Si0,, increased from 62 to 83, 88 and 90% as for the pH adjustment and subsequent
heating was repeated twice. If the acid was quickly added at once to the initial
reaction mixture, the XRD pattern was found to be poor. If the acid was properly

added, the product exhibited higher uniformity and ‘higher crystallinity:.
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Figure 1.3
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110 2.42
200 2.13
210 1.60
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210 1.61

XRD  patterns of MCM-41 a) synthesized without pH adjustment, b)
synthesized with pH readjustment to 11 using acetic acid, c) synthesized
by repeating ‘the pH. -adjustment procedure twice, and d) three times. The
as-synthesized MCM-41 samples were transformed to the so-called

samples by calcinations in a muffle furnace in_air at 500°C.
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White et al.”® developed a method by optimizing the mineral acids (i.e.,
hydrochloric acid, sulfuric acid, and acetic acid) or salts (i.e., ammonium bromide, and
sodium acetate). The synthesis was performed at a number of different pH values (pH
=7-11). The highest crystallinity of MCM-41 occurs when the pH is held between 9
and 10 during synthesis in the presence of the sulfate anion. Besides, the addition of
different tetraalkylammonium (TAA") such as tetramethylammonium (TMA") tetraethyl-
ammonium (TEA") or tetrapropylammonium (TPA") to the synthesis gel’’ obtained high

crystallinity products without the necessity of multiple pH-adjustment steps.

In addition, pH adjustment with NaF addition®** produced MCM-41 with well-
defined long-range structure and high hydrothermally stablility. The improvement of the
hydrothermal stability of MCM-41 material is most likely attributed to the formation of
Si-F bonds on the surface of the mesopores of MCM-41, leading to the natural

resistance of the fluorinated surface to the hydrolysis by water molecules.

A few reports showed a fascinating restructuring process upon post-synthesis
hydrothermal treatment of the as-synthesized MCM-41 (inorganics + template). In 1995,
Khushalani et al.®® reported an increase in Oy spacing of 3-4 A a day, when a
MCM-41 was aged in its mother liquor at 150°C for up to 10 days. This increase in
d spacing was accompanied by an increase in mesoporus volume and an increase in
average pore diameter.~A silica mesostucture: with a mesoporous volume as high as 1.6
ml/g and an average pore diameter as high as 60 A was obtained after aging a silica
mesostructure in deioninzed water at 100°C for four weeks.”' Even more puzzling was
the observation that phase transformation of MCM-41 occurred upon post-synthesis
hydrothermal treatment, for example, lamellar to hexagonal, hexagonal to lamellar and
lamellar to cubic phase tranformation upon post-synthesis hydrothermal treatment of

silica-only M418.*!
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Horiuchi et al.’' described that the as-synthesized MCM-41 was hydrothermally
treated with water, the XRD peak intensity as well as the unit cell parameter was
found to increase and with prolonging the synthesis time, the pore size was also
increased even in the normal synthesis. However, the most apparent advantage of the
post-synthesis water treatment was the significant improvement in product quality,
compared to the normal synthesis method. A comparison of XRD patterns showed that
the water-treated MCM-41 exhibits much higher XRD intensities than that of normally
prepared sample. A phase transformation from lamellar to hexagonal during the
restructuring in water was also observed similarly to that noticed upon pH adjustment.
This indicated that the post-synthesis water treatment was widely applicable to the
further improvement of the quality of MCM-41. Another significant difference between
the uncalcined MCM-41 obtained by a normal synthesis and water treatment was the
extent of the unit cell shrinkage during calcination. The water-treated sample showed
much less shrinkage upon calcination as a result of better wall polymerization of
further agglomeration of isolated small MCM-41 particles by the condensation of
silanol groups toward a better local atomic arrangement. The observation of the
crystallite size increment —after the water treatment was also supportive of this
conclusion. This possibly can account for the enhancement of the long-distance order

in MCM-41 by the post-synthesis water treatment.

The role of the pH- solution would play a crucial parameter in the
improvement in. the quality of MCM-41. In a. typical synthesis under basic conditions,
the pH. of the initial synthesis gel mixture was 11.2; it rose to 11.6 after 1 day
synthesis at 150°C. When the mother liquor was replaced with water, the pH of the
resulting mixture was in the range of 8-10 depending on the amount water added. It
was believed that a pH lower than 10 favored the condensation of silanols and the
redeposition of silicate anions. The product quality was greatly improved by

maintaining pH during synthesis. Possibly the as-synthesized material with defective
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anionic sites and terminal silanol groups restructured toward a higher polymerization to
form more Si(OSi); bonds at a lower pH. The promoted condensation of silanols led
to a higher order of local atomic arrangement. Hence, the lowering of the pH by the
replacement of the mother liquor with water was responsible for the better
polymerization of the silica wall. The repeated post-synthesis hydrothermal treatments
of the as-synthesized sample (containing template) had a beneficial effect on the
adsorptive volume of MCM-41. For example, the mesopore volume of MCM-41
increased by 53% after three post-synthesis hydrothermal treatments, and increased by
27% after two post-synthesis hydrothermal treatments. The dramatic increase in
mesopores volume was neither the result of phase transformation, as probed by XRD

pattern, nor the consequence of an increase in average pore diameter.

White et al.” described why the post-synthesis hydrothermal treatment
improved the condensation of the mesostructure walls with related wall transport and
recondensation process the different reasons. At first silicate species was dissolved
easily in aqueous solution at the pH between 8 and 11, at which the post-synthesis
hydrothermal treatment was performed. The second, at the temperature about 110°C,
the species in solution were very mobile with respect to others in the organic core
and at the organic/inorganic interface. The silica species located in the surface region
of Q' and Q* were likely to dissolve in the synthesis medium upon post-synthesis
hydrothermal ‘treatment and recondense elsewhere. 'This restructuring process was
believed to improves the cross-linking of the inorganic species lining the walls, giving
solids with a higher thermal stability. Therefore, the treated mesostructures were more
resistant to the calcination treatment and developed, after template removal, a mesopore
volume larger than the parent material.

It could be argued that a portion of the amorphous phase crystallized into
hexagonal phase during the post-synthesis hydrothermal treatment, explaining the

increase in mesopore volume. However, the solid was extensively washed before
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hydrothermal treatment so as to remove surfactant ions from the solution and therefore
prevent further crystallization. When the MCM-41 was treated in surfactant solution,
the volume increased for 3% compared to when the solid was treated in deionized
water, the volume increased for 13%. So that the process occurring during
hydrothermal treatment was not merely the continuation of the synthesis, but a
restructuring process that affected the hexagonal framework.

Since the unstable structure of the mesoporous molecular sieves M41S seems

to be due to the adsorbed water, Many researchers’**

investigated the methodology
for preparation of hydrophobic of surface of silicas with the post-synthesis silylation
with various silane compounds. The results were all in agreement that MCM-41 and
its analogues exhibited poor activities in olefin epoxidation with H,O, and oxidation of
other organic substrates. After silylation with various types of silylating reagents, their
activities were remarkably enhanced.”***' Those silylation reagent studied were
trimethylchlorosilane  (TMCS),”?"#*#41  MPTMS,* APTMS,* hexamethylsdisilazane
(HMDS),*®*"  silazane analog,”  hexamethyldisiloxane = (HMDSO),!>!2240-41
ipropyltrimetyltrimethoxysilane,’®  phenyltrimethoxysilane,*®  decyltrichlorosilane.
methyltriethoxysilane,*® and N,O-bis(trimethylsilyl)trifluoroacetamide) (BSTFA).* Besides
enhancement of the activity in catalytic oxidation, the wall thickness of the materials
was also increased after silylation. This was responsible for their increasing thermal,
hydrothermal, and water stability.”"**’” Durations for silylation were varied from 3 to

16 h depending on conditions.***

The procedures may be one-step or two-step silylation with different silylating

36,44-45

reagents. The stabilizing effect was maintained even after removal of methyl

groups at elevated temperature.**"'

Organosilane addition in the reactant mixture for
synthesis of Ti-MCM-41 was also attempted.”™* Similar effects of sillyation were
studies with other materials such as TS-1,* Ti-MCM-48,*"" SBA-15,*" Ti-SBA-

15, and amorphous silica.
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Besides, the addition trivalent elements of A", La’" and Fe'* to Si-MCM-41°°
showed the effect on the thermal and hydrothermal stability of MCM-41. AL’
decreased the thermal and hydrothermal stability of MCM-41, whereas La’" and Fe’*
especially Fe’* improved the thermal and hydrothermal stability. In addition, the La’**
and Fe’" addition improved the thermal and hydrothermal of Al-MCM-41 and Ti-MCM-

41 as a result of thicker channel wall and salt effect during the crystallization process.

The salts effect on hydrothermal stability’' that the formation of surfactant-
silicate  mesostructures from HTA" and sodium silicate solution following the
electrostatic templating route can be affected by the electrostatic interaction with ions
constituting salts under high salts concentration. In fact, the addition of salt can either
decrease or increase the thermal stability of the calcined MCM-41 product very
significantly, depending on the nature and the amount of salt the addition time during
the MCM-41 crystallization process. The salt effect on hydrothermal stability due to
moderation of the electrostatic interaction between cationic surfactant micelles and the
silicates was attenuated by the salt while the surfactant-silicate mesostructure is formed.
It may be speculated that the silicates was released from strong electrostatic binding
with the surfactant under circumstances, and consequently the degree of silicate
polymerization (i.e. silanol group condensation) was expected to increase compared to

a situation without such electrostatic attenuation.



CHAPTER 11

THEORY

2.1 General Background

In 1932, McBain proposed the term “molecular sieve” to describe a class of
materials that exhibited selective sorption properties when he found that chabazite, a
zeolite mineral, had a property of selective adsorption of molecules smaller than 5 A
in diameter. He proposed that for a material to be a molecular sieve, it must separate
components of a mixture on the basis of molecular size and shape. Two classes of
molecular sieves were known when McBain put forward his definition: natural zeolites
and certain microporous charcoals. This list has now been expanded to include, in
addition to zeolites and carbon, microporous materials with pure silica, as well as
vastly different elemental compositions. These are silica, metal silicates, metal
aluminates, aluminophosphates (AIPO,s) and silicoaluminophosphates. The continually
expanding field of molecular sieves is shown in Scheme 2.1. All materials represented
in the list are molecular ‘sieves based on McBain’s definition, as they can separate
components of a mixture on the basis of size and shape. Only the aluminosilicates

generally can be considered as classical zeolites.”



Molecular Sieves
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Noncrystalline

Materials

Carbon || Metal Oxides

Pencryst'a]]me Crystalline Ml.croporous Pillared Clay
Materials Materials
M41S || Others Phosphates || Others || Aluminosilicates || Silicates
Metallosilicates Alumino Germanium
Phosphate Alummnate
Gallium
M silicate ¥/ Germanate
Metal Nitrates
M silicate PYEC
5 Metal Metal Sulphides
M “ silicate Phosphates
Zeolites

Scheme 2.1 Classification of molecular sieves and related materials indicating the

extensive variation in composition (zeolites occupy a subcategory of the

metallosilicates).

2.2 Classification of Pore Size of Molecular Sieves

According to the International Union of Pure and Applied Chemistry (IUPAC)

classification,” molecular sieves  can be" classified  into three main categories. Table 2.1

typically lists some zeolites and molecular sieves with variable pore sizes, mostly in

the microporous range prior to the discovery of MCM-41. So far, no macroporous

molecular sieves have been discovered.



Table 2.1 Pore

size definition of zeolites and molecular sieves

19

Pore diameter

Pore size (A) Definition Typical material Ring size
A)
>500 Macroporous - - -
20-500 Mesoporous MCM-41 - 15 — 100
MCM-48
SBA-15
<20 Microporous with
Ultra-large pores Cloverite 20 6.0 x 13.2
JDF-20 20 6.2 x 14.5
VPI-5 18 12.1
AlPO,-8 14 79 x 8.7
Large-pores Faujasite 12 7.4
AlPO,-5 12 7.3
ZSM-12 12 55x 59
Medium-pores ZSM-48 10 53 x 5.6
ZSM-5 53 x 5.6
51 x 55
Small-pores CaA 8 42
SAPO-34 8 43

2.3 Zeolites

Zeolites are crystalline, microporous aluminosilicates with a framework based

on an infinitely extending three-dimensional network of AlO, and SiO, tetrahedral

linked to each other by sharing all of the oxygens. Zeolites may be represented by the

formula M;,[(AlO,)«(S10,),]. WH,O  where cations M of valency n neutralize the
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negative charges on the aluminosilicates framework. Zeolites are the most widely used

for catalysts in industry and have become extremely successful catalysts for oil

refining, petrochemistry, and organic synthesis in the production of fine and specialty

chemicals, particularly when dealing with molecule having kinetic diameter below 10

A. The reason for their success in catalysis is related to the following specific features

of these materials.®

1.

Zeolites have very high surface area and adsorption capacity.

The adsorption properties of zeolites can be controlled, and their surface

can be modified from hydrophobic to hydrophilic properties.

Active sites, such as acid sites for can be generated in the framework and

their strength and concentration can be tailored for a particular application.

The sizes of their channels and cavities are in the typical range for many
molecules of interest (5-12 A), and the strong electric fields existing in
those micropores together with an electronic confinement of the guest

molecules are responsible for a preactivation of the reactants.

Their highly ordered channel structure allows the =zeolites to present
different types' of shape selectivity, i.e., product, reactant, and transition
state, which can be used to direct a given catalytic reaction toward the

desired product avoiding undesired side reaction.

All of these properties of zeolites, which are of importance in catalysis and
make them attractive choices for types of desired processes, depending on
the thermal and hydrothermal stability of these materials. In the case of
zeolites, they can be activated to produce very stable materials not just

resistant to heat and steam but also to chemicals.
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Despite their catalytically desirable properties, zeolites are limited to small
substrates. Therefore, mesoporous materials with ordered structure would be the

alternative.

2.4 MCM-41

Beck et al**

extended the templating strategy commonly used for molecular
sieve synthesis to the preparation of a new family of periodic mesoporous silicates
designated M41S by using long-chain surfactants as templates. Depending on the
synthesis conditions, the obtained materials consisted of three different members: a
hexagonal phase MCM-41, a cubic phase MCM-48, or a non-stable lamellar phase
MCM-50. Then typical XRD patterns are shown in Figure 2.1. By selecting the carbon
chain length of a surfactant molecule, the pore size was systematically varied from

about 15 to 100 A. Besides, they present long-range ordered structure, and surface

area above 1000 m?/g.
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Figure 2.1 XRD patterns of M41S materials: a) hexagonal MCM-41, b) cubic

MCM-48, ¢) lamellar MCM-50.%

MCM-41, one member of this family, possesses highly regular arrays of uniform
channels whose pore dimensions can be changed in the range from 15 to 100 A by
using different  templates, the addition -of auxiliary organic compounds, or the
preparation conditions. The pores of this material are considered remarkedly larger than
those present in zeolites. This ‘discovery, thus offers: new' opportunities for applications
in catalysis, chemical separation, adsorption media, advanced composite materials, and
other relevant areas. MCM-41 has been investigated extensively because the other
members in this family are either thermally unstable as MCM-50 or obtained as

MCM-48.4
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2.5 Mechanism for the Formation of MCM-41

2.5.1 Liquid Crystal Templating (LCT) Mechanism

A liquid crystal templating (LCT) mechanism® as shown in Figure 2.2.
was proposed by Beck et al' to explain formation of MCM-41 since his first

discovery.

In a LCT mechanism process, it was the liquid crystalline surfactant
micelles that acted as the templates rather than the individual single molecules or ions.
Two possible mechanistic pathways were included in this type of mechanism. The first
pathway was that the liquid-crystal micelles were formed prior to the addition of
silicate species. The second pathway was that the silicate species added to the reactant
mixture had influence on the formation of the isotropic rod-like micelles to the desired
liquid crystal phase, i.e., hexagonal mesostructure. Therefore, the mesostructure formed
was structurally and morphologically directed by the pre-existed liquid crystal micelles
and/or the isolated rod micelles, or even a single micelle. These randomly ordered
composite species spontaneously packed into a high ordered mesoporous phase with an
energetically favorable hexagonal arrangement, accompanied by silicate condensation.

With the increase in heating time, the inorganic species continued to condense.

o

Figure 2.2 Possible mechanistic pathways for the formation of MCM-41: 1) liquid

crystal initiated and 2) silicate anion initiated.
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2.5.2 Silicate-Encapsulated Rods

Davis et al®, by carrying out in situ N NMR spectroscopy,
concluded that the liquid crystalline phase was not present in the synthesis medium
during the formation of MCM-41, and consequently, this phase could not be the
structure-directing agent for the synthesis of the mesoporous material in agreement with
the already proposed mechanism through 2 routes. Thus, the randomly ordered rod-like
organic micelles interacted with silicate species to yield two or three monolayers of
silica around the external surface of the micelles. Subsequently, the long-range order

MCM-41 was spontaneously formed. The mechanism was illustrated in Figure 2.3.

If one tries to remove the surfactant by calcination, just at the point
when the long-range order is achieved, i.e., short synthesis times, the material is not
stable as a consequence of the still large number of non-condensed silicate species.
Longer synthesis time and/or higher temperature increase the amount of condensated

silanols giving a resulted stable materials.
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Figure 2.3 Assembly of silicate-encapsulated rods produced by Davis et al.®®

Further
Condensation
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2.5.3 Silicatropic Liquid Crystals

Stucky et al®” developed a model that made use of the cooperative
organization of inorganic and organic molecular species into three dimensionally
structured arrays. The global process was divided into three reaction steps as shown in

Figure 2.4.

The first step, driven by electrostatic interactions, was the formation of
ion pairs between polydentate and polycharged inorganics species on the one hand and
the surfactant on the other. The ion pairs then self-organize into a mesostructure,
having most often a liquid-crystal structure, i.e., hexagonal, lamellar, or cubic. The
structure of the mesostructure depended on the composition of the mixture, the pH,
and the temperature. The last step was the condensation of the inorganic species

leading to a rigid structure.
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Figure 2.4 Formation of a silicatropic liquid crystal phase.
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2.54 Generalized Liquid Crystal Templating Mechanism

8870 were presented in the synthesis of mesostructured

Four pathways
surfactant-inorganic biphasic arrays as shown in Figure 2.5. In the two direct
pathways, cationic surfactants S* were used for matching with negatively charged
inorganic species I to form S'I" mesostructure and anionic surfactants (S’ were
employed for cationic inorganic species (I") to form ST mesostructure. Organic-
inorganic combinations with identically charged partners are possible. In the two
mediated pathways, the formation of the mesostructure was mediated by the
countercharged ions which must be present in stoichiometric amounts i.e. SXT" (X
was a counter anion), and SM'T (M’ was a metal cation). In cases where the degree
of condensation of the oligomeric ions which form the walls is low, the removal of
the template leads to the collapse of the ordered mesostructure. It would then be of

both fundamental and practical interest to develop new synthetic routes which allow

the template to be more easily removed.

Following this mechanism, the criteria of charge density matching at the
surfactant inorganic interfaces governs the assembly process, and consequently, the final
type of structure generated. From this, it can be seen how the principle methodology
can be extrapolated to prepare mesostructures with different metal oxides as far as
there is an electrostatic - complementarily among “the  inorganic ions in solution, the
charged surfactant head groups, and, when these charges both have the same sign,

inorganic counter ions.®**’
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Surfactant Inorganic
solution species
S+1- Antimony oxide
_l) + Anionic —  Tungsten oxide (pH<7)
Direct M41S8, MCM-48
batwarg -y Iron oxide
“Sa — K
2) + Cationic —®  Lead oxide
Aluminum oxide
— s+x-1+ Silica (pH<2)
’;3} Cationic + Cationic —=  Zinc phosphate
Mediated (pH<3)
pathways

~ 4 + T Zinc oxide (E>125)

Figure 2.5 A general scheme for the self-assembly reaction of different surfactant and

inorganic species.

It is worth discussing here a new procedure for synthesizing silica and
silica-alumina MCM-41 materials, which involves highly acidic synthesis conditions
instead of the basic or mildly acid conditions commonly used. Maintaining
consistencies with the charge density matching principle, it has been proposed® that
the templating mechanism during the acid synthesis of MCM-41 follows a path in
which S'XT" mesostructures are involved, where 1" is a positively charged silica
precursor, S* is the alkyltrimethylammonium cation, and X is the compensating anion
of the surfactant. The fact that in the samples prepared under a highly acidic synthesis
medium, the template can be removed. from . the core. of the MCM-41 by a simple
washing with water at room temperature. The removal of the liquid crystal template is
accompanied by "a decrease in  the “structural order ‘of the MCM-41 and by a
polymerization of the silica layer. The easy removal of the template indicate that the
interaction between the silica layer and the surfactant should be very weak and more
probably associated with the Van der Waals interaction between oligomers of silicic

acid-like species and the anions that compensate the surfactant cation.
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2.6 Synthesis of Ti-Containing MCM-41

In 1994, Corma et al.,'"® have reported the firstly successful direct synthesis of
a mesoporous Ti-MCM-41 material with the same regular hexagonal shape of the
pore openings (35 A) as in the silica-based MCM-41 material. In the synthesis of
Ti-MCM-41, n-hexadecyltrimethylammonium bromide (CTMABr) was used as
template, titanium isoproxide as a titanium source, trimethylammonium hydroxide as
base. The typical silica sources were varied such as fumed silica,
teramethylammonium silicate and sodium silicate. It was found that the optimal
OH/Si0, ratio for the preparation of good crystalline materials was 0.26, providing

that the other compositional parameters remain unchanged.

After the successful synthesis of Ti-MCM-41, several techniques have been
developed to incorporate Ti into silica wall of MCM-41 by different routes. The direct

774 with different recipes in hydrothermal synthesis is the most general

synthesis
method. Post-synthesis method”””” is the alternative way for incorporating Ti into the

silica framework of MCM-41.
2.6.1 Direct Synthesis

Ti-MCM-41 was prepared Klinowski et al.”>” using Cab-O-sil fused
silica and sodium silicate “as the- source of silicate and titanium (IV) ethoxide as a
source of titanium. The 25%wt CTMACIOH template solution was prepared by batch
exchange - of 1 25%wt  CTMACI using the IRA-420 (OH) .ion-exchange resin. The solid
product. was characterized by various techniques to interpret the isomorphous
substitution of Ti on Si surface. In 1997, Tatsumi er al.'® investigated the optimal
conditions for synthesis of Si-MCM-41 and Ti-MCM-41 in detail by the alkali-free
method. For the preparation of Ti-MCM-41, tetraethyl orthosilicate (TEOS), which was
free from Na and Al, was used as a silicon source and n-dodecyltrimethylammonium

ion (DTMA") was used as a template. They have intensively investigated the optimal
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conditions for the synthesis of Ti-MCM-41 such as silicon source, surfactant/Si ratio,
counter anion effect, pH, surfactant concentration, surfactant chain length, the gel

preparation method, etc.

Pinnavaia er al.” compared both synthesized products prepared by
colloidal silica or TEOS as a source of silica, tetraisopropryl orthotitanate (TIPOT) as
a titanium source, CTMA" as surfactant. For S'T" assembly, the molar gel composition
of the reactant mixture was SiO, : TiO, : CTMA": TMAOH : H,0=1:0.020:0.50: 1.0 :
160. Before the static crystallization at 100°C, the pH of the gel was adjusted to 12
with TMAOH. For S'XT', strongly acidic condition (pH =1.5) was utilized in order to
generate and assemble positively charged silicon from TEOS. The use of excess Ti for
this preparation was necessitated by the high solubility. The composition of the
reactant mixture was SiO, : TiO, : CTMA ™ : HC1: H,O =1 :0.1 : 0.20 : 1.0 : 160. The
resulted gel showed the S'I" pathways, allow for the essentially complete incorporation
of the Ti in the product, whereas the S'XT" pathway required a 4-fold excess of Ti in
the reactant mixture in order to achieve a similar Ti loading to S'I" pathway. In
addition, the yields of crystalline product for the S'I" pathways were more than 85%,
whereas that for the S'XT pathway was only about 50%. But, the XRD patterns of
calcined Ti-MCM-41 for S'XT" pathway showed hexagonal structure with greater long-

range than for S'T" pathway.
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2.6.2 Post-Synthesis

The post-synthesis of Ti-containing MCM-41 by atom-planting was
reported by Iwamoto et al.” Si-MCM-41 was treated with TiCl, vapor in a continuous
flow system at atmospheric pressure. The MCM-41 powder was placed in a quartz
reactor and dehydrated under a helium stream at 500°C for 2 hours, The reactor was
cooled down and reheated for desired temperature, with the helium stream containing
TiCl; vapor flowed through the MCM-41 bed for 5-6 mins, the TiCl, reacted with the
silanol group of the silica surface. Then, the unreacted TiCl, was removed by purging
with the pure helium at the same temperature for 1 hour. By the different method,
Ahn”® and Gao et al’’ reported another post-synthesis method for Ti-MCM-41. A
calcined MCM-41 was washed at 40°C for 2 h with TBOT in dry ethanol solution.
To eliminate the excess TBOT, the solid was washed with dry ethanol and filtered 3
times, and then recalcined at 550°C for 4 hours. This post-synthetically prepared Ti-
MCM-41 was catallytically active for the selective oxidation of 2,6-di-fert-butylphenol
with H,0,”" and good photocatalytic activity for oxidizing phenol to carbon dioxide

and water.”
2.7 Effect of Parameters on MCM-41 Synthesis
2.7.1 Surfactant Template

Beck et al’® studied the boundaries of reaction. conditions and
surfactant chain length for formation of microporous zeolites or mesoporous M41S
material. It was found that zeolites preferred high temperature for -crystallization,
whereas the mesoporous material preferred lower temperature for crystallization. As
shown in Figure 2.6. At the lowest synthesis temperature 100°C, the Cs and the Cg
surfactant preparation produce amorphous material with no evidence of the formation

of either zeolites or microporous material. As the surfactant chain length increased,
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CM-41 materials were formed and no zeolites were observed. Well-defined MCM-41
exhibiting three or four XRD peaks, which could be indexed on a hexagonal lattices,
was synthesized from Ci,, Cis, and Ci¢ surfactant containing mixtures. At 150°C, both
the Cs and the Cg surfactant preparations produced well-crystallized zeolitic ZSM-5
type products. Ill-defined MCM-41 having one or two low-angle XRD peaks were
produced from both the C,y and C,, preparations while the Ci; and C,¢ surfactant
derived products were well crystallized MCM-41. At 200°C, the formation of zeolites,
ZSM-5 for the C4 surfactant and mixtures of ZSM-5, ZSM-48, dense phase for the
Cs-Cy4 surfactants, and amorphous for the Cjs surfactant. MCM-41 products are not
observed suggesting that even for these longer alkyl chain length surfactant systems,

micellar formation is not favorable or has been disrupted.
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Figure 2.6 XRD patterns of calcined products formed using surfactant having alkyl

chain lengths of n=6, 8, 10, 12, 14, and 16 at 100, 150, and 200°C.

Griin et al.” reported the preparation of MCM-41 using different n-
alkyltrimethylammonium  bromides (n"=" C;,-C;) and- the results are shown in Table
2.2. The pore diameter became larger with increasing carbon chain length of the alkyl
group in the template. The specific surface area gradually decreased from 1450 m%g
(C12) to 980 m%g (Cs) while the values of the specific pore volume increased from
0.63 ml/g (Cyp) up to 1.2 ml/g (Cy) with increasing carbon chain length of the alkyl
group in the template. Thus the pore size and the pore volume can be controlled by

varying the chain length in template.




35

Table 2.2 Properties of MCM-41 samples prepared by different n-alkyltrimethyl-

ammonium bromides as temple

Template BET surface area (m?/g) Pore volume (ml/g) Pore diameter (A)
Ci,TMABr 1450 0.63 25

Cis TMABr 1120 0.74 29
CisTMABr 1070 0.85 33
CisTMABr 1050 1.09 38
C,TMABTr 980 1.20 Very broad

2.7.2  Crystallization Time

Tatsumi ef al.'® found that in the preparation of Si-MCM-41, performed
by the hydrothermal crystallization at 100°C during 10 days, the mesostructure was
formed even before the hydrothermal crystallization. The XRD peak width became
narrower and the regularity of the products increased with the synthesis times. After
10 days the pattern of typical hexagonal structure with a strong peak and three
characteristic peak in the 26 range of 2-7° became prominent.

Corma et al* reported the method for Si-MCM-41 preparation with
different pore diameters from the gel with molar ‘composition of SiO, : CTMABr : M,O
: H,O =1 :.0.06-0.15 :.0.14": 0.26, = where = M ' represented cations such as
tetramethylammonium (TMA "), tetraecthylammonium (TEA"), or Na'-as hydroxides. The
gel reactant mixture was sealed in Teflon-lined stainless steel autoclaves and heated at
150°C under static condition, allowing the crystallization time to be varied between 1
and 10 days.

It was shown in Figure 2.7 that a typical MCM-41 material with d,oo =
42.5 A was formed in the presence of TMA" when the crystallization time was 24 h.

With longer crystallization time under these conditions, the pore diameter of the
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sample was increased, until reaching a maximum of 70 A after 10 days. If
crystallization is prolonged beyond that a loss of crystallinity accompanied by a

decrease in the pore volume of the mesoporous material was observed.
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Figure 2.7 XRD of MCM-41 samples with different pore diameter.

In Figure 2.8 a correlation between -the-unit cell parameter (ay) of the
resulted MCM-41 sample and the crystallization time is given. Variables such as
temperature, CTMA/SiO, ratio, and nature of the cation (TMA’,  TEA', Na") were
found to be important for controlling the process. The swelling mechanism observed
might be related to the replacement of some CTMA" by tetraalkylammonium cations

in the interphase formed between the liquid crystal and the silica surfaces.
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Figure 2.8 Correlation between the unit cell parameter (a)) of MCM-41 and the

crystallization time.
2.7.3 Synthesis Temperature

Klinowski er al®' showed that with increasing synthesis temperature or
crystallization time, the d;yp spacing, the hexagonal lattice parameter (@) in calcined Si-
MCM-41 was increased from the ‘unit cell expansion as shown in Table 2.3. The pore-
wall thickness was increased as the reaction time' increased, The silicate needed for
continued wall-building, must clearly  be transported-intothe channel from the mother
liquor. -It was likely that the silicate anions and the associated water molecules
occupied the free space at the silicate/surfactant interface. The channel diameter (Dgyy)
of calcined MCM-41 made at 165°C increased from 26.1 to 36.5 A as the reaction
time increased from 1 to 48 hours, and the final diameter was close to that of the

CTMABr micelle (39.7 A).
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Table 2.3 Unit cell parameter (a = 2d100/\/3), djpo spacing, pore diameter Dgjy, wall

thickness W, and surface area Agjy of calcined Si-MCM-41%

Condition of synthesis | djp (A) ao (A Dgn (A) W (A) A
(em'g)’

70°C for 48 h 35.1 40.5 27.1 13.4 1380

158°C for 48 h 47.8 55.2 324 22.8 1107

165°C for 48 h 54.8 63.3 36.5 26.8 763

165°C for 16 h 454 52.4 325 19.9 1222

165°C for 1 h 36.7 42.4 26.1 15.3 1462

* calculated from XRD

+ calculated from sorption study

Wall thickness was calculated from W = ay - Dgjy

The channel diameter was controlled by the diameter of the surfactant
micelles. It was unlikely that the channel enlargement is- due to the effect of
temperature -~on the micelle diameter. Since the contraction of the lattice upon
calcination was mnot accompanied by the thinning of ‘the channel walls, it was the
channel diameter to be decreased. At very long reaction times, more surfactant
decomposed forming neutral molecules which could not be accommodated within the

micelle and must escape into the mother liquor.
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2.7.4 Surfactant/Si Ratio

Vartuli et al*® proposed that surfactant/Si molar ratio was a critical
variable in the formation of liquid-crystal templated M41S material. Tatsumi et al.'*®**
showed when surfactant concentration was increased, the structure changed from
hexagonal into cubic, and finally into lamellar. The effects of counter anions of
DTMA" for the synthesis of Ti-MCM-41 are shown in Table 2.4. It was found that
the chloride-containing system favored the hexagonal structure in a wider surfactant/Si

ratio than the bromide-containing system for DTMA as surfactant while the hexagonal

phase was favored over a wider concentration range of CTMABr than CTMACI.

Table 2.4 Effect of anions and surfactant/Si ratio on the structure of Ti-MCM-41.

Anion
Surfactant/Si ratio
Ok Br
0.45 hexagonal I1l-defined mesoporous
0.60 hexagonal Hexagonal
0.75 hexagonal I1l-defined mesoporous
0.90 I1l-defined mesoporous Non-crystalline
Gel composition=TEOS : 0.01TBOT : DTMAX : 0.5TMAOH : 100H,0; X=Cl or Br

2.7.5 ‘Influence of pH

Stucky ‘et al®’ reported that the structure of the Si-M41S products was
affected by the pH and the polymerization degree of the silica source; the lamellar
phase was favored at high pH (11.5-13) and for a low degree of polymerization of a
silica source i.e.; a monomeric sodium silicate with large amount of Na. The hexagonal
phase was obtained at low pH (>9.7 but <11.5) and for highly polymerized silica

source.
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Tatsumi et al.'® investigated the effect of amount of TMAOH on the
structure of Ti-MCM-41 produced from the gel with the composition of TEOS : TBOT
: DTMABr: TMAOH : H,0=1:0.01 : 0.6 : 0.3 : 60. The pH measured just before the

hydrothermal treatment and the results are summarized in Table 2.5.

Table 2.5 Effect of amount of TMAOH on products, structure and yield'®

TMAOH/TEOS pH Yield (%) Structure
0 - >90 Amorphous
0.15 10.4 >90 I1l-defined mesostructure
0.30 11.3 >90 Hexagonal
0.45 11.5 38 Hexagonal
0.60 12.1 0 Clear solution

Although TEOS was monomeric silicate as sodium silicate, no lamellar
phase was produced at all the pH range. The optimal pH for the hexagonal phase was
found to be in the range of 11-12. If the pH is too low, it resulted in the formation
of amorphous materials. At the higher pH (11.5-12), highly crystalline hexagonal phase
was obtained, although the yield was relatively low. No solid product was obtained at

pH higher than 12.

2.7.6 Influence of Surfactant Concentration

Influence of surfactant concentration was ~ reported,* ™ Ti-MCM-41
samples were obtained from the gel with H,O/surfactant molar ratios of 100
(14.6%wt), 150 (10.2%wt), 200 (7.9%wt). The aqueous DTMACI does not form
micelle in such low concentrations. And the same was true for CTMACI and
CTMABr at typical synthesis temperature, in the absence of silicates, the hexagonal

phase was formed at surfactant concentrations from 25 to 70%wt. Although the
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hexagonal structure was obtained in a wide range of surfactant concentrations, the
product synthesized from the more concentrated surfactant solution had a higher
regularity. The structure was transformed from hexagonal to cubic with increasing

concentration of the surfactant as shown in Table 2.6.

Table 2.6 Effect of concentration of surfactant and silica source on the structure of

product.
Silica source Si/T1 H,O/CTMA Structure
TEOS 0 69.8 Hexagonal
TEOS 0 46.5 Cubic
TEOS 100 46.5 Cubic
TEOS 50 46.5 [ll-defined mesostructure
Water glass 0 46.5 Hexagonal

The structure of M41S was affected not only by surfactant/Si and
surfactant concentration but also by the silica source and the Si/Ti ratio. The increase
in the Ti content to Si/Ti= 150 resulted in the formation of an ill-defined mesoporous

materials, which showed only one strong intensity peak at ca. 26 =2°.

2.7.7 Influence of Silica Source

Ti-MCM-41 was also_synthesized from various silica ~source. The Ti-
MCM-41 prepared from water glass or colloidal silica stabilized were lower in
regularity and surface area than from TEOS. The UV-visible spectra of the Ti-MCM-
41 from water glass and colloidal silica showed also the broad shoulder around 270
nm indicated to the extraframework titanium while Ti-MCM-41 from TEOS proved to

. 1883-84
be free of extraframework titanium.
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2.7.8 Influence of Secondary Crystallization

1923 allows more extensive diffusion of

Increasing the synthesis time
additional silicate units and surfactant molecule into the growing surfactant/silica
aggregate; additional silicate condensation while additional surfactant molecules
increased the density of the surfactant phase which translates to larger lattice parameter
and pore size. Two-step synthesis method was introduced by Mokaya.” The MCM-41
was utilized as “silica source” and “seeds” for secondary synthesis. Apart from thicker
pore walls, another critical factor in increasing the stability of MCM-41 was greater
silica condensation in the pore walls. It was proposed that during crystallization
additional silicate units access to the assembling surfactant molecules along the
stacking axis. For secondary synthesis, silicate units might also enter the pores of the
“seed” primary MCM-41 crystallites, thereby increasing both the wall thickness and the
proportion of Q silica units via further condensation in a process similar to silylation.
Silicate units also interact with the additional surfactant molecules on the outer surface
of the “seed” crystals forming new surfactant/silica aggregates which extend growth in
the ab plane. The new surfactant/silica aggregates might also act as linkages between
primary MCM-41 crystallites, thereby forming larger crystallites. Furthermore, while it
was unlikely that the surfactant molecules will enter the pores of the “seed” crystals,
they might however interact” with silicate units at the pore entrance to extend growth
(with the crystallites of the primary MCM-41 acting as “seed”) and thus better long-
range —ordering - and. thicker -pore- walls | but, with--no -significant--change in lattice
parameter (ay) since the wall thick thickness increases within the confines of the

existing primary MCM-41 pores.
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2.8 Characterization of Mesoporous Molecular Sieves

2.8.1 X-ray Diffraction (XRD)

When one suspects how successfully a mesoporous molecular sieve has
been synthesized a well-established methodology must be followed to demonstrate that
this is indeed the case. The procedure involves, first, the use of XRD which should

be carried out at low angles (26) between 1° and 8° (Figure 2.9).

100
110
-]
[}
v
-
o

j.ll.I.IIll.llll.ll]|llll|tl!!il|l1J|1|

2 3 4 5 6 7
20

Figure 2.9 X-ray diffraction pattern. of high-quality calcined MCM-41.

The reflections are due to the ordered hexagonal array of parallel silica
tubes ‘and can be indexed assuming a hexagonal unit cell as (100), (110), (200), (210)
and (300). Since the materials are not crystalline at the atomic level, no reflections at
higher angles are observed. The unit cell parameter for hexagonal MCM-41 was

calculated from a =2d;p/\N3 and related to Bragg’s law (nk = 2dsind).*
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2.8.2 Transmission Electron Microscopy (TEM)

Two models of pore structures of MCM-41 were proposed using XRD
data and molecular dynamics simulation approach."’ Both models are shown in

Figure 2.10.

a) b)

Figure 2.10 Pore structures of MCM-41: a) cylindrical pore and b) hexagonal pore.

Model A" represents a cylindrical pore structure with a lattice constant
of 446 A and a wall thickness of 84 A based on the LCT mechanism. The
simulation shows 10°-10* atoms to model MCM-41 and analyzed models with different
values of lattice constants and wall thickness. When comparing their simulation with
experimental values, they found that the simulated XRD patterns of amorphous silica
with wall thickness larger than 11 A agreed well with the experiments. The percentage
of silicon in the form of silanols -obtained from the model (17-28%) also agreed fairly
well with the observed diffraction pattern. It has to be pointed out, however, that an
inverse. relationship. between the . diameter of the micelle = template. and the wall
thickness of the pores was found. Thus, decreasing the template diameter leads to
thicker walls between hexagonal packed cylindrical pores. Model B represents a
hexagonal pore structure with an interpore distance of 35 A based on the lamellar to
hexagonal phase transformation mechanism.*® Both the cylindrical and hexagonal pore

structures have been visualized by TEM.
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2.8.3 Adsorption Study®"®*%

Adsorption of molecules has been widely used to map the pore size
distribution of solid catalysts. In this sense the physisorption of gases such as N, O,,
and Ar have been used to characterize the porosity of M41S samples and more
specifically MCM-41. When adsorption was carried out on a MCM-41 sample with 40
A pore diameter, the isotherm for N, was type IV in the IUPAC classification, and no
adsorption-desorption hysteresis was found at the boiling temperature of N, (-196°C) as
shown in Figure 2.11. In the case of Ar and O, the isotherm were also of type IV
with hysteresis loops. These results can be attributed to capillary condensation taking
place within a narrow range of tubular pores with effective width of 33-43 A
confirming both the high degree of pore uniformity and the dimension of the pore
determined by TEM. Further adsorption studies under different experimental conditions
and on samples with different pore diameters showed that the presence and size of the
hysteresis loop depended on the adsorbate, pore size, and temperature. In this respect,
no nitrogen hysteresis loops were found for materials with pore sizes of 25-40 A, but
a nitrogen isotherm on a 45 A material showed hysteresis. Finally, adsorption of
cyclopentane at different temperatures showed that the presence and size of hysteresis

depended on the temperature.®
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Figure 2.11 Adsorption isotherm of a) nitrogen, b) argon, and c) oxygen on MCM-41

at -196°C. Different symbols denote different runs; filled symbols denote

desorption.

Owing to the success of N, and Ar adsorption in terms of the
determination ‘of the pore diameter, one can combine  the XRD results together with
the pore size determined from gas adsorption experiments to find the thickness of the
wall. The wall thickness can be calculated by determining the difference between the
lattice parameter (a = 2d;py/\3) determined by XRD and the pore size obtained by
nitrogen adsorption analysis. The traditional method for analyzing pore-size distributions
in the mesopore range is the Barrett-Joyner-Halenda (BJH) method. However, one

should bear in mind that the values are only estimates, because so far no reliable
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means for pore-size analysis exists. Moreover, the lattice parameters are often
calculated from quite broad reflections and therefore do not correspond to an exact
value. However, independent studies showed in case of the regular MCM-41 samples
the wall thickness was approximately constant at about 10 A.°* The value can be
changed, having as a consequence important implications on the stability of the
sample.”

Adsorption studies, besides their convenience for measuring the textural
properties of these materials, can also be used to study the interaction of molecules
with the walls of the pores, a feature of particular importance from the point of view
of the diffusion and catalytic properties of the material. In this sense, adsorption
studies of polar and non-polar molecules can be quite useful for measuring the
hydrophobic and hydrophilic properties of M41S mesoporous materials. When H,O was
adsorbed at 24°C on a MCM-41 sample, the adsorption isotherm obtained showed a
fairly narrow hysteresis loop of type IV as shown in Figure 2.12, indicating relatively
weak adsorbent-adsorbate interactions. From these results, one would conclude that the
MCM-41 surface is quite hydrophobic, with an uptake of water similar to that given
by hydroxylated silica-and many carbons.*® This conclusion is nevertheless surprising if
one considers the high number of silanol groups present in these materials. However,
the hydrophobic character of MCM-41 has been clearly demonstrated by carrying out
the adsorption -of cyclohexane in the presence of water, and benzene in the presence
of H,O. The results obtained show. that while .in a hydrophilic ‘zeolite, such as
faujasite, large amounts of benzene and H,O are adsorbed, when the same adsorbates
were used on a sample of siliccous MCM-41, much larger amounts of benzene than
H,O were adsorbed. This adsorption characteristic is of vital importance when reactants
with different polarities, for instance H,O or H,O, and olefins, have to react and

certainly it will control the rate of the diffusion-adsorption reaction in those cases.
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Figure 2.12 Water adsorption isotherm on MCM-41.
2.8.4 Fourier Transformed Infrared (FT-IR) Spectroscopy

In the case of the fransition metal-substituted M41S samples, their
principal interest resides in their potential use as oxidation catalysts, with this
particularly true for the titanium-substituted MCM-41 material. In this case, the
isomorphous substitution and, therefore, the incorporation of these elements in the
framework is not easy to as certain, and hence, a combination of several techniques is
required to provide the necessary information. In the case of Ti-substituted MCM-41,
spectroscopic and catalytic techniques should be used to show the incorporation of Ti
in the silica framework.'"®

Previous. work . on the. characterization of Ti-zeolite can be used as a
guide for characterizing the Ti-MCM-41 samples. Thus, an IR absorption band of
calcined Ti-MCM-41 as (Figure 2.13) at 960 cm™ ‘attributed to Si-O-Ti stretching with
Ti in tetrahedral coordination was used to identify the incorporation of Ti in zeolites

and, similarly, has also been used to show the presence of Ti in the framework of Ti-

MCM-41.'%%
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Figure 2.14 Infrared spectra of calcined Ti-MCM-41.

However, this has been questioned on the basis of more recent IR
studies on as-synthesized and calcined Ti-zeolite, it was concluded that the band at
960 cm’ can instead be due to the Si-O stretching vibration in the Si-OR group, R
being H' in the calcined state and TEA" in the as made material. Thus, while all the
properly prepared Ti-zeolites and Ti-MCM-41 show the presence of this band, the

reverse is not neccesarily true.

2.8.5 Raman Spectroscopy and Diffuse Reflectance UV-Visible (DR-UV)

Spectroscopy

Raman spectroscopy,”’ while having the limitation of its relatively high
detection limit (0.5%wt), has the advantage that it can visualize if some or all of the
Ti has- or has.-not-been incorporated. and, whether .indeed some- is segregated as TiO,
anatase (140 cm™). On the other hand, UV-visible spectroscopy gives very valuable
information on the coordination of the Ti. A sample containing only framework
titanium should give an optical transition at 210 nm, which is assigned to a charge
transfer (CT) in [TiO4] and [O3Ti-OH] moieties. Isolated extraframework
hexacoordinated Ti would give a CT at about 225 nm. Partially polymerized

hexacoordinated Ti species, which contain Ti-O-Ti bonds and belong to a silicon rich
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amorphous phase, would give a broad band at 270 nm. Finally, for TiO, in the form
of anatase the transition occurs in the 330 nm region. UV-visible spectroscopy, which
is a widely available technique, is a very useful tool for characterizing Ti-MCM-41
samples since, besides its low detection limit (0.03 %wt), it can give information on
framework and extraframework Ti. The diffuse reflectance spectra in the UV-visible
region of the calcined Ti-MCM-41 (Figure 2.14), does not show the 330 nm band

associated to anatase, but a band at 210-230 nm associated to isolated Ti in

tetrahedral (210 nm) and hexacoordination (230 nm).'*'**
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Figure 2.14 Diffuse reflectance-UV spectrum of calcined Ti-MCM-41.

Then it can be certainly concluded that in well-prepared Ti-MCM-41
samples, isolated Ti (IV) and Ti (VI) species are present, and therefore the

incorporation of Ti to the framework of the walls occurs. This fact opened the
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possibility of using these materials as catalysts for the selective oxidation of large

molecules.

29 Comprehensive Study of MCM-41 Surface

Beck et al’ reported the Si-NMR of siliceous MCM-41, calcined and
uncalcined MCM-41 suggested about 20 + 10% and 40 + 20% of the silicon atoms,

respectively, were silanols (Q°), similar to the results for amorphous silica.

Lu et al***7 studied the nature of MCM-41 surface and found that the
surface chemistry of MCM-41 was similar to that of typical silica surface. It was
found that MCM-41 surface contained many types of SiOH groups, i.e., single,
hydrogen-bonded, and geminal SiOH groups. These three observed types of SiOH
groups with their characteristic IR sbsorption band and Si-NMR resonances illustrated
in Table 2.7. The number of SiOH groups over MCM-41 surface was 2.5-3.0/nm’,
whereas the amorphous silica was occupied with the member of 5-8/nm” This highly
condensed surface with less SiOH groups indicated that MCM-41 was better-ordered
than amorphous silica. The value of the SiOH number has contributions in all of these

three groups on both the external and internal surface.
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Table 2.7 Representation of the three types of SiOH groups in MCM-41 and their

characteristics

H H H H H H
o o o o o o
§ Lo o
) ; ; . 1
Silanol type > | ]
Single Hydrogen-Bonded Geminal
IR adsorption band
3738 3200-3600 3738
(em™)
NMR resonance
-101 -101 92
(ppm)

The formation of internal SiOH groups was thought to be related to the
formation process of MCM-41 as illustrated in Figure 2.15. When one template
molecule is removed, one isolated SiOH group was formed. With increasing
temperature, dehydroxylation of hydrogen-boned and geminal SiOH groups took place
to from siloxane bonds and simultaneously more free SiOH groups were generated.
That was why the intensity of the adsorption band at 3738 cm™ increased gradually at
higher outgassing “temperatures, -and the adsorption band at 3222 cm’ disappeared.
Dehydroxylation of single SiOH: groups was considered to be impossible since they
was too far apart (0.5 nm) and such a process would necessarily involve the
unfavorable formation of highly strained linked structures. Dehydroxylation from
geminal groups was probably very difficult since siloxane (=Si=0O) does not form
readily. All SiOH groups the internal surface of MCM-41 should be isolated silanols,
including single and hydrogen-bonded SiOH groups; and the geminal SiOH groups

should be on the external surface and/or inside lattice defects.*® Since the IR
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absorption band at 3725 cm™, which was assigned to vibration of lattice SiOH groups,
was not detected, the geminal groups were believed to be on the external surface. The
number of geminal SiOH groups was directectly proportional to the external surface

area of the MCM-41 samples.

i—O0—N(CHs);(CH,);5(CH;) i—OH
i—O—N(CH,)y(CH,),5s(CHy) _ Calemation = 1. oy
i—O0—N(CHs)3(CHy);5(CH;) —OH

Internal surface of MCM-41 Surface silanol groups

(either single or hydrogen-bonded)

i
N
0
Dehydroxy]atlon %
i—OH
Hydrogen-bonded SiOH 1 single SiOH group is formed
) /OH Dehydroxylation /OH
Sil -———— Sil
OH 0]
si(
OH

2 adjacent geminal SiOH groups 2 free SiOH group is formed

Figure 2.15 Schematic representation of formation and dehydroxylation processes of

SiOH groups in MCM-41.

¥Si CP/MAS NMR spectra of MCM-41 with and without surface attachments
of trimethylsilyl groups as shown in Figure 2.16, also with the chemical shift
assignments for the observable resonances. Three resonances at -110, -101, and -92
ppm which were assigned to the silicon sites of Q' (a), Q* (b), and Q* (c),

respectively can be observed on the calcined MCM-41. The Q’ sites were associated
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with the isolated SiOH groups (i.e., free and hydrogen-bonded), and the Q* sites

corresponded to the geminal silanols.

hie, Me
Me —Si—Me Me—Si~Me
?H {? L] H #0 "'"GH
Sib o & si CfSi b
o L

1 I |
o0 0 -50 -100 -150

Chemical Shift (ppm)

Figure 2.16 *’Si CP/NMR  spectra® for a) calcined MCM-41, b) partially silylated

MCM-41. with coverage of 43%, and.c)fully. silylated. MCM-41.

For the two silylated samples at different degree of silylation, a sharp peak at
14 ppm was ascribed to the attached on the sample before silylation. The intensity for
the Q* silicons (a + a’) is drastically increased at the expense of Q’ silicons because
these silicon sites were redistributed during silylation. The Q® sites for both the

partially and fully modified MCM-41 samples are actually featureless in the >Si
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CP/MAS NMR spectra, demonstrating that geminal silanols were not hydrogen-bonded
and were also the active sites for silylation as well. These NMR results revealed that

both free and geminal SiOH groups were highly accessible to the silylating reagent.”

Surface Coverage of trimethylsilyl groups,*?’

the degree of silylation, can be
affected by parameters such as pre-outgassing temperature, silylation temperature, and
concentration of a silylating reagent. A systematic study of the surface coverage as a
function of pre-outgassing temperature was carried out. The surface coverage of
trimethylsilyl groups was calculated based on the followed equation;

¢ LAW% x Ny

x 102 (number/nmz)
EMW x SBET

where S is the number of attached trimethylsilyl groups per nm’, AW%
represents the weight gain after silylation (%), Na is Avogadro’s number, EMW is the
effective molar weight of the attached trimethylsilyl groups (72 g/mol), and Sggr is the
BET surface area (m?%/g), assuming that each trimethylsilyl group occupies a cylindrical

volume of 0.43 nm and the external surface areas are negligible.

XRD patterns of silylated sample with trimethylsilyl reagent were highly
resolved and the width of the main (100) peak was narrowed, reflecting a better order
pore structure. This was probably. related to more homogenous of pore structure
brought about by the chemical attachments of a ‘monolayer of trimethylsilyl groups
over MCM-41 surfaces. In addition, unavailability -of - any . residual. water due to the
complete removal of SiOH groups during silylation had a significant impact on the

intensity of the main (100) peak.

From N, adsorption-desorption isotherms and pore size distributions before and
after silylation, respectively, the relative pressure of after partially and fully silylated
sample were lower than that before silylated sample, whereas a relatively broad pore

size distribution was presented after silylation. The decrease of the pore diameter after
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the partial silylation was 5 A. For the fully silylated sample, the decrease in pore
diameters was 6.5 A, which was fairly consistent with the theoretical prediction. As
well documented, the maximum lateral extension of a trimethylsilyl group was roughly
3.7 A. Assuming a monolayer of trimethylsilyl groups was formed over MCM-41
surfaces after silylation, the reduction of pore diameter should, therefore be about 7.4
A. The difference of 0.9 A between the theoretical and BJH calculations was
suggested to be associated with the heterogeneity of attached trimethylsilyl groups with

a surface coverage of about 85%.

The silanol groups cannot be completely replaced by trimethylsilyl groups as
the absorption band of hydrogen-boned at 3200-3600 cm™ was still observable for the
silylated MCM-41 sample. In addition, since the intensity of absorption for the
silylated MCM-41 was similar to that of the sample before silylation, the hydrogen-
boned SiOH groups was believed to be not accessible to the silylating reagent.
Accordingly, the concentration of attached trimethylsilyl groups which was about
0.7/nm” roughly represented the concentration of single SiOH groups since geminal
SiOH groups contributed a negligible portion to the concentration of free SiIOH groups,
and it was unlikely that reaction of two silylation reagent could react at a given
geminal silanol site because of steric hindrance. The concentration of hydrogen-bonded
SiOH groups was then ‘be readily calculated to. be 1.8-2.3/nm>. The degree of
silylation on MCM-41 surface was determined by the concentration of free (i.e., single
and geminal): SiOH. groups. rather. than steric. considerations. The trimethylsilyl group
estimably ~occupies a cylindrical volume of space was 0.43 nm’. The theoretical
maximum concentration of attached trimethylsilyl group was only 0.754 /nm’ This was
due neither to steric prohibition nor to the lack of SiOH groups (a significant portion
of hydrogen-bonded SiOH groups were still on surface). When the surface hydrogen-
boned SiOH groups were totally removed and/or transformed to free SiOH groups, the

degree of silylation approached 100%.**
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2.10  Catalytic Properties of Ti-MCM-41

After the several works on the selective oxidation of paraffins, olefins, and
alcohols on Ti-silicalite and its extension to a large pore Ti-zeolite, the door was
opened to introduce active Ti in the walls of MCM-41. The first report on the
successful preparation of Ti-MCM-41 was published by Corma et al. in early 1994,
and the resulted material was able to selectively epoxidize olefins to epoxides using

H,0, as the oxidizing agent as shown in Table 2.8.

Table 2.8 Catalytic oxidation of 1-hexene with H,O, on Ti-MCM-41"

Conversion Selectivity Product selectivity (% molar)
Time (h)
of H,O, of H,O, Epoxide Glycol Ether
0.50 3.9 60 100
2.00 23.4 70 95.7 1.7 2.6
3.50 28.9 70 94.4 1.6 4.0
5.00 39.9 75 91.2 3.1 5.7

The activity of Ti-MCM-41 to epoxidize small linear olefins with H,O, was
lower than when using Ti-silicalite and Ti-zeolite catalysts, indicating that the intrinsic
activity of Ti in the MCM-41 was lower than in-ZSM-5 and zeolites, at least under
the reaction conditions used. 'However the advantages of Ti-MCM-41 as epoxidation
catalyst. was in—its—ability to oxidize large molecules- which -cannot diffuse in the pores
of microporous materials, as well as to use organic hydroperoxides as oxidants. For
instance Ti-MCM-41 was found to be much more active than Ti-zeolite to oxidize a-
terpineol and norbornene at 70°C wusing fert-butyl hydroperoxide as oxidant as

summarized in Table 2.9.!
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Table 2.9 Oxidation of a-terpineol and norbornene on Ti-Containing Materials''

Norbornene
Catalyst | Reaction o-Terpineol Reaction
Epoxides
sample time (h) time (h) Alcohol
Product | Others Exo Endo
Ti-MCM- 3 23.8 4.02 5 21.7 4.7 3.1
41 8 31.5 8.6 11 30.0 12.3 6.4
3 4.1 S 5 4.7 5.6 6.6
Ti-Beta
8 7.6 5.8 11 11.2 7.1 12.8

Ti-MCM-41 showed a very lower activity and lower selectivity toward the use
of H,O, for alkene oxidation than either TS-1, TS-2 or Ti-B, owing to their high
hydrophilicity."' After these catalysts were treated with trimethylsilylation, the catalytic

activities in oxidation of alkenes (Table 2.10) with H,O, were enhanced remarkably.*
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Table 2.10 Effect of trimethylsilylation on catalytic activities of Ti-MCM-41 for

alkenes and alkanes

Catalyst Conversion TON Selectivity (%)
Alcohol Ketone Epoxide Diol
Cyclohexene
Ti-MCM-41
0.72 5.4 30.0 15.2 0 54.7
(non-sil)
Ti-MCM-41
13.3 112.1 14.4 21.0 13.9 50.7
(sil)
trans- cis- trans- cis-
Epoxide Epoxide Diol Diol
Cyclododecene
Ti-MCM-41
1.9 10.9 46.0 47.0 7.1 0
(non-sil)
Ti-MCM-41
6.5 40.0 29.6 63.0 7.4 0
(sil)

Ti-MCM-41 (non-sil) exhibited low activity in the oxidation of cyclohexene.
However, trimethylsilylation of Ti-MCM-41 resulted in a ca. 20-fold increase in the
activity in the oxidation of cycloxene. The turcover number (TON) per hours was ever
higher than that observed with Ti-f. The selectivity for epoxide/diol was increased at

the expense of allylic oxidation
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In the oxidation of cyclododecene, trimethylsilylation led to a 3 to 4-fold
increase although the attained activity was relatively low. Unlike cyclohexene, allylic
oxidation of cyclododecene hard occurred and epoxides were selectively obtained
without their extensive hydrolysis. Besides, it had been observed that trimethylsilylated
catalysts exists in the organic phase because of their hydrophobicity, resulting in
migration of the inhibition of oxidation caused by water. No leaching of Ti was

observed during the oxidation.

Table 2.11 Effect of trimethylsilylation on catalytic activity of Ti-MCM-41 for alkenes

Catalyst Conversion TON Selectivity (%)

2-Pentenal Epoxide

2-Penten-1-ol

Ti-MCM-41 (non-sil) 324 242 81.0 19.0

Ti-MCM-41 (sil) 14.7 124 81.6 18.4
Epoxide Pyran Others

o-Terpineol

Ti-MCM-41 (non-sil) 2.2 19.4 443 45.4 10.3

Ti-MCM-41 (sil) 8.1 74.3 14.2 32.0 53.8

The activity of Ti-MCM-41 for hexane oxidation was negligible before
trimethylsilylation. 2-penten-1-ol containing a polar hydroxyl group more easily
migrates into the pores of non-trimethylsilylated catalysts than simple alkenes in

competition with water, showing a much higher reactivity than cyclohexene.
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Trimethylsilylated sample Ti-MCM-41 (sil) exhibited lower activity in the oxidation of
2-penten-1-ol than the corresponding non-trimethylsilylated samples. Partial removal of
silanol groups would reduce the capability to absorb the allylic alcohols through
hydrogen bonding. The decrease activity might be also due to the difficulty in access
to the active site caused by the introduction of rather bulky trimethylsilyl groups. The
oxidation of a-terpineol, trimethylsilylation resulted in enhancement of activity for
oxidation. This is interpreted in terms of high hydrophobicity of a-terpineol compared

to 2-penten-1-ol.



CHAPTER 11

EXPERIMENTS

3.1 Equipment and Instruments

Ovens and Furnaces

In this study, reactant mixture and solid products heated at the temperature of
100°C was carried out using a Memmert UM-500 oven. Calcination of the solid
catalysts at 540°C was achieved in a Carbolite RHF 1600 muffle furnace with
programmable heating rate of 2°C/min.

XRD

Synthesisized samples were identified for the structure using a Rigaku D/MAX-
2200 X-ray diffractometer (XRD) at the Petroleum and Petrochemica College,
Chulalongkorn University with nickel filtered Cu Ka radiation (30 kV, 30mA) at an
angle of 20 range from 1.5 to 10°. The scan speed was 2°/min and the scan step
was 0.02°. The three dlits (scattering, divergent and receiving dits) are fixed at 0.5°,
0.5° and 0.15 mm, respectively.

|ICP_Spectrometer

Titanium contents in the catalysts were analyzed using the Perkin Elmer
Plasma 1000 inductively coupled ‘plasma-atomic emission (ICP-AE) spectrometer at the
Scientific and Technological Research Equipment Center of Chulalongkorn University.

FTIR Spectrometer

Vibration of metal-oxygen bonds in the catalysts were measured in the wave
number range from 600 to 1500 cm™ using a Nicolet Impact 410 Fourier transformed
infrared (FTIR) spectrometer with the KBr pellet technique at Department of

Chemistry, Faculty of Science, Chulalongkorn University.
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DR-UV-VIS Spectrometer

The diffused reflectance-ultraviolet-visible (DR-UV-VIS) spectra of the catalysts
were measured in the range of 200-600 nm using a Perkin Elmer LAMBDA 14 DR-
UV-VIS spectrometer at Institute of Analytical Chemistry Training, Ministry of Science

and Technology.
3.2 Chemicals and Gases

To remove a trace amount of moisture nitrogen, highly pure grade purchased
from Thai Industrial Gases (TIG) was passed through a 40 cm x 2.5 cm tube of the
molecular sieve 4A. Tetraethyl orthosilicaie (98% TEOS), tetramethylammonium
hydroxide (TMAOH), n-hexadecyltrimethylammonium  chloride (CTMACI), n-
dodecyltrimethylammonium chloride (DTMACI) were commercialy available from TCI,
Japan. Trimethylchlorosilane, hexamethyldisiloxane, hexamethyldisilazane,
trimethylethoxysilane, trimethylsilyltrifluoroacetate reagents of Anaar grade were
purchased from Fluka and used without any treatment. Toluene, acetone and 2-propanol
solvents were dehydrated by mixing with the activated molecular sieves 4A (zeolite
NaA) prior to use. An ICP standard titanium solution of 1000 ppm was purchased
from BDH. Liquid nitrogen was supplied by PRAXAIR Thailand. Other chemicals

were from Merck or Fluka, otherwise specifically identified.
3.3 Synthesis of Cp;,-Ti-MCM-41 with Various Si/Ti Ratios in Gel

Using DTMACI as template Ci,-Ti-MCM-41. samples with ‘various Si/Ti ratios
in gel were prepared. According to- the procedure reported by Tatsumi et al.® a ge
with a molar composition of SO, : x TiO, : 0.6 DTMACI : 0.3 TMAOH : 60 H,O
was prepared under nitrogen atmosphere as follows. Into a 500-cm® round bottom flask
with 4 necks an amount of 17.59 g of the template DTMACI was dissolved in 53.86
g of water. The mixture was stirred vigorously until a clear solution was obtained.

The flask was cooled down in an ice/water bath at the temperature of 5°C. From
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each addition funnel 23.15 g of TEOS liquid and 3.04 g of 20% TMAOH solution

were simultaneously added dropwise to the cold template solution. In this step TEOS
was partialy hydrolyzed in basic solution. After stirring for 30 min a solution of
required amount of TBOT in 2-propanol was slowly added to the mixture in the flask
with stirring. The stirring was continued for 16 h before 48.0 g of water were added.
After 30 min, alcohols existing as both solvent and by-product were evaporated from
the mixture at the temperature of 85°C for about 3 h. The composition of gel was
corrected by adding water to the total weight of 164.5 g. The resulted gel was
crystallized in a tightly capped Teflon bottle which was heated in an oven a 100°C
for 10 days. After cooling the Teflon bottle with running tap water, the solid was
filtered off, wash several times with deionized water and dried in an oven at the
temperature of 100°C. Apparatus for the gel preparation and alcohol removal was
shown in Figure 3.1, and 3.2, respectively. A schematic diagram of preparation of Ti-
MCM-41 is shown in Scheme 3.1. A so-caled as-synthesized Ci,-Ti-MCM-41 sample
was obtained as a white solid product at a yield of 12.85 g. The organic template
was removed from the channels of the material by calcination of the as-synthesized
sample at 540°C for 6 h resulted in the so-called calcined Ci,-Ti-MCM-41 sample.
The heating program for template removal is shown in Scheme 3.2. The samples with
various Si/Ti ratios were characterized using XRD, ICP-AES and DR-UV-VIS

techniques.
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34 Synthesis of Cie-Ti-MCM-41 with Various Si/Ti Ratios in Gel

Using CTMACI as template Ci-Ti-MCM-41 samples with various Si/Ti ratios
in gel was prepared. A gel with a molar composition of SO, : x TiO, : 0.6
CTMACI : 0.36 TMAOH : 75 H,0O was prepared as follows. Into a 500-cm® four
necked round bottom flask an amount of 21.33 g of the template CTMACI was
dissolved in 53.86 g of water. The mixture was stirred vigorously until a clear
solution was obtained. The flask was cooled down in an ice/lwater bath at the
temperature of 5°C. From each addition funnel 23.15 g of TEOS liquid and 3.65 g of
20% TMAOH solution were simultaneously added dropwise to the cold template
solution. After stirring for 30 min a solution of required amount of TBOT in 2-
propanol was slowly added to the mixture in the flask with stirring. The stirring was
continued for 16 h before 63.0 g of water were added. After 30 min, alcohols existing
as both solvent and by-product were evaporated from the mixture at the temperature of
85°C for about 3 h. The composition of gel was corrected by adding water to the
total weight of 198.7 g. The resulting gel was crystallized in a tightly capped Teflon
bottle which was heated in an oven at 100°C for 10 days. After cooling the Teflon
bottle with running tap water, the solid was filtered off, washed several times with
deionized water and dried in an oven at the temperature of 100°C. A so-caled as
synthesized Cis-Ti-MCM-41 sample was obtained as a white solid product at a yield
of 11.9 g. The organic template was removed from the channels of the material by
calcination of the as-synthesized sample a 540°C for 6 h resulted in the so-called
calcined © Cia-Ti-MCM-41  sample. The ' samples with' various < Si/Ti = ratios were

characterized using XRD, ICP-AES and DR-UV-VIS techniques.
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Figure 3.1 Apparatus for the gel preparation.



Figure 3.2 Apparatus for evaporation of alcohol from the reactant mixture.
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25 % DTMACI or CTMACI in H;0O
Stir 200 rpm / Keep temp = 5C (Figure3.1)

TEOS and 20%TMAOH/H,O simultaneously
N

Stirring for 30 min
N

TBOT/2-PrOH

=
Milky Solution

Residual H,O and Stirring for 30 min

<

Evaporating alcohol by-product at 85°C

<

Adding H20 to compensate the evaporated H,O

¢

Crystallizing at 100°C for 7 — 10 days

¢

pH = (11.3-11.5)
Transfering into Teflon bottle

4

Filtering and washing with distilled
water and filter severa times

<

Drying at 100°C for 4 h

As-synthesized Ti-MCM-41

Scheme 3.1  Schematic diagram of preparation of Ti-MCM-41.
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Scheme 3.2  Heating program for remova of template from Ti-MCM-41 channels.
35 Preparation of ICP-AES Samples

In a 100-cm® Teflon beaker, 0.0400 g of a calcined catalyst was soaked with
10 cm® of 6 M HCl and subsequently with 10 cm® of 48% hydrofluoric acid to get
rid of dilica in the form of volatile SiF, species. The solid was heated but not boiled
to dryness on a hot plate. The fluoride treatment was repeated twice more. An amount
of 10 cm® of a mixture of 6 M HCl and 6M HNO; at a ratio 1 ;: 3 was added and
further heated to nearly dryness. An amount of 5 cm® of 6 M HCl was added to the
beaker and warmed for 5 min to complete dissolution. An amount of 10-cm® deionized
water was added to the besker and warmed for 5 min to complete dissolution. The
solution was transferred to a 100-cm?®-polypropylene volumetric flask ‘and made to the
volume by adding deionized water. The flask was capped and shaken thoroughly. If
the sample was not analyzed for titanium content immediately, the solution was then
transferred into a plastic bottle with a treaded cap lined under with a polyethylene
seal. The standard solutions of titanium ions of O, 2, 5, and 10 ppm were used to

construct a calibration curve.



70
3.6 Restructuring of Cy»-Ti-MCM-41 and Cis-Ti-MCM-41

A hydrothermal method for restructuring of Cyp»-Ti-MCM-41 and Cys-Ti-MCM-
41 samples was investigated in this study. It was carried out right after the resulted
gel was dready crystallized for either 7 days or 10 days. After quenching step, the
solid was filtered off without washing and mixed with a certain amount of deionized
water, 10 g of water per gram of as-synthesized sample. After stirring for 30 min, the
mixture was transfer to the Teflon bottle and heated to 120°C for various periods of
1-3 days. The solids were filtered and washed several times untii no base. The
samples were dried in an oven a the temperature of 125°C for 2 h. They were
cacined in a muffle furnace at the temperature of 540°C for 6 h and resulted in the
so-called cal-RS-Cy-Ti-MCM-41 and cal-RS-Cie-Ti-MCM-41 samples and characterized

using XRD.

3.7 Silylation of Restructured Ti-MCM-41

The calcined restructured Ti-MCM-41 samples, cal-RS-Cy,-Ti-MCM-41 and cal-
RS-Cy;s-Ti-MCM-41, were treated with various silyl reagents such as trimethyl-
chlorosilane (TMCS), hexamethyldisiloxane (HMDSO), hexamethyldisilazane (HMDS),
trimethylethoxysilane  (TMES), and trimethylsilyltrifluoroacetate (TMSTFA). The
structures of the silyl compounds are shown in Figure 3.3. As mentioned in Section
2.9 that about 40% of surface of Ti-MCM-41 was Q° type silanol groups. The ten-
fold excess amount of those silyl compounds were used and are shown in Table 3.1.
These compounds are moisture sensitive, thus the glassware and: solvents used in this
study were neatly free from moisture. Apparatus for silylation of Ti-MCM-41 samples
was shown in Figure 3.4.

To remove air and moisture, a 250-cm® a pear shape flask with a side arm
seadled with a septum was evacuated and filled with nitrogen for 3 times alternately.

An amount of 1.0 g of powder sample and 50 cm® of toluene were put into the 250-
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cm’® flask under a nitrogen flow. A silyl reagent was injected at a required amount by
a syringe into the flask through the septum. The reflux distillation of the slurry was
operated using an oil bath at 120°C for 16 h. Volatile matters were stripped off by
evacuation to a cold trap. The powder remained in the flask was washed three times
with 50 cm’ acetone. The silylated sample was separated from the solvent by
centrifugation, followed by drying at 125°C for 2 h. The sample was characterized

using XRD and FTIR.

Si—Cl e
H¢” Clis CH; CH;
f“i;C“‘;Si\ f,Si‘\‘"Cf"i;
Trimethyl chorosiane {TMCS) H,C 0 CH;

Hexamethyl disifazane (HMDSO)Y

Civ‘ig

/;éi:«()f
HC CHy (2:1«;3 g:x i
HyC-Si _Si—CH;
. . we' N cn,
Trmethyl ethoxysilane (TMES) H T
o Hexamethyl distlazane (HMDS)
CHy |
_/ A ~—CF;
Sp{}

H: ' CHy

Trimethwisih nfluoroacetate (TMSTEA)

Figure 3.3 Structures of various silyl reagents.
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Table 3.1 Required amounts and properties of silyl compounds for silylation of 1 g

of calcined Ti-MCM-41 samples

Silyl MW Density No. of syl Weight of Volume of

Compound |  (g/mol) (glem?) group per compound compound
molecule © (cm?)
TMCS 108.64 0.859 1 7.2330 8.42
TMES 118.25 0.758 1 7.8728 10.39
TMSTEA 186.21 1.076 1 12.1312 11.27
HMDSO 162.38 0.764 2 5.4055 7.08
HMDS 161.40 0.774 2 5.3728 6.94
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Figure 3.4 Apparatus for silylation of Ti-MCM-41 samples.
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38  Stability Test of Ti-MCM-41 Samples

3.81 Hydrothermal Stability

A reflux distillation of the slurry of 0.1 g of Ti-MCM-41sample in 50
cm® of deionized water was operated at 100°C for 12 h under nitrogen atmosphere.
The sample was then filtered off and dried in an oven heated at 100°C for 2 h. It

was then characterized for structure change using XRD.

3.8.2 Stability to Moisture

A sample was exposed to moisture over saturated agueous solution of
ammonium chloride at room temperature for various periods of 1-3 days. The sample
was dried in an oven heated at 100°C for 2 h. Apparatus for testing the sample for
its stability to moisture is shown in Figure 3.4. The sample was then characterized for

structure change using XRD.

Figure 3.4 Apparatus for testing the sample for its stability to moisture.
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3.8.3 Mechanical Stability

An amount of 0.50 g sample was pressed in a stainless steel die of
13-mm diameter by a dynamic press of various pressure values of 500, 1000,
1500, and 2000 kg/m? The pressure was held for 10 min. It was then

characterized for structure change using XRD.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Ti-MCM-41 Samples without Treatment
411 XRD Results

XRD patterns of as-synthesized and calcined samples of Cy-Ti-MCM-41
and Cyp-Ti-MCM-41 are shown in Figure 4.1 and the corresponded data are shown in
Table 4.1. The XRD paiterns of both as-synthesized samples with Si/Ti in gel of 100
(Figures 4.1. a and c) exhibit the characteristic reflection peaks of hexagonal structure
of MCM-41 structure. After removal of template by calcination at elevated temperature,
reflection peaks in the XRD pattern of calcined Cy»-Ti-MCM-41 have twice intensity
of that before calcination, while the XRD pattern of calcined Cis-Ti-MCM-41 becomes
only one very broad peak with less intensity. The results indicate that under the
synthesis condition, C;>-Ti-MCM-41 structure has ordered structure better than that of
Cis-Ti-MCM-41 and this is responsible for higher structural stability of Ci,-Ti-MCM-41
than Cy-Ti-MCM-41. The partia -collapse of structure in Ci-Ti-MCM-41 was aso
indicated by the shrinkage of d-spacing from 37.72 to 29.43 A or 20% d-spacing
reduction. On. the contrary, the d-spacing shrinkage is only 2% for Ci,-Ti-MCM-41 but
the uniformity was markedly ‘improved after ‘calcination.” The restructuring in Cyo-Ti-
MCM-41 occurred by increasing degree of silanol group condensation. Upon removal
of the pillared template between the walls, the structure of Ci-Ti-MCM-41 tends to
collapse more easily than that of Cip-Ti-MCM-41. This observation is in agreement
with severa reports>® on the less stability of larger pore Ti-MCM-41 upon template

removal. This is the reason why a stabilization of Cie-Ti-MCM-41 structure is needed.
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Table 41 XRD data of as-synthesized and calcined samples of Cy-Ti-MCM-41 and

Ci-Ti-MCM-41 with Si/Ti ratio in gel of 100

Cis-Ti-MCM-41 (100)

Sample Bragg’ S angl e 29 | ntenS|'[y
d-spacing (A)
(degree) (counts)
As-synthesized
2.72 32.45 16,733
Ci-Ti-MCM-41 (100)
Calcined
2.88 30.65 41,396
Ci-Ti-MCM-41 (100)
As-synthesized
2.34 37.72 15,130
Cy-Ti-MCM-41 (100)
Calcined
3.00 29.43 10,754
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79

412 Si/Ti Ratios in Ti-MCM-41 Samples

Titanium contents and corresponding Si/Ti ratios in the Cp,-Ti-MCM-41
and Ci;-Ti-MCM-41 samples are shown in Table 4.2. With decreasing the Si/Ti ratio
in gel, the SI/Ti ratio in product also decreases, i.e. more titanium amount can be
loaded into the products of Ti-MCM-41. However, the titanium content determined by
ICP-AES includes all sites of titanium existing in the Ti-MCM-41 samples. To identify

which site Ti occupies the most, DR-UV-VIS is a more informative method.

Table 4.2 Titanium contents and corresponding Si/Ti ratios in Cp-Ti-MCM-41 and

Ci-Ti-MCM-41 samples

Si/Ti ratio S content Ti content Si/Ti ratio
Sample
in gel (mmol SIO,) (mmol SI0,) in product
C-Ti-MCM-41 (100) 100 0.66901 0.00842 79
Ci»-Ti-MCM-41 (60) 60 0.66009 0.01179 56
Cie-Ti-MCM-41 (100) 100 0.66941 0.00728 92
Cis-Ti-MCM-41 (60) 60 0.66035 0.01076 61

4.1.3 ~DR-UV-VIS Spectra

To identify the titanium sites in the Ti-MCM-41 sample, DR-UV-VIS
spectra of ‘as-synthesized samples of Cp-Ti-MCM-41" and C-Ti-MCM-41  were
measured and shown in Figure 4.2. All spectra present only one absorption band at
the wavelength about 215 nm that is a characteristic band ascribed for tetrahedral

10,88

coordinated titanium. It is proven that all Ti-MCM-41 samples have titanium

incorporated in the framework tetrahedral sites. There is no observation of



80

extraframework or non-framework titanium site at any longer wavelength. There is no

band around 330 nm due to the TiO, of anatase phase.

Cp-Ti-MCM-41 Ci-Ti-MCM-41
6 6
5 5
4 4 |
= 3 =
S 3 S
2 2
a) c)
1 y 1
b) d)
0 ; = = ? 0 ‘ ‘ ‘
200 300 400 500 600 200 300 400 500 600
Wave length (nm) Wave length (nm)

Figure 4.2 DR-UV-VIS spectra of Ti-MCM-41 samples, a) calcined Ci-Ti-MCM-41
with Si/Ti of 60, b) cacined Cp-Ti-MCM-41 with Si/Ti of 100, c)
cacined Cie-Ti-MCM-41 with Si/Ti of 60 and d) calcined Ci-Ti-MCM-

41 with Si/Ti of 100.
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4.2 Ti-MCM-41 Treated under Restructuring Conditions

421 Restructuring of Wet As-synthesized Ti-MCM-41 Samples

4211 CiTi-MCM-41(100) Samples

The CiTi-MCM-41 samples were synthesized  with
crystalization period of either 7 or 10 days, and XRD patterns of as-synthesized Cie-
Ti-MCM-41(100) samples with and without restructuring treatment are shown in
Figures 4.3 and 4.4. The XRD patterns are not much different between that before
and those after the tresiment in hot water for 3 days or shorter if the sample was
obtained with crystallization period of 10 days. In contrast, if the similar treatment
was performed on the wet as-synthesized Ci¢-Ti-MCM-41(100) sample obtained with
crystallization period of 7 days, there is some change observed in XRD patterns in
Figure 4.4. The change was significant after the restructuring of the wet as-synthesized
Cis-Ti-MCM-41(100) sample for 2 and 3 days. For 2-day treatment, the XRD pattern
shows only one broad band with lower intensity compared to that of the as
synthesized Cy-Ti-MCM-41(100) sample. For 3-day treatment, the XRD shows a
mixed phase of MCM-41 and MCM-50 structures. The observation reveas that
crystalization of Cie-Ti-MCM-41(100) within 7 days results in the incomplete
condensation of silica on the mesostructure. Theincomplete mesostructure collapses
easily under the hydrothermal treatment’ and results in phase transformation from

MCM-41 to  MCM-50 structure upon prolongation. of.the treatment period.



82

20000 - - : - ~ -

15000

10000

5000

d)

-

15000 |

10000

5000 | L/\‘\

Intensity (counts)

15000 r A
10000

5000

b) |

15000 |
10000

5000 |

2 3 4 5 6 7
2-theta (degrees)

10

Figure 4.3 XRD patterns of Cie-Ti-MCM-41(100) samples crystallized for 10 days,

a) as-synthesized sample; b) wet as-synthesized sample treated in hot

water for 1 day; c) wet as-synthesized sample treated in hot water for 2

days, and d) wet as-synthesized sample treated in hot water for 3 days.
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XRD patterns of Cys-Ti-MCM-41(100) samples crystallized for 7 days, a)
as-synthesized sample; b) wet as-synthesized sample treated in hot water
for 1 day; c) wet as-synthesized sample treated in hot water for 2 days,

and d) wet as-synthesized sample treated in hot water for 3 days.
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4.2.2 Restructuring of Calcined Ti-MCM-41 Samples

According to the results from restructuring treatment in the previous
section, the effect of restructuring on unstable samples such as Cye-Ti-MCM-41
results in structural collapse similar to the effect of thermal treatment. The period of
restructuring treatment was maintained for only 1 day to prevent the loss in

structure upon the prolonged hydrothermal treatment.

4221 Cyp-Ti-MCM-41 Samples

It is found excitedly that the calcined Ci-Ti-MCM-41
samples can be restructured by the treatment in hot water for 1 day. The restructured
sample exhibits the higher crystalinity, based on intensity of (100) reflection peak,
than that of the untreated sample Ci,-Ti-MCM-41(100) by 28% and Cy»-Ti-MCM-41
(60) by 32% as shown in Figure 45 and Table 4.3. In addition, the d-spacing
shrinkage after calcination (1-2% contraction) is less than that of the untreated sample

(4% contraction).

Table 4.3 Comparison of intensities of (100) the reflection peak before and after

restructuring treatment of the Co-Ti-MCM-41 with Si/Ti ratio in gel of 60

and 100
Sample Bragg's ang|e, I ntensity
d-spacing (A)
20 (degree) (counts)
No treated C1o-Ti-MCM-41 (60) 2.76 31.98 23,076
Treated C1>-Ti-MCM-41 (60) 2.72 32.94 30,374
No treated C1o-Ti-MCM-41 (100) 2.90 30.44 34,727
Treated C,,-Ti-MCM-41 (100) 2.80 31.53 44,587
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Figure 45 XRD patterns of cacined Cy»-Ti-MCM-41 samples, @) Non treated Cy»-Ti-

MCM-41 sample with Si/Ti of 60; b) Cp-Ti-MCM-41 sample with Si/Ti
of 60 sample treated in hot water for 1 day; ¢) Non treated Cyo-Ti-
MCM-41 sample with Si/Ti of 100; d) C;»-Ti-MCM-41 sample with Si/Ti

of 100 sample treated in hot water for 1 day.



4222 Cu-Ti-MCM-41 Samples

The calcined Cig-Ti-MCM-41 restructured in hot water for 1-
day exhibits differently. It has lower crystalinity than that of the untreated sample
Ci-Ti-MCM-41(100) by 21% and Cis-Ti-MCM-41(60) by 30% as shown in Figure 4.6

and Table 4.4. In addition, the d-spacing shrinkage after calcination (15% contraction)

is less than that of the untreated sample (20-22% contraction).

The thermal stability improvement is resulted from the thicker
wall resulted the restructuring at the pore wall of the Cie-Ti-MCM-41 mesostructure.

This is implied by the reduction in d-spacing value.

Table 44 Comparison of intensities of (100) the reflection peak before and after

restructuring treatment of the Cs-Ti-MCM-41 with the Si/Ti ratio in gel of

60 and 100
Sample Bragg's angle, | d-spacing Intensity
20 (degree) (A) (counts)
No treated C1>-Ti-MCM-41 (60) 3.04 29.04 10,666
Treated C>-Ti-MCM-41 (60) 2.84 31.08 13,912
No treated C1,-Ti-MCM-41 (100) 3.00 29.43 10,754
Treated C1-Ti-MCM-41 (100) 2.76 31.98 13,057
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Figure 4.6 XRD patterns of ‘calcined Cyo-Ti-MCM-41 samples, @) Non-treated Cye-Ti-
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The restructured samples give similar DR-UV-VIS spectra to

that of untreated sample as shown in Figure 4.7. That is a good sign that upon

trestment no leaching of titanium from the framework sites to other undesired sites.
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Figure 4.7 DR-UV-VIS spectra of calcined Ti-MCM-41 samples, a), b), c), d) without

restructuring treatment and a’), b’), ¢), d) with restructuring treatment in

hot water for 1 days.
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4.3 Silylation of Ti-MCM-41

4.3.1 Conditions for Silylation of Ti-MCM-41

To investigate conditions for silylation of Ti-MCM-41, the calcined C,-
Ti-MCM-41 (100) one was a representative among those samples. According to %Si-
NMR data reported in literature,* the amount of silanol groups on the surface of Ti-
MCM-41 was found in the range of 20 to 40% of silicon atoms existing in the
material. The maximum value of 40% was then utilized to calculate for the required
amount of silyl group in  various silyl reagents. Among silyl reagents,
trimethylchlorosilane, TMCS was selected as a probing reagent in such investigation.

Intensities of the (100) reflection peak of the calcined Cp-Ti-MCM-41
(100) samples silylated with trimethylchlorosilane (TMCS), before and after
hydrothermal treatment are compared in Table 4.5. The data indicate that the loss in
crystallinity of the Ti-MCM-41 samples is reflected by the decrease in intensity of the
(100) reflection peak from XRD data and it is affected by the amount of TMCS and
silylation temperature. With increasing the amount of TMCS, the crystalinity is
decreased. With increasing temperature, the crystalinity is decreased as well. The
decrease of peak intensity by 29% is the least and relates to greatest stability to
hydrothermal treatment of the sample obtained at the condition using TMCS at 10-fold
excess whereas up to the decrease by 80% is obtained when- 2-fold excess of TMCS
was used. Therefore, the condition using 10-fold excess of other silyl reagents at the

temperature of 120°C is maintained for the rest of silylation studies.
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Table 4.5 Comparison of intensities of (100) the reflection peak before and after
hydrothermal treatment of the Ci;-Ti-MCM-41 sample silylated with

trimethylchlorosilane (TMCYS)

Peak intensity of (100) plane
Excess amount (counts) Change in
Temperature
of TMCS Before After intensity
(°C)
based on Q* Si hydrothermal | hydrothermal (%)
treatment treatment
2 fold 110 35,396 6977 -80
10 fold 110 35,396 20483 -42
10 fold 120 35,396 25141 -29

The IR spectra of the calcined Ci-Ti-MCM-41 sample before and after
treatment with TMCS are shown in Figure 4.8. The bands at around 3500 and 1640
cm? are assigned to the OH stretching and bending vibration, respectively, in water
molecules adsorbed on the Ti-MCM-41 surface. It is obviously seen that the amount
of adsorbed water is remarkably decreased after silylation. This reveals that the
silylated material has less hydrophilicity, or in another word more hydrophobicity than

the non-silylated sample.
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Figure 4.8 FT-IR Spectra of Ti-MCM-41 a) before and b) after silylation.

4.3.2 Stability of Ti-MCM-41 Samples Treated with Various Silyl

Reagents

After silylation, the crystallinity of the C-Ti-MCM-41 treated with
TMCS slightly increases by 10% compared to that before silylation while the
treatments with other silyl reagents, result in decrease of crystallinity by -3, 7 and 29%
when treated with TMES, TMSTFA, and HMDSO. The effects of the nature of the
compound can be accounted for the losses in crystallinity of silylated compounds. The
fluoro-compound is the most corrosive but HCl, a by-product form TMCS was found
to promote the improvement ofl crystallinity. Water, a by-product from HMDSO is

harmful to the mesostructure of Ti-MCM-41. Organic leaving group is naive.
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After treated with various silyl reagents, the Ti-MCM-41 was tested for
the stability to hydrothermal treatment. According to the principal of more difficulty in
diffusion of trimethylsilyl compounds into the relatively small pore C,-Ti-MCM-41
than that into Cie-Ti-MCM-41, the former was chosen as the testing sample. If a
trimethylsilyl compound has good performance in silylation of Cp-Ti-MCM-41, it
should be able to enter the relatively large pore of Ci-Ti-MCM-41 and react with the
surface of the latter in similar way. The silyl reagents used in this study were divided
into two groups, possessing one and two silyl functional groups per molecule. For
examples, TMCS, TMES, and TMSTFA possess one silyl functional group per
molecule while HMDS and HMDSO contain two silyl functional groups per molecule.
Intensities of the (100) reflection peak of the calcined Ci-Ti-MCM-41 (100) samples
silylated with various silyl reagents, before and after hydrothermal treatment are
compared in Table 4.7. From the XRD data in Table 4.6, the decrease of intensity, or
the loss in crystallinity increases for HMDS (by 13%) < TMCS (by 29%) < TMES
(by 50%) < HMDSO (by 55%) < TMSTFA (by 70%) < no treatment (by 79%). It
is concluded that HMDS is the most efficient silyl reagent for reacting with the
surface of Ti-MCM-41 to give the silylaied material with the greatest stability to
hydrothermal treatment. The presence of two silyl functional groups per molecule is
accounted for the high activity of HMDS. The small size is responsible for the
secondly active TMSC " despite “only one silyl group per molecule. Among the
compounds possessing one silyl group, the bulkiness of TMSTFA > TMES > TMCS
and that makes TMSTFA at the lowest activity while TMSC at the highest activity.
Similarly, the bulkiness of HMDSO > HMDS, therefore HMDSO has lower activity
than HMDS despite the equal presence of two silyl groups per molecule. The good
leaving group of chloride seems to be accounted for the high activity of TMSC as

well. Furthermore, it may be that water can be generated as a by-product from
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HMDSO and it may cover the surface silanol groups of Ti-MCM-41 that have not yet

accessible to of low mobility HMDSO.

Table 4.6 Comparison of intensities of (100) the reflection peak before and after

hydrothermal treatment of the Cp.-Ti-MCM-41 sample silylated with various

silyl reagents
Peak intensity of (100) plane (counts)
Change in
Silyl reagent Before hydrothermal | After hydrothermal | _
intensity (%)
treatment treatment

No treatment 32,142 6,787 -79
TMCS 35,371 25,141 -29
HMDSO 22,773 10,231 -55
TMSTFA 29,948 9,007 -70
TMES 31,018 15,537 -50
HMDS 31,026 26,935 -13

By exposure to moisture in the controlled atmosphere, the loss in
crystallinity was reported in ‘Table 4.7. The loss in crystallinity increases for TMES
(by 2%) ~ TMSTFA (by 3%) < HMDS (by 9%) < TMCS (by 22%) < no treatment

(by 38%) < HMDSO (by 48%).
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Table 4.7 Comparison of intensities of (100) the reflection peak before and after
exposure of the Cip-Ti-MCM-41 sample silylated with various silyl

reagents, to moisture

Peak intensity of (100) plane (counts)
Change in
Silyl reagent Before exposure to | After exposure to | _
intensity (%)
moisture moisture

No treatment 41,396 25,566 -38
TMCS 45,554 35,635 -22
HMDSO 29,330 15,319 -48
TMSTFA 38,570 37,576 -3
TMES 39,948 38,960 -2
HMDS 39,959 36,369 -9

4.4 Coupled Restructuring and Silylation of Ti-MCM-41

The crystallinities of the Ci-Ti-MCM-41 and C;;-MCM-41 samples were much
improved by the coupled treatment of restructuring in hot water and silylation with
HMDS as shown in Table 4.8. The coupled treatment sample exhibits the very higher
crystalinity than a single technique of restructuring or silylation asshown in Table 4.9,
based _on intensity of . (100) reflection peak, than untreated sample. The crystalinity of
Cis-Ti-MCM-41(100) and Cie-Ti-MCM-41(60) are increased by 74 and 79% and Ci-
Ti-MCM-41(100) and Cp»-Ti-MCM-41(60) are increased by 8 and 24%. The effect of
coupled treatment is found stronger on the Ci;e-MCM-41 sample. The reason is the
Ci-Ti-MCM-41 sample is so less stable than C,-Ti-MCM-41 that can be seen from

the previous sections. The restructuring of Q® silicon is possible upon restructuring or
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silylation. This is the first report using a coupled method of restructuring in hot water

and silylation with HMDS.

Table 4.8 The crystalinities of the Cip-Ti-MCM-41 and C;-MCM-41 samples
improved by the coupled treatment of restructuring in hot water and

silylation with HMDS

Peak intensity of (100) plane (counts)
Change in
Sample Before coupled After coupled _ _
intensity (%)
treatment treatment
Ci>-Ti-MCM-41(60) 23076 28584 +8
Cy-Ti-MCM-41(100) 34727 37447 +24
Cis-Ti-MCM-41(60) 10666 19119 +79
C16-Ti-MCM-41(100) 10754 18447 +74

Table 4.9 The crysdlinities of the Cp-Ti-MCM-41 and C;e-MCM-41 samples

improved by the silylation with- HMDS

Peak intensity of (100) plane (counts)
Change in
Sample Before silylated After: silylated _ _
intensity (%)
treatment treatment
C-Ti-MCM-41(60) 23,778 24,120 +1
C1>-Ti-MCM-41(100) 32,143 31,026 -4
Ci6-Ti-MCM-41(60) 10,666 14,086 +32
Cie-Ti-MCM-41(100) 10,754 16,262 +51
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The stability to hydrothermal treatment and moisture was tested as well and the
results are shown in Tables 4.10 and 4.11. It is obvious that the coupled treatment of
restructuring and silylation can remarkably increase the stability to hydrothermal
treatment and moisture of both Cyp-Ti-MCM-41 and Ci;e-MCM-41. Upon hydrothermal
treatment and exposure to moisture the crystalinity is amost constant for Cyo-Ti-
MCM-41 and dightly affected for Ci;s-MCM-41. The increase in their stability is
increased  wall thickness after

resulted from the successfully restructuring and

attachment of trimethylsilyl group at the wall of the materials.

Table 4.10 Stability to hydrothermal treatment of the Ci-Ti-MCM-41 and C;s-MCM-
41 samples improved by the coupled treatment of restructuring in hot

water and silylation with HMDS

Peak intensity of (100) plane (counts) Change in

Sample Before hydrothermal | After hydrothermal | intensity
treatment treatment (%)
C1o-Ti-MCM-41(60) 28584 31004 +9
C-Ti-MCM-41(100) 37447 36246 -3
Cus-Ti-MCM-41(60) 19119 16989 11
Ci6-Ti-MCM-41(100) 18750 18638 -1
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Table 4.11 Stability to moisture of the Cip-Ti-MCM-41 and Ci;e-MCM-41 samples

improved by the coupled treatment of restructuring in hot water and

silylation with HMDS

Peak intensity of (100) plane (counts) Change in
Sample Before exposure to | After exposure to | Intensity
moisture moisture (%)
Cy-Ti-MCM-41(60) 28584 30830 +8
Ci-Ti-MCM-41(100) 37447 40874 +9
Cyis-Ti-MCM-41(60) 19119 18102 -5
Ci6-Ti-MCM-41(100) 18750 18574 -1

45 Mechanical Stability of Ci-Ti-MCM-41 (100)

The Cp-Ti-MCM-41 shows the highest stability from the later section. Ci,-

TIMCM-41 is selected to test mechanical stability and results are shown in Figure 4.9

and Table 4.12. It shows that the improved stability by a coupled restructuring and

silylation exhibits mechanical stablity than no treatment sample and

restructuring

treatment. The restructuring. treatment improves the wall polymerization but at the same

time the pore diameter and the d-spacing are enlarged as a result the mechanical

stability becomes low. But its mechanical stability dramatically improves after it is

silylated with HMDS,



Table 4.12 The comparative mechanical stability of Cy-Ti-MCM-41

98

Pressure (kg cm™)

Sample 0 500 1000 1500 2000
Peak intensity of (100) plane (counts)
No treatment 32,142 13,063 12,793 12,232 10,125
Restructuring 44,587 7,074 6,250 6,187 6,234
Couple restructuring and
37,447 36,594 35,032 31,416 30,669
silylation
50000
45000
S 40000
g
= 35000; —— No treatment
'S 30000 - _
> —&— Restructuring
'% 25000 - treatment
= —4— Couple
c _
= 200 treatment
8 15000 |
10000 -
5000 - = " "
0 T T T T 1
0 500 1000 1500 2000 2500
Pressur e (kg/cm?)

Figure 4.9 Influence of external pressure to crystalinity of Cy>-Ti-MCM-41.




CHAPTER V

CONCLUSION

The mesoporous Ti-MCM-41 was successfully synthesized with improvement
of the stability by the post-synthesis coupled restructuring in hot water followed by
silylation. A high-stability mesoporous Ti-MCM-41, synthesized using Cp,TMA®
(smaller pore) or CisTMA™ (larger pore) as template, was prepared by the alkaline-
free hydrothermal synthesis reported by Tatsumi et al.® The Si/Ti ratios of 100 and
60 were utilized in order to monitor the effect of titanium content to their properties.
The secondary wall-polymerization by a post-synthesis hydrothermal treatment
increases crysalinity and stability of Ci-Ti-MCM-41 and Cye-Ti-MCM-41. Finadly,
the Ti-MCM-41 samples were increased their hydrophobicity by trimethylsilylation
with trimethylsilyl reagents. After the hydrothermal restructuring treatment, the DR-
UV-Vis results indicate upon treatment no leaching of titanium from the tetrahedra
sites on framework to octahedral site. In silylation step, silyl reagent was varied for
investigation of the most active silyl reagent, the hexamethyldisilazane (HMDS) was
the best among tested silyl reagents.

The tests for hydrothermal ‘stability to hydrothermal treatment and stability to
moisture ~indicate -that - the. mesoporous Ti-MCM-41 which improved -stability by a
combination of hydrothermal restructuring and silylation exhibits the unique higher
hydrothermally stable and stability to moisture than using a single technique, not only
the improvement of stability, but also the improvement of crystallinity. After the
application of the combination technique, in case of Ci-Ti-MCM-41, the crystallninity
was totally increased by 74% - 79% and in case of Cp-Ti-MCM-41, the crystalinity

was totally increased by 7% - 24% compared to the calcined sample of untreated
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sample. The effect of improvement of the crystalinity depends on the titanium
contents and the their initial crystallinity. These modified Ti-MCM-41 materias exhibit
the larger pore than the typical silylated Ti-MCM-41 which can overcome the
problem of the lower accessibility from the void occupy of trimethylsily (TMS)
group. The mechanical stability test also shows that the improvement using the
combination techniques results in the highest stability compared to the calcined sample
obtained from typical hydrothermal synthesis or with only hydrothermal restructuring

improvement.

The suggestion for future work :

1. Studying the catalytic activity for oxidation of these improved Ti-MCM-41
with various substrates in order to compare the effect of the crystalinity
increment and the higher hydrophobicity.

2. Fully characterization of these stable Ti-MCM-41 for their other physica
properties.

3. Application of this method of improvement of stability and hydrophopicity to

other silica materials.
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