CHAPTER I
BACKGROUND AND LITERATURE SURVEY |+

1.1 Introduction

In recent years, there have been dramatic acvances in the concept of molecular
sieves exhibiting uniform pore sizes. Pores are classified acoording to pore diareter, &
follows: micropores have diameter less than . nm mesopores have cliameter between .
and 50 nm and macropores have diameters greater than 50 nm (Beck et ah 199%2)
Amorphous mesoporous meterials represent an important class of porous inorganic
solis having no long-range orcer and usuially having a wid distribution of pore sizes,
Incontrast, microporous molecular sieves have acrystalline structure with a very narrow
pore size clstribution. It is generally prestmed that @ mesoporous meterial with uniform
pores would have wide utility in catalysis. Therefore, considerably synthetic effort hes
been devoted to develop frameworks with pore dliameters within the mesoporous range
MCIVHAL, one of the mesoporous rmaterials, composes of amorphous silica, however, it
displays an orcered structure with uniform mesopores arranging into a hexagonal,
honeycombo-like lattice. The best example of this structure can be seen in figure L1 In
this figure one looks directly insicke the uniform mesopores, which are separated from
each ather by thinwalls of amorphous silica, approximetely 1-1.5 nmthick [5, 20, 3],

It iS not necessary for mesopores to align in a straight way throughout the silica
rmatrix. They can be slightly curved, thereby retaining the hexagonal ordering, as can be
seeninfigure ..
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FHoure L1 TEMmicrograph of MCIVHAL, showing the arrangerent of mesopores in
ahoneycomo-like structure, separated by thin, amorphous silica pore walls (black) [2o ]

Foure 12 TEMmicrograph of MCVHAL, showang the slightly curved uniform
mesopores running through the silica matrix o ]



From the micrographs it is apparent that MCIVHIL has avery large void fraction,
ole to the presence of the mesopores, and a rather low density [58,20), Asa resut,
MCVHAL dlisplays a very large specific surface area of 1,000 mg: approximately. This
property makes MCMHL very interesting to be used & Support mederial for
heterogeneous catalysts. Moreover, because MCVHAL exclusively contains mesopores it
can hoth provide acoess to large molecules and alleviate diffusion problerrs, which are
freuently encountered in microporous meterials, such as zeolites [35,8,42), it shouldl e
noted, however, thet the one-cimensional neture as well & the relatively large length of
the mesopores (usually extending over several hundreds of nanometers) could also give
rise to transportation limitations.

Despite the acvantages mentioned above there is one eminent drawbeck
associated with MCIVHype rmaterials, viz. the rather limited stability, which is a resut of
the very thin, amorphous pore walls. Because of a very large mesopore surface area the
pore walls are extremely reactive towerds a number of agents, resulting in the collapse
of the thin walls upon exposure to these agents. Froma viewpaint of application the
instability of silica support meterials (either co-fed s diluents or produced during
catalysis) towards steam, resulting in the chemical evaporation of silica, makes silica-
Supported catalysts inappropriate for a rather lare range of processes 38,3742
Furthermore, there is a notable instability of MCMI4L towards mineralizing agents i.c.
hyaroxide and fluorick ions becase these agents dissolve silica. As a resut, the staility
of MCVHL in agueous solutions is limited to pH values < 7. Moreover, the chemical
affinity of the pore surface towards precursors of catalytically active phases sometimes
resuits in the collapse of the hexagonal framenork structure.

Many researchers have tried to introduce @ econd cation, such as a transition
metal, into the silica-hased MOMHL framawork and have used them as effective
catalysts for various kinds of reactions. MOMHML has various flexible framenork
structure, compared to crystalline zeolites, allowing various kinds of metal to be
incorporated into the silica framework without collapse of its basic structure when the
preparation conditions are carefully controlled. The vanadiumsuibstituted MCMVHL



meterials were found to be very active catalysts in the selective oxication of
hydrocarbons using H.C: in liquid phase reaction, especially for larger molecules [337],

1.2 Synthesis

MCVHAL can be synthesized following awice variety of preparation procecures.
However, there is one thing thet all these procedures have in common next to the
obvious presence of a silica source, viz. a teplating agent [7,19,37], A teplate is a
structure-clirecting agent, which is usually a relatively simple molecule or ion, around
which a framawork is built up. The most common templates are quatermary ammonium
jons with short alkyl chairs; which are used for the synthesis of a large nuber of
zeolites [7,19,3L,40]. Similar to the synthesis of MCVHL quatemary ammonium ions
are frequently used, albeit with one inportant modification: & least one of the short
alkyl chains is replaced by a long alkyl chain, generally a hexadecyl group. This slight
modification hes an enormous inpect on the behavior of the template in agueous
solutions [9]. However, due to the large hydrophobic alkyl chain the template ions will
agregate tooether .o minimize energetically unfavorable interactions of the non-polar
alkyl chains with very polar weter solvent molecules. This is exactly the same behavior
& dlisplayed by soaps upon dissolution in water. The resulting aggregates of ions are
cenoted micelles. It follows thet these micelles have a hydraphabic core, containing
large alkyl chains, and hydrophilic surface, due to the ionic character of the ammonium
head groups [9,3,40].

The most energetically favorable form of micelles is spherical because inthis
geometry the surface energy is most efficiently minimized. Moreover, this conformetion
allows the largest number of micelles to be formed, which is attractive consicering the
entropy of the system Nevertheless, it is observed that at increasing amounts of tenplate
inwater dlifferent micelle geometry evolves: the spherical micelles gractally transform
into long tuibes, often denoted as rocklike micelles [40], Further increase in the tenplate
concentration results in aggregation of the rocHike micelles into a hexagonal liquid



crystalline structure, resembling the MCVHAL structure, I the template concentration is
Increased further this hexagonal liquid crystalline phese first transforms into a cubic
liquid crystalline phase and eventually, at the highest temmplate concentrations, ito a
lamellar liquid crystalline phese. The cubic liouid crystalline phase resemoles the
structure of mesoporous MCIVEA8, where as the lamellar phase is the structural analogue
of MCMHS0 (an unstable material, which consists of platelets of amorpnous silica)
[4,34]. Because of the resemblances between the liquid crystalline phases and the MCM
structures it is often assumed that the liquid crystalline structures are the actual tenplates
of MCMH4L and MCMHB. In the case of MCMVHB this is indeed the most likely
templating mechanism However, in a large nunber of — dlies that were devoted to the
elucication of the mechanism of MCVH4L formetion the hexagonal liquid crystalline
phase was initially not oserved in the synthesized gels although MCMVHL wes formed.
These findlings imply thet another mechanism can be operative as well in the formation
of MCMHL. Inthis altermative mechanism the rocHike micelles assemole not prior o
out during the generation of the MCVRAL structure [13.25,36,40,43], A convincing
explanation for this behavior is thet the aggregation of the rocklike micelles into a liquid
crystalline structure is thought to be energetically unfavorable, oue to the electrostatic
repulsions between the positively charged surfaces of the micelles (electrical charges are
a result of the presence of the fonic head groups). During synthesis of MOMHIL the
electrostatic repulsions decrease & a result of the formation . f a monolayer . f silica
around the micelles, thereby facilitating the sulosequent aggregation of the micelles into
Close-packed hexagonal structures.

Next to a structure-clirecting agent and water as a solvent two more ingredients
are required for the synthesis of MCOVHIL: a source of silica and a mineralizing agert
Various source of silica can be used for synthesis, viz. Water glass, amorphous silica and
Kanemite (a layer silicate structure consisting of anionic silica sheets with charge-
compensating sodium fons present in the interlayers) [12,23-24], Furthermore, organic
silicon alkoxides are also frequently used. For the diissolution of the various silica
sources a so-called “mineralizing agent” is used. For this purpose sodium hydroxide or



concentrated ammonia solution are frequently used, although HF also finds application,
cespite the hazaros associatedl with its use. Upon dissolution of silica by the mineralizing
agent small silicon oxy-anions are procuced. In the presence of the rocHike template
micelles the silicate anions diffuse towards the surfaces of the micelles & a resuit of
eletrostatic attractions [4,25,34], Therefore, the concentration of silicate anions at the
surface of the micelles rapidly increases, as do the electrostatic repulsions between the
Individual silicate fons. In orcer to alleviate these repulsive interactions the silicate ions
start to condense with each ather, thereby forming a monolayer of amorphous silica
around the micelles. Charge compensation of the fonic heackgroups of the teplate is
still brought about by ceprotonated sifanol groups of the silica monolayer. At this stage
the silica “coated” micelles can start to cluster together by condensation reactions
between the silica layers of incivictal micelles, thus generating the MOWHL
framenork As aresult of these processes the pore walls of MCMHL are amorphous and
only 2-3 monolayers thick [12-13.23,25,36,43].

The processes described above can take place over a wide range of synthesis
condlitions, inclucling gel composition, pH, timescale, terperature and pressure [13]
However, once MCIVHAL hes been formed its pores are falled with template andlin orcer
0 obtain a completely mesoporous support meterial the micelles must be removed. The
most elegant solution to this demend is removal by means of (repeated) washing with
(lightly aciciified) mixtures of organic Solvent and water, resulting in extraction of the
template. A simpler method for teplate removal is calcinations. During this process
template is decomposed into OC:, some NOxand steam Although MCIVHAL s unstable
with respect to steam the quantities of steam proouced during this process are too smll
to do any damage to the MCMVHL framenork structure,

1.3 The Sol-Gel Process

The conventional synthesis of ceramic materials involves the direct reaction of a
mixture of powders. For these solid state reactions, high temperature and small particle



sizes are neeckd to provicke high mobility of the reactarts and meximum contact surface
between the particles [34]. Several difficulties have to be consicered: thermocynamic
factors often prevent metastable phase formetion, control over the size and morphology
of solid particles is almost impossible, the stoichiometry is difficult to reprocuce,
impunities of reactart, poor chemical homogeneity and the formetion of uncersirable
phases are also obtained.

Inthe field of ceramics, chemistry has two rrajor roles. It has to provice not only
methocss for the synthesis of novel ceramics, but also techniques for the faborication of
these materials into useful shapes. Thus, new synthesis methoos have been ceveloped
[1325,3643

Among these chemical methocs like coprecipitation (formetion of intermediate
precipitates with the correct stoichionetry), reactions in molten salts (molten salts &
solvent), hyarothermal technioues, polymer pyrolysis (synthesis of a polymeric
compound, which Is then fabricated into a shape and pyrolysed to the ceramic),
topochemical and ion-exchange reactions, especially sol-gel process hes been
extensively studied [9,20]. Starting from molecular precursor, an oxice network is
obtained via inorganic polymerization reactions. Since these reactions occur in solution,
sol-gel processing broaclly describes the synthesis of Inorganic oxickes by wet cremistry
methoos. Compared to the conventional powder route, sol-gel process allows a better
control fromthe molecular precursor to the final procuct, Offering possibilities in the
tailoring of materials which result inhigh purity, high homogeneity, low tenperature
preparations, size and morpnological control of the particles, and the opportunity for the
preparation of new crystalline and non-crystalline solics [3,19,37,42),

Ingeneral, the sol-gel procedure consists of the following step (Scheme 1.1):

1 Preparation of homogeneous solution either by dissolution of metal organic
Precursors in an organic solvent thet Is miscible with water, or by
dissolution of inorganic salts inweter.

2. Converting the homogeneous solution to asol by treatment with a
suitable reagent (ioure water or water with either HCL, NaOH or NH.CH)



3. Aging: the sol changes ito a.gel by self-polymerization

4. Shaping the gel to the finally cesiredl form (thin filnvs, fiber, spheres...)

5. Converting (sintering) the snaped gel to the desired ceramic meterial
oenerally at temperature around 500°C.

The most inportant step inthis route is the formation of an inorganic polymer by
hyaralysis reactions, i.e. the transformation of the molecular precursor into a highly
crosslinked solid. Hydrolysis leads to a sol, a dlispersion of colloidal particles (solid
particles with diameters of 1-100 nm) and concensation fors a gel, and interconnected,
porous network filled with a liuid phase. This transformetion i called the sol-gel
transition [19,31]. During removal of the pore liquidl under hypercritical conditions, the
network does ot collapse and aerogels are proctuoed. When the pore liquid is removed
hy evaporation uncer nomvel condlitions, shrnkage of the pores accurs and xerogel is
formed. One of the highly attractive features of the sol-gel process is the possibility to
ootain the final ceramic metenials in different form like fibers, coating, spheres, irreguiar
aerogels and others by the control of the process conditions [40).
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Scheme 1.3 Complete Process of Ceramic and Glass Production.



The sol-gel process can be classified into two diifferent routes depending on the
rature of the precursors: ) the precuirsor is an aueous solution of an inorganic salt or b)
a Imetal organic compound. The inorganic route involves the formation of condensed
species from agueous solutions of inorganic salts by adjusting pH by increasing the
termperature or by changing the oxidation state 58], However, this method hes several
disacvantages. The aqueous chemistry of transition metal fons can be rather conplicated
because of the formation of a large nurmoer of oligomeric species, depending on the
oxiclation state, the pH or the concentration. The role of the counter anions, which are
able to coordiinate the metal ion giving raise to a new molecular precursor with cifferent
chemical reactivity towarcs hydrolysis and condensation, is almost impossible to
precict. These ions can influence the morphology, the structure and even the chemical
composition of the resulting solid prese. Also the removal of these anions from the final
metal oxicle procuct is often a problem In addlition, the formetion of a gel rather thena
precipitate from inorganic precursors s very  complicated, depending on pH
concentration, addition mock, orcer of reactant mixing, temperature, chemical
composition of the aqueous solution, and even the geometry of the reaction vessel plays
arole 383742

In orcer to avoid all these problems, in many cases metal alkoxides are used for
the preparation of metal oxicks. Metal alkoxices are strongly preferred as precursors
because they are soluble in organic solvent provicing high homogeneity, they can easily
e converted to the corresponding oxice [31]. The disadvantages are that only a few are
commercially available and thet they are in general very expensive.

The sol-gel process involving metal alkoxices is normally besed on hydrolysis
and condensation reactions. These nucleophilic reactions can be described s the
substitution of alkoxy ligands by hydroxylated species, XOH, as follows [9]:

yROH AT

M(OR)z + y XOH > [M(OR)zy(0X)y] ) MOx
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where X stands for hydrogen (hydrolysis), a metal atom (condensation), or even an
organic or inorganic liquid (complexation). Finally, heat treatrment of the wet gel restits
in the formation of the corresponciing metal oxice. In this step, the amorphous network
i5 first dried and then solicified.

Chemical aspects play an iportant role in studying and controlling the sol-gel
process. The chemical reactivity of metal alkoxickes towarrds hydrolysis andl condensation
depends mainly on the electronegativity of the metal atom its ability to increase the
coorclintion nunber, the steric hindrance of the alkoxy group, and on the molecular
structure of the metal alkoxicks (mononeric or oligemeric) [9). The amount of acckd
water in the hydrolysis step and how the water IS aced, cetermine whether the
alkoxides are completely hydrolyzed and which oligeeric intermediate Species are
formed. Aoditional pararreters are the polarity, the dipole monent, and the aciclity of the
solvent. The large amount of diifferent reaction perameters & well & the simultaneous
occurrence of hydrolysis and concensation reactions, still prevents reliable methods to
control complete sol-gel transformation [34],

1.4 Characterization

Although a variety of technicues exist for the characterization of heterogeneous
catalysts and support meterials, MCMHL is most frequently stucied with nitrogen
physisorption and x-ray diffraction. Therefore, only these two techniques wall herein be
ckalt with,

First of all, the application of x-ray diffraction for the characterization of a
besically amorphous mederial appears to be rather useless, since x-ray diffraction is
alweys Used to attain information on crystalline materials. Nevertheless, the prereguisite
for x-ray diffraction is thet the materials studlied display long-range structural orcering
and it can be seen in figure 1 tret MCVHL presents a well-ordered lattice. Moreover,
because of the geometry of its lattice MCMHL can be inclexed with a hexagonal unit
cell, witha=handc = [35820,2542]. Because the parameters aand b are in the
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orcer of nanometers instead of tenths of nanometers, as usually encountered in crystals,
x-rays are diffracted over small angels only. Therefore, characterization of MCMHL
with x-ray diffraction yields a diffractogram with a limited number of reflections
situated at low angles. A representative example can be seen in figure 13 Generally,
only three diffractions are well-resolved, corresponaing to the (100), (110) and (200)
reflections. A fourth diffraction peak  ith a notably lower intensity, corresponding to
the (210) reflection, is rarely present [5,20,33].
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Foure 14 X-ray diffractogramof MCIVHAL showing four reflections, which canbe
assigned to the hexagonal [attice of the mesoporous meterial [20].

\Mhen an MCMHL meterial of exceptionally good quality has been obtained a
fifth diffraction peak; corresponding to the (300) reflection, is also dbserved. From the
reflection angles the size of the hexagonal unit cell of MCMVHL can be calculated i.e.
the paraeters a and ). With these values and the pore clameter (etermined with
nitrogen physisorption) the thickness of the silica pore walls can easily be calculated.
The value thus obtained is a good measire for the thickness of the pore walls close to
15 nm but values as low as 0.8 nmhave been reported [5,20,33].

Nitrogen physisorption probes the textural properties of nterials, i.e. surface
ares, pore volume, pore size (clistribution) andl pore geometry. Moreover, the technioue
als0 dliscloses to what extent the measured surface area associated with micro-, meso-
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and / or macropores. A typical nitrogen isotherm for MCM-41 is shown in figure 14
[5,8,20].

Both the adsorption (traight ling) and desorption (dotted line) curves are shown.
Five distinct regions can be discerned in this graph. At very low relative pressures (p/fpo)
a very large amount of nitrogen becomes physisorbed (region ). Nitrogen physisorption
at these low pressures is usually assigned to condensation of nitrogen inside the
micropores of a material. However, as outlined before, MCM-41 is a completely
mesoporous material and does not contain any micropores. Therefore, the process taking
place in region I is monolayer adsorption of nitrogen on the surface of MCM-41 (both
on the external surface and inside the mesopores). Because the surface area is very high
the concomitant monolayer adsorption requires a large amount of nitrogen [8,42], Upon
monolayer adsorption, multilayer of nitrogen starts to develop at higher relative
pressures of nitrogen (region 11). Also in this case both the external surface area and the
mesopores contribute to the physisorption process. Therefore, the data collected in this
part of the isotherm are used for the calculation of the surface area of the material with
the method developed by Brunauer, Emmett and Teller (BET-method) [8,42],
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Figure 1.5 Nitrogen isotherm for all-silica MCM-41. The straight line is the
adsorption curve an the dotted line is the desorption curve [5].

At a relative nitrogen pressure of approximately 0.37 a sudden steep increase of
the amount of adsorbed nitrogen is observed (region II). This steep increase is caused
by capillary condensation of nitrogen inside the mesopores, i.e. the mesopores of MCM-
41 become suddenly filled by liquid nitrogen since the meniscus of the liquid nitrogen
film inside the mesopores becomes thermodynamically unstable at this pressure. The
Kelvin equation relates the pore diameter of a material with the relative pressure at
which capillary condensation occurs [5,8,31]- Because filling of the mesopores takes
place over a relatively small range of relative pressures (i.e. p/po« 0.34 - 0.40) the pores
associated with this process must all be nearly equal in size (which is indeed the case, as
is apparent from figure 1.1). A further indication for this statement is the fact that the
desorption curve almost completely coincides with the adsorption isotherm in this
pressure range, giving a very narrow hysteresis loop {i.e. the difference between the
adsorption and desorption curves). Moreover, the shapes of the curves and the hysteresis



14

loop are unique characteristic for cylindrical mesopores, which indeed constitute the
MCM-41 structure (see figure 1) [8,40,42].

When the mesopores have become completely filled with nitrogen, only the
external surface of MCM-41 remains accessible for nitrogen adsorption. Therefore,
region IV is associated with multiplayer adsorption of nitrogen at the external surface of
MCM-41. The very shallow slope of this region indicates that the external surface area
of MCM-41 is rather small. Finally, at relative pressures close to 1 the nitrogen uptake
by the sample increases again and a small hysteresis loop evolves upon the subsequent
desorption of nitrogen (region V). These features can he assigned to condensation of
nitrogen within the interstitial voids between the MCM-41 particles [19]

As described earlier, the vanadium-substituted MCM-41 materials were very
active catalysts. The UV-vis spectroscopy is generally used to characterize vanadium
electron transfer of (V) ions. The lower energy charge-transfer (LCT) band for
octahedral coordination is falling in the 333-500nm region. In tetrahedral vanadium
compounds, in contrast, the LCT band is found at 333 nm and the second charge-transfer
(CT) transition band appears at 278 nm. The LCT transition for V(IV) falls at lower
wavelength in the 250-286 nm region, whereas the d-d transitions of V02 ions fall in
the region of 769 nm. The d-d transition at higher wavelength is generally masked by
more intense charge-transfer transitions [7,19,40].

1.5 Literature Review

In 1992, researchers at Mobil Research and Development Corporation reported
the exciting discovery of the novel family of molecular sieves called MAL  (MCM-41,
MCM-48 and MCM-50) [5,20,38]. The original M41  family of mesoporous molecular
sieves was synthesized, in general, by the combination of appropriate amounts of a silica
source (e.0. tetraethylorthosilicate (TEQS), Ludox, fumed silica, sodium silicate), an
alkyltrimethylammonium halide surfactant [7] (e.g. cetyltrimethylammonium bromide
(CTAB)), a base (e.g. sodium hydroxide or Tétraméthylammonium hydroxide
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(TMAOH)), and water. Aluminosilicate M4L was synthesized by the addition of an
aluminum source to the synthesis mixture. The mixture was aged at elevated temperature
(> 100°C) for 24 to 144 hr, which resulted in a solid precipitate. The organic-inorganic
mesostructured product was filtered, washed with water and air-dried. The product was
calcined at about 500°c under a flowing gas to bum off the surfactant, to yield the
mesoporous material.  Many research groups [37] all over the world exploited this
technique of supramolecular templating to produce not only mesoporous silicate and
aluminosilicate materials, but also mesostructured metal oxides. The extension of this
liquic-crystal templating (LCT) mechanism into the field of transition metal oxide
synthesis represented a major step forward towards tailoring catalytic, electronic and
magnetic properties of these redox-active materials [37],

The influence of alkyl chain length and the addition of mesitylene on the pore
size has been taken as strong evidence for the LCT mechanism, since this phenomenon
Is consistent with the well-documented surfactant chemistry [7,19,40]. The auxiliary
organic species added to the reaction gel can he solubilized insice the hydrophabic
regions of micelles, causing an increase in micelle diameter so as to increase the pore
size of MCM-41. The observed pore size increase of the aluminosilicates compared to
the siliceous MCM-41 was due to the replacement of the shorter Si-0 bonds (1.6 °A) by
the longer Al-0 bonds (L.75 °A) [25,36].

Huo et al. (1994b) and Firouzi et al. (1995) suggested that ion exchange between
surfactant anions (OH-, Br-, Cl-) and multiply charged anionic silica oligomer (D4R,
D3R) may take place in a surfactant-silicate agueous solution. This multidentate bonding
can screen the intraaggregate electrostatic head group repulsions o as to reduce the
average head group area of the surfactants. The collective results can further decrease
the local curvature of the aggregate, which implies that the cooperative assembly of
inorganic-organic species is formed with structures different from that of the precursor
micelles.

In 1994, Sayari reported the possibility of preparing V-incorporated MCM-41. In
1997, P. 1. Ravikovitch used V20s to prepare V-MCM-41 that has more uniform
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structure than the procedure using VOSQOasH:0 solution. However, there are few
results claiming neither successful preparation of V-MCM-41 with high reproducibility
and mechanical stability nor having a systematic investigation of acidic properties
relevant to catalytic applications.

1.6 Objectives

The objectives of this research work are to  dy the synthetic methods of high
surface areaMCM-41 directly from our synthesized silatrane precursor and vanadium
loaded MCM-41, including product characterization.
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