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I Introduction

It is possible to say that zeolites are the most
widely used catalysts in industry. They are crystal-
line microporous materials which have become ex-
tremely successful as catalysts for oil refining, pet-
rochemistry, and organic synthesis in the production
of fine and speciality chemicals, particularly when
dealing with molecules having kinetic diameters
below 10 A. The reason for their success in catalysis
is related to the following specific features of these
materials:! (1) They have very high surface area and
adsorption capacity. (2) The adsorption properties
of the zeolites can be controlled, and they can be
varied from hydrophobic to hydrophilic type materi-
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als. (3) Active sites, such as acid sites for instance,
can be generated in the framework and their strength
and concentration can be tailored for a particular
application. (4) The sizes of their channels and
cavities are in the range typical for many molecules
of interest (5—12 A), and the strong electric fields?
existing in those micropores together with an elec-
tronic confinement of the guest molecules® are re-
sponsible for a preactivation of the reactants. (5)
Their intricate 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 reactions. (6)
All of these properties of zeolites, which are of
paramount importance in catalysis and make them
attractive choices for the types of processes listed
above, are ultimately dependent 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 chemical attacks.

© 1997 American Chemical Society
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Table 1. The Typical Larger Pore Zeolites/Zeotypes

Corma

inorganic
year framework
material ring size  discovered synthesis media composition channels/pores

cacoxenite 20-TO4 ring naturally occurring Al, Fe, P 14.2 A pore diameter
zeolites X/Y (FAU) 12-TO4 ring 1950s Al; Si 7 A diameter pore

12 A diameter cavity

3D channel system
AIPO,-8 (AET)* 14-TO4 ring 1982 n-dipropylamine template Al, P 1D channel system
VPI-5 (VFI)* 18-TO,4 ring 1988 tetrabutylammonium/ Al, P 13 A channel diameter

n-dipropylamine templates
hexagonal arrangement of 1D
channel system
cloverite (CLO)* 20-TO4 ring 1991 (a) quiniclidinium template largest aperture of window is 13 A
(b) F~ rather than OH as Ga, P 30 A cavities
mineralizer

3-D channel system

JDF-20 20-TO4 ring 1992 (a) triethylamine template Al, P hydroxyl groups protruding
into channel system
(b) glycol solvent

UTD-1 14-TO4 ring 1996 [(Cp*)2Co]OH Si, Al 1-D channel system

75 x 10 A

Table 2. The Major Routes Employed by Zeolite Synthetic Chemists To Increase the Pore Size of Microporous

Zeolites and Zeotypes

method employed to
increase pore size

examples

structures

use specific spacing units to
build the inorganic framework

use different oxide systems

use specially designed
templates

addition of further four ring building
units to six ring units in porous
aluminophosphates

use two sorts of tetrahedral atoms
to yield diffrent T—0O bond lengths

exploit the specific structure directing
effect of an organic template

AIPO;-5 framework further extended to
VPI-5 (refs 182, 183, and 188)

VPI-5 (@aluminum and phosphorous)
cloverite (gallium and phosphorous)
use of quinuclidine to form cloverite

Despite these catalytically desirable properties of
zeolites they become inadequate when reactants with
sizes above the dimensions of the pores have to be
processed. In this case the rational approach to
overcome such a limitation would be to maintain the
porous structure, which is responsible for the benefits
described above, but to increase their diameter to
bring them into the mesoporous region. The strategy
used by the scientist to do this was based on the fact
that most of the organic templates used to synthesize
zeolites affect the gel chemistry and act as void fillers
in the growing porous solids. Consequently, attempts
were made that employed larger organic templates
which would not, as was hoped, hence result in larger
voids in the synthesized material. This approach did
not give positive results in the case of zeolites, but
in contrast was quite successful when using Al and
P or Ga and P as framework elements.*~'4 Only very
recently a 14-member ring (MR) unidirectional zeolite
(UTD-1) could be synthesized using a Co organome-
tallic complex as the template!®>® (Table 1). The
template can be removed, and the thermal stability
of the framework of the organometallic-free material
is high, resisting calcination temperatures up to 1000
°C. The presence of framework tetrahedral Al gener-
ates Brgnsted acidity which is strong enough to carry
out the cracking of paraffins.

In a general way, we have summarized in Table 2
the different strategies directed toward the synthe-
size of ultralarge pore zeolites.

However, when the zeolite and zeotypes with the
largest known diameters are considered in the con-
text of their possible uses as catalysts the following
can be said: cacoxenite,!” which is a naturally
occurring mineral with a 15 A pore system, is

thermally unstable and thus cannot be used as a
catalyst. Cloverite, although this structure has
potentially large pores, the diffusion of large mol-
ecules is restricted, owing to the unusual shape of
the pore openings which are altered due to protruding
hydroxyl groups. Likewise in VPI-5, stacking disor-
der or deformation of some of the 18-member rings
during dehydration results in a decrease in the pore
size from 12 to about 8 A. In the case of the new
zeolite UTD-1, the fact that it has to be synthesized
with an organometallic Co complex, which has then
to be destroyed, and the Co left has to be acid leached
raises strong questions concerning its practical ap-
plication, which remains in doubt unless a more
suitable template and activation procedure can be
found.

In conclusion, it can be said that despite the
outstanding progress made in producing large pore
molecular sieves, the materials so far synthesized are
still not suitable to be used in the context of current
catalytic processes. Largely for this reason alone
another approach has been undertaken in order to
increase the activity of the existing microporous
materials for processing large molecules such as
those existing, for instance, in vacuum gas oil and
which need to be cracked and hydrocracked. This
approach involves the generation of mesopores in the
crystallites of the microporous zeolites.

Il. Zeolites Containing Mesopores

Following the definition accepted by the Interna-
tional Union of Pure and Applied Chemistry, porous
materials can be grouped into three classes based on
their pore diameter (d): microporous, d < 2.0 nm;
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Figure 1. Schematic representation of mesopores formed
in steamed zeolites.
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Figure 2. Pore volume in the mesoporous region for pores
between 40 and 120 A, of zeolites USY dealuminated by
steam (O) and by SiCl, (m).

mesoporous, 2.0 < d < 50 nm; macroporous, d > 50
nm. In the case of zeolites, for example zeolite Y and
CSz-1, it was shown?819 that during the dealumina-
tion of the zeolite by steam mesopores of mixed sizes
in the range 10—20 nm were formed which could be
characterized by different techniques including gas
adsorption, high-resolution electron microscopy, and
analytical electron microscopy.'® When a large num-
ber of defects occur in a small area it can lead to
coalescence of mesopores, with the formation of
channels and cracks in the crystallite of the zeolite
(Figure 1).

The presence of the mesopores in the crystallites
of a given zeolite should basically increase the
accessibility of large molecules to the external open-
ing of the pores. In other words, and from the stand
point of large reactant molecules, the presence of
mesopores in the crystallites of the zeolite would be
equivalent to increasing the external surface of the
zeolite making a larger number of pore openings
accessible to the reactant. The beneficial effect of the
combination of micro and mesoporous region in the
zeolite crystallites was shown by comparing the
cracking activity of two series of Y zeolite dealumi-
nated by SiCl, and steam.?® The dealumination by
SiCl, generated little mesoporosity and preserved
most of the microporosity of the zeolite. On the other
hand, the dealumination by steam produced many
more mesoporous areas within the material while
some of the microporosity was destroyed (Figure 2).
When the catalytic activity of the two series of
samples was compared for cracking a small reactant
molecule (n-heptane) which can easily penetrate
through the pores of the zeolite Y, it was found that
the samples dealuminated by SiCl, treatment, and
these, which have a greater microporosity, were more
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Figure 3. (a) Cracking of n-heptane on USY dealuminated

by SiCl, (®), and by steam (O) and (b) cracking of gas oil
on USY dealuminated by steam (O), and by SiCl, (®).
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active than those dealuminated by steam. However,
when the two series of dealuminated Y zeolites were
used to crack a vacuum gas oil, containing molecules
too large to penetrate deep into the microporous
system, the steam-dealuminated samples, which
contain a greater proportion of mesoporosity, gave
a higher conversion (Figure 3a,b).

Increasing accessibility by producing mesopores
during the activation of zeolites can have quite a
profound impact in the case of fine and speciality
chemical production, in which the performed catalyst
will be working at low reaction temperatures and
only moderate regeneration temperatures will be
necessary. This is for instance the case for the
esterification of fatty acids with alcohols.?* Thus,
because of the formation of mesopores by steam
treating zeolite Y during the activation process, the
modified catalyst gives good activity and selectivity,
with a definitive optimum existing between the total
number of acid sites and those accessible to the large
molecules through the generated mesopores.

Unfortunately, in processes where the catalyst
regeneration occurs at high temperatures the meso-
porosity of the catalyst changes during the regenera-
tion and in cases such as the FCC, this occurs in an
uncontrollable way. It appears then that a procedure
involving the formation of a secondary mesoporous
system by steaming the microporous solid can only
be adequate for some special cases and therefore,
other more general solutions should be explored.
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lll. Pillared Layered Solids

Owing to the difficulties to synthesize zeolites
having the required extra large channel and cavity
sizes, a group of ultralarge pore materials consisting
of layered structures with pillars in the interlamellar
region, the so-called pillared-layered structures
(PLS),?>~28 have been synthesized. The layered com-
pounds typically used involve smectites, metal (Zr,
Ti, etc.) phosphates, double hydroxides, silicas, and
metal oxides. If the PLS is to be used for molecular
sieve applications, the pillared material must have
the following characteristics: uniform spacing be-
tween the pillars, suitable gallery heights, and layer
rigidity. Among the different layered phases, smec-
tites are probably the ones which best fulfill these
requirements. The family of minerals known as
smectites includes beidellite, hectorite, fluorhectorite,
saponite, sauconite, montmorillonite, and nontronite.
Smectites can be described simply on the basis of
layers containing two sheets of silica sandwiching a
layer of octahedral Al or Mg (2:1 layered clays).
Substitution of some of the AI** for Mg?* or Lit, or
the isomorphous replacement of tetrahedral Si** for
AIRT results in an amount of total negative charge
on the layer, compensated in turn by the presence of
hydrated cations in the interlayer region.

It was Barrer and McCleod?® who first prepared
pillared materials by exchanging alkali and alkaline-
earth cations in a montmorillonite clay for quater-
nary ammonium compounds. However, the resulting
material was thermally unstable and therefore, of no
practical use for catalysis. An important qualitative
advance was provided by the use of oxyhydroxyalu-
minum cations as the pillaring agent.?®3! The gen-
eral procedure for preparing these clays consists®? of
exchanging the cations in the interlamellar position,
i.e., Na*, K*, and Ca?*, with larger inorganic hydroxy
cations. These hydroxy species are polymeric or
oligomeric hydroxyl metal cations formed by the
hydrolysis of metal salts of Al, Zr, Ga, Cr, Si, Ti, Fe,
and mixtures of them. When the exchanged samples
are subject to a careful thermal treatment, dehydra-
tion and dehydroxylation occur, forming stable metal
oxide clusters which serve to separate the layers,
creating a two dimensional gallery with an opening,
which if properly prepared can be greater than 1.0
nm. The correct choice of the intercalated compound
and the pillaring procedure and activation is es-
sential not only for properly “cementing” the layers
and therefore providing high mechanical and thermal
stability, but also for generating active sites for their
use in catalysis. Care should be taken to avoid
overfilling the interlayer or in turn introducing too
few pillars since then a nonporous intercalate or
unstable structure is generated. The ideal situation
is for the pillar height to be of the same order as the
lateral separation between pillars, resulting in a
product with a near uniform pore size distribution.3?
The resultant PLS materials have at least 50% of
their surface in pores less than 3.0 nm (intralayer),
and the rest is in pores larger than 3.0 nm, i.e., in
mesopores (interlayer).2® This situation arises from
several different things: the nonparallel stacking of
layers, the layers not being of uniform length, and
also the presence of stacking disorder.3*
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Even though the most investigated substrates to
be pillared include smectite clays,® phosphates and
phosphonates of tetravalent metals,*~4° and layered
double hydroxides,**~* the ones showing most prom-
ising potential belong to the first group. In this case
the main catalytic objective was directed to prepare
cracking catalysts for FCC uses. Indeed, the open-
ings of the interlayer spaces of PLS are of the
molecular size of the feed stocks to FCC. By target-
ing this application, researchers have concentrated
their attention on producing PLS with a high hydro-
thermal stability, while having adequate numbers of
active sites able to convert the heavy molecules and
able to produce liquid fuels with low selectivity to
gases and coke.

To enhance stability, researchers have worked on
both the nature of the pillars and the nature of the
layered silicate. With regard to the pillars the first
ones based on alumina were thermally stable, but
their hydrothermal stability was limited. In these
cases an aluminum tridecamer is thought to be the
pillaring species in Al-pillared clays.®® However, it
was also possible to prepare a GaAl;, structure in
which the tetrahedral AIP* of the Al cation is
replaced with a Ga®" ion, and the resulting structure
can be described as the Baker—Figgs e-isomer#* of
the Keggin structure. In this case the slightly larger
ionic radius of the Ga®' ion, makes the GaAl;,
structure more symmetric than its corresponding Ali3
oligomer, and consequently, the former should be
thermodynamically favored over the Al;z and Gas
and also more thermally stable. Thus, montmoril-
lonite has been pillared with GaAl pillars which were
synthesized with different Ga/Al ratios.**%® The
layer spacing varied from 1.8 to 2.0 nm at room
temperature and between 1.7 and 1.8 nm after
calcination at 500 °C. As expected, the thermal and
hydrothermal stability of the GaAl PLS was higher
than that of the clay pillared with Al alone.

Increasing thermal and hydrothermal stability of
the original aluminum pillared smectites has also
been attempted by intercalating them with Al and
Ce precursors. In this way it was found that mont-
morillonite could be intercalated with an oligomer
(Al/Ce = 25) prepared by copolymerizing soluble rare
earth salts with a cationic metal complex of alumi-
num.*® When the samples were calcined at 800 °C
for 16 h the pillared with AlCe maintained surface
areas above 220 m? g%, while the areas of the
corresponding pure Al counterpart were always
smaller than 160 m? g~1. However, what is more
important in this new sample is the fact that some
of the AlCe-pillared samples maintained a surface
area of 279 m? g~* even after steaming at 760 °C for
5 h.

As alluded to above, it is possible to increase the
stability of the resulting material not only by using
different type of pillars (Al/Ga, Al/Ce), but also by
changing the nature of the clay. For instance, Cuann
et al.®® indicated that when similar preparation
techniques were used to pillar the clays, the final
stability depended on the nature of the clay used.
Among the different clays, rectorite was shown to be
the most stable one. Rectorite is an interstratified
layered silicate mineral formed by a regular stacking
of mica and montmorillonite layers. Even though the
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Figure 4. Schematic structures of montmorillonite (M)
and rectorite (R). The T—O—T layer sequence (T = tetra-
hedral, O = octahedral) is represented by trapezoids and
rectangles. Exchangeable and nonexchangeable charge

compensating cations are represented by open and solid
circles, respectively.

nature of the layers and their stacking sequence vary
between and within samples, the most probable
stacking sequence is shown in Figure 4. The mixed-
layered rectorite clay consists of low charge density,
montmorillonite-like layers and high charge density
nonexpandable mica-like layers. Rectorites pillared
with [Al1304(0OH)24(H20)1,]"" have thermal and hy-
drothermal stability much superior to montmorillo-
nites and hectorite catalysts prepared by similar
means, probably due to the robust mica-like layers
located between the expanded montmorillonite-like
layers (see Figure 4).5!

A natural evolution would then be to pillar rectorite
with Al/Ce pillars, which were found to be highly
stable. When this was done®? it was found that
highly stable materials retaining more than 75% of
the surface area after a hydrothermal calcination at
760 °C for 4 h were produced. However, in addition
and of more interest than just greater stability was
the observation that different porosities were ob-
tained with Al/Ce pillars in comparison to the pure
Al pillars. Indeed, the Al/Ce rectorite has a d spacing
of 3.49 nm corresponding to an interlayer distance
of 1.57 nm which is larger than the interlayer
distance (0.84 nm) of the Al rectorite.>? When the
samples were calcined, the pore diameter of the Al/
Ce ranges from 0.5 to 1.6 nm with a sharp peak at
0.68 nm, while the Al rectorite showed a unimodal
pore distribution centered at 0.73 nm. These results
indicate that bulkier less uniformly distributed pil-
lars were formed in the case of Al/Ce rectorite, which
is clearly of importance when large molecules are
reacting.

Besides the clays considered here, pillaring has also
been recently accomplished in other clays such as
kandites and metakaolin which do not have exchange
capacity.535

In conclusion it can be said that pillared clays
having the required stability have been developed
into which acid and redox active sites can be intro-
duced, generating potentially active catalysts whose
main characteristics will be described below.

A. Pillar-Layered Silicates as Acid Catalysts

There are a large number of reactions which are
catalyzed by acid sites, and their importance has
surpassed the interest in the fundamental chemistry.
It can be said that solid acids are the most important
solid catalysts used today, when both the total
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amount used and the final economic impact are
considered. The catalytic properties of a given acid
catalyst will be determined by the number, type, and
strength of the acid sites present. Then the questions
one needs to answer are: what type of acid sites are
needed, either Brgnsted or Lewis, and what is the
acid strength required to activate the reactant mol-
ecule. When these questions have been answered,
it is then the role of the chemist to find ways to
maximize the number of acid sites in a given solid
acid.

1. Nature of the Acid Sites

a. Al-Pillared Clays. Itwas soon recognized that
different Al-pillared clays such as montmorillonites,
saponites, beidellites, etc., have both Brgnsted and
Lewis acid sites in varying relative proportion.55-58
This has been shown by adsorbing pyridine and
identifiying by IR spectroscopy the characteristic
bands of pyridinium ions (1545 cm™!) and pyridine
coordinated to Lewis sites (1454 cm™1) (Figure 5).
However, in the case of solid acids, as important as
the number and type of acid sites is their acid
strength since this will be responsible for the extent
to which a given bond in the reactant molecule will
be polarized and, consequently, will determine the
type of reaction that the solid acid will be able to
catalyze.

Ming-Yuan et al.%°® have measured the total amount
and strength of the acid sites present in montmoril-
lonites pillared with Al polyhydroxy cations, using
n-butylamine as a titrating base, and the results were
compared with those obtained with amorphous silica-
alumina and HY zeolite (Table 3). The results show
that a strong increase in total acidity is observed
when going from the starting Na montmorillonite to
the Al-pillared material. Furthermore, the total
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Figure 5. IR spectra of pyridine adsorbed on montmoril-
lonite. The bands at 1545 and 1450 cm~! correspond to
pyridine adsorbed on Brgnsted and Lewis acid sites,
respectively.

Table 3. Amount and Strength of Acid Sites of an
Al-Pillared Material and Its Comparison with
Amorphous Silica-Alumina and Zeolite Y

acid strength acidity (mequiv g71)

distribution 0.2 1.1 1.3 1.65
(mequiv g1) (Na-Mont) (AI-PLS) (Si-Al) (HY zeolite)
—3.0<H,<33 0.2 11 0.9 0.3
—5.6 <H, < —-3.0 0 0 0.2 0
—82<H,<-56 0 0 0 0
H, < 8.2 0 0 0.2 1.35




2378 Chemical Reviews, 1997, Vol. 97, No. 6

acidity of the PLS is close to that of the amorphous
silica-alumina and lower than in a HY zeolite; the
acid strength of the former, measured using Ham-
mett indicators, being weaker than that of the other
two aluminosilicates.>® These results even if they
appear reasonable should be considered with care,
since the use of Hammett indicators is intrinsically
inappropriate for measuring acid strength distribu-
tion in solid acids. Indeed, the use of the Hammett
function (Ho) is adequate for homogeneous aqueous
solutions of acids, but in the case of solid heteroge-
neous catalysts the reported Hy values are meaning-
less.f0 On the other hand using a more reliable
method for measuring acidity such as stepwise
thermal desorption of ammonia, on a Wyoming
montmorillonite pillared with hydroxy aluminium,
resulted in a total number of acid sites equal to 0.35
mequiv g~! with acid strengths comparable to that
of HY zeolites.’® Moreover this result has been
confirmed from highly sensitive diffuse reflectance
IR spectroscopy measurements, where Brgnsted acid
sites with an acid strength comparable to that of
zeolites has been found.5?

Since PLS are comprised of both the layers of the
silicate and the pillars, it is of interest to determine
which part of the composite material is responsible
for the different types of acidity. This was elucidated
from the correlation between the structural OH
groups and the Brgnsted acidity in PLS.58%° Inter-
pretation of IR data concluded particularly in the
calcined samples that the Brgnsted acidity is related
with the clay structure, while on the other hand the
Bransted acidity of the OH groups in the Al pillars
can be disregarded. Moreover, it is noted that the
pillars will strongly contribute to the Lewis acidity
observed.

Since most of the Brgnsted acidity of the AI-PLS
is due to the clay, there is no doubt that one should
be able to change the final acidity of the material by
working with different clays. Indeed, Poncelet and
Schulz®” have considered this aspect by studying the
acidity of montmorillonite and beidellite pillared with
Al oligomers. In the case of the Al beidellite, and
due to its larger proportion of Al'V in the tetrahedral
layers, the final material presents a higher amount
of Bransted sites.%? In the case of Al-pillared sapo-
nites, a new OH stretching vibration at 3595 cm™?
which is absent in pillared montmorillonites, has
been observed,®® and the acid character of these OH
groups was elucidated by pyridine adsorption. The
higher acidity of the saponite with respect to Al-
pillared montmorillonites is attributed, as in the case
of beidellite, to the higher content and strength of
the acid sites associated with Si—OH---Al groups
produced upon proton attack of the tetrahedral Si—
O—Al bonds.5>”%8 |f this was true, one should be able
to increase the Brgnsted acidity by performing an
acid treatment of the clay prior to the pillaring.
When this was done,’* % it was found that the
pillared acid activated clays (PAACs) incorporated
less Al than did the conventional PLS, with the
former being more mesoporous and less microporous.
The total pore volumes of the PAACs were higher and
the surface areas increased consistently with acid/
clay ratio to a maximum before decreasing. Further-
more, the surface acidity was increased. An increase
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Table 4. Acidity of Montmorillonites Pillared with
Different Cations

doo1 surface area acidity
sample (nm) (m?2g™Y) (uv)
Al-PM 1.73-1.89 190 425—-442
Zr-PM 1.82 191 570
Ti-PM 1.50 - 620
Fe-PM 1.55 109 340
Ni-PM 1.48 58 228
Al-Zr-PM 1.56 - 390
Al-Fe-PM 1.58 - 340
NaM 1.28 51 86

in the number of both Brgnsted and Lewis acid sites
also occurs when the pillared clays are treated with
sulfate or phosphate ions.%¢

b. Clays Pillared with Cations Other Than Al.
It is logical to suppose that if silica-alumina pillars
were prepared instead of the classical Al, one may
combine the porosity of the pillared materials with
the acid and catalytic properties of the amorphous
silica-alumina.t”% The preparation of silica-alumina-
pillared clays was carried out®” by forming and aging
hydroxy-alumina oligocations followed by reaction
with Si(OEt),. In order to change the potential acid
characteristics of the final material, different Si/Al
ratios (0—2) and Al/clay ratios (7—22 m molAl (g of
clay)™) were used, but unfortunately, the acidity of
the hydroxy-silica-alumina-pillared clays is mainly
of the Lewis type, a feature which appears to be
independent of the Si/Al ratio.

The formation of pillars by using transition metals
hydroxide oxides not only can introduce acidic prop-
erties to the material, but can also impart to the PLS
other redox catalytic properties which are discussed
later. Thus pillaring agents based on Zr, Cr, Fe, Ti,
Sn, Tn, Ga, etc., have been prepared by forming
polymeric cations of the corresponding ions,5°~°! and
the acidity of the final material being observed to
change significantly with the nature of the hydroxy-
cation (Table 4).5° As noted previously with Al
pillars, most of the acidity of the intercalate pillars,
regardless of the cation, is of the Lewis type. Lower
acidities were produced when Fe pillars were used
and in mixed Al-Zr and Al-Fe cases. It was described
above that GaAl pillars led to highly thermally and
hydrothermally stable PLS materials.*>* With
regard to their acid properties, it has been found that
the highest total acidity, measured by pyridine
adsorption, occurs on PLS with large Al/Ga ratios.
However, when the samples are heated at high
temperatures only Lewis acid sites are present,
indicating that the Brgnsted sites of the solids have
been dehydroxylated.

In conclusion, it appears that the introduction of
transtion metal oxides as pillaring agents do not have
any special advantage over the Al samples with
respect to Brgnsted acidity, confirming the observa-
tion that most of the Brgnsted acidity comes from the
clay, and very little, from the pillars. Then, the
catalytic benefit of the transition metal oxides should
be found in their Lewis acid character or redox
characteristics.

2. Influence of Activation Conditions on Acidity

In the previous section, we discussed the relevance
of the thermal and hydrothermal stability of pillared
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Figure 6. Variation of the intensity of the 3640—3620
cm~! band as a function of the temperature of treatment:
(1) Al-pillared montmorillonite; (2) NHs;-montmorillonite;
(3) Al-pillared beidellite; and (4) NH;-beidellite.

clays vis a vis their use in catalysis. Here we will
show that in addition to the influence of calcination
temperature on the textural and sieving properties
of the PLS, it can also affect the total as well as the
ratio of the Brgnsted to Lewis acidity. This of course
will have important implications on the activity and
selectivity shown by PLS for acid-catalyzed reactions.

When samples are calcined either in vacuum or in
airs57.5 g decrease in acid hydroxyls (dehydroxyla-
tion) and consequently on the number of Brgnsted
sites is observed (Figure 6). It can be said that
Bregnsted acid sites associated with the pillars strongly
decrease with calcination, and at calcination tem-
peratures approaching 500 °C, they have practically
dissapeared. At this temperature, the only Bronsted
acids sites remaining are those associated with the
clay in cases such as beidellite, where there is some
isomorphic substitution of silicon for Al in the tetra-
hedral layer (Figure 7).

The total amount of Lewis sites also decreases with
calcination temperature, but however, there are still
Lewis sites remaining at calcination temperatures
above 500 °C.%’

These observations are of paramount importance
when PLS have to be used in a given catalytic
process. Indeed, in order to stabilize the activity of
the catalyst, one should calcine the solid before it is
introduced into the reactor at a temperature above
the reaction temperature. Then, we have to conclude
that if PLS are to be used in reactions catalyzed by
Brgnsted sites they have to be limited to those
reactions that do not require high calcination or
regeneration temperatures of the catalyst. If higher
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Figure 7. Intensity of the pyridinium band (1540 cm™1)
at different calcination temperatures: (®) Al-pillared beid-
ellite and (O) Al-pillared montmorillonite.

calcination temperatures are to be used one should
take into account that the PLS will only present
Lewis acid sites except for the Brgnsted acidity
associated with the clay layers or that fraction which
could be regenerated in the pillars by rehydroxylation
of the Lewis sites.

3. Catalytic Activity of Acid PLS

There is no doubt that the primary interest in
developing acid PLS was related with their use as
cracking catalysts in FCC units. Indeed the possibil-
ity of preparing PLS where the large gas oil mol-
ecules could diffuse and encounter the active acid
sites was a strong driving force for the development
of such catalysts. However, and despite the impor-
tance of diffusion on catalytic cracking, it is remark-
able that only a limited amount of diffusional studies
of reactant molecules have been carried out on PLS.
In one of the few experimental studies®? the coupling
of diffusion and reactivity was measured by carrying
out the cracking of n-octane and 2,2,4-trimethylpen-
tane (2,2,4-TMP) on an acid alumina-pillared mont-
morillonite. The sieving properties of the material
were quantified by a time-dependent parameter
analogous to the constrain index that the authors
called the selectivity ratio and defined as log (fraction
of n-Cg remaining)/log (fraction of 2,2,4-TMP remain-
ing). They showed that the branched alkane diffuses
better in the case of the AI-PLS than in the case of
faujasite zeolite. This result was in line with a
mesitylene diffusion study which showed that this
molecule diffuses twice as fast in a pillared Na-
bentonite than in a Na Y faujasite.®®

Theoretically, the diffusion in pillared clays has
been studied by molecular dynamics simulation.®*%
These authors have studied the diffusion of finite-
size molecules in model pillared clays and found that
the self diffusivity (D) is a monotonically increasing
function of the temperature. Clustering of the pillars
has a strong effect on the diffusivity of the molecules,
and furthermore, D increases monotonically as the
porosity increases.

It is evident that in the case of pillared materials,
the preparation procedures are the determinant
factor controlling the density and distribution of
pillars, with clear implications on the diffusivity of
the reactants in the galleries formed, and conse-
guently on the adsorption and reactivity. In principle
one could expect that only molecules with a diameter
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Table 5. Adsorption Capacity of Al-PLS for Various
Hydrocarbons

adsorption  uptake
dimension  pressure [g/(100 g
probe hydrocarbon (nm) (torr) PLS)]
n-butane 0.46 600 8.0
cyclohexane 0.61 60 8.4
carbon tetrachloride 0.69 106 11.5
1,3,5-timethylbenzene 0.76 9.4 5.6
1,2,3,5-tetramethylbenzene 0.80 6.9 0
perfluorotributylamine 1.04 31.0 0

smaller than the interlayer distance could be ad-
sorbed and consequently could react. This is not far
from reality as seen from the adsorption capacity of
an Al-PLS for various hydrocarbons (Table 5).%

However, it has been seen that the diffusion and
adsorption are not only limited by the interlayer
distance but also by the lateral distance between
pillars, i.e. density of pillars. Indeed, in one study
coronene (1.1 nm diameter) was successfully ad-
sorbed on one Al-PLS with roughly the same inter-
layer distance than the material shown in Table 5.
The adsorbent responsible had an Al content of 2.0
mmol/(g of clay)®” instead of 2.41 mmol/(g of clay) of
the sample in Table 5. Another piece of clear proof
of the effect of pillar density on diffusion and adsorp-
tion is the observation®” that a PLS with 2.0 mmol
Al/(g of clay) was unable to adsorb porphyrin (1.9 nm
diameter), while if the PLS was prepared with 1.25
mmol Al/(g of clay), adsorption of tetraphenylporphy-
rin was possible.

While in most cases the authors only consider as
potential catalytic surfaces those contained within
the galeries, these, however, are not the only ones
we can make use of, particularly when dealing with
large molecules. If one is able to produce an ad-
equated aggregation between the PLS, meso-
macropores could be formed which would permit for
the adsorption of large molecules. In this sense, it
has been presented® that air-dried pillared mont-
morillonites do not adsorb 1,3,5-triethylbenzene prob-
ably as a consequence of face to face aggregation
resulting in the formation of zeolite-like structures.
Meanwhile, freeze-dried samples adsorb appreciable
amounts of the above molecule, which can be ex-
plained by assuming that freeze drying promotes
edge to edge or edge to face aggregation and conse-
quently macropores are formed. With these ex-
amples, we have tried to show the importance of the
preparation procedures of PLS on their final textural
characteristics and consequently on their diffusion,
adsorption, and catalytic properties.

When the molecule has reached the surface of the
catalyst it has to find the acid site whose character-
istics have been described above. Even though one
can measure the acidity of the sites using physico-
chemical techniques, many authors prefer to compare
the acidity of different solids by means of chemical
reactions in the hope that the results are more
realistic from the catalysis point of view. In this
respect cracking of pure compounds such as
cumene,®~192 p-isopropylnaphthalene, and alkanes,
as well as dehydration of alcohols,'%3-1% and isomer-
ization and disproportionation of Cg and alkylaro-
matics!®’~110 has been widely used as a test reaction
in order to compare the acidic properties of different
PLS.

Corma

When gas oil was cracked, it was soon recog-
nized!1~113 that layered silicates produced more coke
than conventional FCC catalysts but their behavior
was in fact still better than that of amorphous silica-
alumina. Furthermore, it was found that different
clays containing the same pillars gave different
cracking results. For example!!* in hectorites and
montmorillonite pillared with the same Al or Al Zr
pillars, the former was less active but more selective
toward gasoline production. Laponites!!> and sapo-
nites'® have also been pillared with Al and tested
for gas oil cracking. In all cases they give good
activity and selectivity for LCO, but unfortunately
they produce too much coke. Overall it can be said
that the main practical limitation encountered by the
PLS as FCC catalysts was the high coke production
and their poor resistance to the high hydrothermal
temperatures existing in the regenerator. Even
though in the pursuit for stable pillars considerable
progress has been made, the demands of FCC have
arrived to the point where the structure of the clay
itself was no longer stable enough. However, the use
of the interest-ratified clay rectorite has opened up
a real possibility of using them in FCC with or
without addition of a zeolite copromoter. Then, the
actual tendency is to produce rectorite pillared with
highly stable Al-Ce pillars. Although there is still a
high level of coke produced this may be overcome
with the new ultrashort contact time risers, which
when combined with new regeneration units (two
stage regenerators) will decrease the hydrothermal
stability requirements of the catalyst, and open up
new possibilities for the use of PL rectorites as FCC
catalysts.

It is fair to say that researchers, especially in
academia, often forget that technical achievements
are not enough if they are not accompanied by the
economic viability of the process. It is clear that for
the use of PLS as a commercial FCC catalyst it must
be economically competitive with the actual FCC
catalyst. In order to accomplish this, three criteria
need to be met:*¥” (1) Use the whole clay material
and preferably a clay requiring the minimal pretreat-
ment. (2) Pillar the Ca or Ca-Na forms, not the Na
form in order to avoid the need for a pre-exchange.
(3) Use a clay—polymer concentration >15% solids,
that can be economically and effectively spray dried
to give a good particle size distribution (40—200 xm).

Until all technical and economic requirements for
the use of PLS in FCC catalysts can be achieved, one
may think instead of using the pillared clay for
another oil refining process which requires acidic PLS
but is much less demanding than FCC from the
viewpoint of hydrothermal stability, coke production,
and catalyst conformation. The process in mind
which fulfills this is hydrotreating of heavy and
residual gas oils. Hydrotreating catalysts are bifunc-
tional catalysts where hydrogenation—dehydrogena-
tion reactions occur on metal centers such as those
on Ni-Mo, Co-Mo, Pt, or Pd, whereas cracking reac-
tions occur on acid centers usually provided by an
amorphous aluminosilicate or a zeolite having the
faujasite structure. It was clear that the role of the
amorphous or crystalline aluminosilicate could be in
this case carried out by the PLS.
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Table 6. Hydrodesulfurization and Hydrocracking
(HDS-HC) with Clays as Cracking component at 400
°C Reaction Temperature?
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Table 7. Hydrodenitrification and Hydrocracking
(HDN-HC) with Clays as Hydrogenation Component
Supports, at 400 °C Reaction Temperature

component % NAP % KER %LFO % TGO % conv

support % NAP % KER %LFO % TGO % conv

HY zeolite 28.0 29.5 34.4 37.6 48.2
Al-CH bentonite 11.6 21.9 39.0 49.5 31.8
Zr-ACH bentonite 9.2 14.9 31.2 59.7 17.8

a NAP = naphtha (room temperature to 154 °C); KER =
kerosene (190—271 °C); LFO = light furnace oil (190—360 °C);
TGO = total gas oil (360 °C+).

The possibility of making bifunctional Pt/PLS
catalysts has been illustrated by using test reactions
such as the hydroisomerization and hydrocracking
of n-alkanes.'¥~124 These studies, in general, showed
that there is a direct correlation between the Brgn-
sted acidity of the PLS and the hydroisomerization/
hydrocracking activity, and furthermore it is possible
to achieve on these materials a good balance between
hydrogenation—dehydrogenation and the cracking
functions.

In the case of real refinery feeds, clays pillared with
Al, Zr, or Ti have been used as the acid component
of the hydrotreating catalyst formulation.'?5-134 In
these cases and since heavy and residual gas oils
contain high levels of sulfur, the preferred hydroge-
nating—dehydrogenating functions (HDF) will be Ni-
Co/Mo-W. A catalyst could then be prepared in which
the metals are incorporated into the Al,O; component
of the catalyst, and this will be well mixed with the
acid PLS component. There is no doubt that if this
preparation procedure is selected, it is necessary to
ensure that the distance between the HDF and the
acid sites should be minimized, otherwise a fast
deactivation of the catalyst by coking will occur. It
is for this reason that the clay should be dispersed
in a way such to produce clay layers that are
completely surrounded by the inorganic oxide ma-
trix.ts

In Table 6 the hydrocracking activity for vacuum
gas oil on Ni/Mo/Al,O; with Al-pillared and Zr-
pillared bentonite are compared with those of a
catalyst formed by 70% of Al,O3; with Ni/Mo and 30%
of HY zeolite.'3

It can be seen overwhelmingly that there is a much
lower activity for hydrocracking shown by the PLS
with respect to the zeolitic catalyst. Since this
difference is even larger than the one observed
between them during direct cracking of vacuum gas
oil feeds, one may think that the PLS were coked
much faster than the zeolite when the metals are
incorporated on the Al,O3. In order to probe this
coking behavior further, the authors3** have carried
out the above reaction under identical conditions on
the same materials, but in this case the Ni and Mo
were incorporated directly on the PLS. Itis evident
from this second preparation that a better proximity
between the acid and the metal sites should exist,
and consequently hydrogen spillover should occur due
to the smaller distances. The results given in Table
7, clearly reveal that in this case the PLS can give
even better hydrocracking results.

In the light of the above results it is then apparent
that PLS either by themselves or combined with large
pore tridirectional zeolites (HY, HBEA) have real
possibilities as hydrocracking catalysts.

HY zeolite 28.0 29.5 34.4 37.6 48.2
Zr-ACH bentonite 27.2 32.0 36.4 36.4 49.2
(Al,Si)-bentonite 34.5 30.5 35.8 39.6 59.2
Al-CH bentonite 49.6 35.7 37.7 21.7 70.1

The other field of acid-catalyzed reactions where
the porosity of the PLS together with their acid
properties can be of use, is in the preparation of
chemicals and fine chemicals.**6-140 |ndeed there is
a strong driving force in this field to replace mineral
acids such as H,SO., H3PO,, AICI;, HF, etc. by solid
acids. For instance, in the formation of phenol by
decomposition of cumene hydroperoxide, diluted H,SO,
is used as the catalyst in the commercial process, but
solid acids such as zeolites have also been claimed
successful.’** PLS can also decompose the cumene
hydroperoxide in acetone and phenol #2143 but water
has a negative effect on both its activity and selectiv-
ity and consequently the catalyst should be dried.

Acidic clays by themselves or pillared with Al, Zr,
and Cr have been used to catalyze organic reactions
requiring Lewis and Brgnsted acids such as AICls,
HF, or H,SO,4. In this respect, modified clays are
good catalysts for carrying out acylations: propiony-
lation of anisole, acylation of mesitylene with acetyl,
and chloroacetyl chloride to produce 2,4,6-trimethy-
lacetophenone and o-chloro-2,4,6-trimethylacetophe-
none as well as benzoylation reactions.*** Friedel—
Crafts alkylations are also successfully catalyzed by
clays and pillared clays. In these reactions the larger
pore of the PLS are fully involved in the alkylation
of aromatics such as benzene, toluene, and biphenyl
with olefins and alcohols.’#571%0 |n general, processes
which are catalyzed by concentrated sulfuric acid can
also be catalyzed by PLS,'! but as noted in the
reactions described above, it is necessary to reduce
the water content of the PLS in order to avoid
undesired hydrolysis reactions.

In the last years, special emphasis has been placed
on using natural renewable products as raw materi-
als or building blocks to obtain higher value added
products. In this sense terpenes, sugars, fatty acids,
and esters are largely used to produce aromas, food
additives, cosmetics, and pharmaceuticals. Many of
the desired transformations are catalyzed by acids,
and consequently it is worth looking at what has been
done with PLS. In the case of terpenes, a-pinene,
limonene, and o-terpinene, all have been reacted on
alumina-pillared clays and also on a layered a-tin
phosphate analogue. a-Pinene is found to be the
most reactive one, giving camphene as the major
product (>50%) at 100 °C.*52 In reactions such as
these where many products can be formed, the fine-
tuning of acidity and pore dimensions are mandatory
if selective catalysts are to be prepared.

Glucose, an abundant natural raw material, can
be transformed into other valuable products by
glycosidation with alcohols, or dehydration to form
organic acids. The glycosidation allows one to obtain
fully biodegradable surfactants by generating a mol-
ecule with two hydrophobic and hydrophylic moities:
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+ R-OH —>»

PLS are able to perform this reaction with minimum
formation of the ether of the alcohol.'®® Fe-, Cr-, and
Al-pillared montmorillonite can also promote the
shape-selective partial dehydration of glucose to
organic acids. Pore widths of at least 1.0 nm allowed
the 0.86 nm glucose molecule to diffuse and react
directly within the micro- and mesopores of the
catalyst, the principal reactions occurring in this
example being the isomerization of glucose to fruc-
tose, partial dehydration of glucose to 5-hydroxy-
methylfurane (HMF), rehydration and cleavage of
HMF to formic acid and 4-oxopentanoic acid, and
coke formation.'> The Fe-pillared montmorillonite
provided the highest glucose conversion rate, with
100% glucose conversion at 150 °C, and the lowest
and highest selectivities to HMF and formic acid
respectively. In the PLS examples studied the frac-
tion of pores in the 1—3 nm range allowed glucose to
diffuse but also trapped the bulky HMF intermediate,
thereby directing the reaction toward the final or-
ganic acid products.

Since the reactions are occurring at relatively low
temperatures, the stability of the pillars is not so
critical and thus montmorillonite cross-linked by
organic cations can be used as catalysts, for example
in the oligomerization of oleic acid, as well as for
esterification reactions.’>>1% |t was observed when
montmorillonite cross-linked by (CH3)4 Nt was used
to produce dicarboxylic (DCA) acids by oligomeriza-
tion of oleic acid'®® that the yield of DCA is a funcion
of the layer charge density (Figure 8). When the
layer charge is high, neighboring oleic acid molecules
are separated by the high density of pillars, and
bimolecular reactions are thus disfavored. Con-
versely with one decreases the density of pillars, the
pore volume increases and dimerization can occur.
If the pillar density is decreased still further the
available void space increases again and then trimers
can be formed. This is a good example of restricted
transition state selectivity in PLS.

When the montmorillonite was pillared with the
diamine 1,4-diazabicyclo[2.2.2]octane’®® the resultant
material can catalyze the esterification of carboxylic
acids with alcohols. Again in this case the density
of pillars should allow the reactivity among reactants
with different size to be differentiated. Indeed, in
Figure 9, the data conclusively show that the reactiv-
ity decreases with increasing size of the alcohol
molecule. Along these lines, it would certainly be of
interest to investigate the possibilities of PLS for the
esterification of fatty acids (for instance oleic acid)
with linear alcohols, since it should be possible to
produce esters analogous to jojoba oil and whale
sperm oil which are of interest to the cosmetic
industry.

I do not want to finish this chapter on acid-
catalyzed reactions on PLS without briefly introduc-
ing another type of pillared layer materials, pillared
zirconium phosphates, which can also be used for acid
catalysis particularly for processes requiring low
temperatures. Layered phosphates containing tet-
ravalent metals such as Zr, Ti, Pb, and Ge have been
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Figure 9. Relative rate of esterification of acetic acid with
n-pentanol (P), 3-methylbutan-1-ol (3MB), and 2,2-dimeth-
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synthesized,'5~165 put the zirconium phosphates are
the most stable to hydrolysis, and they have been
pillared successfully with aluminum and chromium
oxides, giving materials with good surface area,
porosity, and thermal stability up to 400 °C.160.166-168

The pillared zirconium phosphates can catalyze
isomerization, dehydration and alkylation
reactions,'®®"172 and when they are pillared with
organic pillars of the phosphonate or sulfonic acid
type, acidic properties are generated. These type of
materials are denoted MELS (moleculary engineered
layered structures) and look like inorganic—organic
acid resins and, as such, can catalyze reactions
including butene isomerization, methanol dehydra-
tion, MTBE synthesis, aromatics alkylation and
cracking.173-178

While the expectations for MELS were high, their
use in acid catalysis seems to be limited today,
probably due to problems derived from diffusion and
regenerability of the catalysts. In general, we believe
that the use of pillared zirconium phosphates, at least
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in acid catalysis, will be limited to some very special
cases.

B. Pillar Layered Silicates as Redox Catalysts

It appears logical from the knowledge that since it
is possible to generate stable pillars with a large
variety of transition metals, one should be able to use
those as the centers of catalytic activity for redox type
reactions. This has been tried out and the selective
catalytic reduction (SCR) of NO by NH3; was success-
fully carried out on titanium pillared
montmorillonite.1”®~18% Since it has been claimed?8?183
that Brgnsted sites are important for SCR of NO by
NHjs;, the acidity was modified by sulfation and
catalysts having high resistance to SO, were pre-
pared.

The Ti-pillared montmorillonite in combination
with Pd metal can selectively carry out the hydro-
genation of 3-butenonitrile and 2-butenonitrile, to
butyronitrile without isomerization. However, pro-
gressive poisoning of the catalytic sites and possible
diffusional limitations decrease the activity of the
catalyst.184

Ti-pillared montmorillonites together with chiral
auxiliaries in the presence of stoichiometric amounts
of tertiary butyl hydroperoxide were able to enanti-
oselectively oxidize prochiral sulfides to sulfoxides.!®®
The authors claim that the Ti-PLS, possessing opti-
mum Lewis acidity, form complexes with bridged
tartrates of alkoxides reactant and oxidant (Figure
10), as inhomogeneous analogue which facilitates the
oxygen delivery stereospecifically to afford higher
enantioselectivity and activity.

Elimination of contaminants by photocatalytic
oxidation has also been carried out on TiO,-pillared
clays. When montmorillonite was pillared with TiO,
particles and supercritically dried, the resultant PLS
has porosities in the order of 0.6 mL g~* and showed
little hysteresis on the nitrogen adsorption—desorp-
tion isotherms. After photoelectrochemical deposi-
tion from hexachloroplatinic(lV) acid solution was
performed, the resultant material was very active for
the photocatalytic oxidation of CO in a stream of air.
The high catalytic activity was attributed to the high
dispersiveness of the TiO, sol particles between the
silicate layers and the smallness of the Pt particles
effectively loaded on the sol particles.’®® Phenol, an
important contaminant in some residual waters, has
also been oxidized photochemically on small TiO;
crystallites pillared in between the clay interlayers.

Figure 10. Transition state of asymmetric sulfoxidation.
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Figure 11. Dehydrogenation of cyclohexane to benzene
on Cr-montmorillonite containing 1.24, 3.53 Cr per unit
cell, and also on a commercial Cr,03/Al,O3 catalyst.

Cr-pillared clays'®” have also been used in catalysis
for reactions such as dehydrogenation and hydrodes-
ulfurization. In this sense Tzou and Pinnavaia!®
have studied the dehydrogenation of cyclohexane by
a chromium-pillared montmorillonite. Results from
Figure 11 show that when the dispersion of the
chromium was high (1.24 Cr per unit cell) in the
montmorillonite the results were better than for the
corresponding commercial catalyst on the basis of
Cr,05/Al,03.  When Cr-montmorillonite was pre-
sulfided it was furthermore able to desulfurate a
stream containing thiophene. However, the activity
decreased slowly with time, and no possibilities for
commercial use are envisaged.’®® Other metals such
as Fe when was used to pillar clays have a high
resistance to reduction and are stable when heated
(500 °C) in a reducing atmosphere. It is therefore
not surprising that these Fe-PLS have been studied
for their acidity to convert synthesis gas into
olefins.1%0-1%3 The selectivity for lower olefins, i.e.
ethene (16.0%) and propene (38.0%), was particulary
noteworthy. These results show that the iron oxide-
pillared clay is in fact a shape-selective catalysts a
feature which can be attributed to steric factors
originating in the micropores of the pillared clay.
However, increasing iron content resulted in an
excess of iron outside the pillars, and conversion and
selectivity to longer olefins increases.

C. New Perspectives for Pillared Materials

Recently, multilayered nanostructured materials
were prepared from macromolecular precursors by
modifying some of the techniques used in the semi-
conductor industry.®* It is known that molecular
adsorbates can form densely packed monolayers and
multilayers on solid substrates by spontaneous self-
assembly (SA).1% The synthesis itself involves a
series of adsorptions with poly(diallyldimethylam-
monium chloride) (PDDA), and exfoliated sheets of
synthetic hectorite. The procedure uses silicon wa-
fers and involves the slow addition of PDDA to the
silicon wafer, followed by a fast washing with water
and drying. After this, a diluted dispersion of hec-
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wafers.
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Figure 13. Shape-selective production of MMA and DMA
in a composite SiO,-Al,03/CMS.

torite in H,0 is added to the surface, rinsed quickly,
and dried. By repeating the process layers thicker
than 2 nm could be prepared (Figure 12) and XRD
provides evidence for structural order in PDDA-
hectorite multilayers.

Deposition of crystalline materials onto sheet sili-
cates including oxides, indicates that the technique
could be used for substrate growth of other materials.
This method opens up a strategy for building ordered
organic—inorganic layers with control over the struc-
ture and thickness. In line with this work it has been
shown'®¢ that new materials could be formed by
combining and flocculating two different single layer
suspensions with opposite charges, and in this way
MoWS, which is an ordered compound was prepared
by alternating MoS; and WS,. In an analogous way
a random interstratified solid was prepared from
separate dilute suspensions of two layered materials,
Lip2sM00O3; and Na montmorillonite.'%7

Composite catalysts formed by a layered silica-
alumina with carbogenic molecular sieves (CMS)
have been prepared by coating the silica-alumina
with a polyfurfuryl alcohol carbon molecular sieve
(PFA-CMS).1%® The resultant material was shape
selective for the preparation of monomethylamine
(MMA) by reaction of ammonia with methanol, at 400
°C and 200—400 psig. In this case, the ratio of the
sum of MMA and dimethylamine (DMA) to trimethy-
lamine (TMA) was between 3 and 5, compared to a
lower ratio obtained when using silica-alumina as the
catalyst. Thus by coating the SiO,-Al,O3; with layers
of PFA-CMS high selectivity to MMA is achieved by
a diffusion shape-selective process (Figure 13).

The possibilities of producing new materials via a
biomineralization process has been brought to light
very recently.r®® In this sense porous lamellar silicas,
structurally similar to pillared clays, have been
synthesized.?®® The procedure is concerned with the
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hydrolysis and cross-linking of a neutral inorganic
alkoxide precursor in the interlayer region of multi-
lamellar vesicles of a neutral bolaamphiphile surfac-
tant. These materials may offer new possibilities as
catalysts.

There is the possibility to modify the chemical
composition and the pore size of dense layered metal
oxides?®? by preswelling and pillaring with silica or
alumina pillars.?®2 By changing the size of the
preswelling agent, the d spacing can be changed
allowing pillared products with a wide range of pore
sizes to be produced, which can be adapted to take
into account the size of the reactant molecules during
a catalytic process. For instance, layered silicic acids
which can be prepared by proton exchange starting
from layered silicates, such as ilerite,?°32% magadiite,
kenyaite, and kanemite, are useful hosts in the
formation of pillared materials because of the pres-
ence of reactive silanol groups on their interlayer
surfaces.?®> Silanol groups, which are acidic enough
to allow proton transfer to an amine group, are
oriented in a crystallographically regular manner on
the interlayer surface,?% and consequently, it should
be possible to generate a porous material with a high
degree of uniformity during pillar formation.201.207
Using this strategy a layered silicic acid of ilerite was
preswelled with octylamine and tetraethylorthosili-
cate (TEOS) was added, and a silica-pillared product
was obtained by calcination in air at 600 °C.?%¢ The
surface area of the resultant material after calcina-
tion at 600 °C was 1152 m? g~ 2.

Materials of this type while they can be used as
molecular sieves for adsorption and also act as
supports for the specific catalytic active components,
they cannot be used as molecular sieve acid catalysts.
It would be then of interest to prepare such a class
of materials which possessed in addition relatively
strong acid sites in the layers. We can envisage one
way to achieve this; the method consisting of prepar-
ing similar materials but containing layers of silica-
alumina instead of silica. This could be achieved for
instance, by starting with a layered compound such
as MCM-50 within which the amorphous layers are
formed by silica-alumina. One may attempt to pillar
a layered material of this kind using TEOS and in
this way generate an extremely high surface area
silica-alumina with molecular sieve properties. If
this is indeed a plausible solution, it can be improved
if the layers instead of being amorphous are crystal-
line. This can be attained by taking into consider-
ation the observation that some zeolites go through
a layered intermediate phase during their synthesis.
There is then the possibility of preswelling these
intermediates and pillaring them, giving rise to a
whole series of new pillared compounds with con-
trolled pore dimensions in which the composition of
the layers (Si/Al) as well as the nature of the pillars
can be adapted to suit the particular reaction to be
catalyzed. This has in fact been done with a laminar
precursor of the MCM-22 zeolite, which has been
pillared with TEOS, producing the MCM-36 molec-
ular sieve. The procedure can also be applied to other
layered zeolite precursors such as that formed during
the preparation of ferrierite.?®® By this procedure one
should obtain a pillared material combining both
micro- and mesopores, and produce as a result
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crystalline layers, with higher thermal and hydro-
thermal stability.

In conclusion, new possibilities for engineering
pillar layered materials are opened, which should
allow us to design a catalyst with regular pores in
the micro- to mesoporosity range, and to adapt them
to our catalytic needs in the domains of oil refining
and petrochemistry, as well as for chemicals and fine
chemicals production.

Ill. Silica-Aluminas with Narrower Pore Size
Distribution

Up to now we have described in this review how it
is possible to go toward mesoporous materials start-
ing from microporous ones. However, there is an-
other approach aimed to produce mesoporous mate-
rials with a narrow pore size distribution, by means
of preparation techniques closer to those of classical
silicas or silica-aluminas. Indeed, silica-aluminas
have been prepared which have catalytic properties
similar to zeolites but without the zeolite pore
restrictions. They have been synthesized by hydroly-
sis of bulky organosilanes in the presence of alumi-
num salts,?% followed by introduction of an aging step
into the standard technique of Co-gelalumiminate,?**
and finally cogelation of silica and alumina hydrosols
in the presence of K*.212

More recently, it was thought that one could
perhaps control the pore size of the amorphous silica-
aluminas by preparing them exclusively in the pres-
ence of tetraalkylammonium cations, and thus by
changing the size of these one should change the size
of the pore.?’® This type of synthesis should also
direct the aluminum to be Al and to an Al-Al
separation that will be controlled by the size of the
organoammonium cation. As organcammonium cat-
ions, typically tetramethyl-, tetraethyl-, tetrapropyl-,
and tetrabutylammonium ions were used.

The derivatives of the pore size distribution (Figure
14) indicate that when tetraalkylammonium cations
are used alone the average pore size obtained is
inversely related to the size of the cations used. The
pores are in the mesoporous region and a quite
regular distribution is obtained with total surface
area up to 500 m? g~1. In contrast when Nat/NH,"
cations were used, a very broad pore size distribution
was observed.

The Al,O3; content of these samples was in the
range of 67 to 93 SiO,/Al,0;. However, it is possible,
following this procedure, to prepare samples with
higher Al,O3; content (6.7 SiO,/Al,O3). In this case,
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Figure 14. Pore size distribution of Si-Al catalysts, from
N, adsorption.
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Figure 15. 27Al MAS NMR spectra of sample TMA (a,
synthesized and b, after calcination) and sample 2 (c,
synthesized and d, after calcination).
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Figure 16. 2°Si MAS NMR spectra of sample TMA (a,

synthesized and b, after calcination) and sample TEA (c,
synthesized and d, after calcination).

narrow pore size distributions were also obtained,
and the Al MAS NMR indicated that after the
synthesis all observable aluminum was as Al'V (54
ppm) and therefore, they have the potential to
generate acid sites (Figure 15).214 After calcination
at 550 °C acid samples were obtained and the NMR
spectra significantly changes. Three different sig-
nals, the first one centered at 57 ppm corresponding
to Al'"Y, a broad band at 30 ppm which can be
assigned to strongly distorted Al'V,2*5> and a line at 0
ppm, corresponding to octahedral aluminum, were
observed. With respect to the 2°Si MAS NMR spectra
(Figure 16), it shows in the precalcined samples a
broad resonance line showing several shoulders.
This line is centered at —95 ppm, but ranges from
—80 to —110 ppm. This is the chemical shift region
characteristic of Si atoms surrounded by zero, one,
two, three, and four Al atoms. This resonance line
shifts to the region —90 to —113 ppm (maximum at
—105 ppm), after calcination. No individual contri-
bution of each silicon environment to the total
resonance line was detected.

These samples were suitable as acid catalysts for
processing large molecules. When calcined they were
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Figure 17. Pore size distribution of silica-alumina pre-

pared with tetrapropylammonium, and in absence of al-
kalines.

active and selective as gas oil cracking catalysts, with
their activity being larger than that of a classical
amorphous silica-alumina, showing the benefit of a
more narrow and regular pore size distribution.
Unfortunately, when the samples were steamed at
750 °C in the presence of 100% steam, most of the
pores collapsed and their activity strongly decreased.

Very recently, the preparation of amorphous silica-
aluminas with very narrow pore size distribution was
revisited, and new materials were obtained from a
precursor of ZSM-5, using tetrapropylammonium as
template in the absence of alkali ions.?'® The SiOy/
Al,O3 of the samples produced were higher than any
of the samples prepared before (80 < SiO,/Al,03 <
600), the pore size distribution was very narrow
indeed (Figure 17), and the calcined samples were
acidic and had very high surface areas (=700 m? g3).
Obviously, the first option for catalytic uses was the
cracking of gas oil. The results obtained showed that
these materials, when calcined, were highly active
and selective, with its actual behavior being between
that of a conventional amorphous silica-alumina and
a zeolite. However, when the catalysts were stabi-
lized by a hydrothermal treatment at 750 °C, the
surface area strongly diminished and so did the
cracking activity. Under those conditions practically
all Al"Y (54 ppm) disappeared, being converted into
a mixture of tetrahedrally distorted (35 ppm) and
octahedral (0 ppm) aluminum.

These results strongly suggested that if catalytic
benefit was desired from these silica-aluminas with
a narrow distribution of pore size, one had to look to
processes requiring less severe reaction or regenera-
tion conditions than cracking. Thus, when they were
used as oligomerization,?'® hydroisomerization,?’ and
hydrocracking catalysts,?*® the results were very
promising showing the catalytic benefits from pro-
ducing mesoporous materials with a narrow distribu-
tion of pore sizes.

IV. Ordered Mesoporous Materials

It is true to say that one of the most exciting
discoveries in the field of materials synthesis over
the last years is the formation of mesoporous silicate
and aluminosilicate molecular sieves with liquid
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crystal templates. This family of materials generi-
cally called M41S have large channels from 1.5 to 10
nm ordered in a hexagonal (MCM-41), cubic (MCM-
48), and laminar (MCM-50) array. In essence, they
therefore possess both long-range order, and surface
areas above 700 m? g~1,219-228

There is no doubt that the synthesis of these
materials opens definitive new possibilities for pre-
paring catalysts with uniform pores in the mesopo-
rous region, which should importantly allow the
relatively large molecules present in crude oils and
in the production of fine chemicals to react. Obvi-
ously when a new type of materials such as these are
discovered, an explosion of scientific and commercial
development swiftly follows, and new investigations
on every conceivable aspect of their nature, the
synthesis procedures and synthesis mechanisms,
heteroatom insertion, characterization, adsorption,
and catalytic properties, rapidly occurs. The ad-
vances carried out in these areas form the subject to
review in this chapter.

A. Synthesis of Silica M41S Molecular Sieves
Materials

1. Direct Synthesis

The system with a hexagonal array of pores, known
as MCM-41, is the most important member of the
family, and can be prepared by what was originally
described as a liquid crystal templating mechanism
where surfactant molecules act as templates.??> Sur-
factants such as CjsH33(CH3)sNOH/CI in solution
were added to a sodium silicate in acid solution, to
form a gel which was mixed with water and heated
to 100 °C for 144 h. Of course to prepare alumino-
silicate MCM-41 a source of Al must be added, to a
solution of CigH33(CH3)3sNOH/CI. To the resulting
solution, ultrasil silica, tetramethylammonium sili-
cate solution, and tetramethylammonium hydroxide
solutions were added while stirring. The mixture
was then heated in a stirred autoclave to 100 °C for
24 h. The conditions reported here are only particu-
lar examples, since M41S materials can be synthe-
sized from a variety of silica and alumina sources,
surfactant to silicon ratios and within a broad time/
temperature range.

In order to explain the synthesis mechanism and
the observation that the microscopy and X-ray dif-
fraction results presented for MCM-41 are similar to
those obtained from surfactant/water liquid crystals
or micellar phases,??®23 Beck et al.?®> proposed a
liquid crystal templating (LCT) mechanism. They
proposed that the structure is defined by the orga-
nization of surfactant molecules into liquid crystals
which serve as templates for the formation of the
MCM-41 structure. In other words, the first step in
the synthesis would correspond to the formation of a
micellar rod around the surfactant micelle which in
a second step will produce a hexagonal array of rods,
followed by incorporation of an inorganic array (silica,
silica-alumina) around the rodlike structures (Figure
18).

However, considering that the liquid crystal struc-
tures formed in surfactant solutions are highly sensi-
tive to the overall characteristics of the solution, the
authors??® also account for the possibility that the
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Figure 18. Possible mechanistic pathways for the forma-
tion of MCM-41: (1) liquid crystal initiated and (2) silicate
anion initiated.
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addition of the silicate results in the ordering of the
subsequent silicate-encaged surfactant micelles. In
a more recent paper, the authors??’ carried out the
synthesis of MCM-41 using surfactants with different
alkyl chain lengths from Cgs to C;6 and worked at
different synthesis temperatures. They found that
only in the cases where the surfactant and synthesis
conditions allow the formation of well-defined liquid
crystal hexagonal structures, is the synthesis of
MCM-41 successful. For instance, when Cgs and Cg
alkyl chain surfactants were used, MCM-41 was not
formed, in agreement with the fact that the solubili-
ties of these short chain quaternary ammonium are
high, and aggregated structures are not necessary to
minimize hydrophobic interactions. It is then con-
cluded that M41S materials are formed through a
mechanism in which aggregates of cationic surfactant
molecules in combination with anionic silicate species
form a supramolecular structure.

Davis et al.,?%! by carrying out in situ *N NMR
spectroscopy, concluded that the liquid crystalline
phase is not present in the synthesis medium during
the formation of MCM-41, and consequently, this
phase cannot be the stucture-directing agent for the
synthesis of the mesoporous material in agreement
with the already proposed mechanism through route
2. Thus, the randomly ordered rodlike organic mi-
celles interact with silicate species to yield two or
three monolayers of silica around the external surface
of the micelles. Subsequently, these composite spe-
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Figure 19. Mechanism for the formation of MCM-41.
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cies spontaneously form the long-range order char-
acteristic of MCM-41 (Figure 19). 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 noncon-
densed silicate species. Longer synthesis time and/
or higher temperature increases the amount of
condensated silanols giving as a result stable materi-
als.

Stucky and coworkers?*?723° have developed a
model that makes use of the cooperative organization
of inorganic and organic molecular species into three
dimensionally structured arrays. They divided the
global process into three reaction steps: multidentate
binding of the silicate oligomers to the cationic
surfactant, preferential silicate polymerization in the
interface region, and charge density matching be-
tween the surfactant and the silicate (Figure 20).
Furthermore, they state that in this model, the
properties and structure of a particular system were
not determined by the organic arrays that have long-
range preorganized order, but by the dynamic inter-
play among ion-pair inorganic and organic species,
so that different phases can be readily obtained
through small variation of controllable synthesis
parameter including mixture composition and tem-
perature. This was proved by examining the struc-
tures in their final form and at various stages during
their synthesis, by means of small angle neutron
scattering (SANS).2*0 The scattering contrast of the
aqueous medium used in the synthesis was varied
to enhance or diminish the scattering associated with
the organic or inorganic precursor phases, allowing
a probe of the component structures as they changed
during the synthesis reaction. The SANS results
verify that nucleation, growth, and phase transitions
are not directed by a preassembled micellar arrays
mimicking the final hexagonal pore structure. Simi-
lar conclusions have been achieved by Calabro et al.
by carrying out an “in situ” ATR/FTIR study of M41S-
type mesoporous silicate synthesis.?*!
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Figure 20. Schematic diagram of the cooperative organi-
zation of silicate-surfactant mesophases.

Following this mechanism, the criteria of charge
density matching at the surfactant inorganic inter-
faces governs the assembly process, and conse-
quently, the final type of structure generated. From
this, it can be seen how the principle methodology
can be extrapolated to prepare mesophases with
different metal oxides as far as there is an electro-
static complementarity among the inorganic ions in
solution, the charged surfactant head groups, and,
when these charges both have the same sign, inor-
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ganic counterions.?®® These authors have presented
four pathways to the synthesis of mesostructured
surfactant—inorganic biphasic arrays (Figure 21).

In this way, cationic surfactants S* are used for
the structuring of negatively charged inorganic spe-
cies I~ (STI~ mesostructures). On the other hand,
anionic surfactants (S™) are employed for structuring
cationic inorganic species (I1) (S™I" mesostructures).
Organic—inorganic combinations with identically
charged partners are possible, but then the formation
of the mesostructure is mediated by the counter-
charged ions which must be present in stoichiometric
amounts (S*X~IT, and S"M*I~ mesostructures). In
cases where the degree of condensation of the oligo-
meric 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 line, neutral amine template surfac-
tants have been used?*? to prepare mesoporous mo-
lecular sieves (HMS) that have thicker pore walls,
higher thermal stability, and smaller cyrstallite size
than MCM-41 materials produced with highly charged
surfactants. The neutral charge of the template
allows for easy recovery. One has however to be
aware that at the pH at which the synthesis was done
(pH = 6) the amine can be protonated and, therefore,
this is not a real neutral template system.

Nonionic polyethylene oxide surfactants®*® and
ethylene glycol hexadecyl ether at high concentra-
tions?* can also act as structure directors. When one
considers these neutral templating routes the inter-
action at the S° I° interface probably occurs through
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Figure 21. A general scheme for the self-assembly reaction of different surfactant and inorganic species.
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Table 8. Elemental Analysis of the MCM-41 Samples
Synthesized in a Highly Acidic Media: HCI (Sample
1) and HNO; (Sample 2)

Cwt%) HWwt%) NWwt%) C/IN CTMA/N

samplel  34.09 6.91 211 18.8 0.99
sample2  37.46 7.40 5.10 8.57 0.45

38.24

Intensity (a.u.)

Figure 22. XRD (Cu Ka) of MCM-41 prepared in strong
acid media generated by HCI and HNOs.

hydrogen bonds which, by being weaker than elec-
trostatic interactions, allow the extraction of the
neutral template molecules by washing with etha-
nol.?45

It is worth discussing here a new procedure for
synthesizing silica and silica-alumina MCM-41 ma-
terials, which involves highly acidic synthesis condi-
tions instead of the basic or mildly acid conditions
commonly used. Maintaining consistencies with the
charge density matching principle, it has been pro-
posed?3 that the templating mechanism during the
acid synthesis of MCM-41 follows a path in which
STX~IT mesostructures are involved, where I is a
positively charged silica precursor, S* is the alkylt-
rimethylammonium cation, and X~ is the compensat-
ing anion of the surfactant. If this were true it would
be expected that samples prepared using different
acids will give MCM-41 mesostructures with different
final chemical composition, d spacings, and pore
diameters. In order to check this, we have carried
out the synthesis of MCM-41 in highly acidic media
using two different monoprotic acids: HCI and
HNO3.2%6 The gel composition used in the synthesis
of the sample was 1:9.2:0.12:130 TEOS:HX:CTMABT:
H,0O, where TEOS is tetraethyl ortosilicate, CTMABTr
is cetyltrimethylammonium bromide, and HX is HCI
(sample 1) or HNO3 (sample 2). The elemental
analyses of the synthesized samples are given in
Table 8.

The results from Table 8 indicate that sample 2
has a lower C/N ratio than sample 1. Moreover the
CTMAJ/N ratios obtained strongly suggest that the
liquid crystals are CTMATCI=SiO* and CTMA*NO;™-
SiO™ for samples 1 and 2, respectively. The presence
of NO3~ in sample 2 was proven from the presence
of an IR band at 1383 cm~ which can be assigned to
the stretching vibration of NO3;~ groups. The XRD
patterns of samples 1 and 2 (Figure 22) show that
the typical reflections of MCM-41 are shifted to lower
260 angles in the sample prepared in presence of
HNOg, giving a unit cell parameter of 4.4 nm instead
of the 4.1 nm value found for sample 1. This
expansion of the unit cell size could be easily ex-
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plained by considering that NO3~, which has a larger
size than Cl-, is located between the silica layer and
the surfactant core.

Up to this point in the discussion everything
appears to be simply explained by assuming the
predicted S*X~I* mesostructures to be correct. How-
ever, there is one experimental observation which
makes us reconsider the above model. This is the
fact that in the samples prepared under a highly
acidic synthesis medium, the template can be re-
moved 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 indicates 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. Therefore, we think that in this
case the mesostructure should be written as 1°X~S*,
giving a neutral structure instead of the positively
charged one previously proposed.?3?

Recent work on synthesis of mesoporous molecular
sieve silicates has focused on improving the synthesis
by decreasing the temperature and synthesis time,
as well as by controlling the crystal size and pore
dimensions. In this way, the synthesis of MCM-41
at room temperature (25 °C) in alkaline media was
achieved,?** but the silica groups of the material were
poorly condensed, and the resultant product was
much less thermally stable than the ones obtained
at higher temperatures. Other synthetic efforts?47.248
have succeeded in preparing stable MCM-41 samples
at room temperature. In this case, some condensa-
tion of silanol groups should be already achieved
either during an aging process or during the synthe-
sis itself, while a further polymerization should occur
during drying and calcination of the sample.

The control of crystal size can be of paramount
importance when mesoporous molecular sieves with
unidirectional channels, such as MCM-41, are to be
used in catalytic processes. In principle and if
diffusion limitations can exist, one should decrease
as much as possible the length of the pores, and this
is achieved synthetically, by decreasing the crystal
size of the product. In the case of zeolites this can
be done by changing the relative rate of nucleation
vs the crystal growth and/or by adding seeds to the
synthesis media. However, when mesoporous ma-
terials are to be synthesized the methods used for
zeolites cannot be easily applied, even though con-
ceptually they should work. However, by carrying
out the synthesis of zeolites and zeotypes by micro-
wave heating, it is found that this homogeneous
heating consequently results in more homogeneous
nucleation and shorter crystallization times com-
pared to conventional autoclaving. When microwave
heating was applied to the synthesis of MCM-
41,249-253 high-quality hexagonal mesoporous materi-
als of good thermal stability were obtained by heating
precursor gels to about 150 °C for 1 h or even less.
Calcined samples had a uniform size of about 100
nm.?>* The homogeneousness and small crystal sizes
obtained are probably the result of the fast and
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Figure 23. Schematic drawing of a micelle of surfactant
molecules: (@) in the absence of a solubilizing agent and
(b) in the presence of n-alkanes as solubilizing agents.

homogeneous condensation reactions occurring dur-
ing the microwave synthesis. This fast condensation
should also be responsible for the high thermal
stability of the resultant materials.

Again from the point of view of catalytic applica-
tion, it would be of interest not only to have shorter
length pores but, if possible, to have them com-
municated through a tridimensional pore network,
instead of the unidirectional pore system of the
MCM-41. Very recently, it has been shown?> that
it is possible to obtain mesoporous silica material
with a tridimensional disordered network of short
wormlike channels, with uniform diameters. It is
claimed that the fully disordered channel branching
system similar to a three-dimensional fractal with
truly uniform channel widths, distinguishes the
present material with respect to the ordered MCM-
41. This material was synthesized by an electrostatic
templating route using sodium silicate (CTMACI) and
ethylenediaminetetraacetic acid tetrasodium salt.
The silicate was hydrothermally polymerized sur-
rounding CTMA micelles in aqueous solution at 370
K, similar to hydrothermal synthesis of MCM-41
using repeated pH adjustment.256:257

One possibility for the M41S mesoporous materials,
and more specifically the MCM-41 structure, is to be
synthesized with different pore diameters, which can
range from 1.5 to 10 nm. In the original work, the
pore size in mesoporous silica was expanded by
changing the chain length of the surfactant, and also
by the addition into the synthesis medium of organic
molecules, in particular 1,3,5-trimethylbenzene (TMB),
the hydrophobic solvation interactions of the aro-
matic molecules playing the key role.??> Very re-
cently?%® alkanes of different chain length have been
used together with the surfactant to synthesize
MCM-41 with different pore diameter. The XRD
patterns of the resultant samples suggest that the
surfactant molecule in the micelle is fully extended
(Figure 23a), and the size of such micelle increases
with the chain length of the n-alkane (Figure 23b),
at least until the molecule has 15 carbon atoms.
However, it is obvious that the introduction of large
amounts of organic (up to 20 wt % in the case of
TMB)?% in order to swell the original liquid crystals
is not an appropriate procedure, since their use
involves not only a larger reaction volume, but also
additional separation processes. It would be highly
desirable to increase and control the pore size of the
mesoporous materials without introducing organic
swelling agents. This has been recently achieved?5°
by adjusting the composition of the gel and the
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Figure 24. XRD (Cu Ka) of MCM-41 samples with
different pore diameter.

crystallization variables. In this way, pure siliceous
MCM-41 with different pore diameters were hydro-
thermally synthesized with the following molar
composition: SiO:XCTMABTr:0.14M,0:26.2H,0, where
X was varied between 0.06 and 0.15, and M repre-
sents cations such as tetramethylammonium (TMA™),
tetraethylammonium (TEAY), or Na*, which were
added as hydroxides. In a typical synthesis, an
aqueous solution of tetramethylammonium silicate
obtained from the reaction between Aerosil silica, and
TMAOH solution (25% TMAOH, 10% SiO;) was
added to an aqueous solution containing 9.86 wt %
CTMABYr. Amorphous silica was then added under
continuous stirring. The homogeneous gel (pH ~
13.8) was sealed in Teflon-lined stainless steel au-
toclaves and heated at 150 °C under static conditions,
allowing the crystallization time to be varied between
1 and 10 days. The resultant MCM-41 was stable to
calcination.

The results in Figure 24 nicely show that a typical
MCM-41 material with d;o0 = 4.25 nm is formed in
the presence of TMA* when the crystallization time
was 24 h. Longer crystallization times under these
conditions increase the pore diameter of the sample,
until reaching a maximum of 7.0 nm 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. In
Figure 25 a correlation between the unit cell param-
eter (ap) of the resultant MCM-41 sample and the
crystallization time is given. Variables such as
temperature, CTMA/SiO; ratio, and nature of the
cation (TMA*, TEA*, Na') are all important for
controlling the process. The swelling mechanism
observed may be related to the replacement of some
CTMAT by tetraalkylammonium cations in the in-
terphase formed between the liquid crystal and the
silica surfaces.

2. Indirect Synthesis

Practically at the same time that researchers from
Mobil discovered the synthesis of the mesoporous
materials M41S, MCM-48, and MCM-50 by using
surfactants and a solubilized silica source, Kuroda
et al.?61262 reported the preparation of highly ordered
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Figure 25. Correlation between the unit cell parameter
(ap) of MCM-41 and the crystallization time.

mesoporous FSM-16 materials derived from a layered
polysilicate. In this case a mesoporous silica with
uniform pore size was prepared by ion exchange of
interlayer Na ions of the layered polysilicate kane-
mite for surfactants. The benefit of using kanemite
is due to the fact that this layered material is
extremely flexible owing to the relatively low degree
of polymerization in its structure, as it is demon-
strated by the high Q3/Q, ratio observed by °Si MAS
NMR (3:1). Then, upon intercalation with the sur-
factant the highly flexible sheets of kanemite are
folded and cross-linked to each other to form the
three-dimensional framework (Figure 26).23 In agree-
ment with this mechanism, the pore size could be
changed by varying the alkyl chain length of the
surfactant, and a more precise pore-size control was
achieved by trimethylsilylation of the inner surface
of the pores.?%*

The high pH used in the ion exchange of the
surfactant molecules at which silica from the kane-
mite can in fact be dissolved reveals the distinct
possibility that, essentially, this synthesis procedure
is the same as that previously reported by Mobil
researchers, in the sense that kanemite was just a
source of silica. However, recent studies of FSM-
16226263265 have shown that despite the fact that
MCM-41 and FSM-16 have similar pore size and
surface areas, their mechanism of formation is dif-
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Figure 26. The model of folding silicate sheets of kanemite.
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ferent. Indeed, the MCM-41 is formed from a silicate
anion initiated liquid crystal templating mechanism,
while the layered silicate derived materials are
formed by intercalation of the layered silicate using
the surfactant present in the synthesis mixture.?6
Rheological data on the surfactant solutions used to
form both materials indicate the presence of micelles
in the MCM-41, while no micelles were observed at
the low surfactant concentrations used with the
layered silicates. There is a particularly interesting
study which follows the formation of silica—surfac-
tant mesophases by real time in situ X-ray powder
diffraction.?s” These authors clearly demonstrate the
different synthesis mechanism for MCM-41 and
FSM-16, by finding evidence for the formation of an
intermediate lamellar silica—surfactant intercalate
during the synthesis starting from kanemite, whereas
no intermediate phases are observed during the
formation of MCM-41 by the direct synthesis. Vartuli
et al.??6 found that the pore size distribution is
broader in the case of FSM-16, where the total pore
volume and hydrocarbon sorption capacity is about
5 times higher in the case of the MCM-41 materials.
On the other hand, due to a higher degree of
condensation in the silica walls in the FSM-16, this
has a higher thermal and hydrothermal stability
than MCM-41 266

It can be then concluded that FSM-16 and MCM-
41 are probably different materials, and further
detailed characterization will be necessary in order
to see possible advantages of each one of them for
different applications.

B. Synthesis of Mesoporous Molecular Sieves
Containing Elements Other Than Silica

The success achieved in preparing silica mesopores
was the starting point for using the concept to
produce materials with potential catalytic applica-
tions. The first of which was to produce mesoporous
acid materials which could be used for cracking large
molecules present in vacuum gas oil and residues.
Thus, in order to produce acidic mesostructured
materials, MCM-41 and MCM-48 with walls of silica-
alumina, where the Al was tetrahedrally coordinated,
were synthesized.?31.268-271

In general, it appears from the XRD data that the
introduction of Al on the walls during the synthesis
decreases the order in the material.?6%272 It has been
claimed that the order could be improved in the
presence of aluminum, if instead of SiO, one uses
sodium silicate as the Si source for the synthesis.?’3274

ATMA/silicate complex
aQ*id =173
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Table 9. Reports on the Incorporation of Al to the Structure of MCM-41

author source of Al Si/Al OH/SiO; Na/Al Al coordination
Reddy, K. M. (SO4)5Al 25 0.10 4.32 tetrahedral
(C30H7)sAl 25 0.22 4.32 tetra + octa
Al;03:xH,0 25 0.22 4.32 octahedral
Luan, Z. (SO4)3Al 2.5-60 11.5 (ph) not specified tetrahedral
NaAIO; 15 11.5 (ph) not specified tetra + octa
Al orthophospate 15 11.5 (ph) not specified tetra + octa
Al acetylacetonate 15 11.5 (ph) not specified tetra + octa
Al isopropylate 15 11.5 (ph) not specified tetra + octa
Al;03:xH0 6—90 11.5 (ph) not specified octahedral
Schmidt, R. NaAlO, 8.5 0.26 1.4 tetrahedral
Borade, R. B. NaAlO, 2 0.31 11 tetrahedral
Table 10. Effect of the Compositional Synthesis Variables on the Incorporation of Al in MCM-41
Al-MCM-41
Al,03-xH,0 NaAlO, Al° Al(C30H7)3

All5 Al4 Al8 Al9 Al7 Al6

Al5 All4 Al10 Al13 Alll All12 All6

OHe/SiO- 0.30 0.19 0.19 0.19 0.16 0.10

Na/Al2 3.3 0 0 3.6 0 0
Si/AIP 15.8 12.8 16.1 14 15.8 13.5
Altetr

0.2 1 1 0.1 1 0.9

Altetl’/AlOct

ppce (%) 151 200 196 119 225  19.0

0.08 0.06 0.16 0.08 0.16 0.16 0.17

0 1.9 11 11 0 0 2.4
18.5 13.7 15.7 13.4 14.6 18 13.6
0.66 0.1 1 1 1 1 0.75

19.4 8.0 23.3 19.8 19.0 20.0 16.7

aRatio in gel. ® Ratio in the solid ©Weight lost at temperatures above 300 °C.

However, it should be taken into account that in this
synthesis, a part of the aluminum is not incorporated
as Al but remains as AlY!, and consequently, the
“framework” Si/Al ratio in the walls is much lower
than the one given by the chemical analysis. On the
contrary, we believe that the apparent “worse” XRD
pattern obtained when introducing aluminum, is not
a result of a less ordered material but due to the
formation of smaller crystallites of MCM-41. The
precise nature of the aluminum source can also play,
an important role on the type of final incorporated
species obtained.?”? For instance, it has been claimed
that when Catapal alumina or sodium aluminate is
used, virtually all the Al in the solid is hexacoordi-
nated. In contrast by employing instead aluminum
sulfate or aluminum isopropoxide, MCM-41 can be
easily prepared with Al in tetracoordination. While
this is true in general terms, it has to be pointed out,
that it is possible, regardless of the aluminum source,
to incorporate all of it as Al if the synthesis
conditions are properly optimized.

In Table 9 we have summarized the most signifi-
cant reports highlighting the synthesis variables for
the incorporation of Al into the wall of MCM-41.

Owing to the importance of the incorporation of Al
in a tetrahedral coordination in the walls of MCM-
41 for its final catalytic properties, we decided to
carry out a synthetic investigation in which the most
important variables, i.e. OH/SiO,, Na/Al, and alu-
mina source, were systematically varied (Table 10).
When the results were plotted (Figure 27), it could
be clearly seen that when the aluminum source is
polymeric (pseudobohemite), the incorporation of Al
in the framework of the MCM-41 decreases with
decreasing OH/SiO; ratio in the gel. It appears that
for OH/SiIO, < 0.13 not all the alumina is depoly-
merized in AlO,~ species, and consequently, it will
be impossible to incorporate all the aluminum in the
framework as Al'Y. Thus, consequently in those
synthesis where one needs to work at pH values
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Figure 27. Influence of the OH/SiO,, and alumina source
on the ratio of AI'Y/AI'V4+-AIV! in the MCM-41 formed.

below 0.13, sodium aluminate has to be used if the
purpose is to introduce all Al as Al'V.

It can also be observed that if the level of Na* in
the synthesis gel is too high (Na/Al = 1.9) the
isomorphic substitution of Si for Al is impeded,
regardless of the Al source. For instance, a sample
prepared from aluminum isopropoxide at a OH/SiO,
ratio for which the incorporation of Al as Al'Y would
be complete in absence of Na*, only 75% of the Al
was incorporated when Na* was introduced in a Na/
Al ratio of 2.4. When pseudobohemite is used as a
source of aluminum and the Na/Al ratio is increased
up to a value of 3.6, only 10% of the total aluminum
is incorporated as Al'Y (Table 10).

Attempts have also been made to prepare samples
with a high aluminum content. In this direction, it
has been suggested?’1?74 that MCM-41 with a Si/Al
ratio of 4 can be prepared using sodium silicate and
sodium aluminate as sources of Si and Al, respec-
tively. However, the 2?Al MAS NMR of such samples
indicates that this particular MCM-41 contains sig-
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nificant quantities of aluminum within octahedral
coordination. More recently, Borade and Clearfield?”®
have synthesized MCM-41 with Si/Al ratios as low
as 2 without observing the presence of octahedral
aluminum by 2’Al MAS NMR, using sodium alumi-
nate and fumed silica as the sources of aluminum
and silicon, respectively.

Even though, it is possible to prepare low Si/Al
ratio MCM-41 and MCM-48 samples with the alu-
minum being tetrahedrally coordinated, what is
important, from a catalytic point of view, is the
amount of Al'V left after the calcination procedures
necessary to activate the catalysts. In this sense, it
appears that after calcination at temperatures above
500 °C the intensity of the NMR peak corresponding
to tetrahedral aluminum decreases, while AIV! is
formed.268276-278  The results can be explained by
assuming that upon calcination the Al'Y either be-
comes distorted or is removed from the aluminosili-
cate structure. Experiments indicate that when
calcined samples are subjected to deep hydration the
NMR peak of tetrahedral aluminum can be restored.
In our opinion it is more likely that a part of the
original Al'Y whose coordination was distorted by the
thermal treatment could be restored by hydration,
but it is certainly true that there is also a part of the
aluminum which came out of the silicate structure
and which remains as AlV'.

If the introduction of Al in the mesostructure was
important from the point of view of acid catalysis, it
is also very important to introduce, transition metal
elements such as Ti, V, and Cr in order to prepare
mesoporous catalysts with redox properties. Follow-
ing the interest stemming from the synthesis of Ti-
zeolites and their application as selective oxidation
catalysts?’°~281 it was thought that it would be of
great interest to incorporate Ti in mesoporous MCM-
41, for reasons of its activity in oxidation reactions
while allowing larger molecules to diffuse.?®® Thus
Ti was incorporated in a mesoporous structure by
direct synthesis working in absence of alkaline ions
and using a cationic?® or a neutral surfactant.?83284
It was demonstrated by means of UV—vis spectros-
copy and EXAFS that Ti was not in the form of
anatase, but it was incorporated into the silicate wall,
in the form of isolated tetrahedrally coordinated
titanium, with some small amount of dimers of the
type Ti—O—Ti also identified to be present.?®5286 Ti—
Si—MCM-41 materials were active catalysts for reac-
tions which will be described later such as the
epoxidation of olefins and oxidation of sulfides to
sulfoxides and sulfones. Titanium has also been
introduced by direct synthesis in a MCM-48 struc-
ture, using TEOS and tetraisopropyl titanate as the
sources of Si and Ti, respectively.?87.288

Vanadium-containing MCM-41 structures could
also be used as a selective oxidation catalyst, as far
as the vanadium atoms were incorporated into the
silicate walls and isolated one from another. This
has also been achieved,?®”%%° as 51V NMR demon-
strated the presence of vanadium in the framework
of the MCM-41. Raman and NMR methods have
been further used to support the above conclusions
proving that V,0s was not present.

Finally, it has also been intended to introduce Cr
in the structure of MCM-41.287 However, unlike Ti,
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only a few Cr3" ions, similar to what occurs in
zeolites,?°° will properly substitute isomorphously for
Si in the walls, as was proven by the fact that when
the Cr-MCM-41 was washed with diluted acetic acid,
approximately half the amount of Cr is depleted from
the sample.

Mesoporous manganosilicates having hexagonal,
cubic, and lamellar structures have been synthesized
at a low surfactant/Si ratio (0.12), and with a broad
range of Mn/Si ratios (0.0004—0.09).2°2:2%2. The phase
formed depends on temperature and NaOH content,
but the addition of Mn ions induced the formation of
the cubic phase also at low surfactant to Si ratio.
With respect to the state of the Mn in the resultant
material, it appears from EPR studies that at room
temperature it is located in the walls or interface
region of the mesoporous materials. Unfortunately
after calcination, the manganese ions migrate into
the pores.

From the mechanism of formation of mesostruc-
tures, it should be possible, in principle, by the
adequate selection of a cationic or anionic surfactant,
to synthesize a large variety of metal oxide/surfactant
composite materials. One can easily imagine the
interest of these types of materials in catalysis just
by considering the benefit of a stable mesoporous
alumina with very high surface area as catalyst
support, or the preparation of a high surface area
zirconia with regular pores that can act as a catalyst
support,?®®> and also as zirconia-based solid
acids.»2%-297 |f a mesostructure of pure TiO, could
be prepared, it will certainly be of use not only as a
support but also for application in photocatalytic
processes.

The first attempt to form mesostructured pure
oxides other than SiO;, was done with tungsten, iron,
and lead. In this case, even though the mesostruc-
ture was formed, attempts to remove the surfactant
within the channels caused the pore structure to
collapse.?®® A similar approach to alumina-based
mesoporous material, resulted in the formation of
lamellar phases.?®® However, very recently Yada et
al.>®® have found that an aluminum-based dodecyl
sulfate mesostructured material with a hexagonal
framework can be obtained by the homogeneous
precipitation method using urea and converted into
a mesoporous alumina with some structural disorder
but with the hexagonal structure of its retained
principal framework. So far the results show that
after calcination at 600 °C the washed composite solid
with hexagonal structure is deorganized into a com-
pletely disordered form but preserves the narrow
distribution of pores. If the calcination is done at
1000 °C the material is converted into o- and
y-alumina. When calcination was avoided and the
anionic surfactant was removed by washing with
ethanol or acetone, the hexagonal structure collapsed.
This collapse could be avoided if a mesostructure of
alumina was formed via S°1° and N°I° pathways. This
has been very recently shown, and mesoporous
alumina molecular sieves have been prepared by a
N°I° assembly process.3° Three forms of mesoporous
aluminas, named MSU-1, MSU-2, and MSU-3, have
been prepared by the hydrolysis of tri-sec-butoxyalu-
minum at room temperature in the presence of
nonionic polyethylene oxide (PEO) surfactants. PEO-
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based surfactants adopt spherical to long “wormlike”
micellar structures in aqueous solution, and the
wormlike structure is hence adopted by the MSU-X
alumina structures. However, even if the channels
in MSU-X are more or less regular in diameter, they
have no discernible long-range order, unlike the
MCM-41 structure.®® The walls of the channels in
the case of MSU-X are larger for aluminas than for
silicas, resulting in lower surface areas (420—535 m?
g™1) for the former. The coordination of aluminum
in the as-synthesized samples corresponds to Al'Y, AlV
and AIV', AIV! being dominant. After calcination at
500 °C the 4- and 5-coordinations increase at expense
of the AIV! sites.

Alumina mesophases have also been synthesized
by reacting aluminum alkoxides and carboxylic acids
with controlled amounts of water in low molecular
weight alcohol solvents. These materials give after
calcination high surface area alumina (up to 710 m?
g™Y) with pores in the mesopore region centered
around 2.0 mm. However, in this case the pores were
not ordered within any type of symmetry.3°!

Further work should be done on these aluminas,
and to particularly test them as supports for prepar-
ing HDS and hydrogenation catalysts, as well as,
when conveniently doped, for base-catalyzed reac-
tions.

As mentioned above, it is of considerable interest
for catalysis to prepare large surface area mesoporous
zirconia, and therefore, it is not surprising that this
has been studied by several groups. Schuth et al.30?
were the first reporting on the synthesis of mesopo-
rous zirconia, while Hudson and Knowles**® have
shown that cationic quaternary ammonium surfac-
tants can be used to prepare zirconia in the meso-
porous range. The authors have pointed out that the
conventional templating mechanism of mesopore
formation is not operative in their case, and a
scaffolding mechanism was invoked in order to
explain the ordering. The pore size distribution
increases with the chain length of the surfactant, and
BET surface areas of 240—360 m? g~ can be obtained
depending upon the chain length of the incorporated
surfactant. What can be of interest from the view-
point of the catalytic use of these materials as
zirconia-sulfated solid acids, is the observation that
it is possible to prepare them in the form of tetragonal
zirconium(1V) oxide, by calcination at 650 °C. The
one-step preparation of sulfated mesoporous zirconia
with good acidic properties has been performed by
using lauryl sulfate as surfactant. This preparation
route could avoid further synthetic wet steps after
the synthesis.?* The samples prepared with high
concentrations of this surfactant (SZ-848) give, after
calcination at 575 °C, a broad tetragonal zirconia
XRD fingerprint, while mesoporosity was not lost.
The resulting samples were indeed active for low
temperature n-butane isomerization and cracking.

Up to this point we have described synthetic routes
to mesoporous zirconia which are based on expensive
alkoxides, relying alternatively on the sulfate ion to
link the surfactant and zirconium, or do not involve
self-assembly. There are however two new synthesis
routes which involve: a self-assembly of a soluble
zirconia precursor with an amphoteric surfactant
template,®® and a neutral amine route.3®® The am-
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Figure 28. Proposed amphoteric surfactant templating
route for hexagonal mesophase formation where the car-
boxylate group provides for the bonding of the surfactant
with the inorganic species and the quaternary ammonium
group maintains a large head group area for hexagonal
mesophase formation.

photeric surfactant, cocamidopropylbetaine (CAPB),
which has quaternary ammonium and carboxylate
groups, can bond to both negatively and positively
charged inorganic species. Additional benefits aris-
ing from this surfactant is that it does not need a
bridging anion for the formation of the surfactant—
Zr complex, and can also be used in a wide pH range.
Thus, when the synthesis is carried out at low pH,
the quaternary ammonium group of CAPB is posi-
tively charged, the carboxylic group is protonated,
and the positively charged inorganic species attack
to the surfactant by reaction with the carboxyl group.
Concurrent surfactant bonding with the inorganic
component and aggregation of the micellar structures
leads to formation of the hexagonal mesophase3%
(Figure 28). This work opens new possibilities in
mesoporous synthesis specially for those involving
cationic inorganic species.

When zirconia mesostructures were prepared with
neutral amines, lamellar phases were obtained using
Cs to Cy alkylamines. However, these lamellar
phases changed to a hexagonal structure when water
was introduced in the reaction mixture.

In the case of titania mesoporous solids, only
partial success has been obtained in preparing stable
surfactant-free materials. A hexagonal phase of
mesoporous TiO, was prepared with alkyl phosphate
surfactants,®*” in which the alkyl phosphate could be
partially removed from the pores, with the phosphate
units being retained in the oxide phase. Others3%
have used a neutral surfactant (decyl- or hexadecy-
lamine), together with titanium alkoxide in a mixture
of isopropyl alcohol and water. After aging at room
temperature for 18 h or in a hydrothermal treatment
at 90 °C for 18 h, mesoporous structures with pores
of 2.9 and 3.2 nm for decylamine and hexadecylamine
surfactants, respectively, were obtained. Unfortu-
nately, removal of the amine from the pores, either
thermally or by using solvents, results in the de-
struction of the mesoporous structure. More success
was obtained when the surfactant was partially
removed in an acidified dilute alcohol medium.3°8

By using an anionic surfactant such as sodium
dioctylsulfosuccinate (AOT), it was possible to obtain
a mesostructure SnO,-AOT. However, it has not
been possible up to now, to remove the template
without destroying the mesophase.3%8

Before finishing the chapter devoted to the syn-
thesis of mesoporous molecular sieves, two novel
mesoporous compounds should be introduced. In one
case, the authors3®® proposed that since there are
microporous aluminophosphates (AIPOs), it also
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could be of interest and benefit to extend the liquid
crystal templating approach to the synthesis of
mesoporous AIPO,. They used long-chain primary
and tertiary amines, but at the present time only
lamellar AIPO, materials were obtained which did
not allow template removal without structural col-
lapse.

In an analogous way and from the prior knowledge
achieved in vanadium phosphorous oxides (VPO)
containing micropore3°® and lamellar compounds
formed by intercalation of organic molecules,311-313
a novel three-dimensional ordered mesoporous VPO
has been successfully synthesized. Using n-tetrade-
cyltrimethylammonium chloride as surfactant, and
VOHPO, and heating at 76 °C for 48 h, a layered
structure was formed which contained the surfactant.
When this was suspended in water and hydrother-
mally treated at 170 °C for 48 h, the layered VPO
was transformed into another mesoporous material
with hexagonal structure. The evolution in this case
bears same resemblance to the synthesis of MCM-
41 from kanemite, in the sense that the surfactant
remaining in the layer forms a micelle in water and
forces the layer to bend. We do not know from the
report if the mesoporous VPO compound remains
stable after removing the surfactant.

In conclusion, it can be said that despite a period
of very intensive work over the last two years in the
synthesis of mesoporous molecular sieves using liquid
crystals as templates, the field is in its infancy. Still
much effort is needed in many cases to produce
samples in which the surfactant could easily be
removed and recovered without losing order or even
destroying the pore structure. Furthermore it will
be of great scientific interest and practical use to
synthesize well-structured mesoporous materials with
a tridirectional system of communicating channels
which will enhance the diffusivity of bulky reactants
and products. Finally, it is easy to understand that
the synthesis of mesoporous materials of the M41S
type but with crystalline microporous walls will
generate highly thermally stable systems with a well-
defined bimodal pore system will certainly be of much
interest for catalytic and membrane applications. In
any case, it is possible to forecast that the possibilities
for synthesizing new materials based on these con-
cepts is immense and only limited by the scope of our
imagination.

C. Characterization of Mesoporous Molecular
Sieves

When one suspects that a mesoporous molecular
sieve has been synthesized a well-established meth-
odology must be followed to demonstrate that this is
indeed the case. The procedure involves, first, the
use of XRD and synchrotron X-ray powder diffraction
which should be carried out at low angles. The XRD
powder d spacings of well-prepared MCM-41 and
MCM-48 (Figure 29) can be indexed on a hexagonal
and cubic lattice, respectively.??5314-318 XRD com-
bined with other techniques, such as HRTEM,?20:225
electron diffraction,??® and lattice images,3'® have
been key methods for the characterization of these
materials and identification of the phase obtained,
i.e. cubic (MCM-48), hexagonal (MCM-41), and lamel-
lar (MCM-50). From a combination of these tech-
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Figure 29. Powder X-ray diffraction paterns (Cu Ka) of
as prepared MCM-41 (hexagonal), MCM-48 (cubic), and
MCM-50 (lamellar) materials.

A B
Figure 30. Structural model of MCM-41 with cylindrical
pore (A) and hexagonal pore (B).

niques, two structural models with an amorphous
wall have been constructed for MCM-41 as shown in
Figure 30.3%°

In model A, a cylindrical pore structure, with a
lattice constant of 4.46 nm and a wall thickness of
0.84 nm, was proposed by Feuston and Higgins3® by
a classical molecular dynamics simulation approach.
The authors simulate 103—10* atoms to model MCM-
41 and analyzed models with different lattice con-
stants and wall thicknesses. When comparing their
simulation with experimental values, they found that
the simulated X-ray patterns of amorphous silica
with wall thickness larger than 1.1 nm agreed well
with the experiments. The percentage of silicon in
the form of silanols obtained from the model (17—
28%) also agrees fairly well with the observed dif-
fraction 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. For model B, a hexagonal
pore structure with an interpore distance of ~3.5 nm
was proposed by Behrens et al.??* Both the cylindri-
cal and hexagonal pore structures have been visual-
ized by HRTEM.322

A unified model based on the void fraction and
structure of nanoporous materials structures has
been proposed by Garcés.®?®* The author reduces the
pores to spheres, plates, and cylinders with dense
shells and inner cores. Most of the material mass is
assigned to the surfaces of the geometrical forms with
empty spaces inside. This gives rise to a single
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Figure 31. Adsorption isotherm of nitrogen (a), argon (b), and oxygen (c) on MCM-41 at 77K. Different symbols denote

different runs; filled symbols denote desorption.

sphere representing the structure. The radius of the
empty interior space is adjusted so the void in the
center matches experimentally found void fractions.
When this model is applied to MCM-41, the author
finds that a spherical fits most closely, which implies
that instead of smooth cylindrical channels, the pores
of MCM-41 can be seen as spherical cages connected
by narrower necks.

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 N3, O,
and Ar have been used to characterize the porosity
of M41S samples and more specifically MCM-41.324-327
When adsorption was carried out on a MCM-41
sample with 4.0 nm pore diameter (Figure 31), it was
found that the isotherm for N, is type IV in the
IUPAC classification, and no adsorption—desorption
hysteresis was found at the boiling temperature of
N2 (77.4 K). In the case of Ar and O, the isotherm is
also of type 1V, but they exhibit well-defined hyster-
esis loops of the VI type. These results can be
attributed to capillary condensation taking place
within a narrow range of tubular pores with effective
width of 3.3—4.3 nm,32® confirming both the high
degree of pore uniformity and the dimension of the
pore determined by HRTEM.3?> Further adsorption
studies under different experimental conditions and
on samples with different pore diameters showed that
the presence and size of the hysteresis loop depend

on the adsorbate,3?® pore size,3?%33° and tempera-
ture.®! In this respect, no nitrogen hysteresis loops
were found for materials with pore sizes of 2.5—4.0
nm, but a nitrogen isotherm on a 4.5 nm material
showed hysteresis. Finally, adsorption of cyclopen-
tane at different temperatures showed that the
presence and size of hysteresis depends on the
temperature.

These samples with monodispersive pore channels
represent a beautiful model for standardizing ad-
sorption measurements and methods for character-
ization of porous solids.33? In fact, when N, adsorp-
tion isotherms are modeled using nonlocal density
functional theory (NLDFT) over a wide range of pore
sizes (18—80 A), it is found3? that the theoretical
thermal dependence of the thermodynamic adsorp-
tion—desorption hysteresis predicted by NLDFT is
confirmed by the experimental measurements.

We have here then a type of material with a
regular pore structure in the mesoporous region
where the pore diameter cannot only be perfectly
measured by gas adsorption, but the materials them-
selves can serve as models for adsorption of gases in
porous solids. 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. When
this is done, it is found that in the regular MCM-41
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samples the wall thickness varies little around 1.0
nm. We will see later that 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 nonpolar molecules
can be quite useful for measuring the hydrophobic
and hydrophilic properties of M41S mesoporous
materials. When H,O was adsorbed at 297 K on a
MCM-41 sample,®33 the isotherm obtained showed a
fairly narrow hysteresis loop but with no identifiable
B. The isotherm is of type V in the IUPAC classifica-
tion, indicating relatively weak adsorbent—adsorbate
interactions. From these results,** one would con-
clude that the MCM-41 surface is quite hydrophobic,
with an uptake of water similar to that given by
hydroxylated silica and many carbons.33* This con-
clusion 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 and water, and
benzene and H,0.33%3% 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
siliceous MCM-41, much larger amounts of benzene
than H,O were adsorbed. This adsorption charac-
teristic 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.

Another powerful technique for the characteriza-
tion of M41S mesoporous materials is NMR spec-
troscopy. Its benefits include the determination of
the pore size and the mechanism of formation of the
material, to the study of the diffusion of molecules
in the pores, and finally, to the organization of the
walls in the pure silica and in the isomorphous
substituted materials, before and after calcination
pretreatments.

A large amount of effort was directed at inferring
the pore size distribution of solids from NMR relax-
ation time data (T; and T,).33773%% Recently, interest-
ing work on MCM-41 has been published,** in which
the effect of pore size on the freezing—melting transi-
tion of water confined in porous materials has been
investigated using *H NMR. In this work, 'H NMR
intensity vs temperature data of water confined in
MCM-41 materials with different pore sizes were
obtained. Thus, by comparing the NMR, with N
adsorption and HRTEM results, a correlation be-
tween freezing point depression of frozen pore water,
AT, and the pore radius (R,) was established, with
this shown to have the following form: AT = K¢/(Rp
— t5); where t; and K¢ are constants. The authors
tentatively proposed the t; factor to be identical to
the thickness of a nonfreezing pore surface water.
This method thus allows the determination of pore
size distribution in materials with pore diameters
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larger than 1.0 nm, from *H NMR intensity vs
temperature measurements of water-saturated po-
rous materials. There is no doubt that this is a
valuable method for the people working on catalysis
and adsorption who need to know the effective pore
diameter of the solids.

In the case of MCM-41 materials, the self-diffusion
coefficient of water was derived3* from NMR spin—
echo experiments using the Carr—Purcell—-Meiboom—
Gill pulse sequence®?? and a model proposed by
Doussal and Sen.®*#® It has to be pointed out that the
found diffusion coefficients (D) are somewhat sur-
prisingly, of the same order as the value for the
diffusion of water in ferrierite determined by molec-
ular dynamics®* (0.8 x 1078 cm? s71). The authors
explain the rather small diffusion coefficient, relative
to bulk water (2 x 107 cm? s71), by a strong
interaction of water molecules with the pore surface.
This, however, would be in contradiction with the
small interaction with the walls observed (recall the
hydrophobic nature of the MCM-41) during adsorp-
tion experiments.

It has to be noted that most of the NMR work has
been performed to determine the state of Si and Al
in the walls of the M41S materials, with some
incursion into the mechanism of formation.?%® We
have already described in a previous section how Al
MAS NMR was used as a technique to follow the
incorporation of aluminum in the walls of the M41S
materials. In this sense, the first studies?3%2%8 of the
Bloch decay (BD) and cross polarization (CP) 2°Si
NMR spectra of two MCM-41 samples with relatively
low (28) and high (189) SiO,/Al,O3 ratios indicated
(Figure 32) that while in the first sample some Si
(2Si, 2Al) and Si (3Si, 1Al) sites were present, in the
high-silica MCM-41 material practically all sites
correspond to Si(4Si) with very little Si (3Si, 1Al).
When the sample containing more Al was calcined,
a substantial intensity loss of the Si (2Si, 2Al) and
Si (3Si, 1Al) occurred, while octahedral aluminum
appeared (Figure 32); these results could be ex-
plained by assuming that upon calcination “dealu-
mination” occurs. Similar results were obtained in
B-MCM-41.3% It is important to bear in mind these
results when considering using these materials for
acid-catalyzed reactions, in which the Brgnsted acid-
ity should be associated to the presence of tetrahedral
aluminum.

The acidity of Al-containing MCM-41 samples has
been measured by adsorption—desorption of bases
such as pyridine and NH3.23126° The calcined sili-
coaluminate samples have both Brgnsted and Lewis
acidity as determined by pyridine adsorption?® (Fig-
ure 33), and the amount of Brgnsted acidity increases
with the aluminum content of the sample.?%® When
the acidity of silicoaluminate MCM-41 was compared
with that of a USY and an amorphous silica-alumina,
it was found (Figure 34) that the acid strength of the
MCM-41 is weaker than in the zeolite and appears
more similar to that of an amorphous silica-alu-
mina.?®® From these results, we can conclude that
the MCM-41 silicoaluminate corresponds closely,
from the point of view of its acidity, to amorphous
silica-alumina with regular pores.

In the case of the transition metal-substituted
M41S samples, their principal interest resides in
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their potential use as oxidation catalysts, with this
particularly true for the Ti- and V-substituted MCM-
41 materials.?6?2%° |In these two cases, the isomor-
phous substitution and, therefore, the incorporation
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Figure 34. TPD NH; spectra of USY (1), calcined S1
sample (2), and amorphous silica alumina (3).

of these elements in the framework is not easy to
ascertain, and hence, a combination of several tech-
niques is required to provide the necessary informa-
tion. In the case of Ti-substituted MCM-41, spectro-
scopic and catalytic techniques should be used to
show the incorporation of Ti in the silica framework.
Previous work on the characterization of Ti-zeo-
lites346347 can be used as a guide for characterizing
the Ti-MCM-41 samples. Thus, an IR absorption
band at ~960 cm™! attributed to Si—O—Ti stretching
with Ti in tetrahedral coordination34® was used to
identify the incorporation of Ti in zeolites and,
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similarly, has also been used to show the presence
of Ti in the framework of Ti-MCM-41. However, this
has been questioned?® on the basis of more recent
IR studies on as-made and calcined Ti-S-zeolite, the
authors of which have 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, we have to say that while all the properly
prepared Ti-zeolites and Ti-MCM-41 show the pres-
ence of this band, the reverse is not neccesarily
true.280

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™1). On the other hand, UV—vis 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
[OsTi-OH] moieties.* Isolated extraframework hexa-
coordinated Ti would give a CT at about 225 nm.34
Partially polymerized hexacoordinated Ti species,
which contain Ti—O—Ti bonds and belong to a silicon-
rich 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. We see
then that UV—vis spectroscopy, which is a widely
available technique, is a very useful tool for charac-
terizing Ti-MCM-41 samples since, besides its low
detection limit (0.03 wt %), it can give information
on framework and extraframework Ti.

The definitive proof in favor of the tetrahedral
coordination of Ti in MCM-41 came from the applica-
tion of X-ray absorption spectroscopy (EXAFS/
XANES). When this technique was applied to TS-1
and Ti-B-zeolites,3#7:351352 it was found that in anhy-
drous samples titanium is tetrahedrally coordinated,
and the first coordination shell of titanium consists
of oxygen atoms only. In hydrated samples penta-
and hexacoordinated species are present, correspond-
ing in this case to a titanium atom coordinated with
four oxygens from the framework and two molecules
of water.

We have carried out recently an EXAFS-XANES
study of well-prepared Ti-MCM-41,3*7 and the XANES
spectra of a calcined Ti-MCM-41 sample (1.7 TiO, wt
%), and calcined and subsequently rehydrated is
shown in Figure 35. We note that the XANES region
of the X-ray absorption spectrum is sensitive both to
the oxidation state of the absorbancy atom (in this
case Ti) as well as to its local coordination geometry.
A clear change in the preedge feature is observed
after dehydration, indicating a modification in the
site symmetry of Ti atoms (see the characteristics of
the prepeaks in Table 11). The prepeak intensity in
the calcined material suggests a distorted octahedral
environment for Ti. The energy position and inten-
sity of the preedge suggest mainly octahedral coor-
dination for Ti, as observed for Ti-zeolites when
exposed to the atmosphere. However, when Ti-
MCM-41 was dehydrated a sharper and more intense
prepeak at lower energy is observed in the XANES
spectrum, indicating a decrease in the coordination
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Figure 35. Ti K-edge XANES spectra of Ti-MCM-41
sample: (a) calcined and (b) calcined and dehydrated.

Table 11. Ti Preedge Peak Parameters for Ti-MCM-41
Sample

peak position? intensity

(£0.2 eV) (height) FWHMP
compound AdlALA; + 5% (£0.2eV)
calcined 4.2 0.33 2.0
calcined dehydrated 3.8 0.77 1.2

2 Relative to the first inflection point for Ti metal. ® The full
width at half maximum.

15

E.T. magnitude (arb.units)

T
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Figure 36. Fourier transform magnitude of the KS3-
weighted EXAFS signals of anatase (solid line) and cal-
cined, dehydrated Ti-MCM-41 sample 2 (dashed line).

Table 12. EXAFS Simulation Parameter for the First
Shell of Calcined Dehydrated Sample

neighbor N (% 0.5) R (A) Ao? (A2 AEq (eV) fit value
1.814+0.02 4 x 104 0.8 5 x 1073

oxygen 4.3

of Ti toward tetrahedral coordination, feature which
has also been previously observed in TS-1 and Ti-g.

To obtain further insight into the coordination of
Ti, the analysis of the EXAFS data of the Ti-MCM-
41 sample after calcination and dehydration was
carried out (Figure 36), and the coordination number
and the Ti—O distance for the calcined and dehy-
drated samples are given in Table 12. From these,
it can be concluded that when the sample is dehy-
drated, Ti becomes tetrahedrally coordinated.

The observations from EXAFS-XANES comple-
ment the IR and UV—vis spectroscopic results (Fig-
ures 37 and 38). Indeed the sample showed a band
at about 960 cm™! in the IR spectra, this band
disappears, and the material becomes yellow when
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Figure 38. DR-UV spectra of calcined Ti-MCM-41.

adding H,O,. The initial conditions are restored by
heating the sample at 353 K overnight. The diffuse
reflectance spectra in the UV-—vis region of the
calcined Ti-MCM-41, 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). Then we can
certainly conclude that in well-prepared Ti-MCM-41
samples, isolated Ti'V and TiV' species are present,
and therefore the incorporation of Ti to the frame-
work of the walls occurs. This fact opened the
possibility of using these materials as catalysts for
the selective oxidation of large molecules.

In an analogous way to Ti, vanadium was also
incorporated in relatively low amounts in the frame-
work of zeolites®®33%* and MCM-41.2893%5 |n well-
prepared V-MCM-41 samples, 5V NMR and EPR
characterization show that V is, at least in part,
incorporated in the framework and consequently can
also play a role in catalysis. However, attention
should be paid to the fact that leaching of active
vanadium species from the silicate matrix during
reaction may occurred depending on the nature of the
substrate, the solvent, and the oxidant.3%

Since Ti- and V-substituted mesoporous materials
are the best documented and also those already
proven to be catalytically active, we have limited our

Corma

characterization discussion to these two materials
only. In the next section we will discuss the catalytic
activity of mesoporous materials with long-range
crystallinity.

D. Catalytic Properties of Mesoporous Materials
with Long-Range Crystallinity

We have seen during this review that mesoporous
molecular sieves present very high surface areas with
very regular pore size dimensions. These properties
alone, even if no catalytically active sites can be
generated in the structure, are already of great utility
for producing carriers on which catalytically active
phases such as heteropolyacids, amines, transition
metal complexes, and oxides can be supported. Be-
sides their characteristics as supports, we have seen
that it is possible to generate Brgnsted acid sites on
the surface of the mesoporous structures, which
opens new possibilities for producing monofunctional
acid as well as acid/metal oxide bifunctional catalysts.
If Bronsted acidity is generated, one can immediately
think of the posibility of increasing the basicity of the
conjugated base by exchanging the protons by alka-
line ions. This certainly will introduce mild basicity
to these materials, which will be useful for less
demanding base-catalyzed reactions. Finally, the
possibility of introducing transition metals in the
walls will give catalytic redox properties which are
of use in selective oxidation as well as for air pollution
abatement. The versatility of active sites which can
be introduced in these materials clearly extends the
catalytic possibilities of the microporous zeolites.3%6

Thus, in this section, we are going to show the
possibilities of these materials as acid, base, and
redox catalysts, as well as supports for acid, base,
hydrogenation, HDS-HDN, and oxidation functions.

1. Acid Catalysis

The large pores of MCM-41 combined with acidity
on the walls were specially conceived to carry out
catalytic cracking of large molecules. These materi-
als were thought to represent an extension of zeolites
and should allow us to deal with large molecules
whose diffusion was strongly impeded in the mi-
cropores of zeolites such as for instance USY zeolites.
Thus, a cracking catalyst was prepared in which the
USY zeolite was substituted by AI-MCM-41 (35 wt
%) in a silica-alumina-kaolin clay matrix, and the
results indicated a higher selectivity of the MCM-
41-containing catalyst toward liquid fuels than the
one containing the USY zeolite.®®” In the general
literature, polyethylene,®® n-heptane, and a vacuum
gas 0il,®° have been cracked on AI-MCM-41, amor-
phous silica-alumina, and USY zeolite, in a micro-
activity test (MAT) unit. It has been found that with
a small reactant (n-heptane), which can easily diffuse
inside the pores of the three catalysts (Table 13), the
intrinsic activity of the USY zeolite is 139 times
larger than MCM-41. This difference in activity is
not only due to the larger amount of Brgnsted acid
sites present on the zeolite, but it is also a conse-
guence of the stronger acid sites present in the zeolite
(Table 14). On the other hand, when the large
reactant molecules present in the gas oil were
cracked, we can see that the activity of MCM-41
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Table 13. First-Order Kinetic Rate Constants for
n-Heptane Cracking

first-order Kinetic K
sample rate (h™1)2 Al(Al + Si)
MCM-41.1 0.6211 8.873
amorphous Si-Al 3.20 35.56
USY1 12.37 1237

a Calculated from plot stop of —In (1 — x) vs WHSV™L.

Table 14. IR Intensity of the Pyridinium Bands and
Pyridine Coordinate to Lewis Site on the Different
Catalyst Samples

desorption temperature (K)

423 523 623
Brgnsted Acidity
MCM-41.1 12 6 3
MCM-41.2 1.5 0.6 0.3
MCM-41.3 n.d. n.d. n.d.
ASA 12 6 3
usyYl 21 9
Lewis Acidity
MCM-41.1 47 34 24
MCM-41.2 3.1 2.3 15
MCM-41.3 2.3 15 1.5
ASA 37 23 2
usy1l 11 8

Table 15. First-Order Kinetic Rate Constants for Gas
Oil Cracking

first-order kinetic K
sample rate (K)2 Al(Al + Si)
MCM-41.1 2.04 29.14
ASA 1.71 19.00
UsY1l 3.22 322

a Calculated from a first-order rate expression In (1 - x) at
cat/oil ratio of 4.

Table 16. BET Surface Area (m? g') of the Samples

Si/Al calcined steamed
MCM-41.1ST 14 837 81
MCM-41.2ST 100 1031 84
MCM-41.3ST 143 877 347
ASA.ST 100 551 116
USY1.ST 25 268 213

approached that of the USY zeolite and is higher than
that of amorphous silica-alumina (Table 15).

Comparing gas oil cracking selectivity results
(Figure 39), it was seen that MCM-41 produces more
liquid fuels and less gases and coke than amorphous
silica-alumina. When compared with USY zeolite,
MCM-41 is more selective toward diesel formation
and gives less gasoline and more coke. These results
would suggest that if not present as the main active
cracking component of the FCC catalyst, MCM-41
could probably be used as an active component of the
matrix. Indeed, mesoporous silica-aluminas are ac-
tive for performing a precracking of the largest feed
molecules, facilitating the ulterior action of the USY
zeolite.3%0 A clever use of the MCM-41 in this respect
was reported by Schipper et al.36* who prepared a
cracking catalyst comprising a core of a zeolite (USY,
ZSM-5) and a shell of MCM-41.

However, if one takes into account that in a FCC
unit the catalyst is subjected in the regenerator to
temperatures close to 800 °C in the presence of
steam, it is easy to understand that for FCC cracking
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catalysts more important than the initial activity is
the hydrothemal stability of the catalysts. It is for
this reason that work reporting only on the cracking
activity of fresh catalysts becomes limited.362-364

To find if a given cracking catalyst is suited to
resist at a reasonable level, the hydrothermal deac-
tivation in the regenerator of the FCC unit, this is
calcined at 750 or 815 °C in the presence of 15 psig
of steam. When the MCM-41, amorphous silica-
alumina and the USY zeolite discussed before were
steamed at 750 °C, their surface area decreases, this
effect being much larger in the case of the MCM-41
samples (Table 16). The observed decrease in MCM-
41 indicates two things: First of all that the samples
are not stable enough to resist the inferno of the
regenerator, and secondly, that the MCM-41 sample
containing the lowest Al content is the most stable
one. Unfortunately, if MCM-41 is more hydrother-
mally stable when it contains less Al, it will contain,
as a result, a lower number of acid sites when the
Si/Al increases and consequently, its catalytic activity
decreases. Nevertheless, the gas oil cracking activity
of the steamed samples was measured (Figure 40)
and the results show that MCM-41 is much less
active than either USY or amorphous silica-alu-
mina.3®® Similar results on the hydrothermal stabil-
ity of MCM-48 have also been found.36%

At this point, it becomes clear that even though the
characteristics of MCM-41 for cracking vacuum gas
oil and straight run naphtha3®® are good, unless more
hydrothermally stable samples are prepared the
possibilities of using MCM-41 in the actual crackers
themselves will be limited. Thus, due to its practical
importance the stability of MCM-41 has been studied
in a number of publications.367-371

The most fruitful direction for increasing the
stability of these solids consist of increasing the
diameter of the walls. In this way pore diameters
up to 2.0 nm have been claimed, and the resultant
samples show very good thermal stability.37°371 Un-
fortunately, the hydrothermal stability of the result-
ant samples was not checked. It appears to us that
an increase in hydrothermal stability will be achieved
if MCM-41 samples, with more ordered walls, are
synthesized. The ideal will be to synthesize MCM-
41 with crystalline walls, since if this were achieved
the madelung energy will increase the hydrothermal
stability of the crystalline samples.

Meanwhile, one can look into refinery processes
which require a catalyst with mild acidity and are
less demanding from the point of view of the hydro-
thermal stability. In this sense, processes such as
hydroisomerization, hydrocracking and demetaliza-
tion, and olefin oligomerization appear as good
candidates.

Resids or shale oils can be upgraded by using a
catalyst comprising MCM-41 and nickel and molyb-
denum,372 with the peculiarity that the mesoporous
MCM-41 is used in decreasing pore sizes from the
top to the bottom of the reactor3”® (Table 17).

A recent development consists of perfoming hydro-
cracking in reactors commonly used for carrying out
hydrodesulfurization of the feed and which works at
pressure below 100 bars. By working under these
conditions one can perform some hydrocracking of the
feed, increasing therefore the amount of diesel pro-
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Table 17. Residue Upgrading Process with Decreasing MCM-41 Pore Size
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MCM-41 pore size
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Figure 39. Selectivity to different products vs total conversion for cracking of gas oil for MCM-41.1, ASA, and USY1.

duced while achieving the desired HDS of the feed.
This process is called mild hydrocracking (MHC) and
requires as a carrier a mildly acidic support on which
NiO and Mo,0O3 are incorporated. Typical catalysts
used in MHC include acidic carriers such as halogen-
doped alumina, silica-alumina, or zeolites, which
allow conversion of heavy hydrocarbons via carbe-
nium ion cracking. The zeolite-containing catalysts
are now used extensively in MHC. The amorphous-
based hydrocracking catalysts are more sensitive to

deactivation by coking and by organic nitrogen
compounds and ammonia, formed in the hydrodeni-
trogenation (HDN) reactions, than zeolite-based cata-
lysts.37* However, because of their very high cracking
activity, zeolite-based hydrocracking catalysts show
a higher selectivity to LPG, gasoline, and lower to
middle distillates than the amorphous systems.37>
Moreover, an important aspect of hydrocracking
catalysts which takes on special relevance when
processing heavy feedstocks is the distribution of the
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Figure 40. Activity for cracking of gas oil for steamed
MCM-41.1, ASA, and USY1.

Table 18. Textural Properties of Unsupported and
NiMo-Supported Catalysts

BET surface
area (m?g™?)

pore volume
m*g™  apDe

sample micropore total nicropore total (nm)
MCM-41 0 648 0 0.54 3.3
NiMo/MCM-41 0 519 0 0.60 4.6
SiO,-Al,03 21 268 001 031 46
NiMo/SiO,-Al,03 15 171 <0.01 0.29 6.8
usy 362 551 0.18 041 21
NiMo/USY 179 283 0.09 029 29

a Average pore diameter. ® The PQ data specifies a surface
area of 720 m? g™,

metals on its surface, and their proximity to the acid
sites where cracking will occur. This is a serious
problem for zeolite-based hydrocracking catalysts,
even if a large pore Y-type zeolite with enhanced
mesoporosity is used. Taking all this into account,
MCM-41 appears as a well-suited carrier for this
process since it has high surface area for achieving
good dispersion of the transition metal oxides, and
at the same time the aluminum form of the mesopo-
rous material presents mild acidity.376:377

In a recent work,?”” the MHC performance of a
NiMo/MCM-41 catalysts was compared with that of
amorphous silica-alumina and an ultrastable low unit
cell size Y zeolite (USY) having the same Ni and Mo
contents (Table 18). From the point of view of the
acidity of the carrier, USY zeolite showed the highest
amount of Bronsted acidity, most of the sites having
medium-strong acid strength. The acidity of MCM-
41 was similar to that of amorphous silica-alumina,
both in number and acid strength distribution.
Moreover, most of the Brgnsted acid sites in the two
mesoporous silica-alumina carriers are of weak-
medium strength, as is required for producing diesel
in MHC operation. However, it should be taken into
account that the acid characteristics of the support
are modified when supporting the metals, and in this
particular case, the Mo strongly interacts with the
acid sites, making the strongest acid sites disappear
from MCM-41 and amorphous silica-alumina
samples.?”7 A vacuum gas oil containing 2.53 wt %
of sulfur and 2900 ppm of N, was hydrotreated on
the above bifunctional catalysts and their perfor-
mance for hydrodesulfurization (HDS), hydrodeni-
trification (HDN), and hydrocracking are given in
Figure 4la—c.

The results show that the MCM-41-based catalyst
gives better performance from the point of view of
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Table 19. Product Distribution Obtained in the Mild
Hydrocracking of Vacuum Gas Oil (Feed A) at About
50 wt % Hydrocracking Conversion to Products

Boiling Below 360 °C on the Different NiMo Catalysts

distribution of products
boiling below 360 °C (wt %)

middle
catalyst C,—Cy naphtha? distillates®
NiMo/MCM-41 16.2 25.8 58.0
NiMo/SiO2-Al,03 18.9 231 57.9
NiMo/USY 19.7 27.3 52.0

aNaphtha: Cs to 195 °C bp. ? Middle distillates: 195—360
°C bp.

HDS, HDN, and hydrocracking conversion. This is
probably due to the very high surface area and
regular pore dimensions of the MCM-41 aluminosili-
cate, which favors a high dispersion of the active
species while increasing the accessibility of the large
molecules of the gas oil feed containing heteroatoms
to the catalyst active sites. In the case of the MHC,
as important as the total conversion is to obtain a
good selectivity to middle distillates. The product
distribution obtained is given in Table 19 and shows
that the NiMo/MCM-41 catalyst produces the lowest
amount of gases and consequently the highest to
liquid fuels, with diesel production also being maxi-
mized. Since the acidities are very similar on the two
mesoporous catalysts, the differences in selectivities
were related to the regularity, size, and dimensional-
ity of the pores present in MCM-41.377 When the
hydrocracking catalysts were used in a hypothetical
two-stage operation, using a pretreated feed with
lower sulfur and nitrogen contents and with the
boiling range of the feed shifted to lower boiling point
products, the USY-based catalyst shows its superior
hydrocracking activity, while MCM-41 is more selec-
tive toward middle distillates than the zeolite and
similar to amorphous silica-alumina.

It appears, then, that NiMo/MCM-41-type materi-
als may be used in the next generation of MHC
catalysts. In this respect it would be worth studying
the influence of the pore size of the mesoporous
material on the final hydrocracking behavior. This
could be relevant, if one takes into account that the
reaction network involves a series of consecutive
reactions. Therefore, the relative rates for formation
of diesel, kerosene, naphtha, and gases should be
quite sensitive to the existence of diffusional prob-
lems and, consequently, to the diameter of the pores.

When deep hydrocracking is desired and the high-
est possible activity together with the highest pos-
sible middle distillate selectivity are to be achieved,
then the process is carried out at pressures above 100
bars and temperature range of 230—450 °C, on
catalysts comprising as the support silica-alumina
dispersed in an alumina matrix, or silica-alumina
and zeolite within an alumina matrix. As the hy-
drogenation—dehydrogenation component, a group
VIl metal and a group VIB metal are introduced. A
hydrocracking process has been developed using
mesoporous MCM-41.378-380 |n this case hydrotreat-
ed vacuum gas oil feed was hydrocracked on a three-
component catalyst: Niw, MCM-41, and USY/ZSM-
5. The metal components of the catalyst are
preferably associated with the high-surface area
mesoporous component and high metal loadings can
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be achieved in order to give good hydrogenation
activity to the catalyst. The zeolite (USY or ZSM-5)
provides a higher level of acidic functionality than
the mesoporous component, allowing metal loadings
and acidic activities to be optimized for good catalyst
selectivity and activity. The catalyst that include
MCM-41 instead of amorphous silica-alumina allows
similar distillate selectivity but with an improved
conversion activity.

The acid form of AI-MCM-41 together with nickel
and tungsten can also be used to hydrocrack heavy
waxes.®1 The selectivity of this catalyst toward lube
oils is higher than that of fluorinated NiW/AI;O3,
specially at levels of conversion above 50%.

The mild acidity of AI-MCM-41 can also be useful
for isomerizing normal paraffins into isoparaffins on
bifunctional Pt/MCM-41 catalysts.®2:38 |n the case
of a bifunctional mechanism the generalized steps are
outlined in the following scheme:

Pt
n-paraffin === n-olefin + H)
ﬂ H-MCM-41
[n-olefin]*

ﬂ H-MCM-41
Pt, Hp

i-paraffin i-olefin

The first reaction step occurs on the metal function
and corresponds to the dehydrogenation of the paraf-
fin yielding the corresponding olefin. The high
reactivity of olefins toward acid catalysts allows the
mildly acidic MCM-41 to isomerize the normal olefin
to the isoolefin, which is finally hydrogenated on the
metal function and desorbed as an isoparaffin. In
comparison to Pt-silica-alumina catalysts the Pt/
MCM-41 produced less cracked products, probably
due to its effectively greater Pt dispersion.

A combination of hydrocracking plus hydroisomer-
ization in a two-step process based on a MCM-41
catalyst is able to convert wax feeds to high viscosity
index lubricants.®* In the first step the wax feed is
hydrocracked under mild conditions (70 bar), with a
conversion to nonlube range products lower than 40%
of the feed, on an acidic mesoporous MCM-41 based
catalyst. The effluent of the first stage is hydroi-
somerized in a second step using a low acidity
hydroisomerization Pt/MCM-41 catalyst to produce
less waxy branched paraffins.

Since olefins can easily be activated by solid
catalysts containing mild acid sites, H-MCM-41 has
been used for upgrading olefins in several different
processes.®® In one of these routes, Cz, C4, 0or Cs
olefins are oligomerized to C¢—Cis* hydrocarbons
which are then recycled and cracked in a multistage
process to form C3;—Cs range olefins.

Olefins can also be disproportionated on H-MCM-
41 to produce isobutylene and isoamylenes that are
reactants for the production of MTBE and TAME.366

Production of fuel and lubricants can also be
obtained by direct oligomerization of olefins38-3% on
metal-containing MCM-41. Cr, Ni, and Fe are suit-
able metals to carry out the oligomerization of
ethylene and propylene. In general, it can be said
that the catalytic activity of mesoporous materials
was lower than MFI-metallosilicates,®** particularly
when the purpose is to produce oligomeric gasoline.
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However it has been shown®! that a considerable
amount of oligomers is produced from propene at low
temperatures on MCM-41-type catalysts, and in this
case the pore size of the mesoporous material can
make a difference when the objective is to oligomerize
larger olefins, or in general, to produce large lubri-
cant molecules. As an example the oligomerization
of propylene on different acid catalysts is given in
Figure 42,39

When discussing the advantages of mesoporous
materials for acid-catalyzed reactions, the benefit of
the large regular pores better allowing the diffusion
of the reactants and conversely the fast diffusion of
the products out, minimizing unwanted consecutive
reactions and catalyst decay by the large sizes of the
adsorbed molecules, is a recurring theme. If this
feature was useful in the field of oil refining and
petrochemistry, it becomes of paramount importance
when dealing with the synthesis of fine chemicals.
Indeed, these reactions, often involve bulky reactants
and products, and in many cases they are carried out
in liquid phase where diffusional problems can be
enhanced. It is not then surprising that acidic
mesoporous materials have enjoyed considerable
success in the field of organic synthesis, even though
the applications are still in their infancy. Up to now
most of the work published in the application of acidic
MCM-41 materials for the production of fine chemi-
cals comes principally from two research groups from
Delft and Valencia Universities. Friedel—Crafts
alkylations and acylations are successfully carried
out on aluminosilicate MCM-41.392-3%8 The shape
selectivity of the H-MCM-41 was demonstrated dur-
ing the alkylation of 2,4-di-tert-butylphenol with
cinnamyl alcohol. Even though a large-pore HY
zeolite has adequate acidity to carry out this reaction,
only very minor amounts of the Friedel—Crafts
product 3 were observed, while this was the major
product on MCM-41 (Table 20).3924

OH : ~xCH0H { OH
O ” O

An explanation for this is the possibility that
dihydrobenzopyran (3) would be produced via the
intermolecular ring closure of the primary cin-
namylphenol (2), arising from the Friedel—Crafts
alkylation of phenol (1). On the other hand, com-
pounds 4 and 5 would be formed by acid-catalyzed
dealkylation, a process which is generally observed
in tert-butyl substituted aromatics and has been
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Figure 42. Propylene oligomerization on different acid
catalysts.
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Table 20. Results of the Reaction of
2,4-Di-tert-butylphenol (206 mg) with Equimolar
Amounts of Cynnamyl Alcohol (134 mg) in Isooctane
(50 mL) at 90 °C in the Presence of Solid Catalyst (250
mg) or Sulfuric Acid (20 mg)

products, yield (%)

catalyst 1 3 4 others
HY 89 <1 5 -
HYM 75 9 - 122
MCM-41 20 35 25 5(6)
Si/Al 56 6 - -
Hazsoa 73 12 9 3°

2 Dicinnamyl ethers plus diphenylpentadienes. ° Tri-tert-
butylphenol.

reported to occur on zeolites.?%41 Thus, owing to
the diffusional problems of the reactant 1 through
the windows of the zeolite, benzopyran (3) will only
be formed on the surface of the faujasite, while it will
easily diffuse and react in the pores of MCM-41.
Analogous pore size effects were observed during the
tert-butylation of anthracene, naphthalene, and tian-
threne.3%

Acylation reactions are of general use in the
production of fine chemicals. In most processes AICl;
is still used in stoichiometric amounts to “catalyze”
this type of reactions. Very recently, the economic
as well as waste disposal problems associated with
the use of AICI; are trying to be overcome through
the use of easy separable and regenerable solid
catalysts. In this sense researchers from Rhone-
Poulenc have claimed the use of acid zeolites for the
Friedel—Crafts acylation of aromatics,**? and some
of the results have now been commercialized. The
work of Spagnol et al., however, certainly opens up
the possibility of exploring MCM-41 for carrying out
acylation reactions of more bulky reactants.

The synthesis of aromatic ketones is an important
process in the preparation of synthetic fragrances and
pharmaceuticals which involves an aromatics acyla-
tion step. More specifically in this area, work has
been reported3® on the acylation of 2-methoxynaph-
thalene with acetic anhydride, with the aim of
achieving the highest acylation at the 6 position
which is of particular interest for the production of
the anti-inflamatory drug Naproxen.
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In this respect, H-MCM-41 was found to be an
active catalyst giving at 132 °C in chlorobenzene,
turnover numbers of 20, 17, and 11 when using
acetic, benzoic, and isobutyric anhydride, respec-
tively, as acylating agents. With respect to the
product distribution it was observed that at moderate
temperatures (up to 100 °C) the selectivity to the
l-acylated product was practically 100%. At higher
temperatures, the preferential deprotodeacylation of
the 1 position, with respect to the 6 or 8 position,
leads to a decrease in the selectivity for the 1 position.
Nevertheless selectivities to the acylation in the 6
position were always below 10% on the H-MCM-41
catalyst. What is remarkable in this system is that
the catalyst can be easily regenerated. It appears
then that the mildly acidic H-MCM-41 mesoporous
material is a suitable Brgnsted acid catalyst for the
Friedel—Crafts acylation of 2-methoxynaphthalene
using anhydrides as acylating reagents.

This mild acidity combined with the large pores has
been especially useful for carrying out reactions such
as acetalyzations,**® Beckman rearrangements,*®*
glicosidation,*% and aldol condensation.*®® The cata-
lytic preparation of acetals is of interest for their use
in pharmaceuticals*?’4%¢ and as fragrances in per-
fumes and detergents.*%® Since the reaction does not
need strong acid sites and on the other hand it
frequently deals with bulky reactants, H-MCM-41
appeared as a good choice of catalyst. The acetal-
ization of aldehydes with different sizes, i.e. n-
heptanal (1), 2-phenylpropanal (2), and diphenylac-
etaldehyde (3), with trimethylorthoformiate (TOF)
was carried out on different acid catalysts going from
microporous (f3-zeolite) to mesoporous amorphous
silica-alumina (Si-Al), and long-range ordered MCM-
41 silica-alumina.*®® The rates of acetalization ob-
tained on these catalysts are given in Table 21.

It can be seen once again in this case that when
working with reactants of smaller size, the zeolite is
the most active catalyst. However when the size of
the aldehyde increases, the diffusional restrictions
imposed by the zeolite pores strongly decrease the
observed rate of reaction, while in the case of the
MCM-41 catalyst the ratio remains very close, re-
gardless of the size of the reactant aldehyde. This
makes the ordered mesoporous acid catalyst a very
convenient one for carrying out, acetalization reac-
tions, especially when bulky reactants and products
are involved. If the catalytic activity is important
for these reactions, it is also very important to avoid,
or at least to slow down, the deactivation of the
catalyst during the process. The acetalization of the
bulkiest diphenylacetaldehyde is a very nice example
of the importance of the fast diffusion of the products
to slow down the catalyst deactivation. Indeed, the
results presented in Figure 43 indicate that while the
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Table 21. Influence of the Catalyst Pore Size on the
Rate and Conversion in the Acetalization Reaction of
1,2,and 3

ro (mol h=t g=1) x 103

catalyst 1 2 3
1-MCM-41 2500 2480 2340
2-fH 180
Si-Al 1500 1600 460
100
S 80 |- MCM-41
@
% 60 -
3 40} HY
=
[
E 20
£
0 1
0 1 2 3 4
t(h)

Figure 43. Synthesis of dimethyl acetals on HY and
MCM-41 acid catalysts.

initial rate of acetalyzation is larger on HY zeolite
this becomes rapidly poisoned due to the products
which are not able to diffuse outside building up in
the a cavities resulting in conversions no greater
than 60%. On the contrary, in the case of the MCM-
41 catalyst even though the initial rate is slightly
lower, the catalysts decay is slower than in the case
of HY zeolite, and consequently practically 100%
conversion is achieved within three hours of reaction
time.

The Beckman rearrangement of cyclohexanone
oxide has been carried out on medium and large pore
zeolites,*197414 and it has been concluded that weak
acid sites, as weak as silanols, can carry out the
reaction.*> Then MCM-41 with its low acidity can
also catalyze a reaction of this type*® but the yields
and selectivity are lower than those obtained with
zeolites.

It is remarkable, taking into account the general
properties of mesoporous materials, how little work
was undertaken in applying acidic mesoporous mo-
lecular sieves to the preparation of fine chemicals.
We are convinced that in the next few years, when
more information on these materials will be available
to organic chemists, the number of applications of
MCM-41 type materials in organic synthesis will
strongly increase. This review is aimed, in part, to
show the readers who are nonspecialized in materials
preparation but who are potential users of MCM-41
derivatives that they are relatively easy to make and
their potential, at least in catalysts, is still largely
unexplored.

2. Base Catalysis

It was previously reported that microporous alu-
minosilicates can be used as base catalysts when the
negative charge on the aluminum was compensated
by alkaline ions.#1541¢ Furthermore the smaller the
charge to radius ratio of the compensating cation is,
the stronger the basicity of the associated framework
oxygen is.415416 In an analogous way to that of
zeolites, the negative charge of the tetrahedrally
coordinated aluminum atom in MCM-41 was com-
pensated by Na* and Cs* and the resultant samples
were active and selective for carrying out the base-
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Table 22. Knoevenagel Condensation of Benzaldehyde and Ethyl Cyanoacetate with Different MCM-41 Catalysts

amount conversion selectivity Aak At

catalyst (% m/m) t (h) (% m/m) (%) (mol h™* mol 4k met.) (mmol h™t g=1)°
Na-MCM-412 5 7 81 75 2.3 11.8
Na-MCM-41b 5 3 72 99 4.7 15.5
HNa-MCM-41° 5 3 61 95 24.9 14.1
Cs-MCM-41A2 1.6 7 67 60 5.3 12.9
Cs-MCM-41AP 5 3 72 98 7.5 18.4

a Solvent free at 150 °C, 20 mmol of ethyl cyanoacetate and 26 mmol of benzaldehyde. ® THF-H,0 at 70 °C, 15 mL of each and

10 mmol of each reactant. ¢ Specific activity at t.

Table 23. Catalytic Oxidation of Hex-1-ene with H,0,
on Ti-MCM-41 Zeolite

selectivity (% molar)

conversion  selectivity
t (h) (H20,) (H202) epoxide glycol ether
0.50 3.9 60 100
2.00 23.4 70 95.7 17 2.6
3.50 28.9 70 94.4 1.6 4.0
5.00 39.9 75 91.2 3.1 5.7

catalyzed Knoevenagel condensation of benzaldehyde
with ethyl cyanoacetate:*!”

(0]

H CN

CO,Et
—
AN
CO,E CN

7
+ HC

As expected, the H-MCM-41 was not able to
catalyze the reaction, while the Na*-exchanged sample
could perform the reaction. The Cs'-exchanged
sample was more basic and therefore, it was more
active than the Na*-exchanged sample (Table 22).

When the Na-MCM-41 sample was tested on a
more demanding reaction such as the condensation
of benzaldehyde with diethyl malonate, it was found
that the reaction occurs, but at a much smaller rate.
For instance, only 6% conversion was observed after
3 h at 150 °C. When an excess of alkaline with
respect to the exchange capacity is introduced, Na,O
and Cs;O particles can be formed and then the
resultant catalysts show a stronger basicity than
caesium- and sodium-exchanged MCM-41.

In our opinion alkaline-exchanged MCM-41, espe-
cially those with a high Al'Y content, can extend the
possibilities of alkaline exchanged zeolites toward
reactions catalyzed by weak bases and involving large
size reactant molecules. On the other hand, the very
large surface area of AI-MCM-41 can be an adequate
support to generate, after impregnation with cesium
salts followed by calcination in an inert atmosphere,
a high amount of small Cs,0 particles, which will be
able to perform reactions demanding strong basici-
ties.

3. Redox Catalysis

After the seminal work on the selective oxidation
of paraffins, olefins, and alcohols on Ti-silicalite*18-420
and its extension to a large pore Ti-j3-zeolite,*?17423
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 in early
1994,%82 and the resultant material was able to
epoxidize selectively olefins to epoxides using H,O;
as the oxidizing agent (Table 23).

The activity of Ti-MCM-41 to epoxidize small linear
olefins with H,O, was lower than when using Ti-
silicalite and Ti-g-zeolite catalysts, indicating that
the intrinsic activity of Ti in the MCM-41 was lower
than in ZSM-5 and fS-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.?8224 For
instance Ti-MCM-41 was found to be much more
active than Ti-f-zeolite to oxidize a-terpineol and
norbornene at 70 °C using tert-butyl hydroperoxide
as oxidant (Table 24).

Two months later, another paper on the synthesis
of a mesoporous Ti-containing material called Ti-
HMS appeared,?8 showing a surprisingly high cata-
lytic activity for the hydroxylation of benzene to
phenol using acetone as the solvent. However, it was
shown later#?® that the phenol yields were overesti-
mated, due to the fact that the competitive oxidation
of the acetone was not taken into account and the
products formed were not separated chromatographi-
cally from phenol. When the reaction was carried
out properly it was shown that Ti-HMS has very low
activity for the hydroxylation of phenol, and in any
case much lower than Ti-MCM-41.4%> Other papers
have expounded on the subject.*?67428 Recently it has
been proposed that Ti-HMS prepared with a neutral
surfactant (S°1°) exhibits greater catalytic activity for
the liquid-phase peroxide oxidations of methyl meth-
acrylate, styrene, and 2,6-di-tert-butylphenol than Ti-
MCM-41 assembled by electrostatic STI*t and STX~I+
pathways. The difference in activity is larger when
bulkier reactants are used. This difference in activity
cannot be related to differences in the intrinsic
activity of Ti, since this is in the same environment
in the walls of the structure (see earlier discussion)
and thus has been related to the greater interparticle
mesoporosity observed in Ti-HMS which should
facilitate substrate transport and access to the frame-
work confined mesopores.286

Amines have also been oxidized on Ti-MCM-41 and
Ti-HMS mesoporous materials.*?°43 The products
formed are of interest in several fields including
chemical and pharmaceutical industries.*314%2 While
Ti-MCM-41 has little activity to convert primary
aliphatic amines into the corresponding hydroxy-
lamine, the mesoporous Ti-HMS is active for the
oxidation of arylamines in the liquid phase. The
success observed from using the mesoporous material
was again related to the larger pores and the pos-
sibility of using organic peroxides as oxidants. On a
similar basis, Ti-MCM-41 is able to oxidize bulky
sulfides to the corresponding sulfoxides and sulfones,
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Table 24. Oxidation of a-Terpineol and Norbornene on Ti-Containing Materials
norbornene
a-terpineol epoxides
catalyst sample reaction time (h) product 3 others reaction time (h) exo endo alcohol
Ti-MCM-41 3 23.8 4.02 5 21.7 4.7 3.1
8 315 8.6 11 30.0 12.3 6.4
Ti-Beta 3 4.1 25 5 4.7 5.6 6.6
8 7.6 5.8 11 11.2 7.1 12.8

better than the large pore Ti-3-zeolite.*3® Indeed, the
results show that while Ti-j3-zeolite is more active in
reaction 1, the order of reactivity is reversed when a
bulkier sulfide is involved (reaction 2).

Reaction 1

il il
Cat
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H0,
o] H;
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Up to now most of the work on Ti-M41S mesopo-
rous molecular sieves has been carried out on the
MCM-41 structure and very few on Ti-MCM-48.287:434
In those cases a Ti-containing mesoporous material
isomorphous to the cubic MCM-48, silicate structure
has been synthesized by using surfactants. It was
claimed that since the unit cell has been enlarged
and UV—vis, IR, and Raman characterization showed
that titanium was well dispersed, the guest metal
should probably be located in the wall of the meso-
porous structure substituting for part of the silicon.
However, when one looks closer at the synthesis
procedure reported, it can be seen that the high pH
synthesis (pH = 11) is achieved by adding NaOH. It
is well known in the literature that in order to
incorporate Ti in micro- and mesoporous materials
in tetrahedral coordination in the final structure,
alkalines metal hydroxides should be avoided in the
synthesis otherwise alkaline metal titanates will be
formed. Thus it may occur that under the reported
synthesis conditions only a small amount of the Ti
should be in tetrahedral coordination within the
walls of the MCM-48. An indication that this may
be the case is the fact that the increase in unit cell
size in the case of the Ti-containing sample is only
of 0.3 A.287 Taking all this into account it is certainly
remarkable that the resultant Ti-MCM-48 is able to
selectively oxidize methyl methacrylate and styrene.

Until now we have discussed the new possibilities
opened by Ti-M41S mesoporous materials in the field
of selective oxidation of bulky reactants using H,O,
and organic hydroperoxides. These possibilities have
been expanded by the observation that it is possible
to prepare bifunctional acid oxidation catalysts which
are able to perform two different reaction steps on
the same catalyst.*® In that work a MCM-41 struc-
ture was prepared which contained in the walls both

Tiand Al sites. In essence the catalyst now has both
the Ti'V oxidation sites, in addition the H* associated
to the AI'Y as acid sites, which enables us to carry
out in one pot and using tert-butyl hydroperoxide, the
multistep oxidation of linalool to cyclic furan and
pyran hydroxy ethers with 100% selectivity and in
ratio of 0.89. This method somewhat resembles the
case where epoxidase enzyme is used instead (~0.7)
and is much better than the less friendly conven-
tional process involving performic acid:*%

OH

TBHP
Ti, AI-MCM-41

:OH

+ 3a
:OH

3b

At this point one can ask why should we use long-
range-ordered mesoporous catalysts which require
the use of surfactants during the synthesis of Ti-
containing silicas if they can be prepared by a sol-
gel synthesis and hence no surfactant is required. In
trying to answer this question we report here on the
comparison of the catalytic characteristics of Ti-
containing mesoporous molecular sieves with meso-
porous titania-silica aerogels with highly dispersed
titanium as prepared by an alkoxide sol-gel
process.*3”~442 |n this case it was found that, at least
for lower Ti contents, Ti is tetrahedrally coordinated
and is able to epoxidize selectively alkenes using
organic hydroperoxides. However unlike Ti-MCM-
41 they cannot be used when H,0; is the oxidant.
An optimized preparation involves a sol-gel technique
combined with ensuing supercritical drying at near-
ambient temperature.*®® This treatment produces a
high density of the desired Ti—O—Si centers, while
producing a good mesoporous texture which allows
accessibility to bulky olefins and organic hydroper-
oxides. A titania content of ~20 wt % has been found
to be the optimum for catalytic purposes.

When this catalyst was compared with an opti-
mized Ti-MCM-41 containing ~2 wt % of TiO,, it is
found that the olefin epoxidation activity per Ti atom
is larger on Ti-MCM-41, but since the titania-silica
aerogel has a much larger titanium content the
conversion achieved on this sample is higher.** It
can be concluded here that it is well worthwhile to
carry out further research in the preparation of
titania-silica aerogels by the sol-gel route, since the
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Table 25. Oxidation of 2,6-Di-tert-butylphenol and
Phenol

product
sample  conv  H,O, selectivity (%)
substrate no.2 (%) eff (%)° quinone CAT HQ
2,6-DTBPY 4 70 64 92
2,6-DTBP  4¢ 95 95f 100
2,6-DTBP 69 24 22 92
2,6-DTBP 6 3 3 100
2,6-DTBP 7 2 2 100
2,6-DTBP nocatalyst 2 2 100
2,6-DTBP  Ti-HMS"h 26 7 54
2,6-DTBP  Ti-HMS! 15 48 93
phenoli 4k 134 69 58 42
phenol 4! 11.7 59 57 43

a All the catalysts were used in the calcined form unless
otherwise stated. P H,O; efficiency = (moles of H,0, utilized
for the formation of quinone/moles of H,O, added) x 100. ¢ CAT
= catechol; HQ = hydroquinone. ¢ Catalyst (0.1 g), 2,6-di-tert-
butylphenol (1.03), hydrogen peroxide (30 mass %) (1.7 g),
acetone (7.8 g), 335 K, reaction time 2 h. ¢ tert-Butyl hydrop-
eroxide was used as the oxidant. fTBHP efficiency. 9 As-
synthesized catalyst. " Reference 12 (Si:Ti = 100). ' Reference
8 (Si:Ti = 100). I Catalyst (0.5 g), phenol (5.0 g) hydrogen
peroxide (30 mass %) (2.0 g) solvent (15 g) 353 K, reaction time
15 h. k Solvent water. ! Catalyst was regenerated and reused.

synthesis procedure is relatively easy and avoids the
use of organic templating agents and samples can be
prepared with larger amounts of titanium. In par-
ticular the three aspects to be improved involve the
long-term leaching of titanium (one should take into
account that for practical industrial application the
minimum usage time is 1000 h), the use of H,0, as
oxidant, and finally the possibility of regenerating the
catalyst by a calcination process in the presence of
air.

Owing to the success in the incorporation of Ti and
its relatively good behavior as a selective oxidation
catalyst, other transition metal elements with po-
tential catalytic activity were also intended to be
introduced on the walls of the MCM-41. An interest-
ing study of MCM-41 incorporating Ti, Fe, Cr, V, and
Mn was reported,*** and by means of X-ray absorp-
tion spectroscopy the authors were able to show the
relative tendencies of the different metals to remain
in the framework when the material was subjected
to calcination. It was found in this respect that Ti
was the most stable in the structure, the majority of
Fe also remains in the framework, whereas in the
case of vanadium and chromium these were found
to increase in their oxidation state to +5 and +6, and
especially chromium was found to be in highly
dispersed oxidic species. These results are of para-
mount importance in order to discuss what the active
species are and where they are located during the
catalytic reactions carried out on mesoporous materi-
als containing transition metals. For instance, a
vanadium-containing mesoporous catalyst was used
for the hydroxylation of 2,6-di-tert-butylphenol (2,6
TBP) into 2,6-di-tert-butyl-1,4-benzoquinone with
high conversion selectivity and efficient H,O, utiliza-
tion**® (Table 25). On the other hand a synthesized
V,05-SiO, aerogel gives considerable conversion of
2,6-DTBP, but after calcination the activity disap-
peared, indicating that V,Os was formed. This adds
one important point to our previous discussion on
advantages and disadvantages, of metal transition-
aerogels as catalysts, since if they have to be regen-
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erated by calcination their catalytic performance may
not be regenerated, as has been observed at least for
V,05-SiO; aerogels.

In the case of V-mesoporous catalysts, we discussed
before the possible leaching of V during the reaction
and the homogeneous catalyzed reaction by the
dissolved vanadium. This effect has been observed*4®
during the hydroxylation of 2,6-DTBP, where it was
found that after the reaction was completed and the
catalysts subsequently filtered, if fresh reactants
were added to the filtrate it was able to react again.
Furthermore the spent catalyst was calcined and
then the catalytic activity disappeared. On the other
hand no leaching was observed during hydroxylation
of phenol, indicating that the substrate can induce
the leaching of vanadium.

Hydroxylation of phenol on Ti, V, Mn, and Cr in
MCM-41 and HMS has also been attempted, and it
was shown that metal-MCM-41 materials are more
active than Metal-HMS, except for the chromium-
containing samples where the reverse was true.
Unfortunately it was not checked in this paper if
leaching of any of the metals had occurred during the
reaction.

Tin-substituted mesoporous silica molecular sieves
have been synthesized with cationic**® or neutral
surfactants.*4” The former material was used to
hydroxylate phenol and 1-naphthol and gave much
higher activity and selectivity than MCM-41 impreg-
nated with Sn, indicating that during the synthesis
the Sn** active centers were probably incorporated
in the lattice of the MCM-41 structure.

Biodegradable lactic acid polymers in the form of
semicrystalline (poly-L-lactic acid (PLA)), can be
prepared by polymerization of the monomer in the
presence of tin(ll) salts. However, since the homo-
geneous catalysts remains occluded in the polymer
and this is to be used in biochemical fields, it can
give potential toxicological problems due to the
presence of the transition metal. Thus, tin-substi-
tuted mesoporous silica molecular sieve (Sn-HMS),
synthesized using a neutral surfactant, has been used
as a heterogeneous catalyst for lactide ring-opening
polymerization.*” The results obtained from the
point of view of conversion and product characteris-
tics (reasonably high molecular mass and low poly-
dispersity) look very promising. In this case it
appears that the role played by the ordered mesopo-
rous structure lies in improving the average molec-
ular mass and polydispersity in comparison to ho-
mogeneous catalysts, by imposing steric constraints
on the propagating PLA chains and minimizing “back
biting” and the intermolecular transesterification
reaction. This outstanding work opens up new
possibilities for carrying out other selective ring-
opening reactions.

It is known that large cations such as Zr, Mo, and
W are active and selective oxidation catalysts in
homogeneous systems. Attempts to heterogenize
such catalysts by preparing zeolites containing, for
instance, Zr gave poor results.**844° This is not
surprising taking into account the strains on the
crystalline framework when the introduction of a
large cation such as Zr is intended. On the other
hand, Tuel et al.**%45! have made use of the amor-
phous character of the mesoporous ordered silicas
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which can allow larger cations to be introduced, and
have prepared zirconium-containing ordered meso-
porous silicas (Zr-MS) which are active and selective
for oxidation of a large variety of substrates such as
aniline cyclohexane norbonylene, and 2,6-DTBP us-
ing both H,O, and tert-butyl hydroperoxide. In the
case of epoxidation reactions, the selectivity of Zr-
MS to the epoxide was always lower than over Ti-
MS. We think that the lost selectivity toward the
epoxide can be due to the strong Lewis acidity of the
Zr*t,

Concerning the redox activity of transition metal-
substituted ordered mesoporous solids, we can con-
clude that they represent a very useful and versatile
extension of the redox zeolites. Indeed, zeolites and
even AIPOs are limited, due to structural strains,
on the size of transition metal which can be intro-
duced. This limitation does not occur, at least to the
same extent, in the case of the ordered silica meso-
pores. It is however a pity that in transition metal-
containing mesoporous catalysts the activity and
selectivity strongly decrease when increasing the
level of the metal. For instance in the case of Ti-
MCM-41, the turnover number strongly decreases
upon increasing the Ti content in the material. In
other words, the conversion during olefin epoxidation
increases first with the number of titanium atoms
incorporated until reaching a maximum at ~2.0 wt
% and then decreases. It appears then that new
synthesis procedures have to be developed which
allow us to increase the level of active metal on the
catalyst. There is another aspect which has been
surprisingly neglected and this is the influence of the
pore diameter on activity and selectivity of transition
metal substituted ordered mesoporous silicas. There
is no doubt that even though the substrates studied
up to now are smaller than ~3.5 nm, in the case of
liquid-phase processes, effectiviness factors lower
than one still may exist for molecules with sizes
above 1.2 nm.

Finally, we know now that metal leaching strongly
depends on the nature of the substrate, solvent-
oxidizing agent, and reaction conditions. Care should
be taken in testing these materials, and one should
check that homogeneous reactions due to leaching of
the metal does not occur under each particular set
of reaction conditions.

E. Ordered Mesopores as Support

The high surface area of the ordered mesopores
together with the presence of groups able to be
functionalized have been of great use to support
metal oxides and organometalic compounds achieving
very high dispersions of the active phase. In this
section we will present an overview of the work done
to date in this area and discuss future opportunities.

1. Supporting Acids and Bases

It was seen before that the acidity of ordered
mesoporous aluminosilicates was mild and, therefore,
unable to catalyze reactions demanding strong acid
sites. This limitation could be partially overcome
using the mesoporous materials as a support for
strong acids such as heteropolyacids. Indeed, it has
been published that heteropolyacids could be sup-
ported on alumina, silica, and carbon, and the result-
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Table 26. Surface and Porosity of PW/MCM-41
Tmax® SgeT d Vp
sample (°C) (m2g) (A)  (mL/g)
MCM-41 300 1200 32 0.95
20 wt % PW/MCM-41 250 970 30 0.65
40 wt % PW/MCM-41 250 580 30 0.38

a Pretreatment temperature.

ant materials were active catalyst for reactions such
as paraffin isomerization and isobutane/butene alky-
lation, which require strong acid sites. It was found
that supports with basic character such as Al,O3; were
not appropriate and neutral or mildly acidic supports
such as carbon or silica were required. Taking this
into account, it was a logical step to make use of the
high surface area of pure silica MCM-41 as a support
for heteropolyacids (HPA).*52 This was also done by
Kozheunikov et al.*52 by supporting H:PW1,04 (PW)
on a mesoporous pure silica MCM-41. In this case
the HPA retained the Keggin structure on the MCM-
41 surface and formed finally dispersed HPA species,
without formation of HPA crystals even at HPA
loadings as high as 50 wt %. The most remarkable
claim is that even with those high HPA contents the
resultant materials presented uniformly sized me-
sopores of ~3.0 nm diameter. This is most surprising
considering that the starting MCM-41 used has pores
of 3.2 nm and since at HPA contents of 50 wt % the
maximum dispersion possible would be close to a
monolayer, and hence it would be difficult to obtain
pores of 3.0 nm in the resultant material. The
textural characterization of the samples (Table 26)
clearly shows that the surface area strongly de-
creased, indicating that some pores are blocked by
the HPA, and therefore there is not a uniform
distribution of the acid on the surface. Nevertheless
the resultant material was quite active as a catalyst,
and in any case more active than the bulk HPA and
even H,SO, for the liquid phase alkylation of 4-tert-
butylphenol with isobutene (Table 27):

OH OH H

< ~

— | \JJ]|] —

In a second and also interesting report from the
same group*®* it was proposed that at lower loadings
of HPA (<30 wt %) the predominant species was not
the Keggin structure but probably a HgP>W150s;
species which turned out to be eight times more
active catalytically than the Keggin structure, which
became the predominant species at higher loading
(>30 wt %). However when the impregnation was
carried out with a methanol solution of HPA, the
Keggin structure was the only observed species in
the whole range of HPA loading.

In a similar way to PW heteropolyacids, SiWi,
heteropolyacids have also been supported on pure
silica and aluminosilicate MCM-41. It was also found
that SiWi, retains the Keggin structure on the
mesoporous solids and no HPA crystal phase was
developed even when SiW;; loadings were as high as
50 wt %. The resultant catalyst was active in the
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Table 27. Alkylation of TBP with Isobutene in
Benzene (70 °C, TBP/CgHs 50/50 wt/wit)

ivi d
amount 1, Selectivity (mol %)

catalyst? (Wt %)° (min)* DTBP TTB
97% H,SO4 25 21 46 54
amberlyst-15 5.0 41 57 43
PW 25 15 89 11
20% PW/MCM-41 2.5 20 86 14
40% PW/MCM-41 25 11 87 13
50% PW/MCM-41 2.5 8 91 9
20% PW/SiO,® 25 20 89 11
20% PW/SiO,-Al,O5f 5.0 125 87 13

a All the PW catalysts were prepared by impregnation, dried
at room temperature in vacuum, and stored over P,Os. ® The
percentage of the catalyst based on the total amount of the
reaction mixture. ¢ The half-time of the TBP conversion. ¢ The
selectivity based on TBP at 95% TBP conversion, 0.5—1 h.t As
a carrier Aerosil 380 (Degussa AG) was used. f As a carrier
an amorphous aluminosilicate LA-SHPV 708 (AKZO) with Sger
539 m?/g and Si/Al 20 was used.

esterification of acetic acid by 1-butanol in a fixed-
bed reactor system. It was interesting to observe that
some of HPA was leached during the reaction, with
the precise amount leached being lower when the
calcination temperature was higher and the lower the
loading of HPA.

In our opinion there are two aspects which need
to be worked on further in the area of MCM-
supported HPA. The first one is achieving a really
good dispersion, making available use of all the
MCM-41 surface. If thisis achieved the predominant
species formed, even for higher loading, should be the
most active HgP,W15062. The second one is that
supported heteropolyacids will have a high tendency
to leach when polar molecules are used as reactants.
However, the supported HPA, if properly attached
to the surface should be quite useful when nonpolar
molecules are required to react. These two points
have been considered in a recent study from our
laboratory,*® in which we have used two MCM-41
materials with different pore sizes to support various
amounts of H3PW1,04. The results clearly show that
a better dispersion is obtained when MCM-41 with
pores with larger diameters are used, and this is
positively reflected in the catalytic alkylation of
isobutene/butene.

With respect to supported base catalysts, it was
shown previously that it was possible to obtain strong
basic catalysts by generating highly disperse crys-
tallites of Cs,0 on the surface of MCM-41. This type
of catalysts, while they can be active for catalyzing
reactions demanding very strong (superbase) base
sites, obviously have the inconveniences that they
should be prepared and must operate in conditions
where no CO, and H,O are present. There is
however the possibility of catalyzing a large number
of less demanding reactions by using amines with
different basicities. Following the tendency of het-
erogenizing homogeneous catalysts one may think to
anchor the amines to the surface of MCM-41 by
means of the silanol groups. The techniques for
doing this are well known since chromatographic
phases are prepared in this way. Very recently
Brunel et al.#*>457 have anchored primary and sec-
ondary amines to the surface of pure silica MCM-41,
and the resultant materials were found to be active
and selective for carrying out Knoevenagel condensa-

Chemical Reviews, 1997, Vol. 97, No. 6 2411

tion reactions, as well as for the preparation of
monoglycerids starting from 2,3-epoxy alcohols and
fatty acids.*>8
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This last reaction represents an alternative to the
production of monoglycerides by transesterification
of triglycerides with glycerol.

2. Supporting Metals and Oxides

There is a large quantity of accumulated knowledge
on supporting metals on carriers, such as Al,Og3, SiO;,
carbon, and zeolites, among others, and on achieving
high metal dispersions. The very high surfaces of
ordered mesoporous materials offer new possibilities
for obtaining highly dispersed noble metal catalysts.
In this respect, Schuth et al.**® have studied not only
more conventional methods such as incipient wetness
and ion exchange for incorporation of Pt on MCM-
41, but also the direct introduction of Pt during the
synthesis of MCM-41. High Pt contents (up to 80%
of incorporation) were achieved using the direct
incorporation of Pt via the synthesis gel, while small
Pt crystallites (40—60 nm) were obtained. A neutral
Pt precursor [Pt(NH3).Cl,] results in the formation
of the smallest particles. This observation has been
explained by Schuth et al.**® by assuming that during
the synthesis, the neutral complex is located in the
hydrophobic part of the composite and the individual
Pt species are fairly well separated. When the
template is removed by calcination, only the Pt
particles within one pore coalesce to form a crystal-
lite. This gives a very regular crystal size distribu-
tion around 4.0 nm.

Metal dispersion by incipient wetness impregna-
tion or ion exchange gives larger crystallites, with a
bimodal distribution of 2 and 20 nm in the former
case. While all catalysts were highly active for the
oxidation of CO with air the samples prepared by
incipient wetness and which have particles of 2 nm
were the most active.

The dispersion of Pt by ion exchange from [Pt-
(NH3)]2* on AI-MCM-41 was improved by using the
same exchange, calcination, and reduction methodol-
ogy used before in the case of Pt/zeolites.*®® Lower
calcination temperatures than those used before
produced Pt crystallites of 10 nm for 2 wt % loadings
of Pt. Thus, highly dispersed Pt/MCM-41 and Pd/
Al-MCM-41 catalysts show good catalytic perfor-
mance for the hydrogenation of benzene, naphtha-
lene, phenantrene, and olefins as well as for
hydrocracking of 1,3,5-triisopropylbenzene.461-463

The greatest challenge for Pt-supported catalysts
is the deep hydrogenation of aromatics in the pres-
ence of sulfur compounds. This comes from the fact
that future diesel fuels will soon have to meet 50 ppm
of sulfur with a cetane number above 40. Then to
improve the cetane number of some diesel streams,
for instance those from FCC, the aromatics present
will have to be hydrogenated. Thermodynamically,
hydrogenation is favored at low temperatures and
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therefore highly active hydrogenation catalysts as is
the case of noble metals would be the most desirable.
However, it is well known that noble metals are
easily poisoned by sulfur-containing compounds, and
some diesel streams can contain up to 2000 ppm of
sulfur, while the amount present in the diesel pool
is of the order of 200 ppm. Taking this into account,
we have studied the possibilities of Pt/MCM-41
catalysts for the hydrogenation of aromatics in the
presence of different sulfur levels.*®* In this work,
Pt was highly dispersed on ordered (MCM-41) and
disordered (MSA) mesoporous solids, and Pt disper-
sions close to 85% were achieved. A high hydrogena-
tion activity of PtMCM-41 was observed when using
naphthalene as a model reactant, as well as when
employing a light cycle oil refinery stream as the feed.
The sulfur resistance (200 ppm) of the Pt on MCM-
41 was higher than on other supports such as Al,O3;
or amorphous silica-alumina, and it is similar to that
obtained with Pt on USY zeolites which are well-
known sulfur-resistent catalysts.465466

Palladium-titania aerogels with pores in the meso-
and macroporous region have been synthesized by the
sol-gel-aerogel route.*¢” In this case the Pd (crystal-
line size in the 2—200 nm range) was more active
that Pd supported on TiO; in the liquid phase
hydrogenation of 4-methylbenzaldehyde.

There is one type of supported metal catalyst in
which the support can play an important role. This
is the ethylene and propylene dimerization on nickel-
and chromium-containing catalysts, and more gener-
ally oligomerization of a-olefin catalysts containing
a VIB metal. MCM-41 has been used as support for
the preparation of such a catalyst with preference
given to chromium.38387 In the case of ethylene
dimerization on Ni M41S%68 it was found that the
reaction occurs at 70 °C in Ni/MCM-41 and Ni/Al-
MCM-41. The active species was Ni(l) and this is
probably better stabilized on AIMCM-41. Therefore
the formation of n-butenes increases with the incor-
poration of Al into the walls of the MCM-41 struc-
ture.469*47°

In an analogous way to zeolites that have shown
great ability as catalysts for the selective catalytic
reduction (SCR) of NOy, the emissions of NOy to the
atmosphere are reduced by treatment of gases con-
taining the above contaminant with a reducing agent
such as ammonia in the presence of a catalyst
containing a transition metal on MCM-41.4"* A lean
NOx catalyst containing Fe and Pd on a modified
MCM-41 allows the control of NOy, CO, and hydro-
carbon emissions generated by oxygen-rich combus-
tion processes. Also, V;0s-TiO; supported on MCM-
41 is an active catalyst for the selective reduction of
NOy using NHj3 as the reduction reagent.

3. Supporting Active Species for Selective Oxidation

The high surface of ordered mesopores, containing
silanol groups has been used to inmobilize redox
functions following two different techniques. One of
them consists on grafting organometallic complexes
onto the inner walls of mesoporous MCM-41, while
the other involves the functionalization of silanols
with silanes, followed by the anchoring of the transi-
tion metal complexes to the surface.

With reference to the first technique, the pioneer-
ing work involved the grafting of a titanocene com-
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plex on the walls of MCM-41 resulted in a material
with well dispersed high surface concentration of Ti-
containing active sites.*”> This high dispersion was
achieved by an elegant procedure which involved the
diffusion of a chloroform titanocene dichloride solu-
tion into the pores of MCM-41. At that point the
surface silanols were activated with triethylamine
and grafting occurred. A thorough characterization
by X-ray absorption spectroscopy revealed that after
calcination the Ti was tetrahedrally coordinated and
when exposed to moisture become octahedral.

Si—O, i—0 OH;

Si—O—\Ti/OH Air exposure ‘SI 0 | 2
/ B Si—O—Ti—OH

Si—0O Calcination $i—0 OH,

The resultant Ti-grafted material was active for the
selective epoxidation of cyclohexene and pinene using
tert-butyl hydroperoxide (TBHP) as oxidant. When
the turnovers are compared with Ti-MCM-41 also
using TBHP as oxidant the activities were similar.
The Ti-grafted catalyst was deactivated after 90 min
of reaction, but it could be regenerated by calcination.

Another grafting procedure used gaseous Mny(CO)1
which reacts with the silanol groups and leads to a
high concentration of manganese-oxygen species on
MCM-41. These materials are much more active for
catalytic oxidations such as propene combustion than
those of bulk manganese oxides.*™

The silanols of the MCM-48 have been treated with
a vanadium alkoxide solution under an inert atmo-
sphere yielding pseudotetrahedral O3;,V=0 centers
immobilized on the walls of the mesoporous material
most probably grafted by three Si—O—V bridges*’*
as proposed from various physicochemical techniques
(UV—vis, 51V NMR, XRD). Unfortunately, the cata-
lytic performance of the resultant material was not
reported.

Transition metal complexes have also been im-
mobilized on MCM-41 by anchoring one of the ligands
to the silanol groups of the walls. Following this
methodology, Balkus et al.#’>476 have functionalized
the surface of MCM-41 with silanes to yield surface-
bound chelate ligands that include ethylenediamine
(ED), diethylenetriamine (DET), and ethylenedi-
aminetetraacetic acid salts (EDTA). Then, the an-
chored ligands were used for the preparation of Co(ll)
complexes covalently bound to MCM-41. These
materials have potential use as oxygen carriers and
furthermore in catalysis. A M3SnMo(CO)3(y-Cs-Hs)
tin—molybdenum complex has also been encapsu-
lated in MCM-41 silicate.*”” Another type of complex
manganese(l11) Shiff-base are active and selective
homogeneous catalysts for the epoxidation of olefins
in the presence of an oxygen donor, such as NaOClI,
H,0,, or Ph10.478479 It would be then of interest to
attach these complexes covalently to the walls of a
solid with high surface area and pores with well-
defined sizes such as MCM-41. This was recently
performed*e° (see scheme) by functionalizing first the
surface of the MCM-41 with (3-chloropropyl)triethox-
ysilane, and treating the resultant with an excess of
3-[N,N'-bis-3,3-(3,5-di-tert-butylsalicylidenamino)pro-
pyllamine (t-slapr). The introduction of metal atoms
was achieved by reacting surface t-salpr ligands with
Mn'(acac),, and then by oxidizing the resultant
complex to yield Mn"'. The anchored complex was
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well characterized by UV-—vis diffuse reflectance
spectroscopy, and the complex before and after com-
plexation showed similar bands, confirming that its
integrity was maintained.

While no catalytic results were given in this work,
it is obvious that such a synthetic achievement opens
up the possibility of carrying out enantioselective
epoxidation of olefins. The reports on enantioselec-
tive reactions carried out by anchored complexes are
scarce, and only recently it was shown that Rh
complexes with a chiral ligand covalently bound to a
modified USY zeolite were able to achieve very high
enantioselective excesses (>98%) during the hydro-
genation of (Z)-N-acylaminocinnamate derivatives.*8!
From the standpoint of enantioselective epoxidation,
a salen Mn complex with a chiral ligand prepared
by a “ship in a bottle” approach in a Y zeolite has
proved to be able to epoxidize enantioselectively a
variety of olefins using NaOCI as oxygen donor.48?

All these results show the real possibilites of
obtaining heterogeneized enantioselective catalysts
on ordered mesoporous materials. The combination
of the properties of the mesoporous materials with
the stability of the covalently bonded complexes can
offer new possibilities to permit enantioselective
reactions without being limited by diffusional prob-
lems.

While complexes such as metalloporphyrin can also
be attached to MCM-41 via ionic exchange,*® one has
to be careful in this case when using them as
catalysts due to the relative ease with which leaching
may occur under reaction conditions.

An interesting report employing silica MCM-41 as
an entrapping catalyst has been recently reported.*®*
In this case the entrapped molecules were not transi-
tion metal complexes, but enzymes such as cyto-
chrome ¢, papain, and trypsin. They were entrapped
by physical adsorption and consequently the amount
and retention strongly depends on enzyme size. The
entrapped trypsin enzyme was active for the hydroly-
sis of N-a-benzoyl-pL-arginine-4-nitroaniline.

This work clearly shows that if the pore sizes of
the structured silicas could be enlarged to a high limit
in the mesoporous region some enzymes that are now
immobilized on other supports could also be im-
mobilized through covalent bonding in this type of
pore structured materials offering further new pos-
sibilities for these systems. However one has to be
aware that achieving such high porosities, while
keeping the materials stable is not a simple task.

V. Conclusions and Perspectives

In going from microporous zeolites to mesoporous
materials one can go through pillared layered mate-
rials which have pores in the high limit of mi-
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croporosity, together with mesopores formed by the
arrangement of the layers.

It is possible today to prepare these pillared
materials with different interlayer distances and with
different layer and pillar compositions. These ma-
terials are of great interest in host—guest chemistry.
More specifically, in the case of catalysis they are of
interest in acid and redox catalysis. Further work
is needed to produce materials containing stronger
Bragnsted sites in the pillars. Finally, new pillared
materials in which the layers have a well-defined
microporous network will be of much interest. They
will not only combine three well-defined porosities
in the range of 3.0—6.0, nm (mesopores formed by
the ordering of layers), 1.2 nm (corresponding to the
galleries between pillars), and 0.4—0.7 nm (pores in
the potential microporous layer), but also will im-
prove the stability of the resultant materials. Some
steps are being given along this direction as it shown
from the synthesis of MCM-36 structures.

When coming into the true mesoporous molecular
sieves, the introduction of M41S type materials has
opened a very complete new field for preparing
materials. We have seen that they are promising
catalysts from the point of view of acid, base, and
redox catalysis, as well as supports of active phases.
Despite the enormous activity developed by research-
ers in the last five years, there are still some aspects
which deserve further and deeper work. Besides an
even better knowledge of the mechanism of forma-
tion, it would be highly desirable to produce highly
thermally and hydrothermally stable materials. Pos-
sible research directions include achieving a better
polymerization in the walls with fewer connectivity
defects and increasing the size of the walls. This
certainly will imply further work on the aging
synthesis variables as well as on the postsynthesis
treatments (maturing, drying, and calcination). In
principle, the larger the diameter of the walls is the
higher should be the stability, provided that a good
polymerization has occurred. Nevertheless, one should
take into account that larger walls will preclude a
larger number of framework atoms which will not be
accessible to reactants. A strong improvement in
stability could be obtained if one could make the walls
crystalline. If this could be achieved one can dream
of producing materials not only more stable and with
stronger acidities than the current MCM-41 but also
having in the same structure a combination of well-
defined micro- and mesopores.

In the case of redox catalysts, while good selective
oxidation Ti catalysts have been obtained, there are
still several questions to be answered. The first one
concerns the impossibility of introducing larger
amounts of Ti in the framework without negatively
and strongly affecting the activity per Ti site. In this
respect one should not forget that when increasing
the Ti content a part of the incorporated Ti will be
in the walls and, even if it is in the correct coordina-
tion, will not cooperate to the final activity since will
not be accessible to the reactants. Secondly, a
systematic study on the influence of the hydrophobic—
hydrophilic properties of the material and the nature
of the solvent on the catalytic properties of redox
materials is still lacking.
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We have seen the importance of the adsorption and
diffusion of reactants and products in micro- and
mesoporous catalysts on their activity and decay,
especially when working in liquid phase, this being
particularly important in the field of fine chemicals.
It is then remarkable that no studies on the influence
of the pore size of MCM-41 have been reported.
Along with these lines, it appears very desirable from
a diffusional and catalytic point of view to have
mesoporous materials with a tridirectional network
of pores. While this is barely achieved in variations
of MCM-41, it appears (at least theoretically) that
MCM-48 can have a tridirectional pore network. It
is then surprising the little amount of catalytic work
done on MCM-48. This is probably due to the higher
difficulty in synthesizing good MCM-48 samples,
compared with the much easier synthesized MCM-
41. It can be expected that when the synthesis
methods for preparing MCM-48 will improve, its
interest in catalysis will increase.

It will be of much interest in catalysis to prepare
good mesoporous alumina with different pore size,
since in this case a high dispersion of Pt, Pd, Pt-Re,
and Ni-Mo could be achieved and this could generate
new and extremely active hydrogenation, re-forming,
and HDS catalysts.

The fact that one can prepare ordered mesoporous
materials with pores up to 100 A gives further
possibilities for anchoring transition-metal complexes
for carrying out the variety of catalysis that these
complexes can give. If on top of that we use those
with chiral ligands or chiral assistants, we will be
able to carry out enantioselective reactions on het-
erogeneized catalysts.

From the point of view of the materials discussed,
we are in the beginning of an exciting time for those
working on materials chemistry and catalysis, and
now (more than ever) is time to set our imagination
free.
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