Preface to Volume 1

Obviously, the preparation of molecular sieve materials stands at the origin of
their use in science and technology. Since the pioneering work of Barrer and
his co-workers and the fascinating achievements of Milton, Breck, Flanigen and
others in the Union Carbide laboratories, a wealth of zeolites and related micro-
porous and mesoporous materials have been synthesized, and novel materials of
this class will continue to be discovered. In almost all instances, hydrothermal
synthesis is the method of choice for preparing zeolites, and structure-directing
auxiliaries, often referred to as templates, frequently play a vital role. The
techniques for hydrothermal synthesis of molecular sieves and the search for
novel and more efficient structure-directing agents have reached a high level
of sophistication, yet the scientific understanding of the very complex series
of chemical events en route from the low-molecular weight reagents to the in-
organic macromolecule remained rather obscure.

Consequently, Chapter 1 written by R. W. Thompson gives a modern account
of our present understanding of zeolite synthesis. The fundamental mechanisms
of zeolite crystallization (primary and secondary nucleation and growth) in
hydrothermal systems are highlighted.

Chapter 2 by H. Gies, B. Marler and U. Werthmann critically reviews the
methods for synthesizing porosils, the all-silica end members of zeolites.
Depending on their pore or cage apertures the porosils are subdivided into
clathrasils (at most six-membered ring windows) and zeosils (at least eight-
membered ring windows), the latter being valuable adsorbents with hydro-
phobic surface properties.

In Chapter 3, S. Ernst gives an overview on more recent achievements in the
syntheses of alumosilicates with a pronounced potential as catalysts or ad-
sorbents. Examples are zeolites MCM-22, NU-87 and SSZ-24, zeolites with
intersecting ten- and twelve-membered ring pores and the so-called super-large
pore alumosilicates.

Chapter 4 authored by J. C. Vartuli, W.]. Roth, ]. S. Beck, S.B. McCullen and C. T.
Kresge is devoted to the synthesis and properties of zeolite-like amorphous
materials of the M41S class with ordered mesopores. These mesoporous solids
are currently being scrutinized in numerous laboratories for their potential as
adsorbents and catalysts.

Apart from the pore width and pore architecture, the crystal size of a
zeolite is often very important. In Chapter 5, E.N. Coker and J. C. Jansen present
a systematic evaluation of the attempts to synthesize either ultra-small (i.e.,



VIII Preface to Volume 1

much smaller than 1 um) or ultra-large (i.e., much larger than 1 pm) zeolite
crystals.

The second most important class of molecular sieves besides the alumo-
silicates are without any doubt the alumophosphates and their derivatives con-
taining elements other than aluminum and/or additional elements in the frame-
work. Chapter 6 authored by R. Szostak is a review covering the synthesis of
these molecular sieve phosphates.

The subsequent Chapter 7 is devoted to the synthesis and characterization
of molecular sieve materials containing transition metals in the framework.
Authored by G. Perego, R. Millini and G. Bellussi, this Chapter focuses on titanium-
silicalite-1 which has recently been found to be a unique catalyst for selective
oxidations with hydrogen peroxide. Also covered in this Chapter is the synthesis
of vanadium- and iron-containing molecular sieves.

In Chapter 8, S.A. Schunk and E Schiith are going one step further by re-
viewing the literature on microporous and mesoporous materials which are
traditionally less familiar to the zeolite community, but rather scattered over the
literature on solid-state chemistry. The main intention of this Chapter is to bring
this wealth of knowledge to the attention of researchers who routinely look for
applications of molecular sieves.

Last but not least, a class of porous materials closely related to zeolites is
addressed in Chapter 9: P. Cool and E. F. Vansant discuss the basic principles of
preparing pillared clays, and methods for the proper characterization of these
fascinating materials are outlined.

Thus Volume 1 of Molecular Sieves — Science and Technology covers the syn-
thesis methods for a broad variety of porous solids. In addition to the critical
discussion of the synthesis procedures, the reader will find numerous references
to the original literature. May we express our hope that Volume 1 of the series
helps the community of scientists to prepare all those microporous and meso-
porous materials they need for their purposes.

Hellmut G. Karge
Jens Weitkamp
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Introduction

The objective of this chapter is to review the open literature on molecular
sieve zeolite synthesis, highlighting information regarding the fundamental
mechanisms of zeolite crystallization in hydrothermal systems. The text,
therefore, focuses on the three primary mechanistic steps in the crystalliza-
tion process: nucleation of new populations of zeolite crystals, growth of
existing populations of crystals, and the role played by existing zeolite
crystal mass in the subsequent nucleation of new crystals or the growth of
zeolite crystals in the system.

The perspective taken in this work, based on research results from the litera-
ture, has been that molecular sieve zeolite crystals are formed from the species
dissolved in the caustic solution medium, and that formation of zeolites by
solid-solid transformations does not occur. As such, classical treatments of
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crystallization systems should adequately describe molecular sieve zeolite
crystallization processes. However, it is suggested that this absolute perspective
may have to be modified to qualify our future thinking, as noted in this review.
Some recent work has investigated the very early transformations occurring in
several of these alumino-silicate systems, and revealed that colloidal assemblages
may form just prior to the creation of crystal nuclei, and may be precursors to
nucleation. Consequently, the source of nuclei may be revealed to be associated
with species entering the system from well-defined origins.

Growth of molecular sieve zeolites in hydrothermal systems has been shown
to occur from sub-micron sizes to macroscopic sizes in a continuous fashion.
While agglomeration of crystals is known to occur, it does not appear to be a
predominant growth mechanism, nor is it an essential feature of these systems.
Assimilation of material from the solution phase has been speculated to in-
volve “secondary building units”, that is the myriad alumino-silicate oligomers
known to exist in the solution. However, it has been argued convincingly that
such relatively large units, while they do exist in the medium, probably have
little to do with the actual growth of zeolite crystals, other than to provide a res-
ervoir of material. It is more likely that the growth units are monomers, dimers,
or other small alumino-silicate units which also are known to persist in these
basic environments.

The addition of zeolite seed crystals to hydrothermal synthesis media have
long been known to accelerate the crystallization process, and even direct the
outcome of syntheses in certain circumstances. The mechanism by which this
occurs has been shown to involve very small alumino-silicate fragments in the
seed crystal sample, either actually adhering to the seed crystal surfaces, or
simply co-existing in the sample. These “initial-bred nuclei”, as they have been
labeled, do not appear to prohibit the nucleation of zeolite crystals which would
form in their absence in some cases. However, there are several examples re-
ported in the open literature in which the phase formed by the unseeded solu-
tion did not form when seeds of another crystalline phase were added to the
solution. An interpretation of these results is provided.

1.1
Background

Molecular sieve zeolites are crystalline alumino-silicates in which the aluminum
atoms and the silicon atoms are present in the form of AlO, and SiO, tetrahedra.
Consequently, the crystalline framework has net negative charge due to the pre-
sence of the alumina tetrahedra, which must be compensated by associated
cations, e.g., Na*, K*, Ca?*, H*, NH}, etc. The silica tetrahedra have no net charge,
and, therefore, need not have any compensating cations associated with them.
The alumina tetrahedra in the lattice must be adjacent to silica tetrahedra, while
the silica tetrahedra may have adjacent alumina or silica tetrahedra as neigh-
bors. The tetrahedra may be oriented in numerous arrangements, resulting in
the possibility of forming some 800 crystalline structures, less than 200 of which
have been found in natural deposits or synthesized in laboratories around the
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world. Synthetic zeolites are used commercially more often than mined natural
zeolites, due to the purity of the crystalline products, the uniformity of particle
sizes, which usually can be accomplished in manufacturing facilities, and the
relative ease with which syntheses can be carried out using rather inexpensive
starting materials.

The synthesis of most molecular sieve zeolites is carried out in batch systems,
in which a caustic aluminate solution and a caustic silicate solution are mixed
together, and the temperature held at some level above ambient (60-180°C) at
autogenous pressures for some period of time (hours-days). It is quite common
for the original mixture to become somewhat viscous shortly after mixing, due
to the formation of an amorphous phase,i.e.,an amorphous alumino-silicate gel
suspended in the basic medium. The viscous amorphous gel phase normally
becomes less viscous as the temperature is raised, but this is not universally true,
as in the case of some NH,OH-based systems which remain viscous throughout
the synthesis. The amorphous gel can be filtered from the solution and dehy-
drated by conventional drying methods.

As the synthesis proceeds at elevated temperature, zeolite crystals are formed
by a nucleation step, and these zeolite nuclei then grow larger by assimilation of
alumino-silicate material from the solution phase. Simultaneously, the amorphous
gel phase dissolves to replenish the solution with alumino-silicate species. In
short, the two phases have different solubilities, with the solubility of the amor-
phous gel being higher than that of the crystalline zeolite phase. Thus, during a
zeolite synthesis, one might imagine that the alumino-silicate concentration in
solution lies somewhere between the solubility levels of the gel and crystal
phases, as shown along the vertical dashed line in Fig. 1. During the synthesis,
then, the amorphous gel has a thermodynamic tendency to dissolve, while the
thermodynamic driving force is toward formation of the crystalline zeolite

Solubility

zeolite

Temperature

Fig. 1. Illustration of the classical thermodynamic driving force for zeolite crystallization. As
crystallization occurs, the solution composition falls between the gel solubility and the crystal
solubility. Zeolite crystal growth stops when sufficient material has been deposited to reduce
the solution concentration to the zeolite “equilibrium” level
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phase. The first step in this transformation process usually involves the forma-
tion of the smallest entity having the identity of the new crystalline phase, the
crystal nucleus. That event is normally followed by the subsequent assimilation
of mass from the solution and its reorientation into ordered crystalline material
via crystal growth. The particular rates at which zeolite crystals form by nuclea-
tion, or grow instead of nucleating more new crystals, are more difficult to
predict, however.

As a consequence of the transformation of amorphous gel to crystalline zeo-
lite, by transport of material through the solution phase, the amount of zeolite
relative to amorphous gel increases as the synthesis proceeds. In fact, if one
either takes representative samples from a large batch system, or divides the
large batch into smaller self-contained vessels to be quenched intermittently, the
fraction of crystalline zeolite material in the solid sample (the remainder being
the amorphous solid) normally increases slowly at first, then more rapidly, and
finally slows down as reagents are depleted, giving a typical S-shaped profile
when plotted as a function of time. Kerr [1] illustrated that, when plotted on
semi-logarithmic coordinates, this “crystallization curve” increased linearly,
characteristic of an autocatalytic process, then slowed down once the reagent
supply became rate-limiting. A great deal more has been made of the “crystal-
lization curve” than is warranted, since it has been shown [2] that it is impossible
to generate information regarding zeolite crystallization mechanisms from it,
in spite of many attempts to do so. Activation energies for “nucleation” and
“growth,” for example, based on analysis of the induction time and slope of the
“crystallization curve” are almost completely unrelated to those processes, and,
therefore, the numerical values obtained are all but meaningless.

1.2
Crystallization Mechanisms

Crystallization is conventionally agreed to proceed through two primary steps:
nucleation of discrete particles of the new phase, and subsequent growth of
those entities. (Agglomeration is viewed, perhaps naively, as undesirable, and,
therefore, will not be dealt with to a great extent in this discussion.) The first,and
most intriguing, process can be broken down further in the following way [3]:

Nucleation
1. Primary nucleation
a) Homogeneous nucleation
b) Heterogeneous nucleation
2. Secondary nucleation
a) Initial breeding
b) Micro-attrition
¢) Fluid shear-induced nucleation

Primary nucleation mechanisms occur in the absence of the desired crystalline
phase, i.e., they are solution-driven mechanisms. In the case of homogeneous
nucleation, the mechanism is purely solution-driven, while heterogeneous nuclea-
tion relies on the presence of extraneous surface to facilitate a solution-driven
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nucleation mechanism. The extraneous surface is thought to reduce the energy
barrier required for the formation of the crystalline phase, but this mechanism has
not received a great deal of rigorous study in the crystallization literature.

Secondary nucleation mechanisms require the desired crystalline phase to be
present to catalyze a nucleation step. Initial breeding stems from microcrystalline
“dust” being washed off the surface of seed crystals into the growth medium,
thereby providing nuclei directly to the solution. In the absence of seed crystals
added to the solution, however, agitation can sometimes promote nuclei forma-
tion by micro-attrition, i.e., by causing microcrystalline fragments to be broken
off of existing growing crystals in the medium. These fragments arise from
crystal contacts with the stirrer, other crystals, or the walls of the container, and
may become growing entities in a supersaturated solution. Lastly, it has been
speculated that nuclei can be created by fluid passing by the surface of a growing
crystal with sufficient velocity to sweep away quasi-crystalline entities (clusters,
embryos, ...) adjacent to the surface, which were about to become incorporated
in the crystalline surface. If these clusters are swept away into a sufficiently
supersaturated environment, they will have the thermodynamic tendency to
grow, and become viable crystals. Thus, in the event that high shear fields in the
neighborhood of growing crystal surfaces exist, nucleation can sometimes be
promoted. Further details of crystal nucleation mechanisms, with numerous
primary references, may be found in the text by Randolph and Larson [3].

A more detailed review of these mechanisms, and their relevance to zeolite
crystallizations may be found elsewhere [4, 5]. Briefly, however, it is not expect-
ed that fluid shear-induced nucleation will be relevant to zeolite syntheses, due
to the viscosity of the solutions, and because it is not believed to be important
except at quite high agitation rates, or quite high fluid velocities relative to
crystals in the medium [6]. Whereas many zeolite syntheses are carried out with
no agitation, or very mild agitation, micro-attrition breeding also may be viewed
as not universally important in zeolite crystallizations (systems using intense
agitation being the exception). Thus, in this review, those mechanisms will be
understood to be relevant only in special circumstances.

One should understand the differences between secondary nucleation and
seeding, i.e., the common strategy of promoting the “rate of crystallization” by
adding crystals of the desired phase to a precipitating system. Secondary nuclea-
tion is, strictly speaking, the promotion of crystal nucleation due to the physical
presence of crystals of the desired phase, while seed crystals may promote
crystallization by providing additional surface area for dissolved material to
grow onto. However, a seed crystal sample may contain sub-micron-sized frag-
ments which eventually grow to macroscopic sizes, that is, in some cases it may
appear that a newly formed population was created, when, in fact, it was the
result of growth on very small seed crystal pieces.

It is tempting to simply refer the reader to prior analyses in which convincing
arguments have been made quite eloquently, and with adequate references, e.g.,
[7-10], rather than attempt to restate what has been said previously. Therefore,
while the reader will most definitely benefit from reading those, and other, prior
works, it is hoped that some new insights and interpretations of existing data
may be provided in this chapter.
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2
Thermodynamic Considerations

Prior to discussing the kinetics of zeolite crystal nucleation and growth it is
beneficial to consider several thermodynamic aspects which have bearing on
the phase transformation process. Reports on this topic are not abundant in the
zeolite crystallization literature, but several papers will serve to illustrate
various issues which should be important in these systems.

Lowe et al. [11-13] have considered the change of pH during the synthesis of
high-silica zeolites, EU-1 and ZSM-5, in hydrothermal systems, and developed a
model to interpret these changes. In the first of these papers [11], it was demon-
strated that, during the synthesis of EU-1, the pH of the solution increased at
about the same time that the crystallization curve began to show that a signifi-
cant level of crystalline material was forming. The suggestion was made that
measuring the pH of the synthesis solution would be a reasonable way to moni-
tor a zeolite synthesis in progress, since it was quick, easy, and did not require
that the crystals be separated from the mother liquor, washed dried, or handled
in any special way. However, changes in pH were not significant during the early
stages of the process.

In the second report [12], an equilibrium model was developed which
accounted for changes in pH during zeolite crystallization. It was demonstrated
that the largest pH changes would be expected to be associated with the most
stable zeolite produced. Yields of specific phases were shown to be dependent on
the starting batch composition, and especially the amount of base in the batch.
Further, it was shown that pH changes were smaller for systems buffered by
amines, and that yields would be expected to be higher in those systems. It also
was noted that the pH of the synthesis solution should be governed by the solu-
bility of the most soluble solid present in the system, and that, therefore, the pH
would be expected to remain essentially constant until the amorphous gel had
dissolved. Thus, the increase in pH should mark the nearly complete conversion
of amorphous gel to substantial amounts of crystalline zeolite. This prediction
was corroborated by the prior results with EU-1 [11]. Clearly, these changes in
the solution, occurring predominantly late in the synthesis, should not provide
information about the nucleation behavior.

A comprehensive evaluation of the effects of alkalinity on the synthesis of
silicalite-1 (aluminum-free ZSM 5) also was conducted [13]. The study was car-
ried out using the batch composition:

x Na,O : 2 TPABr : 20 SiO, : 1000 H,0

where TPABr represents tetrapropylammonium bromide, and the alkalinity, x,
was varied between 0.25 and 6.5 moles. The initial pH of the solution was increas-
ed with increasingly higher values of x. Syntheses were carried out at 95°C, and
were evaluated by changes in pH (measured at ambient conditions), powder
X-ray diffraction, and electron microscopy.

Changes in the pH of the mother liquor during the syntheses were demon-
strated to change in a systematic way depending on the starting alkalinity, x.
Unlike in the previous studies [11, 12] there were occasions in which the pH
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decreased during synthesis rather than increased, and it was predicted, by
interpolation of the results, that at a starting level of x=0.75 there would be no
change in pH during the synthesis. At the highest base level used, x=6.5, the
amorphous gel dissolved “completely,” and precipitation of silicalite-1 occurred
from the clear solution rather slowly. It also was noted that the highest yield of
silicalite-1 was obtained at the lowest value of x, and that the yield decreased
with increased alkalinity levels. Extrapolation of the data indicated thatat x=6.7
the yield would fall to zero. Therefore, the solubility of both the amorphous gel
and silicalite-1 increased with increasing alkalinity, and the thermodynamic
yield decreased accordingly. It is noteworthy that even though the authors later
showed that the final crystal size became smaller as the alkalinity was increased
(their Fig. 7), that result could very well have been due to the combined effects
of reduced yield and enhanced nucleation.

The presence of silicate ions in solution buffers the solution during much of
the synthesis. Near the end of the synthesis, when the silicate ion concentration
begins to decrease, the buffering capacity decreases, and the pH rises because
there is a smaller rate of decrease of the base concentration in the solution, since
relatively small amounts of base are incorporated into the crystalline phase.
Synthesis solutions with lower initial alkalinities have a lower buffering capaci-
ty to compensate for the loss of base from the solution during synthesis due to
the lower concentration of silicate ions in solution. Therefore, in those systems
the pH decreased in the early stages of synthesis, followed by a rapid increase in
pH, due to the same changes noted for the systems with higher base content. For
the system with x=0.25 the removal of base from the solution had a dominant
effect in reducing the pH, but the unusually low final pH value (ca. 8.3) was attri-
buted to incorporation of CO, from air.

The rate of formation of zeolite mass was correlated with the slope of the
curve expressing the percent zeolite in the solid phase against time. The rates
estimated this way increased with increasing values of x, and then approached a
constant. While the rates appeared to become essentially constant at higher
values of x, because the yield decreased at high x values, there actually was a
maximum in the growth of zeolite mass at around x = 3. The reason for the opti-
mum was explained to be the low concentration of silicate oligomers at low alka-
linities, and the high solubility of the zeolite phase at high alkalinities.

3
Nucleation

As previously noted, most zeolite syntheses of commercial value occur in
systems clouded with an amorphous gel phase due to higher product yields,
admitting to the possibility of homogeneous nucleation due to solubility differ-
ences, or to heterogeneous nucleation due to the abundance of foreign surface in
the medium. Seeding these mixtures, or agitating the solutions, could induce
nucleation by any of the secondary nucleation mechanisms. However, zeolite
syntheses also have been conducted successfully in dilute clear alumino-silicate
media, i.e., in the absence of any amorphous gel phase [14-26]. In fact, one of
the early papers by Kerr [1] reported on a technique whereby dried gel was
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placed on a filter membrane, and hot caustic solution was circulated over it to
induce crystallization on a second filter membrane connected by a pump. A
second pump recirculated the filtrate back to the dried gel on the first membrane
to continue the process. A “clear” solution is only clear insofar as the technique
used to monitor the solution (the naked eye, laser light scattering, small angle
neutron scattering, etc.). Kerr's conclusion that the experiment proved that zeo-
lite crystallization occurred from the solution phase must be accepted in the
context of the filter membranes used in the experiments, since some colloidal
material may have passed through. This point will be revisited below.

Recently, several clear solution syntheses have been monitored by quasi-
elastic laser light scattering spectroscopy (QELSS) techniques [19-26], which
have demonstrated that the solutions contained essentially no colloidal material
prior to the onset of nucleation, at least not present in sufficient concentration,
or of sufficient size, to be observed by the light scattering techniques. In one
report, the solution was concentrated at early times [22], and no mention was
made of amorphous material being present prior to the onset of crystal growth.
Therefore, the evidence from these reports suggests that zeolite nucleation may
be driven purely from dissolved species present in the liquid phase, even though
other mechanisms also may be important in more concentrated systems. Thus,
it is tempting, from the evidence cited, to assert that the fundamental zeolite
nucleation mechanism involves species coming together in solution to create a
metastable entity, which grows spontaneously after reaching a critical size, very
much in the classical way. While the clear solution systems may not have much
commercial significance, they are informative from a fundamental perspective in
revealing information regarding mechanisms of nucleation and growth. How-
ever, any analysis of zeolite nucleation in hydrothermal systems must consider
nucleation events in all of the media noted, as well as by the more recent analyti-
cal techniques used to evaluate particles in “clear” solutions, discussed below.

Consider the results from Zhdanov et al. reproduced in Fig. 2 [27], which were
reported previously by Zhdanov and Samulevich [28], based on a technique
reported by Zhdanov in 1971 [29].In that figure, the apparent nucleation history
of the synthesis system was determined by monitoring the growth of several of
the largest crystals in the system over time, determining the crystal size distri-
bution of the final crystalline zeolite product, and using both sets of data to
estimate when each class of particles had been nucleated during the synthesis.
The same technique has been used by others [7,30-32] with very similar results.

The results in Fig. 2 indicate that nucleation began after some time had
passed, most likely due to a transient heat-up time and some time required for
dissolution of the amorphous gel to achieve some threshold concentration.
However, it is most noteworthy that the nucleation event in zeolite crystalliza-
tion systems always has been determined to have ended when only about
10-15% of the alumino-silicate material had been consumed. That is, it is
remarkable that with 85-90% of the alumino-silicate reagents left in the system,
the nucleation process was somehow caused to cease, while crystal growth pro-
ceeded for the duration of the synthesis. This must be noted in the context of the
amorphous gel dissolving sufficiently fast that the solution phase concentration
was essentially constant up to almost 80% conversion in some cases [33-35],
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Fig. 2. a Linear crystal dimension of the largest crystals of zeolite NaX (curve I), and the
crystal size distribution of the final product (curve 2). b The crystal dimension of the largest
crystals (curve I), the apparent nucleation rate derived from the curves in a (curve 2),and the
calculated and measured degree of crystallinity for the NaX synthesis. Figure redrawn with
permission from [27]. Original data and computational technique reported in [28]

which means that the driving force measured in terms of concentration really
did not change very much at all. Figure 3 shows the results of a population
balance analysis (based on the development in [36]) of a silicalite synthesis
carried out by Golemme et al. [32], which indicates that the classical homoge-
neous (or heterogeneous) nucleation mechanism for that crystallization did not
represent the nucleation profile at all, even though the “crystallization curve”
was fit very well. The predictions of the classical homogeneous nucleation theo-
ry are that crystal nucleation should have occurred over a much longer time than
observed, because of the relatively constant supersaturation, or driving force for
nucleation. However, we should bear in mind that the concept of a “supersatura-
tion” in zeolite synthesis solutions is rather ambiguous, since the concentration
of more than a single species is normally involved, and changes in these con-
centrations as the synthesis proceeds may be affected by the framework Si/Al
ratio, and pH changes during synthesis. Furthermore, making note of silicate
and aluminate concentrations in solutions may be inadequate to describe the
driving force for zeolite nucleation and growth, since silicate ions in basic solu-
tions form myriad oligomers, and even more complex structures with aluminate
ions. Therefore, the notion of a “supersaturation” which can be correlated with
nucleation and crystal growth rates may be superficial at best.

Thus, one has the dilemma of explaining why the nucleation process should
cease in the course of a typical hydrothermal zeolite synthesis when there
appears to be an abundance of material remaining in the system, ca. 85-90%,
from which nucleation could be sustained. Additionally, solutions of mathe-
matical models based on fundamental principles [36] have demonstrated that
nucleation should continue over a much longer time than observed, if classical
nucleation concepts applied to these systems.
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It also should be mentioned at this point that, while there are known to be
myriad oligomeric species which exist in caustic silicate (or alumino-silicate)
solutions [37], their rearrangement to the equilibrium distribution of oligomers
occurs in seconds [38] or milliseconds [9]. Equilibration of oligomeric species
was noted to be rapid at room temperature, and was even faster at elevated tem-
peratures [38]. This observation means that the rate-limiting step in the nuclea-
tion process may not be the build-up of sufficiently large structures (at least
relative to many simpler inorganic salts, for example) to create metastable
nuclei, as the classical nucleation mechanism would suggest, since that process
would be expected to occur rapidly.

In a series of papers [32, 34, 35,39-41] Subotic and his co-workers have pro-
posed and studied a so-called autocatalytic nucleation mechanism. According to
their concept, suggested by the proposal of Zhdanov somewhat earlier [29], there
are three possible sources of nuclei: homogeneous nuclei formed by a classical
mechanism, heterogeneous nuclei formed in conjunction with foreign particu-
late matter, and autocatalytic nuclei from within the amorphous gel phase (al-
though later in the series of papers the homogeneous nucleation mechanism
seems to have been rejected as unimportant). According to the conceptual model,
the autocatalytic nuclei lie dormant in the amorphous gel phase until they are
released into the solution by dissolution of the gel phase and become active
growing crystals. As the cumulative zeolite crystal surface area increases due to
crystal growth, the rate of solute consumption increases, which, in turn, increases
the rate of gel dissolution, resulting in increased rate of dormant nuclei activa-
tion, etc. It is clear why the mechanism was labeled autocatalytic.

Mathematical models to describe the crystallization process in batch systems,
assuming uniform distribution of the autocatalytic nuclei in the amorphous gel
particles, were developed and solved. However, it was shown recently [36] that
the model predicts that nucleation should continue much longer in the process
than has been observed in several studies previously (e.g., [28, 30-32]). It was
shown to be more realistic, therefore, to assume that the dormant nuclei were
located preferentially near the outer edges of the gel particles, and, thus, became
activated much earlier in the process. Alternatively, there may be some other
mechanism by which dormant nuclei are activated as the process evolves, which
will be discussed below.

Following upon the pioneering work of Freund [42] and Lowe et al. [43],
Hamilton et al. [44] reported on a study in which several different powdered
silica sources were used in the synthesis of molecular sieve zeolite NaX. In the
two previous works [42, 43] the authors had determined that “active silicates”
were those which had relatively high levels of aluminate impurities. The more
recent study sought to correlate “active silicates” with those from which an
increased number of nuclei formed in the hydrothermal system, that is, the
“activity” was associated with the number of crystals which were formed, which
added to the cumulative crystal surface area available to assimilate material
from solution. In that study, the batch composition was the same in all experi-
ments, and given by:

4.76 Na,O : AL,O5: 3.5 Si0, : 454 H,0 : 2.0 TEA
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where TEA represented triethanolamine used to stabilize the sodium aluminate
solution and produce slightly larger particles than otherwise would form. All
syntheses were carried out in Teflon-lined autoclaves at 115°C and autogenous
pressure. The sodium aluminate solution used for each experiment was from the
same preparation, while the various silicate solutions all had the same composi-
tion and pH. The aluminate solution and all of the silicate solutions were clear,
and, additionally, filtered through Gelman membrane filters to remove any
particulate matter larger than 0.20 mm in dimension. While 0.20 mm is large
compared to the size of crystal nuclei, and material smaller than 0.20 mm
could have served as heterogeneous nuclei, light scattering analyses of several
filtered solutions failed to correlate nuclei formation with particulate material in
the filtrate. The amounts of each solution added to each final mixture were the
same.

The rather startling results obtained, in spite of everything being identical,
except the source of the silica powders, were that the synthesis times for each
experiment were quite different and the ultimate particle sizes from each solu-
tion were quite different. Some of their results are summarized in Table 1, but the
original paper contains more results and more details [44]. Each system created
different numbers of nuclei, which consumed material from the solution at
different rates, due to the different cumulative surface areas, and, therefore, con-
verted the amorphous gel to crystalline zeolite NaX in different time periods.
The results were interpreted in terms of inherent differences in the silicate solu-
tions formed from the various silica powders, because all the silica powders were
completely dissolved and filtered prior to combining with the aluminate solu-
tions. At the time, the strongest correlation to explain the results appeared to be
with the impurity levels contained in the silica powders, however it also was
noted that the correlation of the number of nuclei formed with impurity levels
was equally good with AI’*, Fe**, Mg?*, or Ca**. Similar impurities added to the
silicate solutions did not have any observable effect on the outcome. At that time
no convincing argument could be found persuasive to identify any particular
impurity as the key ingredient in promoting nucleation in that system. In fact, it
is possible that some other impurity or ingredient in the silica powders was
essential in that role. This conclusion is different from those in the papers of

Table 1. Selected results on the effect of silica sources on the crystallization of zeolite
NaX [44]

Silica source Maximum crystal size [pm] Synthesis time [days]
Na,Si0; - 9H,0 7.5 1.0
Na,Si0; - 0H,0 20 1.0
Na,Si0; - 5H,0 50 3.0
Cab-0-Sil 85 4.0
Silicic Acid 90 4.0

Product using Cab-0O-Sil contained 50 % zeolite NaX and 50 % chabazite.
Product using Silicic contained 40 % zeolite NaX and 60 % chabazite.
Particle sizes reported are only the zeolite NaX component.
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Freund [42] and Lowe et al. [43] in which the “activity” of the silica powders was
concluded to reside with aluminate impurities in the silica powders.

3.1
Clear Solution Studies

There have been recent reports of clear solution syntheses of zeolites which were
monitored by in-situ methods, either optical microscopy or quasi-elastic laser
light scattering spectroscopy, QELSS [19-26]. In each of the cases to be dis-
cussed [7,10,22,25], silicalite, or aluminum-free ZSM-5, was the zeolite of study,
therefore, valid comparisons can be made. It will be insightful to consider the
results of these studies both in relation to nucleation mechanisms and crystal
growth mechanisms. Table 2 contains summary information on the synthesis
conditions and selected results from the studies.

In view of the similarities in these studies, it is interesting to put two items in
perspective, using the results of Twomey et al. [25] in this example. The batch
composition used in that study is shown in Table 2 and illustrates that the batch
system contained four times the stoichiometric amount of TPA* required to fill
the pores at complete conversion, so it was not a limiting species. Both dynamic
and static light scattering techniques were utilized to monitor the progress of the
synthesis in-situ. The fact that the particle size distribution was very narrow,
that is, that the crystals were all about the same size, permitted the determina-
tion of the total number of crystals during the experiments using static light
scattering data. The number of crystals remained essentially constant during
each experiment, suggesting that one nucleation event occurred in most ex-
periments.

The results of those experiments indicated that there was a lag time, or induc-
tion time, prior to the onset of crystal formation, that fewer nuclei were formed
at higher temperatures, but in much shorter times, and that crystal growth was
essentially constant during each experiment as long as the observations could be
made with the light scattering system. It also was demonstrated that the crystal
size distribution was quite narrow compared to the size distribution usually
obtained from more concentrated systems containing amorphous gel. These
results were consistent with several of the observations of the other groups as

Table 2. Synthesis conditions for clear solution Al-free ZSM-5 experiments

Reference Batch compositions Temperature Linear
[°C] growth rate
[pm h-1]

[7] Na,0:20 Si0,:2 TPABr:1960 H,0:80 EtOH 95 0.038-0.04
[10] Na,0:60 SiO,:3 TPABr: 1500 H,0: 240 EtOH 95 0.022
[22] 0.1 Na,0:25 Si0,:9 TPAOH :480 H,0:100 EtOH 98 0.00379
[22] same as above, but with 1500 H,0 98 0.0101
[25] Na,0:25 Si0,:9 TPAOH : 450 H,0 96 0.036

[31] Na,0:38.5 Si0,:3.8 TPABr: 954 H,0 150 0.81
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well [7, 10, 22]. In particular, Schoeman et al. [22] also observed that the total
number of crystals formed decreased with increasing temperature, that the
induction time decreased with increasing temperature, that the linear growth
rate increased with temperature, and that the crystal growth rate was constant
during each experiment.

The fact that a very narrow crystal size distribution was formed permits one
to assume that nucleation occurred as a single event, starting and ending rather
abruptly, causing a shower of nuclei to be formed, and that they grew uniformly
from that moment. If one presumes that the nuclei themselves were on the order
of 50 A in diameter (approximately the detection limit of the instrument), and
that the final crystal size of the silicalite particles was 0.95 mm (as observed),
then one can estimate that the nucleation event consumed 1.46 x 10-°% of the
silica finally incorporated into each particle, or 1.46 x 1077, expressed as a
fraction. This small fraction represents an imperceptible reduction in the silica
present in the solution, and could not be modeled with reasonable values of the
activation energy and frequency factor for classical nucleation [45].

Second, considering that on the order of 10'? particles cm= were nucleated by
this spontaneous nucleation event, the density of nuclei can be estimated. In that
case, assuming that nucleation occurred throughout the medium uniformly, the
volume of the medium (i.e., 1 cm?®) can be imagined to be divided into 10'?
separate boxes having volumes of 1 pm?®. That means that, on average, each new
nucleus occupied a volume of 1pm?, i.e., a box 1 pm on a side, which, in turn,
means that each nucleus was, on average, 1 pm away from its nearest neighbor.
The chance that their adjacent diffusion fields should interact or affect the
growth of their neighbors during the very early stages is quite low, due to the
comparatively large distance between the new growing centers. In other ex-
periments reported, where fewer particles were nucleated, the distance between
growth centers would be greater, and vice versa.

These two simple calculations illustrate the dilemma regarding why nuclea-
tion in these systems ceases. The nucleated growth centers were relatively far
apart, and their formation should not noticeably have changed the concentra-
tion of the limiting material in the medium which, according to classical con-
siderations, should have promoted nucleation, i.e., the silicate anions (since the
tetrapropyl ammonium ions were present in excess). Recalling that changes in
the silicate anion oligomer distribution in the solution due to the onset of
nucleation should be momentary, at best, since rearrangements occur in seconds
[9, 38], the cause of the onset of nucleation and its cessation needs to be investi-
gated further. Let us consider the possibility that some other limiting reagent
may be involved.

It has long been known that adding triethanolamine (TEA) to zeolite NaA or
NaX systems results in larger crystal formation, due to the reduction in nuclea-
tion [46-54]. It has been suspected that the reduction in nucleation is due to the
fact that the TEA complexes with free aluminate anions in the solution [52-54],
thereby reducing the concentration of species which could otherwise participate
in crystal nucleation. However, it also has been reported that the TEA can com-
plex with Fe*, effectively reducing the amount of iron incorporated into the
crystals [55]. This observation illustrates the fact that additives, TEA for ex-
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ample, can interact with numerous species in synthesis solutions, some of which
may be important, while others may not be. Therefore, if a limiting reagent exi-
sted in those systems, which affected the nucleation behavior, it was not the SiO,
species, since TEA was shown to not interact with them [53],but could have been
the aluminate present, or any of several trivalent T-atom species, present as
impurities in the reagents. It is clear that additions of triethanolamine resulted
in the reduction of the number of nuclei formed in the high aluminate synthesis
solutions,i.e., for zeolites NaA and NaX,and that TEA complexed reversibly with
aluminate species. It also is apparent that TEA complexed with other species, but
not silicates. It is not obvious from the results reported that aluminate species
necessarily were the limiting reagent responsible for nucleation. However, it is
difficult to determine what other species might have been the key limiting in-
gredient, because of the abundance of aluminate in those systems, and the fact
that the 1*C NMR spectra had no peaks other than those associated with the
TEA-aluminate complexes. That is, any other species which might have been
complexed with the triethanolamine were in sufficiently low concentration that
they could not be observed in the NMR spectra.

The relevance of the results of Freund [42], Lowe et al. [43] and Hamilton et
al. [44] to this discussion should not be forgotten. That is, the onset and cessa-
tion of nucleation may be coupled with other materials in the starting reagents,
e.g., the silica sources, and may be associated with impurities unavoidably
present.

Two recent reports have been published which shed new light on the possible
structure of precursors to zeolite nucleation and crystal growth. The first of these
[56] reported on 'H-*Si and 'H-13C cross-polarization MAS-NMR observations
of a pure-silica ZSM-5 synthesis mixture (0.5 TPA,0:3 Na,0:10 SiO,: 2.5
D,SO, : 380 D,0; 110 °C). The results of that study revealed that TPA-silicate
structures form prior to the formation of observable long-range crystalline
structure, and have short-range interactions on the order of 3.3 A, indicative of
van der Waals interactions. The proposed structure for these inorganic-organic
entities, and their role in the synthesis process are shown in Fig. 4. The authors
argued that the observed layered intergrowth behavior noted in several high
silica zeolite systems (e.g., ZSM-5/ZSM-11, beta, etc.) supported the hypothesiz-
ed model of nucleation and growth by the TPA-silicate species suggested by their
results.

An excess of 2.4 times the maximum amount of TPA that could be occluded
in the final product was used in the syntheses noted above [56]. In the first day
after heating there was evidence of both Q; and Q, silicate interactions (where
Q, species are those tetrahedrally coordinated Si atoms having n bonded SiO,
neighbors). However, even after two days of heating the 'H-'*C CP MAS-NMR
spectra suggested that a small fraction of the TPA was associated with the sili-
cate species, as noted by the small peak at 10.1 ppm in their Fig. 7 c. Additionally,
comparing the results of Figs. 5B and 5D, reproduced from their Figs. 8b and
8d, one notes that the amount of TPA* per solid is much smaller in the 1-day
heated sample than in the final product, as pointed out by the authors. If all of
the silica had been associated with TPA-silicate structures of the type described
in Fig. 4, the signal in Fig. 5B probably would have been sharper, because the
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Fig. 4. Schematic illustration of the proposed conceptual model for the TPA-facilitated nuclea-
tion and crystal growth of all-silica ZSM-5. Figure redrawn with permission from [56]

stoichiometric amount of TPA* would have been present in the sample, as it was
in Fig. 5D. And, if the stoichiometric amount of TPA* had been incorporated in
those structures, then as much as 42% (based on the excess TPA* used by the
authors) would have been associated with these structures; their Fig. 7b, ¢ do
not appear to bear this out. Taking into consideration the previous observation
that silicate species, up to groups of 12 T-atoms, were shown to re-equilibrate in
seconds [38], or milliseconds [9], and that the authors indicated that the ob-
served structures were perhaps as large as 24 T-atoms, it would appear that some
silicate species, and even more TPA* (due to the excess), were not associated
with the structures proposed by the authors. This conclusion would lead one to
admit to the possibility that nucleation of the ZSM-5 structure might involve
some of these inorganic-organic species, or perhaps other species not associa-
ted with the TPA-silicate entities.

It is possible that the inorganic-organic structures noted by the results after
heating for 1 day were, in fact, the nuclei, or small fragments of crystalline mate-
rial, too small to be detected by X-ray diffraction (i.e., smaller than about
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Fig. 5. 'H-1*C CP MAS NMR spectra of freeze-dried and washed samples from the TPA-facilitat-
ed all-silica ZSM-5 synthesis. A Unheated amorphous gel, B gel heated 1 day at 110°C,
C TPA trapped in all-silica ZSM-5,and D pure TPABr. Figure redrawn with permission from [56]

80-100 A, noted as the detection limit by the authors). TPA* was present in
excess in these experiments [56], as in the previous study discussed [25], and it,
therefore, was not a limiting reagent. One has the same question in this case,
then, of why only a fraction of the TPA* would be expected to participate in
nucleation. However, it is worth considering that the proposed structures, prov-
en to exist for the first time by these authors [56], could be participants in zeolite
crystal nucleation and growth.

The second recent work which must be mentioned is the in-situ combined
small-angle X-ray scattering/wide-angle X-ray scattering (SAXS/WAXS) moni-
toring of an all-silica ZSM-5 crystallization [57, 58]. The combined technique
allows one to simultaneously observe particles in the system, to determine their
fractal dimension, and to determine the level of crystallinity within the
particles, and the crystalline phase(s) present. Based on the data collected, some
of which is reproduced in Fig. 6, the authors proposed the nucleation mecha-
nism depicted in Fig. 7. In essence, the authors suggested that primary silica
particles formed quite early in the process, perhaps of the nature described by
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Fig. 6. Plot of log I versus log Q from the small-angle X-ray scattering spectra of a clear silica-
lite synthesis mixture after various reaction times: a 5 minutes, b 35 minutes, ¢ 75 minutes, and
d 105 minutes. Figure redrawn with permission from [58]

Burkett and Davis [56], which then underwent a series of aggregation and
densification steps to ultimately form growing crystals of ZSM-5. The initial pri-
mary particles, were proposed to aggregate into clusters having surface fractal
dimension with slope of -2.2, corresponding to a fairly open aggregate, as depict-
ed by Fig. 7b. Densification and subsequent aggregation of those densified
aggregates ultimately led to crystalline mass, and crystal growth occurred in the
normal way. At this time, it is not clear why the densification occurs in this way,
or what mechanism of re-orientation occurs within the amorphous particles to
initiate crystal formation.

Cundy et al. [7] also proposed that silicalite nucleation occurred on, or “in,”
amorphous gel “rafts” The evidence for their proposed mechanism was the
observation that samples taken at early times contained a proportion of amor-
phous material, and that optical and electron microscopy indicated a close asso-
ciation of new zeolite crystals and these amorphous particles. The authors con-
cluded that the initial nucleation period was due to a heterogeneous nucleation
mechanism, and arose from the presence of macroscopic or colloidal particles
in the solution. Nucleation was thought to be a surface-facilitated phenomenon.
While their proposed mechanism appears to be slightly different than that of
Doktor et al. [57, 58], it nonetheless involved the participation of extraneous
material.

Certainly one curious factor in establishing these observations as a new pro-
posed nucleation mechanism is that such small particulates were not observed
(or at least reported) by Schoeman et al. [19-24] or by Twomey et al. [25] using
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Fig. 7. Schematic illustration of the model for nucleation of silicalite from clear synthesis
mixtures: a TPA-silicate clusters in solution, b primary fractal aggregates formed from the
TPA-silicate clusters, ¢ densification of the fractal aggregates from b above, d combination of
densified aggregates into a second fractal aggregate structure, and e densification of the second
fractal aggregates followed by crystal growth. Figure redrawn with permission from [58]

QELSS. This is especially curious in view of the detection limits of the facilities,
and the fact that in at least one work [22] samples collected at early times were
concentrated by centrifuging prior to analysis by light scattering. The absence of
particulates either reflects the fact that there were none present in those solu-
tions, or their size or concentration were too small to be detected.

It should be mentioned, however, that recently nanometer-sized particles
have been observed in a clear solution of the zeolite NaA system by quasi-elastic



20 R.W. Thompson

laser light scattering spectroscopy [26]. It is preliminary to give much detail
here, but the primary particles appeared to be approximately 1 nm in dimension,
formed agglomerates of approximately 160 and 300 nm in size, and were ob-
served in various silicate solutions prior to combining them with their corre-
sponding aluminate solutions.

In view of these recent observations by CP-MAS-NMR, SAXS/WAXS and
QELSS it is now possible to suggest that one interpretation of the hypotheses of
Subotic et al. [32,34,35,39-41] is that the “autocatalytic nuclei” which they have
discussed previously are formed in the manner described by Doktor et al. [57, 58].
These nuclei were said to form more slowly in gel systems, due to the fact that the
gel must first dissolve to form the precursor aggregates. This process could occur
over a longer time period in gel systems than in clear systems, giving the appear-
ance that “nuclei” were “popping out of the gel” as conversion of gel proceeded.

This discussion of zeolite nucleation would be incomplete without men-
tioning that the nucleation of zeolite crystals was suggested to occur from clear
liquids via amorphous lamellae by Aiello et al. in 1970 [59],i.e., 28 years ago. The
first evidence for the fact that these primary particles were amorphous was that
they seemed buoyant at early times, and moved by convection, while the par-
ticles settled later in the synthesis, suggesting a change in the mass density of the
particles. Electron diffraction of single particles, as well as electron microscopy,
also supported the concept of zeolite crystal nucleation occurring within the
amorphous lamellae.

4
Zeolite Crystal Growth

As early as the 1971 meeting of the International Zeolite Association in Worcester,
Massachusetts, Zhdanov [29] reported on measurements of zeolite crystal
growth in hydrothermal systems. His observations for a zeolite NaA system were
that the crystal growth rate was constant for some rather long period of time,
and eventually slowed down as the reagent supply became depleted. That ob-
servation was made at several temperatures, and further demonstrated that the
growth rate of zeolite crystals in these systems was independent of crystal size,
at least from as small sizes as could be measured by optical microscopy. In the
often-cited paper by Zhdanov and Samulevich [28] they extended the technique
to include a method by which the crystal growth rate and final product size
distribution could be used to estimate the nucleation rate for the system. The
technique was summarized by Barrer [27]. Several other research groups have
used the technique since then [7, 30-32, 34], and in all cases the zeolite crystal
growth rates have been reported to be constant during the early portion of the
crystallization process. Crystal growth rates also have been observed to be in-
dependent of crystal size by laser light scattering techniques [19-26] for sever-
al different zeolite systems, in the nanometer size range.

Zeolite crystal growth from solution occurs by transfer of material from the
solution phase, in which the solute has three dimensional mobility, to the surface
of the crystal lattice being formed, and incorporation thereon in a regularly order-
ed framework. Thus, individual species must diffuse to the crystal surface, and
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then be incorporated into that crystalline structure for growth to occur, as mea-
sured by the advancement of the crystal faces, or the increase in the crystal
dimensions. Consequently, it is possible that either solute diffusion or surface
kinetics may be rate controlling, or they may both be of comparable magnitude.
In view of the constant crystal growth rates observed throughout the literature,
it might be tempting to assume that solute diffusion was the rate-limiting step,
but this assumption has not been born out by experimental results, as will be
detailed below.

There are two issues which are important to understand the mechanisms of
zeolite crystal growth, and yet a third issue which deserves comment, those
being:

1. Is either diffusion or surface kinetics the rate-limiting step to zeolite growth,
or are both steps of comparable rate?

2. What is the unit,among the myriad species present in these solutions [37,38],
which is responsible for growth, that is, what is the species (if it is but one)
which is incorporated at the surface?

3. Why does aging the alumino-silicate solution at room temperature prior to
synthesis appear to increase the inherent growth rate of zeolite crystallites?

Table 2 shows data from several sources in which the individual linear crystal
growth rates for Al-free ZSM-5, or silicalite, were reported. The temperatures
used in each study were very similar, except in [31], and the linear growth rates
also were quite similar, except in the case of one of the systems used in [22]. The
differences in that work were attributed to different synthesis conditions com-
pared to that in [7], most notably the higher pH of ca. 12.5 in [22] compared to
10.6-11.6 in [7]. The growth rates reported for silicalite in [25] were almost
identical to those found in [7], in spite of the fact that ethanol was used in one
study, but not the other. Due to the similarities of the batch compositions in [22]
and [25], except for ethanol, one would expect that the growth rates might be
similar rather than different by an order of magnitude.

Table 3 contains values of the activation energy for linear zeolite crystal
growth for several zeolite synthesis systems. The zeolite crystal growth rates

Table 3. Linear crystal growth rate activation energies

Reference Zeolite system Activation energy [k] mol!]
[10] silicalite 79 (length), 62 (width)
[22] silicalite 45
[25] silicalite 96
[31] silicalite 62.5 (length), 43.7 (width)
[28] NaX 63
[29] NaA 44
[60] NaA 46
NaX 59
NaY 63

[61] mordenite 46
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were determined by measuring the actual change in linear dimension of crystals
in synthesis systems over time, rather than the slope of the “crystallization
curve,” and, therefore, represent true activation energies for crystal growth [27].
Several studies monitored crystal growth ex-situ, while most of the silicalite
observations were made in-situ, as the growth occurred. It will be noted that the
activation energies reported are all in the range of 45-80 k] mol-!, regardless of
the zeolite system studied, i.e., the activation energies are all of comparable
magnitude. Secondly, as noted previously [7, 10, 25, 27], the magnitude of the
activation energies suggests that the resistance to crystal growth is controlled by
surface kinetics rather than by diffusional transport.

The work of Schoeman et al. [22] demonstrated this conclusion more convinc-
ingly by use of a chronomal analysis of the conversion with respect to time, a
technique suggested previously by Nielsen [62]. In such an analysis, the linear
growth rate of the population of crystals is hypothesized to depend on certain
driving forces, and the time dependence of the crystal size function is then de-
rived for the circumstance when new crystal nucleation does not occur, as was
observed in these experiments. For example, if diffusional transport from the
bulk fluid phase to the surface of uniformly sized spherical particles is assumed
to be rate limiting, then the change of the particle radius is given by the solution
of:

dr vD(C-C¥)

dt r
where v is the molar volume, D is the diffusion coefficient, (C- C*) is the driving
force for diffusion, i.e., the concentration difference above the equilibrium
value, and r is the crystal diameter. The crystal size at any time relative to the
final crystal size, at equilibrium is related to the change in concentration from
the start by:

a = (r/r*)? = (C,—-C)/(Cy-C*) (2)

where r* is the final crystal size reached at the equilibrium conversion of the
solutes. By substituting Eq. (2) into Eq. (1), the following relation can be deve-
loped:

(1)

t=Kplp (3)

where Kp is a grouping of constants and I, is an integral which must be
evaluated from the particle size data collected over time [22]. If the plot of I,
against time is linear, the results would suggest that diffusion is the limiting
resistance to crystal growth. Similar relations were developed with first, second
and third order surface kinetics hypothesized to be the rate-limiting steps, and
yielding relations similar to Eq. (3), but in which the definitions of the integral
term, I;, were different. Figure 8 shows the results of the authors’ analyses using
the four hypothesized models for crystallization [22], as applied to experiment
S100 (the batch composition and temperature are those listed in Table 2 for
[22]).1t can be seen from Fig. 9 that the change in size of the zeolite crystals was
constant up to about 20 hours for that experiment, after which time reagent
depletion caused a reduction in the growth rate. It also is noted that in Fig. 8 the
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Fig. 9. Evolution of silicalite crystal size with time, showing that the growth rate was constant
for experiment S100 up to about 25 hours at temperature. Reprinted by permission of the
publisher from “Analysis of the crystal growth mechanism of TPA-silicalite-1,” by BJ
Schoeman, J Sterte,and J-E Otterstedt, Zeolites, 14, 568, copyright 1994 by Elsevier Science Inc.
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chronomal for first order surface reaction is linear up to about 20 hours of
synthesis. Their results showed that the best linear fit of the data to these models
was for that assuming first order surface reaction kinetics to be rate-limiting, a
conclusion which is at least qualitatively consistent with the rather high activa-
tion energies reported in Table 3.

Thus, it appears from the evidence cited that transport by diffusion in the
liquid layer is not the rate-limiting step in zeolite crystal growth, but that the
incorporation of solute by surface integration kinetics may well be. Data from
[22] suggests that a first order surface reaction is the rate limiting step for
silicalite crystal growth, under the conditions studied.

Lechert and Kacirek [63] presented results which appeared to explain the
manner in which the Si/Al ratio of the final product is controlled in a zeolite NaX
system. Their results showed that, within certain limits, the Si/Al ratio of the
starting solution does not have as much influence on the final product com-
position as the OH7/Si0, ratio in solution. They also developed an equilibrium
model based on ionic reactions of aluminate monomers and silicate monomers
with species on the crystal surface, the solution of which adequately described
the Si/Al ratio which evolved in a variety of experiments performed by the
authors using different starting Si/Al ratios and different NaOH contents in the
batch. The model assumed that aluminate ions in solution could react only with
silicate groups on the growing crystal surface, while silicate ions in solution
could react with either silicate or aluminate surface groups. The Si/Al ratio of the
product crystals was calculated based on the average of two successive layers
added to the crystal surface. The surface reaction model was based on first
principles and experimental observations, was consistent with Léwenstein’s rule
which prohibits the formation of adjacent aluminate groups in the crystal
lattice, and argued against groups more complex than monomers and dimers
participating in the crystal growth process. In spite of the authors’ successes in
describing zeolite NaX growth, they admitted that there were still some im-
provements which could be made, including finding an explanation for the 5-6
data points which were outliers in their Fig. 3. Nonetheless, their approach is
insightful and shows promise for further advances in understanding zeolite
crystal growth mechanisms.

4.1
The Tugging Chain Model

It is possible to formulate a conceptual model of the mechanism for the zeolite
crystal growth process, based on the various pieces of information that have
been reported in research studies to date for silicalite synthesis in clear solu-
tions. It is speculated that this system is representative of zeolite crystal growth,
that the knowledge will be applicable to other systems, and that seemingly
different features of other systems stem from differences in degree rather than
mechanism. Points which must be kept in mind are:

1. The growth of zeolite crystals has been demonstrated to be independent of
crystal size [7,10,19-26,28-32, 34, 41]
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2. Rearrangement of silicate oligomers in basic media is extremely rapid [9, 37,
38]

3. Silicate oligomers in basic media have been demonstrated to form preorganiz-
ed inorganic-organic structures in the presence of TPA* ions which have short
order, and have a configuration similar to that of the final crystal structure [56]

4. In systems which nucleate on the order of 10'? particles cm™ the particles are
about 1 pm apart, on average, and are unlikely to interact, at least at early
times

5. It has been suggested that the primary resistance to silicalite crystal growth
in these systems is most likely to be surface reaction kinetics [10, 22, 25, 32],
and perhaps a first order surface reaction mechanism [22]

6. Nucleation occurs in a single burst, and consumes a very small amount of the
limiting reagent

Keeping these results in mind, one needs only focus attention on two adjacent
growing zeolite crystals to hypothesize a model for zeolite growth. The implica-
tion that the primary resistance to growth is surface kinetics, and that silicate
oligomers in solution attain their equilibrium distribution quickly, is that the
reservoir of material between the two growing crystals can be assumed to be an
equilibrium distribution of the silicate oligomers. As material is incorporated at
the crystal-solution interface, the distribution of silicate oligomers between the
two growing crystals, including the region closest to the crystal surfaces,
re-equilibrates instantaneously, relative to the rate of crystal growth. The fact
that the solution has the thermodynamic tendency to make small oligomeric
structures similar to the final crystal structure also suggests that material having
the same structure can be assembled at the crystal-solution interface, i.e., that
the surface reaction would be expected to create similar crystalline material.
Therefore, of the myriad silicate oligomer species present at the crystal-solution
interface, there may be only a few which are incorporated, e.g., monomers and
dimers [7-10, 25, 63]. The other larger, more complex species are continually
unraveled, at a relatively fast rate, to maintain the equilibrium distribution of
oligomers, or very near to it. Thus, it is quite possible that the whole process is
governed by the ordering of silicates around the pertinent template species
adsorbed at the crystal surface.

It also is interesting to recall that nucleation in these systems stops abruptly
in spite of the fact that ample reagents appear to be present between the two
existing growth centers. This observation can be interpreted to mean that the
transfer of material to the crystal, by reaction at the surface, is sufficiently rapid
to prohibit silicate polymerization in the bulk which would be necessary for
further nucleation. In fact, a net depolymerization must be occurring in the bulk
phase during crystal growth to prohibit further nucleation. However, if the
growing centers are physically removed from the system, as in [25], nucleation
may recommence.

With respect to the competition between nucleation and crystal growth,
evidence has shown that both the nucleation “rate” and the growth rate increase
with increasing temperature. However, it also has been noted that the absolute
number of crystals formed actually decreases as the temperature is increased
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[22, 25]. Thus, the nucleation rate increases only because the nucleation period
(or the “induction time”) decreases faster, i.e., the number of crystals formed
divided by the induction time increases with temperature because the denomi-
nator decreases faster than the numerator. Since it has been demonstrated that
nucleation will recommence if growing particles are removed from the system
[25], and that the conversion increases with increasing temperature [22], then
one must conclude that the reduction in the absolute number of crystals formed
with increasing temperature results from the more rapid depolymerization of
silicate oligomers at higher temperature, so that nothing between the hypo-
thetical two growing particles can become an active growth center after the
initial burst of nucleation has occurred.

5
Use of Seed Crystals

It is common practice to add crystals, called seed crystals, of the desired phase
to a synthesis batch to increase the rate of crystallization, and in some cases to
direct the outcome toward selected crystalline phases. It is worthwhile to review
the literature on this subject to understand what is known of this phenomenon,
however, a recent review article [5] and literature publication [64] on this sub-
ject are available, which also contain some details on the mechanism of rate
enhancement stemming from the use of seed crystals.

Kerr [1] noted that the induction period, during which nuclei are formed and
grow to an observable size can be eliminated by the addition of zeolite NaA to a
batch designed to produce that zeolite. He also noted [65] that seeding a zeolite
NaX mixture with solid material containing approximately 75% zeolite NaX
reduced the crystallization time by about 20%. Adding the seeding material to
the boiling sodium silicate solution and the sodium aluminate solution prior to
mixing decreased the synthesis time further. Similar reduction of the crystal-
lization time was noted when adding the seed material directly to the reaction
mixture.

Mirskii and Pirozhkov [66] reported on experiments in which seed crystals
were added to normal batch zeolite synthesis mixtures. In one set of experi-
ments, different amounts of seed crystals of a desired phase (not specifically
mentioned, but probably zeolite NaA) were added to the synthesis mixture, and
noted to eliminate the induction time and increase the rate of crystallization.
Two additional factors were investigated and reported: a) the rate of crystalliza-
tion increased more with increased amounts of seed crystals added, and b) the
rate of crystallization was enhanced more using the same mass of smaller seed
crystals than with larger seed crystals. Both of these results were concluded to
imply that the rate enhancement was due to the cumulative seed crystal surface
area used to assimilate material from the solution. This point was illustrated
turther by adding seed crystals of one phase to a solution which nominally pro-
duced a different zeolite phase. For example, zeolite NaP seed crystals were
added to a synthesis mixture, which was demonstrated to precipitate zeolite
NaX, after about 30% of the amorphous reagents had already crystallized. After
two additional hours of crystallization, the absolute amount of zeolite had
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increased, but the relative amounts of the two phases remained the same, sug-
gesting that the crystalline phases which formed were a function of the structure
of the additive crystals and the crystals already precipitated. The same effect was
noted with NaX seed crystals added to a NaP mixture,and with both combinations
of hydroxysodalite and zeolite NaA, and their respective synthesis mixtures.

Somewhat different results were observed in a more recent work [67] in
which the sodium cation was increasingly replaced by potassium cations in a
system which precipitated zeolite NaA when only sodium ions were used. At
levels beyond about 20% replacement of the sodium ions by potassium ions,
mixtures of zeolites A, F,and G were formed, until at 80 % replacement only zeo-
lites F and G were synthesized. Relatively low seeding levels, ca. 10-15% by
weight, added to the 50 % Na/K mixture resulted in formation of a new popula-
tion of zeolite A crystals which did not form in the unseeded system. The same
low levels of seeding with zeolite NaA crystals in the 100% K system resulted in
the precipitation of zeolites F and G, but in remarkably shorter time than with-
out seeds. That is, the presence of zeolite A seed crystals appeared to catalyze the
formation of zeolites F and G. However, at a seeding level of 72.5% by weight
(zeolite A crystals) in the pure K system, zeolite A was the only observable phase
formed, regardless of whether seeds in the Na-form or the K-form were used.
It also was obvious in those experiments that the seed crystals had grown,
although not regularly, and that a new population of zeolite A crystals had been
formed, unquestionably due to the presence of the seed crystals.

It also has been noted recently [5] that using silicalite seed crystals in the
ammonium silicalite system results in increased levels of silicalite nuclei formed
in the solution, and that a relatively large number of these new crystals seem to
grow out of the seed crystals forming what has been labeled the “porcupine”
morphology [5]. A typical example of that morphology is illustrated in Fig. 10,
which shows several rather large silicalite seed crystals with much smaller new
silicalite crystals apparently growing out of the seed crystal surfaces [68]. A uni-
que feature of this ammonium-based system was that the gel phase became very
viscous after about 30 minutes at temperature, sufficiently so that growing
crystals were somewhat immobilized in the gel phase thereafter, and settling did
not occur after that time. The mechanism for the formation of the porcupine
morphology, described in detail in [5] and [68], involves the release of “initial-
bred nuclei” from the surface of seed crystals, or from the sample. The seed
crystals and the new population of crystals grow by normal means such that
their growing faces advance towards one another. Ultimately, overgrowth of the
two crystal types in random orientation occurs, such that the peculiar geo-
metries are formed. Bonding between the randomly overgrown crystals is weak,
as evidenced by the occurrences of their separation, noted by the “craters” in
several locations in the predominant seed crystal in Fig. 10. It also was demon-
strated [5] that other macroscopic-sized crystals may come into contact and
grow into one another to form seemingly odd-shaped agglomerates. It also was
noted that the same phenomenon occurs in other zeolite systems.

The question then arose regarding how and when the initial-bred nuclei were
formed, and what control one might have over their formation. It has been
demonstrated recently [64] that the initial-bred nuclei form in seed-preparation
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Fig. 10. SEM photomicrograph (at 1000X) of silicalite seed crystals (the largest crystals pre-
sent) and the new population of silicalite crystals formed by initial breeding. The “porcupine”
morphology is illustrated by the small crystals growing out of the seed crystal surfaces.
Crystals grown in the NH }-silicalite system by Gonthier [68], using the composition reported
in [5]

systems from unconverted alumino-silicate material left in the solution. These
nanometer-sized particulates may, or may not, have crystalline domains, how-
ever they were observed by light scattering to be present in filtrates from rather
large seed crystals, and have the ability to form growing crystals. It is quite
possible that these entities are similar to a) the particulates observed by
SAXS/WAXS recently [57, 58], b) the ordered structures recently reported by
Burkett and Davis [56],and c) the persistent “nuclei” reported by light scattering
[25], and may form in a manner similar to the lamellae observed in 1970 [59].
Nevertheless, it has been demonstrated that initial-bred nuclei are present in
several different zeolite systems [5, 26, 64], and that these particles can catalyze
nucleation of a new population of crystals in a synthesis system. This concept
also may explain the apparent observation that synthesis vessels have “memory,’
especially with inadequate cleaning between batches. That is, it is conceivable
that some of these particulates cling to vessel walls, stirrer blades, heating sur-
faces, and other hardware parts and re-emerge in the next batch to play a role in
nucleation.

Therefore, what is known about the crystallization rate enhancement result-
ing from the use of seed crystals at the current time is that: a) nanometer-sized
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(colloidal) particulates are quite likely present in most seed crystal samples,
which can become viable growing zeolite crystals,b) these nanometer-sized par-
ticulates appear to be present in the mother liquor in which the seed crystals
were formed, c) they are physically separate, and separable, from the seed
crystals at the conclusion of the seed crystal synthesis, d) they may have been
present in the seed crystal batch prior to the conclusion of the seed crystal syn-
thesis [64], as suggested previously [25], and e) they have been used separately
from the seed crystals to increase the crystallization rate of a subsequent zeolite
crystallization [64, 69].

It also is known from the evidence discussed in detail in [5] that even rather
large silicalite crystals can grow into and around one another, forming randomly
oriented agglomerates, of perhaps as few as two crystals. In the case of the NH ;-
silicalite system this behavior was accentuated, because the “solution” became
viscous, achieving the consistency of a paste after about 30 minutes of heating.
That is, after about 30 minutes the individual crystals had lost much of their
mobility within the medium. However, the same phenomenon has been observ-
ed in analcime synthesis from clear unseeded solutions, which remain quite
fluid, and in which the large crystals which form very quickly settle to the
bottom of the vessel and continue to grow into one another, forming what might
resemble a sheet of analcime crystals [70].

6
Conclusions

The synthesis of crystalline molecular sieve zeolites in hydrothermal systems
involves the combination of the appropriate amounts of aluminates and sili-
cates, usually in basic media, and usually in an aqueous medium. Syntheses
generally will proceed at ambient or moderate temperatures, however, crystal-
lization rates generally are much faster at elevated temperatures, approaching
100°C, if pressures below one atmosphere are desired, and temperatures up to
about 180 °C, if high pressure vessels are used. Most zeolites of commercial in-
terest are metastable phases, requiring that synthesis processes be terminated at
some predetermined time to avoid contamination of the solid product with
denser undesirable phases.

Zeolite crystallization is a phase transformation process, since an amorphous
alumino-silicate gel phase usually forms quickly after mixing the reagents in the
appropriate concentrations. Clear solution syntheses have been reported, but
the yield from them is typically not sufficient to generate commercial interest. It
is generally agreed that the transformation from amorphous gel to crystalline
zeolite occurs through the solution phase via dissolution of the amorphous gel
and crystallization of the desired zeolite phase. Consequently, the normal pro-
cesses of nucleation and crystal growth must occur from within the solution.

Zeolite nucleation is thought to occur via some primary mechanism, either
homogeneous or heterogeneous nucleation, since neither seeding nor agitation
are required for these crystallizations to proceed, which would be the case if
secondary nucleation were involved. However, mathematical simulations using
population balance models have suggested that the classical homogeneous
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nucleation mechanism probably does not apply in these syntheses. Further-
more, the works of Subotic et al. [32, 34, 35,39 -41], Hamilton et al. [44], Gonthier
et al. [36], Burkett and Davis [56], Doktor et al. [57, 58], and Aiello et al. [59] have
all suggested that some precursor species form in the solution, and that these
species involve more than just the aluminate ions, the silicate ions, or alumino-
silicate oligomers. Two prior works had suggested that the “activity” of silicates
in zeolite syntheses was due to aluminate impurities in the silica source [42,43],
while Hamilton et al. [44] concluded that this activity was due to enhanced
nucleation in various systems, which itself could have been due to any of several
impurity levels in various silica sources. Recently, colloidal particulate matter
has been observed in several synthesis solutions, and in silicate solutions prior
to making the synthesis solution [26, 57, 58], which could participate in zeolite
nucleation.

Two recent papers [72,73] appeared while this manuscript was “in press”, both
of which discussed observations of nanometer-sized particulates in zeolite syn-
thesis systems. Schoeman [72] reported observing particles 3 nm in size which
persisted throughout the synthesis of silicalite. He also indicated that the zeolite
crystal growth curve could be extrapolated back to about the same size,and that
therefore, one might speculate that these particles were at least associated with
nucleation, if not the nuclei themselves. Gora et al. [73] also reported observing
nanometer-sized particulates which persisted throughout the synthesis of
zeolite NaA in their study. However, they also noted that the same sized particles
were observed to exist in the silicate solution prior to mixing with the aluminate
solution, which itself did not contain any such particles. Both these reports give
an indication that colloidal particles may participate in a form of heterogeneous
nucleation.

The evidence seems quite clear that adding seed crystals to a new zeolite
synthesis batch usually results in enhanced crystallization rates, and occasionally
the presence of seed crystals determines the phases precipitated in the process.
Results also seem to point to the fact that seed crystal samples contain in them
sub-micron sized particulate matter, either crystalline or amorphous, that has
the ability to catalyze the nucleation of new zeolite crystals in the system [5, 26,
64,67-69,71].

Growth of zeolite crystals in hydrothermal systems has repeatedly been
observed to be independent of crystal size, and constant over time until the
reagent concentration begins to decrease. Results with aluminum-free ZSM-5
(silicalite-1) suggested that zeolite crystal growth rates increased with a concen-
tration driving force, as determined by changing solubilities of amorphous gel
and zeolite crystal phases with pH [13]. Analysis of the synthesis of aluminum-
free ZSM-5 from clear solutions indicated that the growth rate was limited by the
incorporation of material at the solution-crystal interface by a first order surface
kinetics reaction [22]. Diffusional transport rates in the solution appeared to be
sufficiently rapid to keep the surface supplied with material. The same con-
clusion could be inferred by true activation energies for zeolite crystal growth
reported by numerous research groups (see Table 3).
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Porosils: An Ever-Increasing Class of Materials

The many different silicate zeolite structure types [1] are summarized in a
general formula as solid solution series: A}_,[Si;_,Ty"*0,]*zH,0*nM, where
A denotes mono- or divalent cations, T tetra-, tri-, di-, or monovalent cations
tetrahedrally coordinated by oxygen, and M neutral atomic or molecular guest
species. The general formula highlights the specific compositional breadth typi-
cal of zeolites and gives valuable information on composition-dependent pro-
perties. All-silica end members, the porosils [2],are included in this description;
however, there is a fundamental difference in properties between conventional
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silicate zeolites and all-silica nanoporous materials [3]. Since the tetrahedral
SiO, frameworks are neutral, no framework-charge balancing cations are
contained in the material and all materials are hydrophobic. In the different
structure types, the void space is generated by neutral structure-directing
agents, SDA, also called template molecules M, which determine by their size and
geometry in advance the size and geometry of the pore. Since the bonding energy
of the silica framework resembles that of natural silica polymorphs, e.g. quartz,
the thermal stability of this class of material is generally higher than for struc-
turally related zeolites, e.g. in dry atmosphere up to about 1300 K for MTN
(MTN is a mnemonic used for a particular structure type; for this and similar
structure-type codes as well as for details, refer to [1]) [4].

So far, only some zeolite structure types cover a wide range of Si/Al ratios as
framework constituents, e.g. SOD [1]. Most of the typical silicate zeolites with
low Si/Al ratios have not yet been obtained as silica end members, neither in
direct synthesis nor in post-synthesis treatment. Similarly, all-silica and high-
silica materials are difficult to synthesize in low Si/Al ratios. The reason is the
difference in synthesis concepts for all- and high-silica zeolites and low-silica
zeolites. The simplified all-silica synthesis system reduces to SiO,*nM*wH,O0,
with SiO, forming the three-dimensional, four-connected host framework and
M as structure-directing template. The template M is the synthesis variable
allowing for the choice of the porosil structure type crystallized during the syn-
thesis. In addition, there is a marked influence of the intensive synthesis vari-
ables p and T on the structure type formed. Several nanoporous silicas have
been obtained through post-synthesis treatment of the reaction product such
as steaming and SiCl,-treatment. Although the process is very important for
particular applications, no reference is made in this chapter to those materials.
For detailed information the interested reader is referred to the literature [5].

The porosils are further subdivided into clathrasils and zeosils depending on
the pore geometry which is cage-like and channel-like, respectively. In Figs. 1
and 2, the cages found in porosils and representative channels for zeosils are
shown. The skeletal drawings show the Si atoms as knots of the three-dimension-
al host framework. Oxygen atoms are omitted for clarity and are close to the
midpoint between two silicon sites. The cages in clathrasils are bound by at most
6MR of [SiO,] units, suppressing properties such as sorption/desorption of
organic molecules. In contrast, zeosils have at least 8-MR windows with 4.0 A
pore width. For small molecules this is large enough to penetrate. Since the
porosity of the different porosil structure types is created only after calcination
of the as-synthesized material, the specific properties of the two subclasses of
porous silicas become only obvious after the removal of the organic template.
The synthesis of clathrasils and zeosils, however, should be subject to the same
general rules and will be treated together. The synthesis of porosils has been
most successful under mild hydrothermal conditions. There are also reports on
syntheses in nonaqueous polar solvents such as alcohols and amines [6,7, 8]. A
compilation of all porosils known to date is given in Table 1, which also includes
crystallographic and structural details of the porous host silica frameworks.

In the temperature range 130-250 °C, solutions of silicic acid and amphiphilic
structure-directing agents have been subject to autogenous pressure in auto-
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Fig. 1. Compilation of the cage-like voids observed in clathrasils

claves for a few days up to several months. The most successful class of amphi-
philic SDA 1is the group of aliphatic and cyclic amines with the hydrophilic
amino headgroup and the hydrophobic tail. More than 100 SDAs have been used
so far for the synthesis of 26 different porosil structure types. In Table 2 a com-
pilation of representative templates used as SDA for various porosil structure
types is given. Because of the vast number of successful SDAs for porosil
synthesis, only typical template molecules are listed here. A more exhaustive sur-
vey of SDAs and porosil structures can be found in the literature [3, 20, 36, 37].
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Fig. 2. Selection of typical channel-like voids observed in zeosils. a 8MR channel of RTE; b
10MR channel of ZSM-48; ¢ 12MR channel of AFI; d 14MR channel of UTD-1



Table 1a. Structural properties of clathrasils

Structure Structure Composition Lattice para- Maximum Number of Cage Cage Cage Ref.:
type type code per unit cell* meters [A] topological ~ cages per type symmetry  volume Synthesis,
space group  unit cell [A3] structure
RUB-3 RTH 24[Si0,] a,=14.0, C2/m 2 [45%?] 2/m 35 91
x 2M102M16 b,=13.7, 2 [4656582] 2/m 300
Cc,=7.4
=102.5°
Silica- SOD 12[Si0,] x 2M !4 a,=8.8 Im3m 2 [4%6°] m3m 130 6,1
Sodalite
Decado- - 120[Si0,] x 6M™ 9 a,=13.9, P3m 6 [435%61] 3m 35 10, 10
decasil 3H MRPIMP4MP 1M c,=40.9 9 [51] m3 80
1 [46568°] 62m 230
4 [43512618°] 3m 350
1 [5186%8°] 6/mmm 540
Decado- DDR 120(Si0,] a,=13.9, B 6 [475%'] 3m 35 11,1
decasil 3R X 6M°9M 26 M c,=40.9 R3m 9 [5'2] m3 80
6 [4%5%'8°]  3m 350
Octa- AST 20[Si0,] x 2M2M*¥  a,=9.2, 14/m 2 [4°] 4/mmm 5 12,1
decasil c,=13.4 2 [4%612] 4/mmm 280
Sigma-2 SGT 64[Si0,] x 8M°4M*  a,=10.2, 14,/amd 8 [435°] 2 mm 25 13,1
Co=34.4 4 [512%6°](SGT) 4 390
Dode- DOH 34[Si0,] a,=13.8, P6/mmm 3 [512] m3 80 14,1
casil 1H x 3M'22M? 1M c,=11.2 2 [435%6°] 62 m 70
1 [526%](DOH) 6/mmm 430
Dode- MTN 132[Si0,] a,=19.4 Fd3m 16 [517] m3 80 14,1
casil 3C x 16M'28M 16 8 [5'26%] m3 240
Melano- MEP 46[Si0,] a,=13.4 Pm3n 2 [5%2] m3 80 15,1
phlogite X 2M26M !4 6 [5'26] 4 m2 160
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Table 1a (continued)

Structure Structure Composition Lattice para- Maximum Number of Cage Cage Cage Ref.:
type type code per unit cell® meters [A] topological ~ cages per type symmetry  volume Synthesis,
space group  unit cell [A3] structure
Nonasil NON 88[Si0,] a,=22.2, Fmmm 8 [5%6*] 222 25 16,1
X 8MPSMO4M2° b,=15.1, 8 [4'58] mm2 30
c,=13.6 4 [5%6'%] mmm 290
ITQ-3 ITE 64[Si0,] x 4M? a,=20.6, Cmem 4 [5%5] 20 17,17
b,=9.7, [465%618*] 500
c,=19.6
RUB-10 RUT 36[Si0,] a,=13.1, C2/m 4 [445%67] 2/m 35 18,1
x 4M124M!6 b,=12.9, 4 [44556°81] 230
c, =124
8=102.5°

2 M™: M = Template molecule, n = the number of faces of the occluding cage.

(1)4

1 s 'H



Table 1b. Structural properties of zeosils

Structure  Structure ~ Composition Lattice Maximum Ring Cross section ~ Direction Dimension- Form of  Ref.:
type type code  per unit cell parameters  topological  size of the limiting  of the ality of the  the Synthesis,

[A%] space group pore [A] channel  poresystem channel  structure
RUB-3 RTH 24[Si0,] a, =14.0, C2/m 8-MR  4.2x3.9 1-D straight 9%1

x MBMR b,=13.7,

c, =7.4

8=102.5°
ITQ-3 ITE 64[Si0,] a, =20.6, Cmcm 8-MR  3.8x4.3 [010] 2-D straight 17,17

X MEMR 5 MEMR b =9.7, 8-MR  5.8x2.3 [001] straight

c,=19.6
Decadode- - 120[SIO,] a,=13.9, P3m 8-MR  4.4x3.8 [100] 2-D zigzag 10,10
casil 3H x MBMR o MEMR ¢ '=40.9 8-MR 4.4x3.8 [010] zigzag
Decadode- DDR 120[Si0,] a,=13.9, R3m 8-MR  4.4%3.6 [100] 2-D zigzag 11,1
casil 3R X MEMR 5 MEMR ¢ =40.9 8-MR  4.4x3.6 [010]
Silica- FER 36[Si0,] a,=18.6, Immm 8-MR  4.8x3.5 [010] 2-D straight 8,1
ferrierite x MSMR 5 MIOMR | '=13.9, 10-MR  5.4x4.2 [001] straight

Co=7.2
Silica- TON 24[Si0,] a,=13.8, Cmcm 10-MR 5.5x4.4 [001] 1-D zigzag 19,1
theta-1 X M1OMR b,=17.4,

¢, =5.0,
Silica- MTT 24[Si0,] a,=21.5, Pmmn 10-MR 5.2%x4.5 [001] 1-D zigzag 19,1
ZSM-23 x MIOMR b,=11.1

c,=5.0
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Table 1b (continued)

Structure  Structure  Composition Lattice Maximum Ring Cross section  Direction Dimension- Formof  Ref:
type type code  per unit cell parameters  topological  size of the limiting  of the ality of the  the Synthesis,

[A%] space group pore [A] channel  poresystem channel  structure
Silica- - 48[Si0,] a,=14.2, Cmma 10-MR 5.6x5.3 [001] 1-D straight 20,21
ZSM-48 x M!OMR b,=20.1,

c,=8.4,
Silica- MWW 72[Si0,] a,=14.2, P6/mmm 10-MR 5.5x4.0 [100] 2-D sinusoidal 22,23
MCM-22 X MIOMR 5 MIOMR ¢ '=24.9 10-MR 5.5x4.0 [010] sinusoidal
Silica- MFI 96 [Si0,] a,=20.1, Pnma 10-MR 5.6x5.3 [100] 3-D sinusidal 24,1
ZSM-5 X MIOMR 5 MIOMR b =19.,9, 5.5%5.1 [010] straight

c, =134
Silica- MEL 96 [Si0,] a,=20.1, 14m2 10-MR 5.4x5.3 [100] 2-D straight 25,1
ZSM-11 X MIOMR 5 MIOMR ¢ '=13,4 10-MR  5.4X%5.3 [010] straight
Silica- MTW 56 [Si0,] a,=24.9, C2/c 12-MR  5.9%x5.5 [010] 1-D straight 26,1
ZSM-12 x M12MR b,=5.0,

C,=24.3,

8 =107.7°
VPI-8 VET 17[Si0,] a,=13.0, Pi 12-MR  6.0x5.9 [001] 1-D straight 27,1

X MI2MR ¢, =5.0,

Silica- AFI 24[Si0,] a,=13.7, P6/mcc 12-MR  7.3x7.3 [001] 1-D straight 28,1
SSZ-24 X M12MR c,=8.4
Silica- - 28[Si0,] a,=14.9, P2/m 12-MR 8.6 x5.7 [010] 1-D straight 29,30
NCL-1/ X M12MR b,= 8.4, (Poly-
SSZ-31 c,=12.4, morph A)

8 =106.0°
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Table 1b (continued)

Structure  Structure  Composition Lattice Maximum Ring Cross section  Direction Dimension- Formof  Ref.:
type type code  per unit cell parameters  topological  size of the limiting  of the ality of the  the Synthesis,
[A%] space group pore [A] channel  poresystem channel  structure
ITQ-4 IFR 32[Si0,] a,=18.7, 12/m 12-MR  7.2%6.2 [001] 1-D sinusoidal 31,32
x M12MR b= 13.5,
C,= 7.6,
f =102.0°
Silica- BEA 64[Si0,] a,=12.7, P4,22 12-MR  5.5%5.5 [100] 3-D straight 33,1
beta XMIMR 5 MIZMR ¢ =26.6A  (Poly- 12-MR  5.5%5.5 [010] straight
x M1ZMR morph A) 12-MR  7.6x 6.4 [001] spiral
UTD-1 - 64[Si0,] a,=19.0, Imma 14-MR 10.0 X7.5 [010] 1-D straight 34,34
x M!4MR b,= 8.4,
Cc,=23.0
CIT-5 CFI 32[Si0,] a,=13.7, Imma 14-MR  10.0 X 9.9 [010] 1-D straight 35,35
X M14MR b,= 5.0,
= 25.5
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Table 2a. Selection of structure-directing agents (SDA) that have been used successfully for
the synthesis of different clathrasil structure types

Structure Structure Typical structure-directing agents
type type code
acyclic monocyclic bicyclic  tricyclic
RUB-3 RTH P
NH,
Silica-Sodalite SOD < NH, o
oY%
0O 4
Decadodecasil 3H - NH,
Decadodecasil 3R DDR @ NH,
H K;
Octadecasil AST \, @
\r/
N%
= \ -
Sigma-2 SGT NH,
e
Dodecasil 1H DOH NH, @ NH,
w7 Qcy Je
N N
H NH.
Dodecasil 3C MTN - O O @
| N~ N N
H H
Melanophlogite ~ MEP _NH,
Nonasil NON N~ "
Q0
H H
ITQ-3 ITE e
N
-
RUB-10 RUT
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Table 2b. Selection of structure-directing agents (SDA) that have been used successfully for the
synthesis of different zeosil structure types

Structure Structure Typical structure-directing agents
type type code
acyclic monocyclic  bicyclic/tricyclic
Silica-ferrierite FER 7
<

N

Silica-theta-1 TON
NN

Silica-ZSM-23 MTT
\/\N/\/

Silica-ZSM-48 -
HZN/\/NH\/'\NH2

N
H
>
H
Silica-MCM-22 MWW O
N
H

Silica-ZSM-5 MFI NN

Silica-ZSM-11 MEL §

Silica-ZSM-12 MTW O/\/\Q @

VPI-8 VET (
¥

Silica-SSZ-24 AFI e
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Table 2b (continued)

Structure Structure Typical structure-directing agents
type type code
acyclic monocyclic bicyclic/tricyclic
1TQ-4 IFR @_\
+
©
Silica-beta BEA

OO
UTD-1 - ’¢f_

CIT-5 CFI

2
Synthesis Strategies and Synthesis Mechanism

2.1
Interaction Between Structure-Directing Agent, Solvent, and Silica Framework

Since every SDA is distinct in its properties, the influence of the SDA on the
structure type formed during the porosil synthesis is obvious. The vast amount
of experimental data on the synthesis of porosils available in the literature
allows the deduction of a number of empirical synthesis rules [20, 36, 37, 38, 39,
40]. Very little is known of atomistic details of the synthesis mechanism [41,42].
It is clear from the nature of the successful amphiphilic templates that the
interaction with the solvent as well as with the silica surface is most important.
During the crystallization process, the basic functional group, most frequently
the hydrophilic amino groups in organic molecules, participates in the hydrogen
bonding system with the silanol groups of the silica surface and water as solvent.
The hydrophobic part of the template fills the voids of the half-completed ca-
vities which are exposed at the growth face and interacts with the silicate wall of
these cavities. As a model, the SDA 1-aminoadamantane docked in the open
[51268]-cage of the growth face of dodecasil 1H (DOH) is visualized (Fig. 3).
Although the nucleation and growth to a stable crystallite are still mysterious,
the host-guest interactions between template and silicate monomers and oligo-
mers are most important. From investigations of the SDA mechanism in the
synthesis of silica-MF]I, it is indicated that preorganized organic-inorganic com-
posites exist in the synthesis mixture [43]. They condense to stable crystallites
which might be of the size of only a few unit cells (<80 A) [44]. Under the in-
fluence of the template the periodic silica framework of MFI grows in a typical
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Fig. 3. Schematic drawing of the surface of a DOH crystal showing the SDA 1-aminoadaman-
tane docked in the half-cavity of the [5'%6%] cage

morphology with regular, smooth growth faces. The growth of the crystal is con-
trolled by the sorption of SDA on the surface and the following condensation of
silica entities [3, 38,40, 45]. Since there are only weak van der Waals interactions,
the growth rate-determining step would be the establishment of the
sorption/desorption equilibrium of the SDA in half-cavities on the surface of the
porosil. In cases where a pronounced anisotropy in crystal morphology is ob-
served, the fast growing faces are dominated by the condensation of silica. For
example, the porosils containing one-dimensional channels grow fast along the
channel axis. Here, the continuous growth of the silicate wall through the con-
densation of silica dominates. Perpendicular to the channel axis, the creation of
new channel-like pores requires the sorption of SDAs.

Crystal faces which are largest represent the slowest growing faces and are
representative for the rate-determining step in crystal growth. In porosils, those
faces which contain the highest density of sorption sites for SDAs in the struc-
ture-dominating pores are always the largest [3]. Therefore, the morphology of
every structure type developed by the porosil crystal is typical and depicts a
macroscopic protocol of the processes occurring on a microscopic scale. Theo-
retical calculations on the efficacy of the template during synthesis of porosils
support this view, although the calculations only consider the fit of the template
in the unperturbed silica framework and neglect solvent interaction with the
template and the framework [46, 47].

2.2
Properties of Structure-Directing Agents Decisive for the Pore Geometry

2.2.1
Size and Shape of the Templating Molecule

From the nucleation and growth mechanism, it is obvious that the size and the
shape of the SDA determine the size and the shape of the pore of the porosil.
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Spherical molecules favour cage-like voids, whereas chain-like molecules lead to
1-D channels. SDAs with branched chains lead to intersecting channel systems.
The correspondence of the size and shape of the SDA and the pore of the porosil
at the molecular level has consequences for the choice of successful SDAs. As can
be seen from Table 2, SDAs of very different size, shape, and conformation have
been used for the templating of cages and channels in the various porosil struc-
ture types. For almost every structure type there are several SDAs indicating the
flexibility of the silica framework. Those forming a particular structure type
have been classified according to the size and geometry of the pore they occupy
[3]. As examples, all SDAs which are to date known to crystallize DOH are listed in
Table 3. At the same time, there are several SDAs templating different structure
types (Tables 2 and 4), but under different synthesis conditions. This shows
that the intensive synthesis parameters (p, T) and also the extensive parameters,
e.g., the concentration of SDA, play a crucial role in the process of formation,
however, of secondary importance compared to the size and shape of the SDAs.
The shape of the SDA for the clathrasils is spherical. Larger cages, therefore,
require larger spherical and rigid molecules. Effective templates for clathrasils
with large cages, therefore, are polycyclic compounds which occur only in a limi-
ted number of conformations. The most successful SDAs are the tricyclic amines
1-amino-adamantane, quinuclidine, and azabicyclononane which all act as SDA
for four different structure types. For example, 1-amino-adamantane as SDA
is occluded in four different cages of different size [42]. Whereas DDR with
the 19-hedral cage-[4°5'%6'8°] and SGT with the 20-hedral cage-[5'26%](SGT)
crystallize only at lower synthesis temperatures (T <160 °C) and high concen-
trations of SDA (>50 mg SDA/ml silicate solution), DOH with the 20-hedral
cage-[5126°](DOH) is the most flexible structure for the SDA 1-aminoadaman-
tane. It crystallizes in the temperature range from 150-250°C and at low to
medium concentrations of SDA. DD3H is a difficult to obtain variant of the
deca-dodecasil series of polytypes. Whereas in DDR the stacking sequence
of the deca-dodecahedral layer is ABCABC, in the polytype DD3H the stacking
is AABAAB, yielding the largest clathrasil cage observed so far, the [5'86%8°]
cage.

From sorption experiments the efficacy of a sorbate has been measured as
heat of adsorption and described as “nest effect”, relating size and shape of the
sorbate with the surface curvature of the pore [48]. Recently, host-guest com-
plexes have been formulated quantitatively in terms of van der Waals inter-
actions. Lewis et al. [47] calculated the “nonbonded interactions energy” of the
SDA within the cavities of different silica zeolites, which was in good agreement
with the experimental synthesis experience. The computational strategy devel-
oped in this study should stimulate the systematic search for new effective SDAs
for the synthesis of new porosil structures with tailored pore geometry [49].

2.2.2
Flexibility, Basicity, Amphiphily, and Charge of Templating Molecules

The size of the SDA is usually estimated by the number of atoms in the molecule,
including hydrogen atoms. With increasing size of the aliphatic SDA, the mani-
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Table 3. Summary of aliphatic and cyclic molecules that have be used successfully as structure-
directing agents (SDA) for the synthesis of the clathrasil dodecasil 1H (DOH)

Number Typical structure-directing agents

of skeletal

atoms acyclic monocyclic bicyclic tricyclic
5 /\N/\

T QW

T 0Qs

O.Q

H NH,

[¢)

NH,

®H
} oo,
o D

12 rlle
jé

fold of conformations of the molecule generally increases and, therefore,
weakens its potential as template. For the same number of atoms in a template
molecule, more rigid, branched or cyclic molecules are the better SDAs.In a syn-
thesis series different templates with five and eight skeletal atoms (C + N atoms)
were used (Table 5). Clearly, the linear alkylamine reacted only after prolonged
reaction times, whereas the branched 2-aminobutane and the cyclic pyrrolidine
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Table 4. Tricyclic amines used as structure-directing agents for the formation of different
porosil structure types. Reaction mixture: x SiO, : y SDA : 20-80 H,O (: additives)

Structure- Synthesis temperature x8i0,:  Additives  Obtained
directing agent y SDA structure
type

Quinuclidine low (preferentially 160 °C) 1:1 - MTW

Quinuclidine high (preferentially 220 °C) 1:1 - DOH

Quinuclidine intermediate 1:4 - MTN
(preferentially 180 °C)

Quinuclidine intermediate 1:1 Hydro- AST
(preferentially 170 °C) fluoric

acid

3-Azabicyclo very low 1:1 - RUB-42

[3.2.2]-nonane (preferentially 150 °C)

3-Azabicyclo low 1:1 - DDR

[3.2.2]-nonane (preferentially 170 °C)

3-Azabicyclo intermediate 1:1 - SGT

[3.2.2]-nonane (preferentially 180 °C)

3-Azabicyclo high 1:1 - DOH

[3.2.2]-nonane (preferentially 220 °C)

1-Aminoadamantane very low 1:1/3 - DDR
(preferentially 150 °C)

1-Aminoadamantane very low ? - SGT
(preferentially 150 °C)

1-Aminoadamantane low 1:1/3 - DD3H
(preferentially 160 °C)

1-Aminoadamantane high 1:1/20 - DOH

(preferentially 220 °C)

@ RUB-4 has a disordered structure which is closely related to the RTE structure type.

Table 5. Influence of the flexibility of the structure-directing agent on the rate of clathrasil

formation

Structure type Number of

Structure-directing agent (SDA), time

skeletal atoms - increasing flexibility
MTN 5 )
NH, ST /\N:z N
H
> 150 days 78 days 3 days
DOH 8 Q @
NSNS,
NH, N
NH,
> 150 days ~30 days 11days 16 days
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Table 6. Summary of help bases used to enhance the crystallization of porosils

Help base Ethanol- Ethylen- Triethylamine  Lithium- Sodium-
amine diamine hydroxide hydroxide

pKA value 9.5 10.7/7.6 10.8 13.8 14

Typical 1M 1M 1M 02M 0.1M

concentration

in synthesis

mixtures

acted more effectively as templates. With the exception of polyaza compounds,
aliphatic amines with a carbon chain length longer than six have not been used
successfully as templates so far, whereas polycyclic amines with up to 11
C-atoms acted as SDA in porosil synthesis.

For the mobilization of silica the basicity of the synthesis solution is im-
portant. In the absence of mineral bases the basicity of the synthesis solution
depends only on the Bronsted basicity of the SDA. The higher the basicity of the
SDA in solution, the higher is the concentration of polysilicate anions of dif-
ferent molecular weight and, hence, the higher is the reaction rate of porosil
formation. In order to enhance the reaction rate, basic help molecules (Table 6)
have been used extensively together with the SDAs. The help base promotes the
mobilization of silica, but does not act as SDA in the formation of porosils. In the
presence of only ethylenediamine (en), for example, no porosils crystallize even
after 9 months of reaction time. When en is used in combination with an SDA,
porosils crystallize faster, but only the SDA is occluded in the structure-deter-
mining porosil void. As minor component the help bases might also be included
in other voids of the silica frameworks [50].

The influence of the amphiphily of the SDA shows up clearly in the synthesis
of porosils. Since the framework carries no charges and, therefore, the SDA is
neutral, the interaction at the surface of the crystalline solid and the synthesis
solution plays a crucial role in the reaction progress. It is known from large
amphiphilic molecules such as n-alkyl-trimethylammonium cations with an
alkyl chain length greater than 8 that they self-organize and form micellar
aggregates, tubular- or layer-like units, or liquid crystalline phases of different
structure. Self-organization of amphiphilic molecules prevents the structure-
directing activity of the individual molecule and suppresses the formation of
porosils. On the other side, the stronger the amphiphily of the neutral SDA, the
better the potential of the molecule to act as SDA. Organic amines have proven
to be the most effective class of amphiphilic molecules for the synthesis of
porosils. The amino-functional group in organic molecules ideally serves as
hydrophilic head group and, at the same time, provides Brgnsted basicity for the
mobilization of silica. The hydrocarbon tail is the hydrophobic part of the mole-
cule. In contrast to tensides, the hydrophobic tail should be bulky and rigid in
order to prevent self-organization of the amphiphilic agent to separate entities.
The overview on SDAs given in Table 2 clearly supports the explanation, but also
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A=NH, > OH > Br > CH;,

Fig. 4. Adamantane derivatives as structure-directing agents of similar size and shape but
different functional groups. The molecules are arranged according to decreasing activity A

shows the restriction of the concept to molecules of limited size only. Larger
molecules either do not dissolve enough in aqueous solution, thus preventing
the crystallization of porosils, or self-aggregate, leading in the presence of silica,
under certain circumstances, to new, noncrystalline mesoporous phases of
silica.

As an example of the influence of basicity and amphiphily of SDAs, the
isosteric series of four adamantane derivatives has been investigated (Fig. 4).
Whereas the most basic 1-aminoadamantane is one of the most active and
versatile structure-directing template molecules, the apolar 1-methyl-adaman-
tane has not been a successful SDA. 1-Hydroxyadamantane is a poor SDA and
1-bromo-adamantane is even less active.

Charge-carrying templates have also been used successfully as SDAs in poro-
sil synthesis. The template is incorporated in the structure as ion pair, usually
with the ammonium cation in the large structure-determining void and the
charge-balancing anion in small, separate cavities. The synthesis technique
successfully employed is the so-called fluoride route [51]. Under acidic condi-
tions, the flouride anions serve as mobilizing agent for silica and, at the same
time, as co-guest molecules in small cavities of the porosil structure. The encla-
thration of the F~ anion is indicated by the significant low-field shift of the
YF-NMR signal as compared to the free fluoride anion (Table 7) [53]. The
synthesis route allows for mild synthesis conditions giving the most open
porosil frameworks [17]. Calcination of the more open porosils in their as-
synthesized form removes the ion pair. In the case of typical clathrasils such as
octadecasil or nonasil, however, the calcination leads to the collapse of the silica
framework, since the removal of the templates requires higher calcination
temperatures, leading to the thermal decomposition of the organic cation but
also to the formation of hydrofluoric acid. This enhances the transformation to
thermodynamically stable SiO, phases. So far, five porosil structures have been
obtained via the fluoride route only (AST, UTD-1, ITQ-3, ITQ-4, silica FER)
(Table 7); many others known from neutral SDA synthesis have also been ob-
tained in this way. Table 7 also lists some materials which have been carefully
analyzed in their as-synthesized form including the detailed location of the
F~ ion elucidating the crystallization mechanism. Figure 5 shows the results of



Table 7. Selection of porosils synthesized by the fluoride method from ion pairs of the form SDA* F-

Porosil Structure SDA* Location of the SDA * Location of the Chemical shift
type code fluoride ion 1“F MAS NMR
spectroscopy
Nonasil NON Cobalticinium [5%6'2] cage (V=290 A%) [4'58] cage (V=30 A%) -76.4 ppm [52]
Octadecasil® AST Quinuclidinium [456"2] cage (V =280 A%) [49] cage (V=5 A%) -38.2 ppm [52]
Dodecasil 3C MTN Tetramethylammonium [5'26%] cage (V=240 A3) [512] cage (V=30 A%) -81 ppm [52]
Dodecasil 1H DOH 1,1-Dimethylcobalticinium [5'26%] cage (V=430 &%) [4°5%6%] cage (V = 70 A3) -78.9 ppm [52]
[52] cage (V=80 A?) -82.3 ppm [52]
1TQ-32 ITE 1,3,3,6,6-Pentamethyl-6- .
azonium[3.2.1]bicyclooctane [465%6"8%] cage (V=500 A%)  probably in the ) unknown
[4%5%] cage (V=20 A%)
Silica-Theta-1 TON Dipropylammonium 10-MR channel unknown -74.8 ppm [53]
Silica-ZSM-23 MTT Dipropylammonium 10-MR channel unknown -74.2 ppm [53]
ITQ-4* IFR N-benzyl-1- 12-MR channel probably in the unknown
azonium[2.2.2]bicyclooctane [4%5%6!] cage (V =30 A%)
Silica-ZSM-5 MFI Tetrapropylammonium intersection of the probably in the -64.0 ppm [53]

10-MR channels

[58] cage (V=20 A%)

2 Structure type which could so far only be synthesized by the fluoride method.
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Fig. 5. The structure of the octadecasil (AST) synthesized with the tetramethylammonium
fluoride ion pair. The tetramethylammonium ion occupies the large [4%6!2] cage, whereas the
F~ ion occupies the small [4°] cage

the single crystal structure analysis of octadecasil (AST) [12] which unambiguous-
ly proved that the small [4°]-cage contains the F~ anion as a second SDA. Theo-
retical calculations supported this result in confirming the contribution of the
F~ anion to the overall lattice energy of the structure of the clathrasil [54].

223
Help Guest Species in Porosil Synthesis

The dominating influence of the SDA on the crystallization of porosils is sup-
ported and sometimes enforced by additional guest molecules which are oc-
cluded in smaller voids of the silica framework [55]. The help guest species are
often atmospheric gases present during synthesis or organic bases used to mobi-
lize silica and to increase the reaction rate. They are most helpful for the
synthesis of clathrasils since all structure types except sodalite contain more
than one type of cage. The SDA usually occupies the largest cage, therefore,
determining the structure type formed. The help guest species fill the smaller
cages and contribute to the overall lattice energy. In studies of the clathrasils
melanophlogite (MEP) [56] and dodecasil 3C (MTN) [57], the atmospheric
gases, in particular Ar and N,, were found with almost 100% occupancy in the
smaller pentagondodecahedra, i.e. the [5!%]-cages, whereas the SDAs were



Synthesis of Porosils: Crystalline Nanoporous Silicas with Cage- and Channel-Like Void Structures 55

housed in the larger [5'26%]- and [5'26*]-cages. On several occasions, the presence
or the absence of help guest species was crucial for the formation of a particular
structure type. With pyrrolidine as SDA the zeosil ZSM-48 crystallized in the
absence of help guest species, whereas the clathrasils MTN and DOH crystal-
lized when those were present [58].

A similar role is played by the fluoride anion in the fluoride synthesis route
when the ion pair is actively templating. In the examples given above, the
presence of the fluoride anion is decisive for the formation of the particular
structure type, and, as has been shown in structure analyses and NMR ex-
periments, the fluoride anion occupies specific small cavities in clathrasil phases
(see Table 7).

23
Influence of Synthesis Parameters on the Porosil Formation

Besides the choice of the templating SDA, the synthesis parameters concentra-
tion of silica, SDA, ratio of concentration [silica]/[SDA], pressure, and tem-
perature are of major importance in the planning of the synthesis. Since the
formation of the porosil is a kinetically controlled process [60], the interaction
energy between silica host and templating SDA at the growth surface plays a
crucial role in the formation of the crystalline solid. No porosil formation will
occur for too high temperatures with too short residence times for the SDA at
the growth surface to become physically trapped by the condensing silica. The
highest temperatures at which porosils crystallize are below 300 °C and reflect
the magnitude of the host guest interaction energy which is in the order of RT.
For example, pyrrolidine acts as SDA even at 250 °C for DOH and is one of the
most effective SDAs in porosil synthesis. Porosil synthesis is usually carried out
in the temperature range between 150 and 200 °C. Since the synthesis conditions
in classical porosil synthesis are only weakly basic,i.e.pH =9 to pH =11,lower
synthesis temperatures result in low crystallization rates and limit the potential
of the method. Nevertheless, within the chosen temperature range, the actual
synthesis conditions still have a decisive influence on the crystallization product.

A general observation is the fact that the framework density of the porosil
phases increases with increasing synthesis temperature. Although there is con-
siderable overlap between the synthesis regimes of different structure types, the
upper limit of the synthesis temperature increases with increasing framework
density. This is thought to be indicative of the increasing importance of the con-
tribution of the Si-O bonding energy of the silica framework to the overall lattice
energy of the material. Up to now, however, the influence of the synthesis
pressure on the product formed has not been investigated in detail.

2.3.1
Influence of Synthesis Temperature and Pressure

As can be seen from Tables 2 and 4, there are several guest molecules which serve
as SDA for different porosil structure types. The most sensitive synthesis para-
meter for the template efficacy is the temperature of synthesis. The space re-



Table 8. Influence of the synthesis temperature on the type of clathrasil formed with a given structure-directing agent

Structure Volume of

Structure-directing agents (SDA): Number of skeletal atoms

type the cage
[A®] housing
the SDA 2 5 6 6 7 7 7 8 9 11
DOH 430 250°C 250°C 220°C 220°C 160°C 200°C 220°C 200°C 200°C
PO L0/
N NH
H H H n N] g 2
H
SGT 390 180°C
O
DDR 350 160°C
NH,
NON 290 180°C 190°C 150°C 180°C 180°C
L0 H O
: N /Cj N NH,
H H
H
MTN 240 250°C 200°C 200°C
o L3
N
H H
MEP 160 200°C

/NHz

9¢

TR s H



Synthesis of Porosils: Crystalline Nanoporous Silicas with Cage- and Channel-Like Void Structures 57

quirement of the SDA and the free space in the cavity housing the SDA change
with temperature in opposite directions. The volume of the SDA increases with
temperature and those SDAs which fit tightly in the cavities at lower synthesis
temperatures require larger cavities at higher synthesis temperatures. At the
same time, the thermal motion of the framework atoms at higher temperatures
increases and reduces the accessible free volume of the cavity. The result is that
a new porosil structure type with larger void space is formed. This is demon-
strated by the tricyclic amines (see examples in Table 4). More detailed in-
formation on specific porosil systems, SiO,* M, is compiled in Table 8 with a
selection of SDA stabilizing different clathrasil structure types as a function of
the synthesis temperature. Here, in the low-temperature porosil structure, the
SDA just fits the cavity and interacts tightly with the silica framework. The cavity
of the high-temperature form has in each case a much larger volume.

The influence of the synthesis pressure has not yet been investigated in detail.
It is clear that the filling factor of the autoclave and the concentration of the
organic SDA have considerable influence on the overall pressure. For those SDAs
which dissolve poorly in aqueous solutions, an increased pressure would increase
the active concentration of the SDA in solution and, thus, has a considerable
influence on the type of reaction product formed. Qualitatively, this pheno-
menon has been observed for the system SiO,/CH;NH,/H,0. The gaseous SDA
is highly soluble in water and an excellent SDA for MTN. For aqueous solutions
saturated with CH;NH, (~ 40 % CH;NH,), much higher pressure builds up at the
synthesis temperature of 160 °C, leading to exclusive crystallization of melano-
phlogite. A more detailed description of the concentration dependence is given
in the following section.

2.3.2
Influence of SDA Concentration

The concentration of SDA in the synthesis solution has not been discussed so
far. In most porosil syntheses, the synthesis solution is saturated with SiO, at the
temperature of synthesis. The SDA concentration is important first for the
nucleation process and, secondly, it is needed to maintain crystal growth.
Whereas the nucleation of the porosil depends on the presence of an SDA,
crystal growth of a stable crystallite might continue with only a fraction of cages
occupied by SDA or help guest species. In this way, DOH membranes have been
synthesized for the separation of hydrogen gas in gas mixtures [59].

A number of SDAs lead to different structure types depending on their
concentration in the synthesis solution. Lower concentrations of these SDAs give
porosils with lower cage density for the SDA housing cage, whereas higher
concentrations of SDA increase the cage density, leading to different structure
types. In all examples found so far, the density of cages per unit volume, CD,
increases with the concentration of SDA in the synthesis solution. In Table 9 an
overview of the various porosil systems with detailed information on the
concentration dependence is given. As an example we consider 1-amino-
adamantane which at 160 °C leads to the crystallization of DOH. For SDA con-
centrations above 50 mg/ml, DDR is formed. In DOH, the cage density, CD, of the



Table 9. Influence of the SDA concentration on the type of porosil formed at a given temperature

Structure Cage housing Cage density

Structure-directing agent (SDA), SiO,/SDA ratio

type the SDA [cages/1000 A%]
160°C 160°C 150°C 180°C 160°C 160°C
SOD [4%6%] 2.9 ~AH,
Q 1:99
1:103 H
SGT [5'26%] 1.2
o
1:2
MTN [5264] 1.1 N, "
1:0.4 H 1:5.3 N
NON [5%612] 0.9
b’“ﬁ
1:15
DDR [4352%618%] 0.9 e
Qs B
1:05 1:0.33
DOH [5'268] 0.5 NH,

8¢

819 1D H



Synthesis of Porosils: Crystalline Nanoporous Silicas with Cage- and Channel-Like Void Structures 59

[5'268]-cages housing the SDA is 0.5 cages per 1000 A% whereas in DDR the CD
for the [4°5'26'8%]-cages is 0.9. More examples are summarized in Table 9. A
quantitative explanation for this observation has not yet been provided. How-
ever, since nucleation determines which porosil phase will crystallize, there
should be a concentration dependence of the pre-nucleation complexes, i.e. the
SDA/polysilicate anions, formed in solution.

In all cases observed so far, a higher concentration of the SDA leads to a
higher CD for the cavity housing the SDA with the highest CD of 2.9 for the
[4968]-cages in silica-sodalite. Therefore, it should be a general strategy to
increase the active concentration of guest species in solution during synthesis
for structures with higher porosity.

3
Alternative Synthesis Routes Used for Porosil Synthesis

Although hydrothermal synthesis has been very successful and has produced all
porosil structure types, there is a continuous search for alternative synthesis
routes. The most widely investigated ones are syntheses in nonaqueous solution
and dry-gel synthesis. In both cases, the reaction is still of the solvo-thermal
type and, therefore, comparable to hydrothermal synthesis. However, the con-
ditions employed are extreme in that either the solvent water is almost com-
pletely replaced by an organic solvent or the solvent water is reduced to very low
amounts.

3.1
Synthesis in Nonaqueous Solvents

Since the first synthesis of silica-sodalite from ethylene glycol solution [6]
considerable efforts have been made to exploit the particular advantages of
nonaqueous solvents for the synthesis of porosils [60]. Although a number of
porosils were obtained, no new structure type could be synthesized so far [7, 8,
61]. Polar protic solvents usually containing water as traces or amounts up to
~ 5% were most successful. In Table 10 a summary of solvents used and reaction
products obtained is listed. It is worthwhile mentioning that single crystals
several mm in length could be grown in nonaqueous solvents, which is im-
portant for the use as advanced materials in optical, magnetic, and electronic
processes [61]. Most likely, the nucleation rate for porosil crystals is very low in
organic solvents, whereas crystal growth proceeds similar to aqueous conditions
keeping the crystallites within the Ostwalt-Miers region.

3.2
Dry Gel Synthesis

The synthesis of porosils from dry gels takes advantage of the reactivity of the
silica gel which usually contains considerable amounts of silanol groups as reac-
tive sites. An intimate mixture of silica gel and SDA, together with very small
amounts of water sufficient to activate the condensation process, is reacted in
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Table 10. Porosil synthesis in non-aqueous systems

Organic solvent Obtained porosil
Glycol + NaOH SOD

Glycerol + NaOH SOD

Sulfolane + NaOH SOD
Dimethylsulfoxide + NaOH SOD

Ethanol + NaOH SOD

Pyridine + NaOH SOD

C6 and C7 alcohols + NaOH SOD

Butanol + glycol SOD + ZSM-48
Butanol + glycol + propylamine + NaOH MTN

Glycol + tetrapropylammonium bromide + NaOH SOD + MFI
Pyridine/HF MTN
Pyridine/HF + propylamine FER

Pyridine/HF + propylamine +
Tetrapropylammonium bromide MFI

autoclaves at temperatures between 150 and 200 °C and autogenous pressures
[62]. Two routes have been developed using basic [62,63,64] and acidic (65) con-
ditions in vapour phase. This synthesis procedure allows the use of very high
concentrations of SDA/SiO,, so that high cage densities in the porosil structure
can be obtained. In Table 11 a compilation of dry gels and SDA together with the
reaction products of the different synthesis routes is given. The process has been
used mainly for the reproduction of the synthesis of known nanoporous struc-
tures under modified conditions [62-68]. The finding of new templates for the
synthesis of silica sodalite and the first synthesis of silica RUB-10, however,
shows the potential of the method [18].

3.3
Condensation of Preorganized Layer Silicates

Recently, a new hydrous layer silicate has been synthesized which contained an
intercalated organic template [69]. Careful annealing at temperatures of ~550 °C
transformed the layer silicate into pure silica ferrierite (FER). An X-ray struc-
ture analysis of the starting material confirmed that the silicate layer already
represents a two-dimensional slap of ferrierite which condenses in a topotactic
reaction to a three-dimensional network [70]. Similar findings are reported for
MCM-22 (ERB-1) [23, 71]. There are several crystalline hydrous layer-silicates
which show remarkable resemblance to building blocks of porosil frameworks
[72, 73]. They also might be used as precursors in order to create the zeolite
framework in a secondary condensation step. In addition, intercalation of orga-
nics and grafting of the silicate surface open a multitude of possible modifica-
tions of the precursor leading to modified framework structures.



Table 11. Porosil synthesis from dry gels

Dry gel

Additional reactants

Reaction conditions
pH, Temperature

Obtained porosil

Na,0 + SiO, + AL O, + (little) H,0

K,0 + Na,O + SiO, + ALO; +
tetraethylammonium oxide + (little) H,O

Na,0 + Si0, + ALO,
$i0, + ALO,

$i0, + B,0,

$i0, + ALO, + B,0,
Sio,

Sio,

Si0,

$i0, + (little) H,0

Vapor of triethylamine + ethylenediamine + H,0
Vapor of H,0

Vapor of triethylamine + ethylenediamine + H,0
Tetramethylammonium cloride + NH,F
Tetrapropylammonium bromide + NH,F
1,4-Diazabicyclo[2.2.2] octane + NH,F
Cobalticinium fluoride + NH,F

Cobalticinium fluoride + NH,F
1,1-Dimethylcobalticinium fluoride + NH,F
Pyrrolidine + NH,F

basic, 453 K
basic, 453 K

basic, 453 K
acidic, 483 K
acidic,473 K
acidic, ?
acidic,413-433 K
acidic, 433-463 K
acidic,413-453 K
basic, 433 K

MEFI + FER [64]
BEA [67]

MEFI [62]
MTN [68]
MEFI [68]
MTW [68]
NON [52]
AST [52]
DOH [52]

RUT + MTN +
SOD [18]
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4
Perspectives for the Future

Since its discovery almost 20 years ago [24], the number of synthetic clathrasils
and zeosils have steadily increased. The variety of template molecules, which were
successfully employed as structure-directing agents, has exceeded 100 showing
experimentally the validity of the synthesis concept. Although there is no
thorough theoretical description of the nucleation process and the synthesis
mechanism, first results show that the synthesis of new materials might benefit
from computer-assisted template design, increasing the efficacy of the more
intuitive or combinatorial synthesis approach. The demand for new materials
with even larger pores of high thermal and chemical stability is still strong. In
view of the increasing importance of zeolites as catalysts for fine chemical
synthesis, fine tuning of structural properties such as pore width and dimensio-
nality, acidity and purity are important goals for the future.

In the development of new ideas, the porosils will always play an important
role as model compounds of the corresponding aluminosilicates (zeolites).
Porosils as simplified end-member materials allow for a detailed analytical and
mechanistic study leading to a better understanding of the fundamental pro-
cesses involved. The recent renaissance of the interest in all-silica species with
the invention of a series of new structure types, UTD-1, ITQ-3, ITQ-4, SSZ-31,
NCL-1, CIT-5, clearly supports this.
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1

Introduction and Scope

Improvements in chemical processes are very often based on the discovery or
development of new catalysts or adsorbents. One particularly exciting example
in the field of zeolite catalysis is the replacement of the formerly used amor-
phous silica-alumina catalysts in fluid catalytic cracking (FCC) of vacuum gas
oil by rare earth exchanged X-type zeolites [1]. This resulted in considerably
improved yields of the desired gasoline and, hence, a much more efficient
utilization of the crude oil. Further examples are the introduction of zeolite
HZSM-5 as catalyst in the synthesis of ethylbenzene from benzene and ethylene
[2], for xylene isomerization [3] and for the conversion of methanol to high-
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octane gasoline [4]. With the advent of an increasing number of synthetic zeo-
lites and zeolite-like materials the opportunities for improving existing and even
developing new processes (and products) have strongly expanded.

It is the aim of the present paper to review the synthesis of a selected number
of microporous materials which have more recently attracted the attention of
zeolite scientists. The following selection criteria were applied: (i) the review is
restricted to aluminosilicates, hence, isomorphously substituted zeolites,
SAPOs, MeAPOs and the like are not considered, (ii) crystalline microporous
aluminosilicates are exclusively dealt with, the synthesis of ordered mesoporous
molecular sieves (i.e. MCM-41) is not discussed and, (iii) especially those zeo-
lites have been selected which, based on their particular structural or physico-
chemical properties, have a certain potential for applications in catalysis or
adsorption. Some readers might miss such important and interesting zeolites
like Beta, EMC-2,ZSM-12, etc. However, although there is still intensive research
going on in the synthesis of these zeolites, their main synthesis principles have
been summarized earlier [5, 6] and will therefore not be discussed here.

In the following, the discussion of the syntheses of the selected zeolites is
ordered based on their largest pore apertures in the sequence 8-,10-,12- and 14-
membered ring openings.

2
Eight-Membered Ring Zeolites

Among the small pore zeolites, erionite and zeolite A have been or are currently
in use commercially. A bifunctional erionite-type catalyst (i.e. in its acidic form
and loaded with small amounts of nickel as hydrogenation/dehydrogenation
component) was applied in Mobil’s Selectoforming process, which was designed
to increase the octane number of the (gasoline) product from catalytic reform-
ing by shape selective hydrocracking of linear alkanes [7]. This process was
later replaced by the so-called M-Forming, which uses a ZSM-5-type catalyst
[8].

Zeolite A is extensively used as selective adsorbent in several purification and
separation processes [9]. The most prominent examples are the enrichment of
oxygen from air [e.g. 9, 10] and the separation of linear and branched alkanes
[e.g.9,11]. Among others, zeolites Rho and ZK-5 have been studied in detail as
catalysts for the selective amination of methanol with ammonia to dimethyl-
amine [e.g.12,13]. Also, the potential of small pore zeolites for the conversion of
methanol to lower olefins has been explored [e.g. 14, 15].

More recently, zeolite ZSM-58 [16-21] has been identified by a couple of
groups as a promising adsorbent and catalyst or catalyst support. ZSM-58 is a
high-silica zeolite [16, 17] isotypic with the clathrasil deca-dodecasil 3R [22,23]
and zeolite Sigma-1 [18]. Its structure consists of larger intracrystalline cavities
which are accessible through windows formed from 8-membered oxygen rings
[22,23].

Zeolite ZSM-58 (and its counterpart Sigma-1) have been found useful in the
conversion of methanol to mainly lower olefins [16, 18] and for the oligome-
rization of propylene [17]. Moreover, it has been shown that shape selective
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hydrogenation catalysts can be prepared by solid-state ion exchange of zeolite
HZSM-58 with noble metal salts (e.g. PtCl, or PdCl,). The resulting catalysts
selectively hydrogenate linear olefins in a mixture with trimethyl-branched
olefins [21].

As one would have expected based on its structure, aluminum-free deca-
dodecasil 3R readily adsorbs small molecules like CO,, N,O and NH; [20]. On
the other hand, alkanes and alkenes with three or four carbon atoms show only
retarded adsorption at 296 K, while 1,3-butadiene is readily adsorbed under
these conditions. This peculiar behavior has been attributed to the more ellipti-
cal cross section of the diolefin due to the presence of sp?-hybridized carbon
atoms. The former obviously has a better “fit” to the elliptical windows in the
DDR structure than the circular cross section of saturated hydrocarbons [20].In
the following, the synthesis of materials with the DDR framework topology will
be described in more detail.

2.1
Synthesis of Materials with the DDR Framework Topology

So far, essentially two templates have been reported to promote the crystalliza-
tion of materials with the DDR framework topology, viz. 1-aminoadamantane
(ADA) and methyltropiniumiodide. Their structures are depicted in Fig. 1. Both
are relatively bulky molecules which, after hydrothermal synthesis, are encapsu-
lated inside the large cavities of the DDR structure and have to be removed by
calcination in an oxygen-containing atmosphere at temperatures of at least
813 K. Materials which have been prepared using l-aminoadamantane are
denoted as deca-dodecasil 3R [20, 22] or Sigma-1 [18], while zeolite ZSM-58 is
prepared using methyltropiniumiodide [16, 17, 19].

The synthesis of the pure silica form of deca-dodecasil 3R was first described
by Gies [22, 24] and later adapted by den Exter et al. [20]. A typical molar com-
position of the synthesis gel is 47 ADA:100 SiO,:404 EN:11240 H,O. Tetra-
methylorthosilicate is used as silica source and hydrolyzed through the addition
of the base ethylenediamine (EN). The crystallization occurs in glass tubes [22,

NH;
CH, /CHa N
N
H
OH
1 - Aminoadamantane Methyltropiniumiodide

Fig. 1. Templates reported in the literature for the synthesis of zeolites with the DDR frame-
work topology
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Table 1. Influence of temperature, dilution and degree of agitation on the crystallization of a gel
with the molar composition 47 ADA:100 SiO,:404 EN:x H,0 (DOH denotes the clathrasil
dodecasil 1H); after [20]

T,°C X t, days rotation product(s)
190 5600 11 - DOH
160 5600 25 - DOH/DDR
160 7450 25 - DOH/DDR
160 11240 25 - DOH/DDR
160 11240 25 + DDR

24] or in Teflon-lined stainless steel autoclaves at temperatures around 433 K.
Recently, den Exter et al. [20] investigated the influence of the crystallization
temperature, the dilution of the gel and the degree of agitation during synthesis
on the nature of the products. Some pertinent results are summarized in
Table 1. It can be seen that the formation of the hexagonal six-membered ring
clathrasil dodecasil 1H (DOH) is favored by high temperatures and concentra-
tions, while (still impure) deca-dodecasil 3R could only be obtained at lower
temperatures (433 K) and from diluted mixtures. In all cases, relatively large
crystallites with average sizes around 125 pm to 150 pm were obtained. Pure
DDR was finally crystallized when a low temperature and a high dilution were
combined with agitation (rotating the autoclave) during synthesis (cf. Table 1,
[20]). The crystallites had now an average size of 5 to 10 pm. The authors
interpreted this observation with the occurrence of a faster nucleation upon
rotating the autoclave. The results presented in Table 1 were obtained using
autoclaves with an internal volume of 45 cm® which had been filled to two thirds
with the synthesis mixture. It is reported, however, that an up-scaling to a
900 cm? autoclave has also been succesful, which yielded 20 g of deca-dodecasil
3R [20].

Stewart et al. [18] describe the preparation of aluminum-containing deca-
dodecasil 3R from gels containing 1-aminoadamantane as structure directing
agent and using silica sol as silica source and sodium aluminate as source of
alumina (in addition, NaOH was used occasionally to adjust the pH or sodium
content). A typical gel composition was as follows: 3 to 5 Na,O : 20 ADA : 1 AL,O;
: 60 SiO, : 2400 H,0. After reacting this mixture for five to six days at 453 K in a
stirred autoclave (stirring rate: 500 min™') pure Sigma-1 was obtained. As com-
pared to the gel composition for the pure silica form (vide supra), a lower
template concentration and a more concentrated gel can be applied for the
synthesis of an aluminosilicate with the DDR structure. In addition, a higher
synthesis temperature and concomitantly shorter synthesis times are possible.
Hence, the presence of aluminum in the synthesis gel and a relatively low pH
(pH = 11.7) seem to favor the crystallization of the DDR phase. However, this is
only true for a very narrow range of SiO,/Al,0;. Increasing this ratio from 60 to
ca. 100 and keeping all other conditions constant results in the co-crystallization
of zeolite Sigma-2,which is a dense material [25]. Sigma-2 (aluminum-free) can
be obtained in the pure form from the corresponding Al-free gel. If, on the other
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hand, the SiO,/Al,O; ratio of the gel is decreased to 40 and further to 30, Sigma-1
first contains zeolite NU-3 as an impurity and finally NU-3 is obtained as a pure
phase [18]. Zeolite NU-3 has the framework topology of levyne (LEV, [26]), viz.
it is an eight-membered ring zeolite.

Valyocsik et al. [16] and Rodewald and Valyocsik [17] describe the synthesis of
materials with the DDR topology from gels containing methyltropiniumiodide
(MTI) as template. This organic is normally not commercially available, but
it can be easily prepared by refluxing tropine with iodomethane in ethanolic
solution for three days. Typically, a gel with the molar composition 11.5 Na,O :
17.5 MTI : 1 AL,0; : 70 SiO, : 2800 H,0 is prepared from silica sol, sodium alumi-
nate, sodium hydroxide, methyltropiniumiodide and water. The synthesis is
performed in stirred stainless steel autoclaves at 433 K for four days. It is claimed
that SiO,/Al,0; can be varied from 50 to 1000.

Based on the information from the patent literature [16, 17], Ernst and
Weitkamp systematically varied the template content and the SiO,/Al,O; ratio of
the gel [19]. The X-ray powder pattern of a ZSM-58 sample, synthesized from a
gel with the above molar composition and calcined in air for 16 hours at 813 K
to remove the template, is shown in Fig. 2. It reveals good crystallinity and phase
purity. The scanning electron micrograph of this sample (cf. Fig. 3) shows the
presence of ball-shaped crystallites with diameters from 1 to 2 pm. This is com-
parable to the morphology reported for Sigma-1 crystallites, viz. aluminum-
containing DDR synthesized in the presence of 1-aminoadamantane.

The influence of the aluminum content of the gel on the synthesis products is
summarized in Table 2. It can be seen that ZSM-58 can be obtained from gels
with Si0,/Al,0;=40 up to virtually aluminum-free gels. With increasing alu-
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Fig.2. Typical X-ray powder pattern for zeolite ZSM-58 after calcination in air for 16 hours at
813 K (CuKa-radiation)
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Fig.3. Typical crystallite size and morphology of a “standard” ZSM-58 sample

Table 2. Variation of the aluminum content in the gel for the synthesis of zeolite ZSM-58.
Molar gel composition: 11.5 Na,0:17.5 MTI:x Al,05: 70 SiO,: 2800 H,0 (x=0 to 7; T =433 K);
after [19]

Dsi0,/NALy0, t, days product
10 4 Phillipsite
20 10 amorphous
40 6 ZSM-58
70 4 ZSM-58
100 4 ZSM-58
250 4 ZSM-58
0 3 ZSM-58

minum content, the time required for complete crystallization increases. For
Si0,/Al,0; below 40, either an amorphous phase or a crystalline phase with the
phillipsite topology are obtained. With increasing SiO,/Al,O; ratio of the gel, the
crystallite size of ZSM-58 increases, and the shape of the crystallites becomes
more regular. Figure 4 shows SiO, with the structure of ZSM-58. This material
crystallizes in the shape of prismatic particles with a diameter up to ca. 30 pm
and a thickness of ca. 15 pm.



Synthesis of more Recent Aluminosilicates with a Potential in Catalysis and Adsorption 71

Fig.4. Scanning electron micrograph of zeolite ZSM-58 obtained from an aluminum-free gel

The template concentration in the gel composition for the synthesis of zeolite
ZSM-58 initially derived from the patent literature (vide supra) was relatively
high (MTI/Si0,=0.25). Therefore, Ernst and Weitkamp also systematically
varied the template content of the gel between 0.30 and zero [19] keeping all
other factors constant. These authors found that MTI/SiO, can be reduced down
to 0.15 (i.e. nearly one half of the initial value) without significantly affecting the
quality of the crystalline product. Upon further reduction of the template con-
tent, and even in the absence of methyltropiniumiodide and in new autoclaves,
pure zeolite ZSM-5 was obtained. Hence, by chance a template-free synthesis for
zeolite ZSM-5 was discovered.

From the variation of the aluminum content in zeolite ZSM-58 it is possible
to tailor the density of acid sites for a given catalytic application. Frequently,
however, it is also desirable to systematically vary the strength of the acid sites.
It has been demonstrated for, e.g. zeolite ZSM-5 that this can be achieved by
substituting the aluminum source in the synthesis gel with the corresponding
gallium, iron or boron compounds (e.g. [27, 28]). This so-called isomorphous
substitution has been found to be also possible for the framework of zeolite
ZSM-58 if the following molar gel composition is applied: 11.5 Na,0 : 17.5 MTI
: 1 Me,0; : 70 SiO, : 2800 H,0 and Ga(NO3);- 9 H,0, Fe,(SO,);- 7 H,0 and H;BO;
were used as sources for the respective Me®* cations [29].
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From the literature available so far, it seems that pure materials with the DDR
topology can only be synthesized in the presence of 1-aminoadamantane or
methyltropinium iodide. This points to a very high specificity of these templates.
The use of the methyltropinium cation allows the synthesis of ZSM-58-type zeo-
lites with a very wide range of compositions, and it is therefore the template of
choice if the properties of materials with the DDR topology have to be tailored.
The role of the methyltropinium cation in this case is probably twofold: First it
acts as a template for the structure and second, due to its positive charge, it can
compensate a negative framework charge created by the incorporation of triva-
lent metals like aluminum. Under the applied synthesis conditions for zeolite
Sigma-1, 1-aminoadamantane is certainly only protonated to a very limited
extent, while the major portion of the template molecules remains neutral.
Hence, almost no charge compensation will be possible. This is probably the
reason why aluminum is incorporated into the framework of Sigma-1 only
under very restricted synthesis conditions.

3
Ten-Membered Ring Zeolites

The most prominent example for an industrially used ten-membered ring zeo-
lite is ZSM-5. The discovery of this zeolite by Argauer and Landolt more than 25
years ago [30] resulted in the development of a number of new or considerably
improved processes in the petroleum and the petrochemical industries (e.g.
[3]). Until very recently, however, there was virtually no other member of the
group of medium-pore zeolites in use commercially. However, this situation has
changed completely in the past years: a bifunctional form of the microporous
silicoaluminophosphate SAPO-11 is used as catalyst for the dewaxing of lubri-
cating oils by isomerization [e.g. 31]; a zeolite type from the ferrierite family is
probably being commercialized as catalyst for the isomerization of n-butene to
iso-butenes [e.g. 32], and finally zeolite HMCM-22, which is reported to be
superior to zeolite HZSM-5 as a catalyst for benzene alkylation with ethylene
[33]. On the basis of these examples it has to be expected that additional pro-
cesses using medium pore zeolites as catalysts will emerge in the future.

Given their particular structures and on the basis of our own experience
with these materials in catalysis and adsorption, zeolites MCM-22 [34] and
NU-87 [35] seem to have a certain potential as catalysts and/or adsorbents.
Therefore, the present section will focus entirely on the synthesis of these two
materials.

The structure of zeolite MCM-22 (structure code MWW) was determined by
Leonowicz et al. [34]. In brief, it contains large supercages (ca. 0.71 nm in dia-
meter and ca. 1.8 nm in height) which are accessible via ten-membered ring
windows, and an independent second channel system of two-dimensional
sinusoidal channels with ten-membered ring openings. In agreement with this
model it has been concluded from a Spaciousness Index of 8 that the effective
pore size of MCM-22 is in the intermediate region between those of ten-mem-
bered ring zeolites and the very open twelve-membered ring structures [36].
Further materials with the MWW framework topology are zeolites PSH-3,
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which was in fact synthesized before the disclosure of MCM-22 [37], zeolite
SSZ-25 [38] and the borosilicate ERB-1 [39].

Zeolite MCM-22 in its Brensted-acid form has been described in the literature
as a useful catalyst for a variety of acid-catalyzed reactions, such as iso-
alkane/olefin alkylation [e.g. 40, 41], skeletal and double-bond isomerization of
olefins [42] and ethylbenzene synthesis via alkylation of benzene with ethylene
[43], to name merely a few. Moreover, due to its very large intracrystalline
cavities, zeolite MCM-22 has also been demonstrated to be a suitable host mate-
rial for a variety of catalytically active guests, e.g. transition metal complexes
which are useful in selective oxidation [44] or hydrogenation [45] reactions. Due
to these interesting properties it seems worthwhile to focus on the synthesis
features of MCM-22 (see below).

The principal structural features of zeolite NU-87 (structure code NES), a
high-silica zeolite, are quite similar to those of materials with the MWW topo-
logy, viz. larger intracrystalline cavities which are accessible via ten-membered
rings only [35]. In more detail, the NES topology consists of parallel ten-mem-
bered ring channels with a crystallographic diameter of 0.47 X 0.60 nm. These
channels are interconnected by larger twelve-membered ring “bridges” [35, 46].
Currently, there is only one further synthetic material known to possess the NES
topology, viz. zeolite SSZ-37 [47, 48], which can be synthesized using an organic
template derived from a Diels-Alder reaction. Most interestingly, a natural
counterpart of zeolite NU-87, designated Gottardiite, has recently been dis-
covered in the Antarctica [49, 50].Its SiO,/Al,O; ratio of 12.4 is the highest found
so far in nature. From its further chemical composition (containing Na*, K*,
Mg?* and Ca?* cations) and the geologic conditions at the place where Gottardiite
was found, it could probably be possible to deduce synthesis conditions and gel
compositions which allow the synthesis of NU-87 with high aluminum content
and without the use of an organic.

Zeolite NU-87, if containing Brensted-acid sites, is an active catalyst for a
large variety of acid catalyzed reactions like toluene disproportionation, alkyla-
tion of benzene with ethylene, amination of methanol to methylamines etc. [51].
Moreover, it was found to possess interesting shape selective properties in the
conversion of m-xylene [52] and of polynuclear aromatics, e.g. methylnaphtha-
lenes [53]. On non-acidic (i.e. Cs*-exchanged) zeolite NU-87,loaded with small
amounts of platinum, n-alkanes like n-hexane or n-octane can be dehydrocycliz-
ed in high yields to the corresponding aromatics [54].

3.1
Synthesis of Zeolite MCM-22

The synthesis of zeolite PSH-3, the first material having the MWW topology,
was disclosed by Puppe and Weisser as early as 1982 using hexamethyleneimine
(cf. Fig. 5) as structure directing agent [37]. The same organic was later disclos-
ed as a template for the synthesis of zeolite MCM-22 [55]. For the synthesis of
the isostructural zeolite SSZ-25, an adamantane-derived template (N,N,N-tri-
methyl-1-adamantammonium-hydroxide, cf. Fig. 5) is used [47, 48]. Due to the
fact that hexamethyleneimine (HMI) is a commercially readily available chemi-
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Fig.5. Organic templates used for the synthesis of zeolites with the MWW framework topology

cal and the use of this template molecule for the synthesis of materials with the
MWW topology predominates in the scientific literature, the present review will
focus on the the use of HMI as structure directing agent.

Beside those disclosed in the patent literature, several additional recipes for
the synthesis of zeolite MCM-22 have recently been published [36, 56-59]. In
the following, two typical recipes which were succesfully used several times in
our own group will be presented [36]. The first one is based on Mobil's patents
[40, 42, 55]. In this case, fumed silica (Cab-o-sil M5, Fluka) and sodium alumi-
nate (Riedel-de Haén, 54 wt.-% Al,0;, 41 wt.-% Na,0) are used as silica and
alumina sources, respectively. The synthesis gel is prepared as follows: A solu-
tion of 0.1 g concentrated sulfuric acid (98 wt.-%) in 5 g distilled water is slowly
added under stirring to a solution of 0.53 g NaOH and 0.86 g sodium aluminate
in 20 g distilled water. The resulting solution is stirred into a suspension of 8.8 g
fumed silica in 85 g H,0. Finally, 4.8 g hexamethyleneimine (HMI) are blended
thoroughly into the mixture. The molar composition of the resulting gel is 32.2
Si0, : AL,O;:2.7 Na,0:10.6 HMI: 1333 H,0:0.22 H,SO,. From this gel,
MCM-22 with SiO,/Al,0; = 22 is obtained after 12 days at 423 K under con-
tinuous agitation. In the second synthesis route silica sol (30 wt.-% SiO, in water,
Levasil VP 4038, Bayer AG) and Al,(SO,);. 18 H,0 (Riedel-de Haén) are used as
silica and alumina sources, respectively. The mode of gel preparation resembles
the one employed for the former synthesis recipe, however, the molar gel com-
position is now closer to the one typically used in the initial patent on the
synthesis of zeolite PSH-3 [37], viz. 49.3 SiO, : Al,O5: 14.5 Na,0 :23.7 HMI :
1980 H,0 : 8.8 H,SO,. Crystallization of MCM-22 is achieved after ten days at
423 K under continuous agitation and results in a material with SiO,/Al,0; = 42.
Note that this latter synthesis procedure has also been successfully scaled up to
a stirred autoclave (stirring rate = 150 min!) with a volume of 5 1. The yield of
calcined product then amounted to ca. 250 g as compared to less than 10 g for
the small-scale preparation [36].

A typical X-ray powder pattern obtained for uncalcined zeolite MCM-22 is
depicted in Fig. 6. The pattern for this sample contains both sharp and broad
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Fig.6. Typical X-ray powder pattern of the as-synthesized (uncalcined) zeolite MCM-22 pre-
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reflections indicative of structural disorder. After calcination at 813 K significant
changes in the X-ray powder pattern are observed (cf. Fig. 7), which cannot only
be accounted for by the template removal. This phenomenon was investigated in
much detail by Millini et al. for the case of the borosilicate ERB-1, which is iso-
structural with MCM-22 [39]. They concluded that as-synthesized ERB-1 has a
bi-dimensional layered structure which, during calcination at 543 K, form the
three-dimensional microporous structure known for MCM-22. From X-ray
powder diffraction measurements as well as temperature programmed desorp-
tion and °Si-MAS-NMR studies they were able to show that the formation of
the three-dimensionally ordered structure occurs through the condensation of
silanol groups present on the surface of the layers of the “precursor” material
[39].

The typical crystallite morphology of zeolite MCM-22 is shown in Fig. 8.
Usually the crystallites possess a disk-like shape with a diameter below 1 pm and
a thickness of ca. 0.1 pm only. Frequently, these disks are grown together.

Recently, the synthesis of zeolite MCM-22 (or of its precursor) in the presence
of hexamethyleneimine has been studied by several groups in some detail [36,
56-59]. Corma et al. reported that for SiO,/Al,0; ratios around 30, zeolite
MCM-22 can be obtained as a pure phase and with good yields in a relatively
broad range of the OH/SiO, ratios (0.18 to 0.30), however, it was found that, with
increasing pH, the efficiency of silicon incorporation into the framework
decreases [57]. The water content of the synthesis gel does not seem to have a
significant influence on the crystallization process. One major factor which

Fig.8. Scanning electron micrograph of zeolite MCM-22
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influences the synthesis of zeolite MCM-22 seems to be the SiO,/Al,0; ratio of
the gel. Although MCM-22 is still formed if this ratio is increased from 30 to 70
or higher, the risk of contamination of the product with zeolite ZSM-5 increases.
To combat the ZSM-5 formation, a reduction of the routinely applied synthesis
temperature of 423 K to 408 K was found useful. Further impurity phases which
may crystallize are zeolite ZSM-12 (for SiO,/Al,0; = 200, OH/SiO, = 0.12 and a
synthesis temperature of 408 K) and a ferrierite-type material which is formed
if the crystallizing gel is not agitated. The occurrence of a relatively narrow range
of Si0,/Al,0; ratios from which zeolite MCM-22 can be crystallized has been
attributed to difficulties in the nucleation step for low aluminum concentra-
tions. The authors therefore speculate that it should be possible to synthesize
MCM-22 with very low aluminum content if its nucleation rate could be enhanc-
ed [57].

In a systematic study, Mochida et al. investigated the influence of the alu-
minum content, the concentration of hexamethyleneimine and the addition of
seeds on the synthesis time and products [59]. In agreement with Corma et al.
[57] they found that MCM-22 can only be synthesized as a pure phase from a
relatively narrow range of aluminum concentrations in the gel. Moreover, they
were able to reduce the synthesis time required at 443 K for complete crystal-
lization of a gel with Si0,/Al,0; = 25.1 from ca. 90 hours down to 40 hours or less
by seeding (cf. Fig. 9). The seeds used in this study were obtained by crystallizing
a similar synthesis mixture for ca.22 hours at 443 K. This yielded a seeding mate-
rial which exhibited only a very low crystallinity as determined by X-ray powder
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Fig.9. Crystallization kinetics of zeolite MCM-22 from an unseeded and a seeded synthesis
mixture under otherwise identical conditions (ca. 0.7 wt.-% seeds based on the silica content
of the gel have been used)[59]
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diffraction. Roughly 0.7 wt.-% of such seeds were used, based on the amount of
silica in the synthesis gel. Appropriate seeding could also be a versatile tool to
overcome the problems of MCM-22 nucleation in the case of low aluminum
concentrations in the synthesis gel (vide supra). In this way it should in principle
be possible to synthesize MCM-22 with higher SiO,/Al,0; ratios as reported
so far.

For quite a number of crystalline aluminosilicates the gallium- and iron-sili-
cate analogues have been synthesized in the past as well. Therefore, it is not too
surprising that the isomorphous substitution of gallium [60] or iron [61] in the
MWW framework has recently been reported. Again, as in the case of zeolite
ZSM-58, this offers the opportunity of fine-tuning the strength of the Brgnsted-
acid sites in such materials.

In the typical synthesis recipes for the preparation of the MCM-22 precursor,
the molar ratio of the organic template to inorganic cations in the gel (HMI/Na)
is always higher than 2.0. If this ratio is decreased to a value below 2.0, a material
is formed which, already in its uncalcined state, has an X-ray powder pattern
very similar to that of calcined MCM-22. This material has been designated
MCM-49 by Mobil researchers [62, 63].

In as-synthesized MCM-22- or ERB-1-type materials, the majority of the
organic template used for the synthesis is intercalated between the layers and
can be replaced by other molecules [39]. Based on these intercalation properties
of the MCM-22 precursor the preparation of a new material (MCM-36) has
been claimed which is based on the swelling of the MCM-22 precursor with
cetyltrimethylammonium cations followed by pillaring the swollen material
with tetraethylorthosilicate, hydrolysis with water and calcination at 813 K
[64-66]. This procedure leads to materials with distinct adsorption properties
as compared to zeolite MCM-22. From the measured pore size distributions and
the adsorption equilibrium and kinetics of a variety of hydrocarbons it has been
concluded that pillaring of the MCM-22 precursor which leads to MCM-36
most probably increases the accessibility of one kind of pore, while others (most
likely the sinusoidal ten-membered ring channels) remain unaffected [66].
Hence, by expanding the distance between the layers in the MCM-22 structure
through pillaring, in a sense a hybrid material is obtained which possesses
micro- and mesoporous regions at the same time. It has to be seen in the future,
whether this interesting feature turns out to be of advantage in adsorptive
and/or catalytic applications.

3.2
Synthesis of Zeolite NU-87

The synthesis of zeolite NU-87 was first reported by Casci and Stewart in 1990
[67]. As structure directing agent, bis-quaternary organic compounds (cf.
Fig. 10) were claimed, with decane-1,10-bis-(trimethylammonium)dibromide
(decamethonium-bromide, “diquat” ; DeBr,) as the preferred template. Typically,
Si0,/Al,0; ratios from 25 to 60 and NaOH/SiO, ratios around 0.3 are applied. A
recommended synthesis mixture is prepared from silica sol, sodium aluminate,
sodium hydroxide, water and the template. In our own experiments for the



Synthesis of more Recent Aluminosilicates with a Potential in Catalysis and Adsorption 79

NU-87 SSz-37

CH, CH,
CH A e—e -)—‘D / c
3—N—CH, 3~ N—CHj,
/ AN

®
CH3 Bre Bl'e CH3 ,N\
CHy CHa
withn=8 to 12 N,N-Dimethyl-4-azatricyclo-
(preferred: n=10) [5.2.2.02’6]undecyl cation

Fig.10. Structure directing agents used for the synthesis of zeolites NU-87 and SSZ-37 (both
possessing the NES framework topology)

optimization of the synthesis of zeolite NU-87 we found the following pro-
cedure useful and reproducible [53]: A solution of 0.38 g sodium aluminate
(Riedel-de Haén, 54 wt.-% Al,O;, 41 wt.-% Na,0) and 1.59 g sodium hydroxide
in 47 g water is added under continuous stirring to 22.2 g colloidal silica sol (30
wt.-% SiO, in water, Levasil VP 4038, Bayer AG). To the resulting mixture a
second solution is stirred consisting of 5.8 g decamethoniumbromide (Fluka)
dissolved in 37.5 g water. The resulting gel had the following molar composition:
55 Si0, : Al,O5: 11.5 Na,O : 6.8 DeBr, : 2800 H,O : 2.4 NaBr, which is very close
to the one recommended by Casci et al. [46, 67]. For crystallization the gel is
transferred into a stainless steel autoclave with a volume of ca. 300 cm® and
rotated with a frequency of 30 min~! at 453 K for ten days. The X-ray powder
pattern of zeolite NU-87 synthesized in this way is depicted in Fig. 11. It agrees
very well with data reported in the literature [46, 67]. The crystallite size and
morphology of the synthesized sample can be seen from the scanning electron
micrograph depicted in Fig. 12: The crystallites have the typical cuboid shape
with a length of around 2 pm and a thickness of ca. 0.5 pm.

Beside the publications of Casci et al. [46, 67] there are apparently only the
reports from Moini et al. which deal (in part) with the synthesis of zeolite NU-87
[68, 69]. These authors investigated the influence of the length of the alkane
chain in the diquaternary ammonium compounds on the crystallizing zeolite
structure. Under their conditions it was found that the decamethonium cation is
the only diquaternary compound which promotes the formation of the NES
topology. Moreover, slight variations of pH, the nature of the alkali cation used
or the water content resulted in the formation of other crystalline phases such as
ZSM-12 and ZSM-5. From additional studies using computer modelling they
proposed as location of the diquaternary cation the twelve-membered ring
channels of NU-87 which interconnect the parallel ten-membered ring pores.
This very specific geometrical orientation of the organic species suggests the
existence of a strong templating effect during synthesis and could explain the
strong influence of the size of the diquats on the structures formed [68, 69].
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Fig.11. X-ray powder pattern of as-synthesized zeolite NU-87
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Fig.12. Scanning electron micrograph of zeolite NU-87
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Zeolite SSZ-37 is believed to possess the NES framework topology as well. It
was first synthesized by Nakagawa [47] using a Diels-Alder derived template,
viz. the N,N-dimethyl-4-azatricyclo[5.2.2.0%°]Jundecyl cation (cf. Fig. 10). By
contrast to the preferred range of SiO,/Al,O; ratios from 25 to 60 in the synthe-
sis of zeolite NU-87, SSZ-37 is preferentially synthesized from gels having lower
aluminum contents, i.e. with SiO,/Al,O; starting from ca. 60. Below this value, a
material with the chabazite structure begins to co-crystallize with SSZ-37. From
all-silica synthesis gels, zeolite SSZ-31 crystallizes [70]. A structural model for
this zeolite was recently presented [71].In essence, SSZ-31 is a one-dimensional
large pore zeolite. Its pore apertures are elliptical with major and minor axes of
ca. 0.86 x 0.57 nm. It is a very complex structure which can be described as an
intergrowth of four structurally related but different polymorphs. Due to its
very large pore diameter and the very small crystallite sizes usually obtained,
zeolite SSZ-31 is expected to be a good acid catalyst with unique selectivities
[71]. From a comparison of the X-ray powder pattern of zeolite SSZ-31 with that
of zeolite NCL-1 [72, 73] one can suspect that both materials are structurally
related. Zeolite NCL-1 is synthesized from aluminosilicate gels containing hexa-
ne-bis-(triethylammonium) cations [72, 73].

4
Twelve-Membered Ring Zeolites

There is an ongoing trend towards shape selective catalysis involving larger
reactants, transition states and products [74-76]. One major reason for this
development is the increasing number of investigations related to the zeo-
lite-catalyzed preparation of organic intermediates, fine chemicals and even
pharmaceuticals. The molecules in such reactions usually are much bulkier
than those encountered in typical processes of the petroleum or petrochemical
industries (e.g. linear and branched alkanes and olefins; mononuclear or at
best binuclear aromatics). Hence, there is an increasing need for new large-
pore zeolite structures in order to enable the selection of tailored catalysts
for a given application. Fortunately, in recent years quite a number of (some-
times somewhat “older”) zeolites have been recognized to be large-pore mate-
rials, and their synthesis has been explored. In addition, the proper choice of
structure directing agents has brought us new large-pore materials. The syn-
thesis of selected large-pore aluminosilicates will be reviewed in the present
chapter.

4.1
Synthesis of Zeolite ZSM-10

Zeolite ZSM-10 was first synthesized by Ciric more than 25 years ago from
aluminosilicate gels containing potassium cations and a diquaternary com-
pound, viz. the 1,4-dimethyl-diazonia(2.2.2)bicyclooctane cation (cf. Fig. 13;
[77]). Since its first description, only two further reports on the synthesis
appeared, one Japanese patent [78] and a very recent publication by Higgins
and Schmitt [79], the latter also describing the framework topology of zeolite
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Fig.13. Organic cation used in the synthesis of zeolite ZSM-10

ZSM-10. Its structure is made up from columns of alternating cancrinite
cages and double six-rings. The resulting pore system contains two different
one-dimensional twelve-membered ring channels which are interconnected
by distorted eight-membered ring channels. These are probably too small to
permit the diffusion of organic molecules. One of the two twelve-membered
ring channels is identical to the one found in zeolite L (LTL), the other one is
the channel occurring in zeolite offretite (OFF). There are twice as many
offretite-type channels as L-type channels in the structure of zeolite ZSM-10.

The synthesis of zeolite ZSM-10 and the role of the organic cation during its
synthesis were studied in detail by Higgins and Schmitt [79]. They found that the
result of the synthesis mainly depends on the presence of the organic cation
during the nucleation/aging step: if there is no aging step at room temperature
and direct heating of the synthesis mixture to crystallization temperatures of
373 or 413 K is applied, no ZSM-10 is obtained. The authors were able to show
that this is due to the decomposition of the organic cation which starts already
under mild conditions. If, on the other hand, an aging step at room temperature
is involved (ca. 3 days) or the synthesis mixture is heated with a slow heating rate
(i.e. over two days) to the final crystallization temperature, zeolite ZSM-10 could
be synthesized. This suggests that the organic is indeed required to promote
nucleation of zeolite ZSM-10. Once nucleated, the “template” seems to be no
longer necessary for the growth of the crystallites. This is in-line with the ob-
servation, that the directing agent is not incorporated in the final product [79].
It will be very interesting to explore the shape selective properties of this pecul-
iar zeolite structure.

4.2
Synthesis of Zeolite ZSM-18

As in the case of zeolite ZSM-10, the first synthesis of zeolite ZSM-18 was first
reported decades ago [80]. Ciric used a quite unusually large and relatively
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Fig.14. Trisquaternary organic cation used as structure directing agent in the synthesis of zeo-
lite ZSM-18

rigid trisquaternary ammonium cation (2,3,4,5,6,7,8,9-octahydro-2,2,5,5,8,8-
hexamethyl-1H-benzo[1,2-c: 3,4-¢": 5,6-c”]tripyrrolium) which is shown in
Fig. 14. It is anticipated here that the multistep synthesis required for the pre-
paration of this organic cation [80,81] has prevented zeolite ZSM-18 from being
synthesized and investigated by zeolite researchers for so many years. This
situation has changed with the solution of the framework topology of zeolite
ZSM-18 [82]. In essence, its void structure is characterized by a linear one-
dimensional twelve-membered ring channel with an approximate pore opening
of 0.7 nm. The twelve-membered ring channels are lined with pockets that are
capped by seven-membered ring “windows” with dimensions of 0.28 x 0.35 nm.
The tight fit between the size and shape of the intracrystalline voids and the
organic trisquaternary cation suggests that a strong templating effect might be
responsible for the formation of this unusual zeolite structure. After its solution,
the peculiar framework topology of zeolite ZSM-18 and the host/guest inter-
actions occurring between the zeolite structure and the encapsulated templat-
ing agent were studied theoretically by a number of groups using molecular
modelling techniques and quantum and molecular mechanics calculations
[83-87].

The first syntheses of zeolite ZSM-18 reported by Ciric used the hydroxide
form of the trisquaternary cation (“triquat”), tetramethylorthosilicate as silica
source and sodium aluminate as alumina source. A typical molar gel composi-
tion was 2 triquat : 1.14 Na,O : AL,O5: 15 SiO, : 500 H,O0. From this synthesis
mixture, ZSM-18 with SiO,/Al,0; ratios around 11 crystallizes after ca. 5 days at
398 to 403 K [80]. A typical X-ray powder pattern of as-synthesized zeolite
ZSM-18 is shown in Fig. 15. It seems that, provided the complex template is
available, the synthesis of zeolite ZSM-18 is straightforward, and it would be very
interesting to explore its catalytic and adsorptive properties. Unfortunately,
however, it turned out that the removal of the trisquaternary ammonium cations
by calcination in air leads to a destruction of the zeolite framework. This is
probably due to the relatively high aluminum content of this zeolite. As a con-
sequence, attempts were made to develop methods for careful removal of the
template without destroying the structure of the zeolite. So far, two different
procedures have been disclosed: In the first method, a three-step procedure is
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Fig.15. X-ray powder pattern of as-synthesized zeolite ZSM-18

applied which involves (i) contacting the as-synthesized zeolite with an aqueous
solution of ammonium hexafluorosilicate, (ii) ion-exchanging the zeolite with
an alkali or alkaline earth metal salt (e.g. KCl) and (iii) calcining the ion-exchang-
ed zeolite [88]. Obviously, a mild dealumination is applied in this procedure to
increase the thermal stability of the zeolite framwork during calcination. In the
second approach, zeolite ZSM-18 is loaded with a small amount of platinum,
either via the addition of the noble metal component (e.g. a platinum tetraamine
complex) to the synthesis gel of the zeolite or by post-synthetic impregnation of
the template-containing zeolite with a platinum-containing compound [89].
Presumably, the role of the platinum introduced is to catalyze the oxidation of
the encapsulated template at lower temperatures than usually required, thereby
preventing the zeolite framework from being damaged.

Recently, Schmitt and Kennedy reported a novel method for the synthesis of
zeolite ZSM-18 [90, 91]. Their rationale was to keep the same total charge and
symmetry as in the originally used triquat, but to select those compounds, which
can be easily synthesized and are acyclic in order to ensure a relatively easy
removal of the template. With the help of computer modelling they finally ended
up with the two trisquaternary compounds depicted in Fig. 16. Using triquat I it
was possible to synthesize pure zeolite ZSM-18 in a high yield, while triquat II
requires the addition of ZSM-18 seed crystallites in order to promote crystal-
lization. Moreover, both new templates can be easily removed from the as-syn-
thesized zeolites by calcination without significantly affecting the framework
integrity [91].
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Fig.16. Novel trisquaternary organic cations found useful for the synthesis of zeolite ZSM-18

4.3
Synthesis of Zeolite MCM-58

Zeolite MCM-58 was recently described for the first time in the patent literature
[92,93]. It belongs to the group of zeolites which can be synthesized with high-
silica contents, viz. SiO,/Al,0; ratios from ca. 30 to 100 have been claimed [92].
From a comparison with the X-ray powder pattern of zeolite SSZ-42, which also
was recently claimed by Zones and Rainis [94], it could be concluded that zeo-
lites MCM-58 and SSZ-42 probably possess the same framework topology. The
structure of zeolite SSZ-42 was recently determined [95]. It is characterized by
an undulating, one-dimensional channel system with twelve-membered ring
pore openings. The minimum and maximum pore diameters are 0.64 and
1.0 nm, respectively [95], suggesting that zeolites MCM-58 and SSZ-42 should
be interesting catalysts for the conversion of relatively bulky molecules.

So far, a couple of organic compounds have been claimed as structure direct-
ing agents for zeolites MCM-58/SSZ-42, viz. benzyltropanium salts [93],
benzylquinuclidinium (or N-benzyl-1-azabicyclo[2.2.2]octane) cations [92, 94]
and N-benzyl-1,4-diaza-bicyclo[2.2.2] cations [94]. In our own work [96], we
started from Valyocsik's patent on the synthesis of zeolite MCM-58 using
benzylquinuclidiniumbromide (BC) as templating agent [92]. The latter can be
conveniently prepared by refluxing an equimolar mixture of benzylbromide and
quinuclidine in ethanolic solution for 16 hours and recovering the solid after
cooling the reaction mixture in an ice bath. In a typical synthesis [96], 1.99 g
Al,(S0O,);- 18 H,O are dissolved in 88 g of distilled water. To this solution 3.37 g
KOH and 8.46 g benzylquinuclidiniumbromide are added under continuous
stirring. Subsequently, 30 g colloidal silica sol (30 wt.-% SiO, in water; Levasil VP
4038, Bayer AG) are slowly added under stirring. A low-viscosity liquid results
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Fig.17. X-ray powder pattern of zeolite MCM-58 after calcination in air at 813 K

which is further homogenized for two minutes and then transferred to a stain-
less steel autoclave with a volume of ca. 250 cm®. The synthesis mixture prepared
in this manner has the following molar composition: 12.5 K,0: 10 BC: 1 AL,O5:
50 SiO, : 2000 H,O0. The autoclave is rotated for eight days at 443 K. The X-ray
powder pattern of the material obtained is depicted in Fig. 17.It is in very good
agreement with literature data [92]. From Fig. 18 it can be seen that the crystal-
lites are elliptical in shape with maximum dimensions below 1pm. Chemical
analysis reveals a Si0,/Al,O; ratio of 38, hence aluminum is slightly enriched in
the zeolite as compared to the composition of the synthesis mixture. In further
experiments, the influence of a reduction of the template concentration and of
the aluminum content in the synthesis mixture was investigated [96]. It was
found that the initial ratio of BC/SiO, = 0.2 could be reduced by 25% to 0.15
without significantly affecting the quality of the synthesized materials. Upon
further reducing this ratio, however, a-quartz begins to co-crystallize with
zeolite MCM-58 and is finally obtained as pure phase when the template is
completely omitted. A similar effect is observed when BC/SiO, is kept constant
at 0.15 and the SiO,/Al,0; ratio is gradually increased: already at a value of
ca. 100, a-quartz appears as impurity (ca. 20%) under the conditions applied
in this study [96]. Valyocsik reported the occurrence of mordenite as an im-
purity phase if either the aluminum content of the gel is too high (i.e.
Si0,/Al,05 = 15) or sodium cations are used instead of potassium cations in
the synthesis gel [92].

In a very recent publication by Camblor et al. [97], the synthesis of an alu-
minum-free material has been claimed which is believed to also possess the
framework topology of zeolites MCM-58/SSZ-42. These authors used ben-
zylquinuclidiniumhydroxide as templating agent and tetraethylorthosilicate as
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Fig.18. Scanning electron micrograph of zeolite MCM-58

silica source in a fluoride medium to synthesize this new microporous silica
polymorph, which they designated ITQ-4.

4.4
Synthesis of SSZ-24

SSZ-24 is a high-silica zeolite which was first synthesized by Zones and co-
workers [98,99]. Its pore structure consists of linear, non-interconnected twelve-
membered ring channels with a circular diameter of 0.73 nm [99]. Its attrac-
tiveness from a catalytic and/or adsorption point of view is at least twofold:
First, SSZ-24 possesses the AFI framework topology, viz. it is isostructural with
the aluminophosphate AIPO,-5 and its silicon- or metal-substituted derivatives,
e.g. SAPO-5, MeAPO-5, etc. [99, 100]. Hence this offers the unique opportunity
for studying the catalytic and adsorptive properties having one and the same
framework topology but with a very broad range of chemical compositions.
Secondly, molecular sieves possessing the AFI topology show an unusual be-
havior in adsorption and catalysis involving C¢ alkanes [101, 102]. In essence,
SSZ-24 and molecular sieves of the AIPO,-5 familiy exhibit a preference for the
adsorption (from a mixture of C4 alkanes) or formation (from hydrocracking of
n-hexadecane) of the bulkier isomers (especially dimethylbutanes and methyl-
pentanes). This preference for the sterically more demanding species has neither
been found for molecular sieves with smaller pore diameters (e.g. zeolite



88 S.Ernst

CH, GHs
[ ) @
CHy— N— CH, /N
~N
N
N,N,N-Trimethyl-1-adamantyl- N-(16)-Methylsparteinium

ammonium cation

Fig.19. Structure directing agents for the synthesis of SSZ-24

ZSM-5), nor in the absence of shape selectivity (e.g. zeolite Y). It has been
suggested that this selectivity for the adsorption/formation of branched alkanes
over linear ones is caused by attractive forces between the molecular sieve walls
and the hydrocarbons. Interesting applications in petroleum refining could be
thought of, e.g. the selective formation of multibranched hydrocarbons in the
Cs/Cq range in hydrocracking of long chain hydrocarbons on AFI-containing
hydrocracking catalysts [e.g. 103].

The first synthesis of SSZ-24 was accomplished using N,N,N-trimethyl-1-
adamantylammonium cations as structure directing agent [98, 99] (cf. Fig. 19,
left-hand side). It has been reported that the synthesis of SSZ-24 is critical with
respect to the starting materials and the gel composition used [99]. A typical
synthesis of an all-silica SSZ-24 material starts from a gel with the following
molar composition (T=template): K,0 (or Na,0)/Si0,=0.10; T/SiO,=0.15;
H,0/8i0,=15 to 44; OH-/Si0,=0.25. Typically, Cab-o-sil (fumed silica) is used
as the silica source. Crystallization usually occurred within six days at 423 to
433 K with or without mild agitation [99]. If the crystallization conditions are
not properly controlled, then other crystalline phases have been reported to
form [101], viz. SSZ-23 (structure unknown), SSZ-25 (MWW topology, see
above) and SSZ-13 (a high-silica zeolite with chabazite topology, [104]). Hence,
even if the proper template is used, the compositional window from which
SSZ-24 can be crystallized is very narrow.

The synthesis of SSZ-24 is usually described to occur from aluminum-free
gels. On the other hand, the preparation of an SSZ-24-type material which could
be converted to its Bronsted-acid form suitable for catalysis requires the presence
of at least a minor amount of aluminum in the framework. This however, as well
as the isomorphous substitution of other atoms for framework Si by direct syn-
thesis, turned out to be difficult. This has changed with the recently reported
technique of substituing boron for silicon using a calcined form of boron-sub-
stituted zeolite Beta as the boron source or even as a combined source for boron
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and silicon [101, 105]. This resulted not only in the formation of boron-con-
taining SSZ-24 but also in a considerable reduction of the required crystalliza-
tion time from ca. six days to only one day at temperatures around 423 K [101,
105]. The concept of using boron-containing zeolites, in particular boron-sub-
stituted zeolite Beta, as silicon and boron supplying reagent was recently extend-
ed by Zones and Nakagawa to the synthesis of other zeolites and its con-
sequences with respect to the crystallizing structures was discussed in detail
[106, 107].

Once boron-containing SSZ-24 is obtained, it can be easily converted to a
form having tetrahedrally coordinated framework aluminum species by first
calcining the boron-containing material to remove boron from the lattice and
then incorporating Al into the created defect sites by refluxing the material in an
aluminum nitrate solution [101]. True aluminum incorporation into the frame-
work was proven by A1 MAS NMR spectroscopy and catalytic activity in Bron-
sted-acid catalyzed reactions [101].

Gittleman et al. studied in more detail the synthesis of all-silica SSZ-24 [108].
In agreement with earlier studies they found that the use of the trimethyl-1-
aminoadamantyl cation and fumed silica as SiO, source is essential for the
formation of pure SSZ-24. Moreover, they also confirmed that the molar ratios
template/SiO, and OH-/Si0O, should exceed values of 0.15 and 0.25, respectively
[108]. Especially for lower pH or alkali content, the formation of non-zeolitic
silicate phases such as quartz, cristobalite and layered silicates are reported to be
favored.

Recently, Lobo and Davis [109] reported the synthesis of pure-silica as well as
boron-substituted SSZ-24 using a new structure directing agent, viz. N-(16)-
methyl-sparteinium bromide (cf. Fig. 19, right-hand side). This new template
allows for the direct incorporation of boron into the zeolite framework using
sodium borate instead of zeolite boron-Beta as the source of boron in the
synthesis mixture. From their investigations, the careful purification of the
template (by recrystallization) seems to be essential for synthesizing a pure
zeolite product. Moreover, seeding of the gel with as-synthesized SSZ-24 crystal-
lites or the addition of as-synthesized boron-substituted zeolite Beta was found
to suppress the formation of Kenyaite, a layered sodium silicate which was
frequently found as by-product in SSZ-24 syntheses using N-(16)-methyl-
sparteinium bromide as structure-directing agent. After synthesis, the organic
molecule is found intact inside the molecular sieve pores. In addition, the
amount of isomorphously incorporated boron is related to the number per unit
cell of template molecules occluded inside the zeolite pores. Based on earlier
work of de Ruiter et al. [110] conducted for the case of boron-substitution in the
MFI framework, it has been speculated [109] that the incorporation of boron
into the framework of SSZ-24 is closely related to the hydrophobicity of the
structure directing agent: while the new template has a positive charge surround-
ed by a large hydrophobic and relatively rigid organic environment, the trime-
thylated form of 1-aminoadamantane contains the positive charge on a nitrogen
atom which is separated from surrounding water by three methyl groups only. If
this speculation were true, it would offer interesting new opportunities for the
design of new templates for the synthesis of boron-silicates.
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4.5
Synthesis of Zeolites with Intersecting Ten- and Twelve-Membered Ring Pores

Only very few molecular sieves are known which possess large and intersecting
pores. The potential advantages of such a pore system would be a better resi-
stance against deactivation by coke formation and an improved diffusivity of
reactants and products to and from the intracrystalline catalytically active sites.
Two of these multi-dimensional large-pore structures are of considerable com-
mercial interest, viz. zeolites Y and Beta. While the former zeolite has been used
in commercial practice for decades, the latter has a high potential as catalyst in
quite a number of emerging commercial processes, e.g. dewaxing by isomeriza-
tion [111], cumene synthesis via alkylation of benzene with propene [112], etc.
These few examples suggest, that the availability of more zeolites with relatively
large and three-dimensionally interconnected pore systems is highly desirable.
While the channel systems of zeolites Y and Beta are made-up from twelve-
membered ring windows and pores, respectively, a natural mineral was recently
discovered, the pore system of which consists of intersecting ten- and twelve-
membered ring channels. This mineral was designated Boggsite [113, 114] and
discovered in trace amounts in close proximity to the natural counterpart of
zeolite Beta, called Tschernichite [115].

Very recently, molecular sieves have been synthesized (based, in part, on a
rational design of the organic structure directing agent as well as a lot of ex-
perience collected in zeolite synthesis), which possess interconnected ten- and
twelve-membered ring pores, viz. the aluminosilicate SSZ-26 [116-118] and the
borosilicates SSZ-33 [117,118] and CIT-1 [119, 120]. All three molecular sieves
belong to the same family of materials which contain different stacking sequen-
ces of two related polymorphs (polymorphs A and B) [119, 120]. CIT-1 is the
pure polymorph B, while SSZ-33 and SSZ-26 are disordered materials formed
mostly from polymorph B, but with fault probabilities of 30 % and 15 %, respec-
tively [116, 117]. The typical SiO,/Me,0; ratios and templates used during the
synthesis of these three materials are summarized in Fig. 20. The two borosili-
cates are conveniently synthesized from gels with SiO,/B,0; around 30, while a
broader range has been given for the aluminosilicate SSZ-26, viz. SiO,/Al,0; =
20 to 50. Beside the aluminum content, for zeolite SSZ-26 the following favorable
molar ratios of the synthesis gel have been described: template/SiO, = 0.15,
Na,0/Si0, = 0.15, H,0/Si0, = 27 and OH-/SiO, = 0.30. From such mixtures, zeo-
lite SSZ-26 can be obtained after “several” days at 433 K. It seems that the most
critical step in the synthesis of zeolite SSZ-26 is the preparation of the structure
directing agent in the desired purity and preventing it from being decomposed
(“cracked”) by contact with air [116]. Obviously, the critical step during the
template preparation is the careful recrystallization in order to separate the
diquaternary isomer from the major impurity, viz. the corresponding mono-
quaternary ammonium compound [116].

Beside the ranges of boron content and the template used, not too many
additional details on the synthesis of the borosilicates SSZ-33 and CIT-1 have
been published. However, it has been reported by Zones, Davis and coworkers
[121-123] that the result of such a synthesis does not only depend on the tem-
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Fig.20. Templates used for the synthesis of three molecular sieves with intersecting 10- and 12-
membered ring channels

plate used and the composition of the synthesis gel, but is also influenced in many
cases by the nature of the boron-supplying reagent and the boron concentration
in the gel. As a whole, it remains highly desirable to investigate in more detail the
influence of the different synthesis parameters on the synthesis of zeolites
SSZ-26,SSZ-33 and CIT-1. It seems that, as in the cases of zeolites ZSM-10 and
in particular ZSM-18, the laborious synthetic organic work hidden behind the
preparation of the structure directing agents has hindered most zeolite scientists
from studying the synthesis of these interesting zeolites in more detail.

4.6
Synthesis of Super-Large Pore Aluminosilicates

Probably the first report on the use of a metallocene in zeolite synthesis dates
back more than ten years [124]. In the past few years, however, essentially two
groups reported on the influence (i.e. structure directing properties) of cobalt
metallocene compounds in the synthesis of zeolites and zeolite-like materials
[e.g. 125-128]. In none of these studies had a new framework topology been
synthesized. However, very recently Balkus and coworkers reported the syn-
thesis of the first fourteen-membered ring zeolite, which they called UTD-1
(University of Texas at Dallas No. 1) [129-132]. UTD-1 was synthesized with a
quite unusual template, viz. with bis(pentamethyl-cyclopentadienyl)cobalt(III)
hydroxide [129-132]. Both the essentially pure-silica version and high-silica
derivatives have been prepared. A typical synthesis of the all-silica version com-
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prises the combination of sodium hydroxide, an aqueous solution of the
bis(pentamethylcyclopentadienyl)cobalt(III) hydroxide and fumed silica to
form a gel with the molar composition H,0/SiO,=60; Na*/SiO,=0.1; OH-/
$i0,=0.2 and template*/SiO,=0.1. The resulting gel is first aged at room tempe-
rature for one hour under stirring and is then crystallized for ca. 2 days at 448 K
under static conditions. If an aluminum-containing sample of UTD-1 is to be
prepared, an aluminum source, e.g. aluminum isopropoxide dissolved in an
aqueous solution of NaOH is added in the last step of the gel preparation.
Thereafter, the gel is again aged for one hour at room temperature under stirring
and then crystallized as described above [129, 131]. After synthesis, the material
obtained has to be calcined in order to remove the organic directing agent.
However, since in the case of UTD-1 a transition metal compound is used, cobalt
remains in the molecular sieve while the organic component burns off.

UTD-1 is not only a new zeolite with pore openings hitherto unknown for
silicate-based materials, but it also demonstrates how the discovery of a new
class of templating agents, e.g. the metallocenes, could lead to new framework
topologies and perhaps to new applications in catalysis and adsorption. It is
expected that the systematic variation of the structure of metallocene-derived
templates and their exploration as templates in zeolite synthesis will bring about
new insights into the templating ability of these interesting metalloorganic
compounds and probably result in the synthesis of further new framework topo-
logies.

5
Conclusion

The development of new or improved processes in catalysis and adsorption were
in many cases induced by the development of new catalytic materials and adsor-
bents. In this context, the synthesis of new aluminosilicates is a continuing
challenge in zeolite science. The present review, discussing the synthesis princi-
ples of selected more recent zeolites, has shown that there is still much room for
innovation in this field. It can be expected that by the use of new classes of tem-
plates (one recent example is that of the metallocenes) new structures will be
synthesized in the future. Moreover, with the availability of more and more
sophisticated tools for modelling zeolite and template structures and their inter-
actions, it will probably be possible to tailor templates for a given (or a theoreti-
cal) zeolite structure. Finally, beside the exploration of new templates and new
reaction compositions, the influence of the synthesis conditions on the products
should not be overlooked, e.g. changing the reaction parameters from subcriti-
cal to supercritical conditions could well have an influence on the materials
which are formed.
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Introduction

Microporous and mesoporous inorganic materials form the backbone of many
heterogeneous catalysts and separations media. Because of the extensive com-
mercial applications of these classes of materials, substantial efforts on the
part of both academic and industrial researchers have been made to unlock the
hidden secrets of the mechanisms of their formation and, through the exploita-
tion of this understanding, to synthesize novel materials with important pro-
perties. Much of the mechanistic work has focused on understanding the role of
organic directing or templating agents which play a complex, cooperative role of
spatial ordering through the filling of void space, balancing charge, and stabiliz-
ing structural units.

Templating has been defined, in a general sense, as a process in which an
organic species functions as a central structure about which oxide moieties
organize into a crystalline lattice [1, 2, 3]. In the simplest case of void filling, the
organic merely serves to occupy a space about which the oxide crystallizes or
polymerizes. Thus the same organic can be used to synthesize a variety of struc-
tures, or vice versa. Structural direction requires that a specific framework is
formed from an unique organic compound. However, this does not imply that
the resulting oxide structure mimics identically the form of the organic mole-
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cule. True “templating” requires, in addition to the structural directing compo-
nent, that there is an intimate relationship between the oxide lattice and organic
form such that the synthesized lattice contains the organic “locked” into posi-
tion. Thus the lattice reflects the identical geometry of the organic molecule [1].

The use of organic directing agents has a long history in the synthesis of
porous inorganic materials. In the early 1960s, Kerr and colleagues revolutioni-
zed the field of synthetic zeolites with the introduction of quaternary alkyl-
ammonium ions into the reaction mixture [4]. The use of these cations as a
replacement for the alkali and alkaline earth cation-based syntheses, developed
by Barrer in the 1930s, led to the discovery of some sixty new porous frame-
works - the most important being the pentasil structure, ZSM-5 [5]. In these
examples, the organic directing agent is functioning as an individual molecule.
This concept is illustrated in Fig. 1. Although small organic directing agents
have dominated inorganic framework syntheses for nearly fifty years, a fun-
damental understanding of the ordering mechanism associated with them
remains elusive.

The next milestone in the use of organic directing agents, and the subject of
this review, occurred some three decades after the work of Kerr. Extending an
alkyl chain length of a quaternary ammonium compound to 10-20 carbons
changes the solution energetics of these ionic organics, turning them into the
well known cationic surfactants that dominate much of the micelle and liquid
crystal literature. Now, rather than individual molecular directing agents parti-
cipating in the spatial ordering of the inorganic reactants, strong organic inter-
actions become a primary driving force in determining the resulting inorganic
structures — the M41S family of materials [6, 7]. This supramolecular directing
concept is also illustrated in Fig. 1. The implications of these materials and the
approach to their synthesis are enormous giving the materials science commu-
nity the ability, in principle, to tailor the physico-chemical properties of a porous
material for a particular application.

Recent work, notably by the groups of Ozin and Mann, has extended these
ideas of cooperative spatial ordering of inorganic-organic assemblies into the

! 20-100 A

Fig. 1. The formation of microporous molecular sieves using individual small alkyl chain
length quaternary directing agents (top). The formation of mesoporous molecular sieves
using long alkyl chain length quaternary directing agents (bottom)
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realm of macroscopic, hierarchical materials [8, 9]. Not only do these materials
have potential in the traditional fields of application like heterogeneous catalysis,
but the growing mechanistic understanding is leading to the generation of
materials with striking resemblance to the highly complex forms characteristic
of biological structures. It is the biomimetic implications of these materials that
may, ultimately, prove to be their ultimate value.

In this review we will cover the synthesis and sorptive properties of these new
mesoporous molecular sieves.

2
Structures and Synthesis

The M41S family of mesoporous materials contains several unique structures:
those that can be indexed to an hexagonal unit cell, MCM-41 (two dimensional,
p6m), SBA-2 (three dimensional, p6;/mmc), and SBA-3 (two dimensional p6m
structure similar to MCM-41 but synthesized in an acid media); cubic struc-
tures including MCM-48 (Ia3d) and SBA-1 (Pm3n); and lamellar structures
including MCM-50 which is a post-stabilized lamellar material. Other materials
have been synthesized that are not as readily classified. These materials general-
ly exhibit limited X-ray diffraction information (one peak) and may contain a
random array of pores as shown in transmission electron micrographs. How-
ever,a common characteristic of all of these materials is that they contain a nar-
row pore size distribution reminiscent of classical crystalline microporous
materials, but within the mesopore dimensions of ~15-200 A. This character-
istic property will be covered later in this review.

MCM-41, the initial member of this family of materials and most extensively
investigated, exhibits an X-ray diffraction pattern containing three or more low
angle peaks (below 10° 20) that can be indexed to an hexagonal hk0 lattice [6, 7].
An example of the characteristic X-ray diffraction pattern is shown in Fig. 2.
This particular sample has a unit cell of approximately 46 A. The transmission
electron micrograph also shown in Fig. 2 illustrates the uniform honey-comb
like structure with a repeat of approximately 50 A consistent with the hexagonal
indexing of the X-ray diffraction pattern. These materials were first synthesized
as silicates and alumino-silicates in basic media using a cationic alkyltrimethyl-
ammonium surfactant system where the alkyl chain length varied from ~8 to
16 carbon atoms. Subsequent efforts have shown that this structure can also be
prepared in acid media [10, 11], using neutral normal amines [12] (this materi-
al has been denoted as HMS by the researchers), nonionic surfactants [13] and
dialkyldimethylcationic surfactants [14], with substitution of various hetero-
atoms in a silicate structure and as well as nonsilicious forms. The heteroatom
structures contained Ti, B, Ni, Cr, Fe, Co, Mn, and V [15-24]. The initial non-
silicious materials included oxides of W, Fe, Pb, Mo and Sb [21, 23, 25]. However,
many of these materials exhibited very poor thermal stability; upon the removal
of the template, the structures collapsed. Stein et al. showed that some of these
materials were actually incomplete frameworks more closely resembling those
of salts containing Keggin ions of the transition metal and the cationic sur-
factant molecule [21]. Recently, non-siliceous materials comprising Zr and Ti
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Fig. 2. The X-ray diffraction pattern, transmission electron micrograph, and the proposed
structure of MCM-41 (hexagonal phase)
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have been prepared that exhibit satisfactory thermal stability and thus are be-
lieved to be comprised of extended and complete oxide nets of the elements
[26-29].

All of these hexagonal (p6m) materials contain a regular two dimensional
array of mesopores which result in a structure having an hexagonal stacking of
uniform diameter porous tubes as suggested in transmission electron micro-
graphs. This is illustrated in Fig. 2. The pore size can be varied from about 15 A
to more than 100 A by the variation of the length of the alkyl chain of the
template molecule or by the use of auxiliary solubilized molecules [7]. These
techniques will be described in Section 3.

Upon thermal treatment to remove the surfactant template, the X-ray diffrac-
tion pattern can exhibit a measurable unit cell contraction (at times, exceeding
5-10 A) unlike that generally observed for the classical crystalline zeolites. The
magnitude of this contraction appears to correlate with both the uniformity of
the structure and the ultimate thermal stability. Generally those samples that
exhibit little or no unit cell contraction (+ 2 A) upon the removal of the template
by thermal treatment also exhibit the highest stability. The contraction of the
unit cell has been contributed to the condensation of the silanol groups located
within the wall.

Silicon NMR spectra of MCM-41 closely resemble those of amorphous silica
suggesting a broad range of Si-O-Si (T-O-T) bond angles, unlike that of classi-
cal crystalline zeolites [7, 30] and contain a relatively high concentration of
silanols. This silanol concentration appears to be highest for those structures
that demonstrate the largest unit cell contraction upon removal of the template
by calcination.

Other studies have shown that a related mesoporous silicate can be formed
via hydrothermal treatment of a layered silicate such as kanemite and the same
alkyltrimethylammonium cationic surfactants [31, 32]. Variation of the syn-
thesis conditions results in a fairly ordered porous material denoted as FSM-16
that has physical properties and diffraction data similar to that of MCM-41 [32].

The hexagonal configuration, P6;/mmc denoted as SBA-2,has been proposed
as a three dimensional hexagonal structure. This silicate was synthesized in both
acidic and basic media using Gemini cationic surfactants, which contain two
quaternary ammonium head groups separated by a methylene chain of variable
length [33]. This framework has been proposed to contain regular supercages
resulting from the hexagonal close packing of globular surfactant/silicate
moieties. Physisorption of up to ~40 wt.-% nitrogen has been realized for this
structure having a pore diameter of approximately 40 A.

The cubic structures include both the Ia3d member, MCM-48,and the Pm3m
material, SBA-1. MCM-48 was also first synthesized in the siliceous form using
an alkyltrimethylammonium cationic surfactant system in basic media.
Whereas the hexagonal MCM-41 appears to form under a wide range of
synthesis conditions and reagents, MCM-48 appears to have a relatively narrow
synthesis regime. MCM-48 has been prepared using a silicon alkoxide at slightly
higher surfactant concentrations than those that can produce MCM-41. Vartuli
et al. have shown that under one set of synthesis conditions using tetraethyl-
orthosilicate and a cetyltrimethylammonium hydroxide solution, MCM-41 was
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synthesized at surfactant/silica molecular ratios of less than 1, whereas at ratios
from 1 to 1.1, MCM-48 could be synthesized [34].

The X-ray diffraction pattern, shown in Fig. 3, consists of several peaks that
can be assigned to the Ia3d space group. As in the case of MCM-41, upon
thermal removal of the template, a unit cell contraction is noted. This contrac-
tion can be as large as 10-20 A (from ~95 A for the as-synthesized form to
~80 A for the calcined version), substantially larger than that observed for well
defined MCM-41 [34]. The structure of MCM-48 has been proposed to be
bicontinuous with a simplified representation of two infinite three-dimensional,
mutually intertwined, unconnected networks of rods as initially proposed by
Luzzatti [35]. A more sophisticated and perhaps more realistic model would be
based on the concept of an infinite periodic minimal surface of the gyroid form
(Q*%) [10]. A representative transmission electron micrograph and an X-ray
diffraction pattern of MCM-48 and a proposed structure are shown in Fig. 3.
Generally both the sorptive properties and the Si—-NMR characteristics of
MCM-48 are consistent with those of the hexagonal phase.

Less is known about the other cubic structure, SBA-1 (Pm3m) [25]. This
material was first synthesized in the siliceous form in acidic media using larger
head group cationic surfactants such as alkyltriethylammonium salts. SBA-1
has been proposed to have a large cage structure with a surface area > 1000 m?g-!
for a sample having a pore diameter of 20 A [33].

Lamellar structures can be prepared using these same surfactant systems.
The X-ray diffraction pattern of the as-synthesized materials exhibit several low
angle peaks that can be indexed to h00 reflections. These structures are formed
under a wide range of synthesis conditions. Initially these lamellar materials
were also prepared in the siliceous form but many other compositions under a
wide range of synthesis conditions have been reported [6, 7, 25, 33]. Stucky et al.
have prepared various compositions under both basic and acidic conditions
using cationic as well as anionic surfactants [33]. The compositions include
oxides of Pb, Mg, Al, Ga, Mn, Fe, Co, Ni,and Zn as well as ZnP. In another system,
using dialkyldimethylammonium bromide, Sayari et al. obtained siliceous
lamellar structures when the carbon number of the alkyl chain lengths exceeded
6 [14]. In one system, the siliceous lamellar structures were formed at higher
surfactant/silica molecular ratios than those used for the cubic and hexagonal
materials [34].

The lamellar structures exhibit poor thermal stability. Upon removal of the
template by thermal treatment, the structure collapses resulting in a dense phase
with little structural order or porosity. The lamellar phase can be stabilized by
subsequent treatment using an alkoxide [36]. Removal of the template after this
stabilization treatment resulted in a structure having an X-ray diffraction
pattern of only h00 peaks consistent with the lamellar configuration. The X-ray
diffraction pattern is illustrated in Fig. 4. The transmission electron micrograph
also shown in Fig. 4 is of uniform layers having an interlayer separation (~40 A)
consistent with the X-ray diffraction data.

These lamellar materials have been proposed to form from a bilayer of
surfactant molecules with the hydrophilic or charged ends of the surfactant
molecules pointed toward the water-inorganic oxide interface while the hydro-
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Fig. 3. The X-ray diffraction pattern, transmission electron micrograph, and the proposed
structure of MCM-48 (Ia3d cubic phase)
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Fig. 4. The X-ray diffraction pattern, transmission electron micrograph, and the proposed
structure of MCM-50 (stabilized lamellar phase)
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phobic ends of the hydrocarbon molecule face one another. This surfactant
structure is then separated by a two-dimensional inorganic oxide sheet similar
to that of layered silicates such as magadiite or kenyaite. For the layered con-
figuration, the post-synthesis stabilization would provide stable oxide pillars to
separate the oxide sheets and provide porosity. Alternatively, the lamellar phase
could be represented by a variation in the stacking of surfactant rods such that
the pores of the inorganic oxide product would be arranged in a layered form.
For the structure described by the different stacking of rods, the stabilization
treatment may provide a method of reinforcing the pore walls. These two pro-
posed structures are shown in Fig. 4.

3
Pore Variation by Direct Synthesis or by Post Functionalization

Pore size tailoring in traditional zeolitic molecular sieve materials has mainly
focused on post-synthesis modification. Various organic and inorganic species
have been reacted with zeolite surfaces or deposited into the internal pore
system with the intent of increasing shape-selectivity and/or altering catalytic
activity. Most of this work has focused on reducing the pore size of the mole-
cular sieve. This area has been reviewed by Szostak [37].

In very few cases have methods been devised to increase porosity in zeolites,
with a notable exception being the introduction of mesopores via treatment
with reagents such as ammonium hexafluorosilicate (AFS) or via steaming of
the zeolite. Both types of treatment result in framework dealumination. The
removal of framework aluminum results in the formation of defects in the
crystal which ultimately lead to a contiguous nest of defects, e.g. the formation
of mesopores. The created mesopores are advantageous in improving diffusivity
of larger molecules to the active sites of the zeolite. There is much ongoing work
in this area and recent results have been reviewed [38]. A recent report by Le Van
Mao et al. has shown that mesopores of 120 A can be generated by treating
zeolite A with AFS [39].

Despite the ability to introduce mesopores via the above techniques, there is
little control in these processes and the mesopores are disordered in arrange-
ment, randomly scattered and often of wide pore size distribution.

One of the most unique and useful features of the M 41S family of materials is
the ability to “tailor” both pore size and structure. Through the methods that
will be described below, one may, in a systematic fashion, design a mesoporous
material with regular, well-defined pore dimensions ranging from ca. 15 A to
>100 A. The well-documented approaches to accomplishing this pore size varia-
tion stand in stark contrast to the ability to accomplish such goals for traditional
zeolitic materials. However, it should be pointed out that pore size control in
amorphous materials has been successfully achieved in a number of examples
[40].

As reported by Mobil, a systematic method to vary the pore size in MCM-41
involves the use of surfactants of varying chain length [6, 7]. When quaternary
ammonium surfactants (C,H,,,,(CH;);N*) with different alkyl chain lengths
(n=8to 16) are used, MCM-41 materials exhibiting progressively increasing d,,
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Fig. 5. The X-ray diffraction patterns and corresponding benzene isotherms for MCM-41
materials formed from alkyltrimethylammonium salts having alkyl chain lengths of n=12, 14,
and 16

X-ray diffraction spacings are obtained. Figure 5 illustrates the variation of the
d, o spacings and the benzene isotherms as a function of alkyl chain length. The
changing pore size of these materials was further confirmed by examining the
benzene and argon sorption capacities which generally show a shift in the capil-
lary condensation point to higher benzene or argon pressure, with increasing
surfactant chain length. This shift is indicative of the filling of larger pores.
Furthermore, the total benzene or argon uptakes are generally found to increase
with surfactant chain length.

Although surfactant chain length may be used to tailor pore size within a
defined range, e.g. 15-50 A, much more dramatic variation in pore size can be
obtained by exploiting the concepts of surfactant/liquid-crystal chemistry. It is
well established that a surfactant micellar array is influenced by a number of
factors including temperature, pressure, pH and the presence of solvents/solutes
in the reaction media.
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A micellar array in which the core is comprised of hydrophobic hydrocarbon
tails is expected to participate in the solubilization of hydrophobic molecules.
This process results in the swelling of the micelle with that species. This process
is illustrated in Fig. 6. In corroborating the hypothesis that a micellar type
arrangement is implicated in the synthesis of MCM-41 type materials, micellar
solubilization experiments were performed to try to capture the “swollen”
micelles in a silicate cast.

Thus, the typical MCM-41 reaction mixture was modified by the addition of
an auxiliary organic, mesitylene (MES) [7]. The molar ratio of MES to
CisH33(CH;);N* in the study ranged from 0 to 2.0. Incremental addition of MES
resulted in a proportional increase in d-spacing of the X-ray d,,, peak. This
increase was accompanied by retention of the hexagonal relationship with the
X-ray diffraction pattern of each material exhibiting 3-4 peaks related by
hexagonal symmetry. A plot of MES/C,4H3;(CH;);N* mole ratio versus both d,,
and pore size, as determined by argon physisorption, results in a linear correla-
tion within this range of solute/surfactant ratios (see Fig. 6).

The benzene sorption isotherms for the several materials prepared with the
auxiliary organic show the large sorption capacity characteristic of MCM-41.
The isotherms show a gradual shift in capillary condensation to higher benzene
pressure with increasing mesitylene content. The material formed with the
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highest MES/C,4H;;(CH;);N* ratio, 2.0, shows only the very beginnings of capil-
lary condensation at the highest benzene pressure examined (60 Torr, p/p,=0.6).
Argon isotherms clearly show capillary condensation for these larger pore size
materials. Both pore size and pore volume increase with increasing d, .
Materials with even larger pores were prepared from modified reaction
mixtures having MES/C,¢H;;(CH;);N* ratios greater than 3. The products
display X-ray powder diffraction patterns exhibiting a single broad line in the
extreme low angle region (°20); the materials are MCM-41 with a range of
d;g between 85 and 120 A. These materials display somewhat irregular, yet
essentially hexagonal, pore arrangements. In agreement with these results,
argon physisorption derivative uptake curves are significantly broader for these
larger pore materials indicating a wider pore size distribution. It is, thus,
apparent that MCM-41 materials comprise an extensive family having uniform
mesopores of controllable sizes. Figure 7 shows the transmission electron
micrographs of MCM-41 materials having pore diameters from 20 to 100 A.
Functionalization within the mesopores can also affect the pore size.
MCM-41 samples contain a large concentration of silanols which can be func-
tionalized via simple elimination reactions. For example, reaction of silanol
groups with tetraethylorthosilicate results in the liberation of ethanol and the

20A 60A

40A

Prepared with Mesitylene Addition

Fig. 7. Transmission electron micrographs of several MCM-41 materials having pore sizes of
20,40, 65,and 100 A (from [7])
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Fig. 8. Horvath-Kawazoe pore size distribution for MCM-41 having a pore diameter of 40 A
and the silylated version (from [7])

attachment of the tetraethoxysilyl group to the interior pore structure. As ex-
pected, the resulting internally silylated species has a resultant pore size smaller
than the untreated material [7]. This procedure is illustrated in Fig. 8. The mate-
rial can then be calcined to convert the silylated species to inorganic silica which
resides in the pores. The concepts of silylation have been extended to a variety
of other species. Some of these materials, such as the silylating agents, have only
been used to alter the pore size or affect the hydrophobicity of the pore wall.
Other species have been used to anchor new moieties with special catalytic or
adsorptive properties. For example, trimethyltin molybdenum carbonyl com-
plexes have been anchored to the walls of MCM-41 via ligand loss (methyl
groups + silanol protons) [41]. Upon thermal treatment the complex decom-
poses to Sn-Mo clusters which reside in the pores. The formation of such species
not only alters the pore size, but more importantly, the new species may serve as
confined catalysts for catalytic reactions.

4
Mechanism of Formation

This review of the proposed M41S formation mechanism will address the issues
of how M 41S materials formed, factors controlling this formation and principles
of phase selection/transformation. The concepts concerning M41S formation
have been formulated based on the studies involving silica (or alumino-
silicate)-cationic surfactant systems. Their extension to other compositions will
be discussed at the end of this section. As M41S materials are always prepared
in the presence of amphiphiles (surfactants), it is safe to conclude that surfactant
molecules play a vital role in their formation. Furthermore, the M41S materials
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appear to be inorganic oxide congeners of lyotropic liquid crystals (LLC) formed
by the surfactants in aqueous systems. The salient expressions of this resem-
blance are the matching structural diversity (hexagonal, cubic and lamellar
structures) and size variation, arising from swelling with auxiliary organics or
changing surfactant chain length. These similarities, combined with the concept
of structure-directing from zeolite science, led to the original proposal of M41S
formation due to liquid crystal templating (LCT) [6, 7]. The original proposed
mechanistic pathways are illustrated in Fig. 9. Under this general term, two
possibilities were envisioned. One reflected the literal meaning of LCT. It in-
voked pre-existence of surfactant aggregates (e.g. rod-like micelles) or liquid
crystal phases in the surfactant precursor solution. Subsequent formation of
M41S silica framework occurred due to migration and polymerization of silicate
ions into the aqueous region. The second alternative pathway postulated self-
assembly of the liquid-crystal like structures due to mutual interaction between
dissolved silica and surfactant species. Unlike the first one it was general and did
not propose explicitly how M41S formed, and required further study before
more details could be provided.

The first pathway became the focus of scrutiny initially as it was relatively
easy to verify. It led to formulation of the concept of templating by molecular
arrays or aggregates to produce mesopores [42-44]. It was in contrast to
templating with single molecules, which could generate only micropores (supra-
molecular vs monomolecular templating). However, this attractive idea appears
to have only a conceptual meaning. It is now quite evident that this simplified
LCT model can not be operative in the majority of cases. The appropriate sur-
factant phase diagrams indicate that most M41S syntheses have been accom-
plished in the surfactant concentration regime below that required for LLC pre-
sence, e.g. down to 1 wt.-% surfactant [10]. It could be argued that the high pH
and multi-ion nature of M41S synthesis systems may induce LLC formation.
Indeed, increasing ionic strength is known to cause phase changes in amphiphilic
systems but it is unlikely to occur to the extent that would be required for M 418
synthesis. This intuitive hypothesis has been substantiated by NMR and low
angle neutron scattering [23, 45, 46]. The surfactant precursor solutions used for
the synthesis of MCM-41 were found to contain only micellar species without
LC phases. Results consistent with the presence of an ordered phase were ob-
served only after the inclusion of silica.

The second mechanism was very general - it only stated what caused M41S
formation and required further studies to elaborate mechanistic details. This
has been addressed in a series of papers by Stucky et al. [10, 11, 23, 43]. First,
however, we would like to analyze two specific proposals concerning attempted
elucidation of the self-assembly mechanism. Both pertained to the hexagonal
(MCM-41) phase and relied on the identification of putative precursors to
MCM-41. Stucky et al. [10] observed the presence of a layered silica/surfactant
phase upon mixing of the reactants. With time the hexagonal MCM-41 was pro-
duced, which led to the proposal of solid-state transformation, as depicted in
Fig. 10.

The second variation of the MCM-41 formation mechanism stemmed from
the identification of silica-clad rod-like aggregates in the synthesis mixture [45,
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46]. The rods were identified by N NMR based on the characteristic single
isotropic line. Rod-like micelles have been known to form in the presence of
electrolytes. The hexagonal MCM-41 could thus arise by close-packing of the
silicate-surfactant rods. This mechanism pathway is also shown in Fig. 10. The
concept was extended to the cubic (MCM-48) phase. As cubic phase-bearing
mixtures were also found to contain these rod micelles [46], it was postulated
that “any mechanistic proposal must have the CTMA species assembled into
rod-like micelles.”

Both of the above hexagonal phase formation mechanisms must be treated as
speculative. They are not placed in the broader context and try to account for
particular observations without analysis of alternative explanations. In parti-
cular, it is quite likely that both precursors (lamellar solid and silica-clad rods)
are metastable intermediates that dissolve and serve only as the source of
nutrients for the growing MCM-41 framework. The arguments in favor of both
pathways are valid essentially only with the hexagonal phase. For example, one
can readily justify close-packing of silica-clad rods into hexagonal MCM-41.
However, it is not as self-evident to rationalize the formation of cubic and lamel-
lar phases on the same premise. Lastly, neither mechanism addresses the issue
of phase transformation.

It is now universally accepted that in the majority of cases the self assembly
(second LCT alternative) is the operative mechanism for M41S. As is generally
the case with self-assembly, the process is very difficult to describe in detail. The
original proposal [6, 7] implied interactions between negative silicate and
positive surfactant ions leading to precipitation of the M41S phases. Stucky
carried out more detailed analysis of this phenomenon [10, 23, 43]. In a succinct
summary [11] this was described as a cooperative mode for the synthesis of
mesostructures that involved the following three processes: multidentate
binding of silicate oligomers to the cationic surfactant, preferred silicate poly-
merization in the interfacial region, and charge density matching between the
surfactant and the silicate. Some of the rationalization and details are given in
the following paragraphs.

While considering the interactions of silicate and surfactant molecules in
solution, the monovalent silica monomers were deemed less efficient in compe-
tition with the other counterions [10]. However, “oligomeric silica polyanions
(existing at high pH) can easily act as multidentate ligands for the cationic head
groups of the surfactant, leading to strongly interacting surfactant-silicate inter-
face” [10]. This “preferential multidentate binding of the silicate polyanions
causes the interface to quickly become populated by tightly held silicate
oligomers, which can subsequently polymerize further” [10]. The polymeriza-
tion is said to be favored because of the high concentration of the silicate species
and partial screening of negative charges due to the presence of surfactant
heads. This reasoning led to a two-step pathway to M418S: precipitation of silica-
surfactant salts and silica polymerization [10].

The concepts outlined in the preceding paragraph, especially the interaction
between silica and surfactant, apparently decoupled from silica polymerization,
were explored by Stucky using a discrete silica oligomer, D4R [23].“To clarify the
role of large multiply charged inorganic species in the phase behavior of com-
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posite inorganic-organic assemblies a precursor silicate solution (D3R, D4R)
can be used to initiate mesophase assembly” [23]. The reaction at room temper-
ature precipitated a (hexagonal) mesophase as a salt with negligible silica poly-
merization. The latter occurred upon annealing at higher temperature. Varying
of the relative surfactant/silica concentration allowed controlling “morpho-
logies of unpolymerized silica-surfactant mesophases within the constraints of
a nominal inorganic-organic-water phase space.” Thus, at half the original
surfactant concentration, a lamellar phase was produced. It was classified as a
genuine equilibrium liquid crystal phase as it underwent a reversible first order
transformation from a lamellar to an hexagonal phase at 45 °C. NMR showed
only intact, unpolymerized D4R silicate species. At higher temperature (70 °C)
the reversible lamellar phase becomes quickly and irreversibly polymerized into
hexagonal MCM-41. This lamellar-to-hexagonal transformation is reminiscent
of the proposed MCM-41 formation pathway described above. However it can
not be used to substantiate the latter as there is no direct connection between the
two situations. The authors [23] do not observe these equilibrium liquid crystal
phases “under the higher temperature conditions used with many mesophase
syntheses (for example, 100°C)” or “for more reactive silicate species (for ex-
ample, TEOS).” They attribute this to the fact that “polymerization of the inter-
facial silicate species proceeds at a rate comparable to the silicate-surfactant self-
assembly process.” Furthermore the D4R structure was not retained during the
formation of the higher temperature MCM-41 (as detected by in situ NMR)
suggesting that the cubic structure was dissolving during the process and merely
providing a source of silicate ions for the mesophase formation.

We now turn to the issue associated with the existence of different structural
types of M41S, referred to as the phase selection issue [10, 43]. As mentioned
above this structural diversity was considered one of the key elements of the
LCT mechanism [6, 7]. The concept of different M41S materials was tied to the
phase behavior of lyotropic liquid crystals, in particular the phase transforma-
tion with increasing surfactant concentration. M41S systems seemingly showed
parallel phase preference with increasing surfactant/silica ratio [34]. However
upon close scrutiny no direct physical connection could be demonstrated. LCT
must be interpreted as simply indicating that both LC and M41S are governed
by the same principles ingrained in the fundamental properties of surfactant
systems. This problem has been addressed above in connection with the literal
meaning of LCT. The absence of direct physical (as opposed to literal) correla-
tion between the LC phase diagram and M41S phase selection has been noted
[23]. This may not be surprising given the higher complexity of the surfactant,
silica, and other cation/anion species present. In addition, we now believe that
with regard to the phase diagram, the region relevant to M41S phase selection is
located in the relatively unexplored region below the Krafft boundary,i.e., where
surfactant containing solutions form solid phases.

Stucky et al., stating that long-range order organic arrays (liquid crystals) are
not required for M41S nucleation, comment on the phase selection as follows [23].
“The ultimate structure and symmetry are determined by dynamic and often sub-
tle interactions among the organic and inorganic species according to equilibrium
thermodynamics. Micelles do rearrange and the product nature depends on in-
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organic species and its electrostatic and steric interactions with the organic. The
conditions such as temperature, ionic strength, pH effect the direction and
growth.” In general, by analogy to LLC the favored mesophase is that which
permits A, the head-group area, to be closest to the optimal value A,. Quantita-
tively its value is obtained by minimizing the Gibbs free energy as a function of A.
The Gibbs free energy is now described in terms of contributions from different
interactions in the system. Although these general considerations suggest
the variables affecting the formation of these mesoporous materials, they do not
provide a specific recipe to explain the factors required for the phase selection.

A unique mechanism of M41S formation, proposing heterogeneous nuclea-
tion has been suggested [47]. It was observed that formation of M41S from a
mixture containing TMA-silicate (solution), surfactant and sodium aluminate
was contingent upon the presence of a colloidal silica (HiSil) or titania. The
paper does not state this but it appears that HiSil contributed additional silica to
the system, which therefore possessed different (silica enriched) stoichiometry.
The described observation can thus be interpreted as stemming from unfavor-
able composition regime when HiSil was excluded (not enough silica). In the
case of titania no such simple explanation is evident. In view of the scarcity
of experimental details and perfunctory presentation of results, no thorough
analysis can be attempted. One can envision that titania’s adsorptive nature may
alter the effective composition of the solution making it more favorable for
M41S formation. M41S materials were shown to form from clear solution [48].
This result appears to undermine the validity of the concept of heterogeneous
nucleation, assuming that if nuclei formed they were not sufficiently small to
avoid detection. Further work is needed for the concept of hetereogeneous
nucleation to become acceptable.

The concept of synthesizing mesoporous materials by exploiting surfactant
properties has been expanded. Various charge combinations have been used
[11] in addition to the original positive surfactant and anionic silicate. These
include positive inorganic oxide and negative surfactant,ionic inorganic species
with similarly charged surfactant, which is mediated by counterions of opposite
charge, as well as neutral surfactant [12].

5
Sorption Properties

In our laboratory, the porosity of M41S materials has been determined by sorp-
tion of benzene and argon. The sorption isotherms of M41S materials exhibit
four unique features; the material has exceptionally high hydrocarbon sorption
capacity, 255 wt.% benzene at 50 torr (1 torr=1.316 mbar) and 25°C and
>50 wt.% hexane at 40 torr and 25°C; a sharp step in the isotherm for pore
filling suggesting a uniform pore size; the p/p, position for pore filling occurs at
relatively high partial pressure, a result of the mesopore size of MCM-41; pore
filling is observed at higher p/p, as the pore size increases [6, 7]. These pheno-
mena are illustrated in Fig. 11. Although M 41S materials have significant hydro-
carbon capacity, the water uptake is lower, 0.05 g/g at p/p,= 0.4, demonstrating
the hydrophobic nature of M41S [45].
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Fig. 11. Benzene adsorption isotherm for MCM-41 having a pore size of 40 A (from [7])

To probe the unique adsorption characteristics of M41S materials,adsorbates
such as N,, O, and argon were examined. These results are illustrated in Fig. 12.
The nitrogen sorption properties of the hexagonal structure MCM-41 have
shown particularly interesting properties with respect to hysteresis behavior.
The nitrogen isotherm displays a sharp uptake at p/p, and the isotherm was
reversible with no hysteresis. Comparative data on non-porous hydroxylated
silica discounted the presence of micropores in MCM-41; the sorption process
was described as monolayer-multilayer adsorption followed by capillary
condensation [49-51]. Later studies showed reversible Type IV isotherms for
materials for pore sizes less than ~40 A with larger pore materials exhibiting
irreversible Type IV isotherms [52,53]. The physical reasons for this unexpected
behavior are still unclear. For the smaller pore materials, a filling process like
secondary micropore filling has been proposed. However, the absence of hyste-
resis in the smaller pore materials conflict with the Laplace and Kelvin theories.
Further experimental and theoretical work is necessary for a complete under-
standing of this unusual behavior. Other adsorbates such as oxygen and argon
do exhibit irreversible Type IV isotherms with significant hysteresis loops
observed for 40 A and smaller pore size materials [49, 51, 52]. This is more than
likely a result of significant differences in the physical properties of the three
adsorbates.

6
Conclusion

Mesoporous molecular sieves with well-defined pore systems are a recent
advance in molecular sieve science. However, in the short time span since their
discovery, there has been explosive growth in both development of synthetic
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methods to produce these materials and the ability to characterize them. Above
we have detailed some of these inroads, ranging from the tunable nature of pore
size, structure and sorptive characteristics and texture to the producing of
myriad compositional variations, including the production of novel transition
metal oxide structures.

Never before in the molecular sieve area, has one been able to control so many
of the characteristics of inorganic porous solids. All this appears possible due to
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an understanding of the most likely mechanisms of formation of these materials.
Indeed, one needs only to cleverly combine concepts of inorganic sol gel
chemistry with well known surfactant/micelle chemistry to find a niche to
explore in this new area.

The mechanistic interplay between micelle/liquid crystal chemistry and the
polymerization/crystallization of the inorganic framework provide a rare
opportunity to construct an array of new structures based on well established
principles of charge density matching at the organic/inorganic interface. With
these new structures, pore sizes and compositions at hand, researchers in many
fields are armed with a new arsenal of materials with which to attack the nano-
scopic problems.
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General Introduction

Ultra-large crystals: crystals of which the unit cell of framework atoms can be
regularly repeated in three directions are the object of this section. The per-
fectness of the crystal and the framework are only subject to the ability to eluci-
date the fractional co-ordinates of the atoms comprising the unit cell. The size of
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those crystals clearly depends on the type of zeolite. Of zeolite beta, even the
smallest single crystal is not known, while analcime forms single crystals of a
few millimeters. However, crystals may also be considered ultra-large in cases
where one or two dimensions are well developed, such as elongated prismatic
MFI of 60 pm X 60 pm X350 pm [1] and ferrierite tablets of 1000 pm X
1000 pm X 100 pm [2]. The availability of ultra-large crystals of zeolites and
other microporous materials enables fundamental studies to be carried out,
providing insights and achieving results which would hardly be possible using
small crystals. In particular, measurement of the diffusional properties of
species which diffuse quickly through the porous network and accurate deter-
mination of zeolite structures, down to the atomic positions, with single-crystal
X-ray techniques are possible. Measurement of micropore diffusivities is essen-
tial for the optimization and design of catalytic reactors and adsorptive separa-
tion processes. The construction of ordered composites of zeolite crystals
containing guest species allows non-linear optical devices, quantum-confined
semiconductors, and other such materials to be realized. Continuous, ordered
membranes of zeolites grown onto porous supports may be prepared more
easily and reproducibly once ways are found to grow large enough single
crystals. In case the zeolite is to be applied as a membrane, the crystal form
might be important. For example, ultra-large ferrierite crystals were grown in
tablet form, [2] as depicted in Fig. 1. Access to the relatively small number of
long eight- and ten-ring channels parallel to the large crystal face would be poor
in a membrane set up where the crystals lie flat on a support surface.

Ultra-small crystals do not have to be, and often are not single crystals. The
ratio of external to internal surface areas is of particular relevance; it may be an
order of magnitude higher for ultra-small crystals compared to ultra-large ones.
The ultra-small crystals are desirable for many industrial processes, particularly
catalytic ones. The larger the number of pore openings per unit length of pore,
the greater is the accessibility of the catalytic sites and the faster is the attain-
ment of equilibrium in adsorptive and catalytic applications.

/ eight-ring channels

ten-ring channels

N\

Fig. 1. Typical tablet form of ferrierite. The tablet-shaped crystal face, with a surface area of
1 to 2 mm?, comprises no channel entrances. The eight- and ten-ring channels run parallel to
the large crystal plane
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Naturally-produced zeolites often far surpass those made in the laboratory
in terms of their large size and sheer beauty. However, the time-frame of natu-
re’s synthesis procedure is measured in millennia - clearly not an option for
even the most patient scientist. Hence it is up to the scientist to use his in-
genuity in creating methods to prepare ultra-large or ultra-small crystals in
the laboratory.

1.1
Aspects of a Zeolite Synthesis Solution

Classical zeolite syntheses are carried out in aqueous media under hydro-
thermal conditions and autogenous pressure. The sequence of events thought to
occur in a typical zeolite synthesis experiment is given below. Once a synthesis
solution has been mixed, a number of processes occur, some at ambient temper-
ature and some preferentially at elevated temperature. An incubation period
may exist, during which no apparent nucleation or growth occurs; it is assumed
that reorganization of the nutrients into some “pre-nucleation” state occurs
(Fig. 2). During the early stages of synthesis, the nutrients organize themselves
around inorganic or organic cations through van der Waals or electrostatic
interactions, forming small units possessing some of the characteristics of a zeo-
litic structure. Such units may be considered as nuclei; they remain unstable
with respect to dissolution until they have reached a critical size [3]. Once the
nucleus exceeds that size, the probability that it will grow into a crystal is rela-
tively high. In many cases, the rate of crystal growth has been shown to be linear
over most of the growth period, but tailing-off as the nutrients eventually be-
come depleted and growth stops.

ion

meta-stable . stable phase

p hase transportation

hydro-gel monomers or low molecular-

or other > weight polymers

precursor .
-

small clusters |

[ large clusters - nucleation

clathrates

hydrolys%s} ,au;ensationj [assoc;iation] lprecipzitationj

Fig. 2. A simplified view of some of the major processes occurring in a zeolite synthesis reaction
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While some compositions produce gel-like amorphous aluminosilicate
precursor phases early in the synthesis, others remain essentially clear. The
amorphous gel phase may be regarded as a reservoir of nutrients, continually
dissolving to replace nutrients removed from solution by condensation onto
growing crystals. Nucleation occurs in the gel phase or near its surface, where
nutrient concentrations are high, and the growing crystals may be partially
suspended by the gel network. In clear-solution syntheses, nucleation may be
homogeneous in solution, or heterogeneous at the vessel walls or dust particles.
Once the crystals reach a certain size, they begin to settle out of solution under
the influence of gravity.

1.2
Parameters Influencing Nucleation

The degree of supersaturation of the solution is the principal driving force for
nucleation; the higher the supersaturation, the greater the tendency for nucleus
formation. The degree of supersaturation is determined by two main factors:
nutrient concentration and temperature. As the nutrient concentration increases,
so does the degree of supersaturation, until the formation of an amorphous gel
phase occurs. As the temperature of the system increases, so does the solubility
of the nutrients; by definition, the degree of supersaturation decreases. However,
increasing the temperature also increases reaction kinetics, thus accelerating
nucleation and crystal growth. The specific effect of a rise in temperature with
respect to crystal size will depend upon the particular chemistry and conditions
of the synthesis. Theoretical modeling of zeolite syntheses have shown that the
rate of nucleation can be very sensitive to changes in the temperature of the
system [4]. The rate of heat-up of the system can also be critical; a slow heating
rate (i.e. a reactor of high heat capacity) will result in a spreading-out of the
nucleation period.

The nature of the reagents may be critical in determining the nucleation
process. A nutrient present in a monomeric form may more readily interact with
other nutrients to form nuclei than one which is present in a polymeric form. The
presence of impurities, either chemical (Fe’*, alkaline earths, etc.) or physical
(dust, insoluble particulates) can increase the nucleation potential for a given
system. Chemical impurities may, for instance, encourage flocculation of silica
particles, while insoluble material presents a convenient surface for adsorption
and nucleation.

Agitation of the solution during synthesis increases the frequency of inter-
particulate collisions, which causes secondary nucleation to occur.

The geometry and size of the synthesis vessel also influences the nucleation
history of a synthesis batch. Heterogeneous nucleation occurs on the walls of the
reactor, thus vessels with a high ratio of solution volume to wall area may pro-
duce fewer nuclei per unit volume of solution.
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1.3
Parameters Influencing Crystal Growth

The availability of nutrients, or, more specifically, the amount of nutrient available
to each crystal nucleus, is a major limiting factor in the growth of large crystals.
The presence of excess nutrients in a given solution volume, or their addition
during the synthesis, while avoiding excessive nucleation is a challenge to the
researcher.

As one raises the temperature at which a particular synthesis is carried out,
the rate of crystal growth increases. However, the solubility of the reagents and
also the crystalline zeolite is also increased, so a lower equilibrium conversion of
nutrients into zeolite crystals can be expected.

Increasing the concentration of nutrients brings about a similar increase in
crystal growth rate, while also increasing the nucleation potential of the mix-
ture.

As the density and viscosity of a solution is increased, a reduction in crystal
growth rate occurs, while the concomitant reduction of sedimentation allows the
crystals to reach a larger size before falling to the bottom of the reactor.

For the growth of large crystals, a long synthesis time is needed since one is
dealing with a system containing relatively few nuclei; the cumulative surface
area of crystalline material available for condensation of nutrients (i.e. crystal
growth) is low, thus requiring a long time to deplete the nutrient pool. Similarly,
a short time is required for the synthesis of small crystals as the crystal surface
area is much higher. One problem with the long synthesis times for large crystals
is the metastability of zeolites under such conditions. Examples of this will be
seen later in the chapter.

1.4
Comparison of Large and Small Crystal Syntheses

The following paragraph lists the parameters which may be used to promote the
growth of larger or smaller crystals. Because zeolite synthesis solutions are so
complex and vary in their composition tremendously depending upon the type
of zeolite, an absolute method for the preparation of ultra-large or ultra-small
crystals cannot be given. Rather, a suitable combination of these parameters
needs to be chosen. Table 1 summarizes the most important parameters which
may influence the preparation of ultra-large, or ultra-small crystals.

2
Synthesis of Ultra-Large Crystals

2.1
Case Study: Zeolites LTA and FAU

In this case study, a few examples of systematic studies on the factors affecting
crystal size will be given, followed by a survey of attempts to produce large
crystals of zeolites LTA (Linde Type A) and FAU (faujasite).
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Table 1. Parameters which influence the growth of ultra-large and ultra-small zeolite crystals

Parameter

Effect

Result

Towards Ultra-Large Crystals
removal of contaminants

gel phase or microgravity
larger vessel

polymeric reagents

organic solvents with
stoichiometric water

temperature spike

cleaner mixtures

static mixture, reduced
particle settling

larger nutrient pool
and volume to surface ratio

time-released nutrients
new mineralizer with
specific properties
induce nucleation

fewer nucleation centers

nucleation and rate of
mass transfer reduced

extended growth and
fewer nuclei per volume

reduced number of nuclei
extended growth period

reduced number of nuclei

in short time

Towards Ultra-Small Crystals

clear solutions homogeneous solution,
no sol or gel particles which
determine the crystallite size

and distribution

explosive nucleation

lower temperature homogeneous solution explosive nucleation

colloidal sol homogeneous small

precursor

explosive nucleation

short crystallization time interrupted growth reduced crystal growth

monomeric reagents largest interface between

silica and template

high nucleation rate

Since the crystallization fields for zeolites A and faujasite (X and Y) lie next to
each other on the crystallization phase field diagram (Fig. 3) [5], they often grow
in the same, or similar solutions. This is especially true when attempting to
increase crystal sizes through the addition of complexing agents to the solutions
(see Sect. 2.1.1). Hence, these two types of zeolites will be discussed together.

The effects of alkalinity, silica source, potassium content [6], method of gel
formation [7] and solubility of the gel [8] on the size of zeolite A crystals have
been investigated. Decreasing the alkalinity, using a silica source of lower specific
surface area (measured according to Carman’s permeability method [9]), and
replacement of some Na* by K* each independently brought about an increase
in the average size and the dimensions of the largest zeolite A crystals. The effect
of replacing some Na* by K* can be understood if one considers that hydrated
Na* acts as a structure director for zeolite A while hydrated K* does not. Com-
positions with less Na* form fewer zeolite A nuclei. The most influential of these
parameters was found to be the choice of silica source. The silicas were intro-
duced to the reaction mixture in their solid forms, thus their solubilities played
an important role in the course of the syntheses. Similarly, the solubility of the
amorphous nutrient gel influences crystal size and number. Crystal growth was
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Si0,

a N020 Al203

0 ALO

b Na

2 273

Fig. 3. A projection of the Na,0, Al,0;, SiO,, H,O reaction composition system at 100°C and
90-98 mol-% H,0; source of SiO, is a sodium silicate and b colloidal silica. The areas
enclosing a letter represent the compositions which yield the corresponding phase, while the
+ marks the typical composition of the product. A = zeolite A; X = zeolite X; Y = zeolite Y;
B = zeolite P; R = chabazite; S = gmelinite and HS = hydroxysodalite. Reprinted with permis-
sion from [5]

reported to commence earlier from nutrient gels which were prepared quickly
than from slowly mixed gels, although final crystal sizes were larger in the latter
case. These results were ascribed to differences in the solubility of the gels
prepared by different methods. In order to influence the gel solubility without
influencing the alkalinity of the solutions, variable concentrations of glycerol
were introduced to the synthesis mixtures [8]. It was supposed that glycerol
alters the gel solubility through changing solution viscosity without changing
the alkalinity. Higher concentrations of glycerol produced larger crystals, and
the resulting reduction in mass transport lengthened the growth period of the
crystals.
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In 1967, Ciric published the preparation of large single crystals of zeolites A,
P and X [10]. His method was based upon that for growing large crystals of low
solubility, low stability crystals at low temperatures (ambient) which was intro-
duced by Henisch et al. a few years earlier [11]. In essence, a 12.5-mm diameter,
300-mm long Tygon tube was filled with a gel made from an acrylic acid poly-
mer dissolved in sodium hydroxide. The tube was bent into a vertical loop, and
aqueous slurries of sodium aluminate and sodium di-silicate nonahydrate were
introduced from opposite ends. The ends of the tube were then sealed and the
nutrients were allowed to diffuse through the gel at 80 to 90°C for two weeks.
The nutrient-containing slurries presumably dissolved due to the presence of
sodium hydroxide (ca. 1 mol dm™) in the supporting gel. At the boundary
between the two nutrient solutions, crystals nucleated and grew. Because of the
uncontrollable nature of the composition (Si/Al ratio, for instance), nucleation
of various phases occurred. The mixtures of products were recovered only in low
yield. In one experiment, crystals of zeolite A up to 75 pm and spheres of zeolite
P of around 110 pm as well as gibbsite up to 250 pm were observed. A similar
experiment, using a Pyrex tube in place of the Tygon tube, produced zeolite A
(small) in the Al-rich zone, zeolite P (up to 150 pm) in the Si-rich zone and
faujasite (up to 40 pm) in-between. Reaction of the alkaline solutions with the
glass vessel could be responsible for he formation of numerous, small zeolite A
crystals.

The formation of larger crystals using the supporting gel medium instead of
the usual solution phase growth was presumably due to the low degree of
nucleation which occurred when the first portions of silicate and aluminate
mixed, followed by the prolonged growth period during which the nuclei were
ted with continuous streams of the nutrients. The high density and viscosity of
the acrylic gel medium allowed the crystals to remain suspended in the stream
of nutrients instead of settling to the bottom of the tube.

Table 2 summarizes the solution compositions and resulting crystal sizes
from various researchers attempting to grow large zeolite A crystals, while Table 3
presents corresponding data for zeolite X.

2.1.1
Charnell’s Method - Synthesis in the Presence of Triethanolamine

Research into the synthesis of large crystals of zeolites A and X has been largely
dominated by efforts which use triethanolamine (2,2’,2”-nitrilotriethanol), or
other additives, in the synthesis mixture. Triethanolamine has been used exten-
sively as an aluminum corrosion inhibitor [12] and as an aluminum chelating
agent [13],and in 1971, Charnell introduced its use as a “stabilizing and buffer-
ing or complexing agent” in the synthesis of large zeolite crystals [14]. Accord-
ing to his article, triethanolamine was added to both a sodium meta-silicate
solution and a sodium aluminate solution, which were filtered through 0.2 pm
membranes and subsequently mixed together and hydrothermally treated at 75
to 85°C in a covered 1.9 liter polypropylene jar. Compositions producing zeolite
A were fully crystalline after 2 to 3 weeks, while zeolite X compositions took
3 to 5 weeks. The products contained crystals “approaching 100 and 140 pm in



Table 2. Compositions of synthesis solutions for the preparation of large zeolite A crystals

Solution composition® Temperature Crystals obtained® Remarks Ref.
and time
not specified 80-90°C, A (60-75 pm) acrylic gel medium in [10]
14d +P (110 pm) Tygon tubing. Low yield,
+gibbsite (250 pm) many impurities
10Si0, : 13.89A1,05 : 23.89Na,0 : 42.92TEA : 2389H,0 75-85°C, A (<100 pm), triethanolamine added [14]
14-21d broad p.s.d to synthesis mixture
10Si0, : 13.89A1,0; : 23.89Na,0 : 42.92TEA : 2389 H,0 not specified A (<40 pm), repeat of recipe from [14] [16]
broad p.s.d.
10Si0, : 8.33AL,0, : 20.75Na,0 : 36.50 TEA : 1967 H,0 85°C, A (<50 pm), [Na,0] and Si/Al ratio [17]
“some weeks” broad p.s.d. optimized
10Si0, : 13.89A1,0; : 23.89Na,0 : 42.92TEA : 2389 H,0 75°C, A (<40 pm) various reagents used [18]
14-56d
10Si0, : 11.18 Al,05 : 21.81Na,0 : 64.31 TEA : 2389H,0 70°C, A (<75pm),P systematically changed [19]
40 d and X impurities [NaAlO,] and [TEA]
108i0, : 11.90AL,05 : 23.10Na,0 : 119.0TEA : 2310H,0 95°C,7d A (<50 pm) nature of TEA-Al [24]
+impurity interaction investigated
10Si0, : 11.90A1,05 : 29.88Na,0 : 119.0TEA : 2310H,0 95°C,3d A (<45 pm) Increased [Na,O] reduced [27]
+LOS impurity level

@ TEA=triethanolamine. The precise composition of the solutions used to synthesize large crystals is often not given in the literature. A certain
amount of interpolation was required to derive the above compositions, and the authors apologize for any inaccuracies.

b Size of largest observed crystals in parentheses; p.s.d.=particle size distribution. The definition of crystal size varies between authors; some may
mean the distance between opposite corners (maximum diameter), while others may mean edge-length or equivalent spherical diameter.
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Table 3. Compositions of synthesis solutions for the preparation of large zeolite X crystals

Solution composition® Temperature Crystals obtained® Remarks Ref.
and time

not specified 80-90°C, X (40 pm) + A (small) acrylic gel medium in [10]
14d + P (150 pm) Pyrex tubing

10Si0, : 6.94A1,05 : 16.94Na,0 : 42.92TEA : 2458 H,0 75-85°C, X (<140 pm) triethanolamine [14]
21-35d added

10Si0, : 4.44 A1,05: 11.11Na,O : 26.67 TEA : 1822H,0 not specified X (<35 pm) more dilute; better [16]

reproducibility
10Si0, : 3.64 A1,05 : 9.09Na,0 : 21.82TEA : 1200H,0 not specified X (<70 pm) higher SiO, [16]
concentration
10Si0, : 6.94A1,05 : 16.94Na,0 : 42.92TEA : 2458 H,0 not specified X (<80 pm) repeat of recipe [16]
+ P impurities from [14]

10Si0, : 4.90AL,05 : 16.86Na,0 : 42.11 TEA : 2221H,0 85°C, X (<80 pm) [Na,0] and Si/Al [17]
“some weeks” ratio optimized

10Si0, : 6.94A1,05 : 16.94Na,0 : 42.92TEA : 2458 H,0 75°C, X (<70 pm)+215% A various reagents used [18]
21-84 d

10Si0, : 2.86 Al,05 : 13.60Na,0 : 5.71TEA : 1297H,0 115°C, X (<90 pm) + chabazite size strongly dependent  [25]
4d (40%) on silica source

10Si0, : 6.94A1,05 : 16.94Na,0 : 42.92TEA : 2458 H,0 65°C, X (<500 pm) + poly- special autoclave : [38]
200d disperse powder zone-heating

10Si0, : 6.94A1,05 : 16.94Na,0 : 42.92TEA : 2458 H,0 75°C X (<135pm) + A aluminate added [21,22]

dropwise to silicate

2 See footnote a to Table 2.
b Size of largest observed crystals in parentheses. The definition of crystal size varies between authors; some may mean the distance between opposite
apices (tip-to-tip length), while others may mean edge-length or equivalent spherical diameter.
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diameter” for zeolites A and X, respectively, although the distribution of crystal
sizes from such a preparation is large. Performing the synthesis at higher tem-
perature (85 to 100 °C) yielded a product of narrower size distribution, but of
smaller mean size.

Many researchers have attempted to reproduce Charnell’s results (see below),
but with varying degrees of success. Unfortunately, too little detail is given descri-
bing the experimental procedure which was originally used. If one assumes that
the “diameter” of zeolite A quoted by Charnell was measured between opposite
corners, through the center of the cube, then cubes of edge-lengths of approxi-
mately 60 pm should be expected. This is in accordance with the crystals shown
in his figure 1 [14]. The role of triethanolamine in zeolite syntheses has been the
subject of a number of articles, and it has been shown that triethanolamine
forms a complex with Al** which is stable in zeolite synthesis mixtures (Fig. 4).
The complexation of Al** reduces the effective concentration of “free” aluminum
in solution, and thus reduces the degree of supersaturation of the synthesis mix-
ture. It is the supersaturation of the solution phase (with respect to silicate and
aluminate) which provides the driving force for nucleation and growth of zeolite
crystals. It is to be expected then, that reduction of the level of supersaturation
through removal of “free” aluminum species will reduce the tendency for nuclea-
tion and crystal growth. Thus fewer crystals nucleate in the presence of trietha-
nolamine, and the growth period is extended. It can be assumed that the inter-
action between triethanolamine and aluminum is an equilibrium one. Thus, as
the concentration of aluminum in solution is depleted due to crystal growth, the
triethanolamine-aluminum complexes break up to replenish the aluminum in
solution and allow crystal growth to continue. The nuclei which are formed may
grow into relatively larger crystals since the available nutrients are shared
between fewer crystals than in the case of synthesis without suppression of
nucleation.

The ability of triethanolamine to complex to aluminum has been shown to
result in an increase in the effective Si/Al ratio in solution, and thus the for-
mation of crystals of higher Si/Al ratio [15]. As the amount of triethanolamine
which was added to a zeolite A mixture was gradually increased from 30 up to
70 wt.-%, the product changed from pure zeolite A to a mixture of zeolites A

Fig. 4. The proposed interaction between triethanolamine and AI** which reduces the avail-
ability of aluminum in solution. For simplicity, atoms are labeled on only one arm of tri-
ethanolamine
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and X, and finally to pure zeolite X. Similarly, a zeolite X mixture to which
40 wt.-% triethanolamine was added, yielded zeolite Y.

Attempts to reproduce Charnell’s results yielded smaller crystals and signifi-
cant level of impurities, mainly zeolite P. To achieve a reproducible synthesis and
reduction in impurity levels, higher dilution was recommended [16]. The size of
zeolite X crystals was limited to approximately 35 pm in a dilute system, and
about twice the size in a more concentrated system. A narrower distribution of
particle sizes was reported. By following Charnell’s procedures, broad size
distributions of zeolite A crystals up to 40 pm and zeolite X crystals up to 80 pm
were obtained together with impurity phases [16]. An optimum concentration
of Na,O was found for the synthesis of zeolite A (maximum 40 pm) and zeolite
X (maximum 60 pm) [17]. At the optimum concentration, “the growth rate is
highest and... supersaturation is removed by growth of the crystals.” At Na,O
concentrations below the optimum value, the synthesis was growth-determined,
and the synthesis times increased, while at concentrations above the optimum
value, poly-nuclear crystallization occurred, yielding crystal aggregates. Sub-
sequent adjustment of the Si/Al ratio of the mixtures resulted in a further in-
crease in crystal dimensions up to edge lengths of 50 pm for zeolite A (Table 2)
and 80 pm for zeolite X (Table 3).

Zeolite A commonly formed rhombic dodecahedra (truncated cubes with
{110} faces evident, Fig. 5), sometimes in mixtures with cubic crystals in syn-
theses containing triethanolamine [18]. Depending upon the method of gel
formation, zeolite X compositions were found to produce varying proportions
of zeolite A, with inter-growths or over-growths of the two phases common. The

Fig. 5. A zeolite A crystal which exhibits rhombic dodecahedral morphology. The narrow faces
appearing along the edge of each cube face are the {110} crystallographic facets
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zeolite A crystals formed in solutions of zeolite X composition were mostly in
the form of pure cubes, in contrast to the rhombic dodecahedra formed in solu-
tions of zeolite A composition.

Systematic studies have been carried out in which the silica and alumina
sources, the gel preparation procedure and the chemical composition of the gels
for zeolite A synthesis were varied [19, 20]. Changing the composition of the gel
phase was the only factor which significantly affected the size of crystals pro-
duced. Higher dilution and reduction of the ratio of “reactive” Al to Si were two
factors recommended in order to grow larger crystals. The “reactive” Al may be
regarded as that which is not bound to triethanolamine. Decreasing the concen-
tration of “reactive” aluminum in a zeolite A preparation brought the solution
composition closer to that of zeolite X (Fig. 3), and larger and larger A crystals
were obtained up until zeolite X began to form. From this point on, no further
increase in size of zeolite A crystals was observed; the proportion of zeolite A in
the product decreased steadily while that of zeolite X increased. Rhombic dode-
cahedral zeolite A crystals (with {110} faces) were common, but as the solution
composition was altered and zeolite X began to form, the {110} faces disappear-
ed, and pure cubes of zeolite A grew. In an attempt to reproduce Charnell’s
original preparation of zeolite A, pure zeolite A was obtained, but only up to a
maximum size of 40 pm [19]. By adjusting the solution composition and using
areactor of larger volume, an optimum zeolite A size of up to 75 pm was achiev-
ed, however, the bulk of the product consisted of 15 to 60 pm zeolite A while
zeolites X and P were also present in small quantities (Table 2). All compositions
which were not close to that given by Charnell yielded significant quantities of
zeolite P as a by-product. It seems generally true that attempting to increase the
size of zeolite A crystals leads to a compromise in product purity.

The nature and quality of the starting materials and the method of mixing the
nutrient solutions were two parameters which were found to be dominant in
determining the size of zeolite X crystals obtained in the presence of triethanol-
amine [21, 22]. This was ascribed to the fact that these two factors have a strong
influence on the nucleation stage of the synthesis. Only through control of
nucleation could large crystals be reproducibly produced. Other factors, such as
dilution, triethanolamine content and aluminum content, which, it was claimed,
effect mostly the growth process, did not have so much influence on the crystal
size. Zeolite X crystals of up to 135 pm were obtained using silica sol and
Al(OH); as reagents, and adding the aluminate solution to the silicate solution
drop-wise with stirring. The importance of performing ultra-filtration of all
solutions in the preparation of large crystals was stressed.

The group at Worcester Polytechnic Institute, Massachusetts, USA, has
carried out a large volume of work on the synthesis of zeolites in the presence of
triethanolamine, and other organic additives [23 - 28]. Their work is largely con-
cerned with developing experiments for the successful growth of zeolites under
conditions of micro-gravity (US space shuttle in low Earth orbit). The subject of
growing zeolites in micro-gravity will not be addressed in this chapter, but the
reader is referred to a recent review of this subject [29]; only the results of
ground-based experiments will be presented here. The effectiveness of triethanol-
amine as a suspending agent, i.e. a means to increase solution viscosity, thereby
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hindering the settling of growing crystals has been considered [23]. This allows
longer growth periods and reduces the high shear which occurs on particle-
settling. The suspension of the growing crystals in the solution also helps to keep
the supersaturation at a lower level due to their continued consumption of
nutrients, thus reducing further nucleation. Calculations were performed to
estimate the velocity of settling from solution under gravity for particles of
various sizes, and it was found that a 1 pm particle would settle-out in about
3h. Considering that the total synthesis time for that composition was of the
order of 30h, a 1 pm particle would spend almost 90 % of the synthesis time on
the floor of the reactor, where its growth would be hindered. As the particle size
increased, the time taken to settle was reduced. The calculations were performed
assuming a constant particle size throughout settling. In reality, the particles
would continue to grow as they settled, thus accelerating in their rate of
sedimentation. The benefits of using triethanolamine in the preparation of
larger crystals was demonstrated, but this result was most probably due to a
combination of increased viscosity and interaction between triethanolamine
and aluminum (hence reduced supersaturation).

In some studies, the triethanolamine content of a zeolite A batch mixture was
systematically varied [24, 26, 27]. Without addition of triethanolamine, crystals
of 2 pm were obtained, while crystal sizes increased smoothly on increasing the
molar ratio of triethanolamine to Al,O; to 10, at which point crystals up to
50 pm were obtained. On increasing the triethanolamine content further,
increasing amounts of zeolite X were formed,and at 30 moles per mole of Al,O;,
the product contained zeolite X (70%) and hydroxysodalite (30%) only. No
further increase in size of the zeolite A crystals was observed once zeolite X was
present in the product. Figures 6 and 7 illustrate the increase in maximum
crystal size and the increasing contamination of the product (zeolite A) with
zeolite X and hydroxysodalite as the concentration of triethanolamine in the
synthesis mixture is increased. Note how the {110} facets on the zeolite A crystals
diminish with increasing concentration of triethanolamine.

A systematic study of the effect of varying the silica source on the particle size
of zeolite X growing in the presence of triethanolamine has been reported [25].
A triethanolamine to aluminum ratio of 1:1 was used throughout the study,
since higher ratios lead to higher levels of contaminating phases. Pronounced
differences were observed, with maximum sizes varying between 7.5 and 90 pm,
depending upon the silica source employed with all other parameters equal
(Fig. 8). Each of the eleven different silica sources were introduced to the mix-
tures in a dissolved, filtered form, thus differences in surface areas, solubilities,
etc. should not have influenced the product. It was concluded that any of a num-
ber of impurities present in the silica sources may be responsible for promoting
nucleation of zeolite X. The impurities for which analysis was performed were
transition metals and alkali- and alkaline-earth metals. Those silica sources
which contained few impurities (e.g. Cab-O-Sil and silicic acid) produced large
crystals, while those containing relatively greater amounts of impurities pro-
duced much smaller crystals. Since the yield of zeolite from each silica source (%
silica converted into zeolite) remained effectively constant, the number of
crystals which formed in the small-particle system was much higher than that in
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Fig. 6. The effect of varying the concentration of triethanolamine on the size of the largest
crystals of zeolite A. Synthesis at 95 °C, composition 0.84 SiO,: Al,05:1.94 Na,0:194 H,0:y

[

TEA. The x-axis represents the number of moles of triethanolamine “y” in the composition.
Reprinted with permission from Zeolites, vol. 13, Morris M, Dixon AG, Sacco A, Thompson
RW, Investigations on the relative effectiveness of some tertiary alkanolamines in the synthe-
sis of large-crystal zeolite NaA, (1993) pp. 113-21, Elsevier Science Inc.

the large-particle system. No one particular impurity was shown to be respon-
sible for the promotion of nucleation of zeolite X; increasing the concentration of
most impurities brought about a decrease in the size of the crystals. Additionally,
the nature of,and amount of other zeolitic phases which formed were dependent
upon the silica source. Generally, as the size of the largest particles increased, so
did the degree of contamination from other phases, as has been observed in
zeolite A systems. Zeolite R (chabazite) constituted nearly 40% of the product
prepared using Cab-O-Sil (zeolite X crystals up to 90 pm), while zeolite P con-
taminated the product from a metasilicate pentahydrate to a level of 10% (zeo-
lite X crystals up to 50 pm). Deliberate contamination of a relatively pure silica
source by addition of various metal salts, however, did not significantly in-
fluence the size of the zeolite X crystals obtained. The crystallization phase field
diagrams in Fig. 3 also illustrate how changing the source of silica may affect the
products which form from a given composition.

2.1.2
Mechanism of Triethanolamine’s Action

The presence of a triethanolamine-aluminum complex has been demonstrated
by *C NMR of synthesis solutions which contained the organic [26]. Two sets of
peaks were observed, one for free triethanolamine (which was present in excess
with respect to aluminum), and one for the proposed triethanolamine-alumi-
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Fig. 7. The effect of varying the concentration of triethanolamine on the size and purity
of zeolite A. Synthesis at 95°C, composition 0.84 SiO,:Al,0;:1.94 Na,0:194 H,0:y TEA,
ay=212by=4.23 cy=6.34 dy = 30.0. At high triethanolamine concentrations, the
products are predominantly zeolite X and hydroxysodalite. All four electron micrographs are
shown at the same magnification. Reprinted with permission from Stud Surf Sci Catal,
vol. 49A, Scott G, Dixon AG, Sacco A, Thompson RW, Synthesis of zeolite NaA in the presence of
triethanolamine, (1989), pp. 363-72, Elsevier Science Inc.
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Fig. 8. The effect of varying the silica source, with all other parameters remaining unchanged,
on the synthesis of zeolite X. Three sodium metasilicates with varying degrees of hydration
and fumed silica are represented. All four electron micrographs are shown at the same magni-
fication. Reprinted with permission from Zeolites, vol. 13, Hamilton KE, Coker EN, Sacco A,
Dixon AG, Thompson RW, The effects of the silica source on the crystallization of zeolite NaX,
(1993), pp. 645-53, Elsevier Science Inc.

num complex. A plot of relative >*C-NMR peak intensity for the complex versus
the content of triethanolamine in solution showed that the complex is formed
from an equal number (assumed 1 each) of triethanolamine and aluminum
moieties (Fig.9). A study was made to determine which components of the
triethanolamine molecule were responsible for its strong interaction with
aluminum. Triethanolamine possesses a trivalent nitrogen atom (with a lone
pair of electrons) to which three 2-hydroxyethyl groups are attached. Triethyl-
substituted amines possessing zero, one, or two 2-hydroxyethyl groups had no
influence on the nucleation or growth of zeolite A. Thus, the presence of three
hydroxyl groups appears to be necessary for formation of the complex (see
Fig. 4). Whether the hydroxyl groups are directly involved in binding to alumi-
num, or simply act to solubilize the complex could not be unequivocally deter-
mined from these experiments. Comparison of the relative effectiveness in
the synthesis of zeolite A of tris(hydroxymethyl)ethane and tris(hydro-
xymethyl)aminoethane proved that the amino group was necessary for effective
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Fig. 9. Results from '3C NMR which indicate that, in an excess of aluminum, all triethanolamine
is complexed to Al**, while above a triethanolamine to AI** ratio of 1, uncomplexed trietha-
nolamine exists in solution. The stoichiometry of the complex is thus 1:1. Reprinted with
permission from Zeolites, vol. 10, Scott G, Thompson RW, Dixon AG, Sacco A, The role of
triethanolamine in zeolite crystallization, (1990), pp. 44 - 50, Elsevier Science Inc.

aluminum complexation. It seems clear that the presence of three hydroxyl
groups and an amino nitrogen (i.e. a lone pair of electrons) is necessary for
triethanolamine to bind effectively to aluminum. Triethanolamine’s ability to
complex aluminum is evident from the above work, however little work had
been performed investigating the effect of triethanolamine in all-silica systems.
Triethanolamine often has little or no effect on the synthesis of high-silica
ZSM-5 (silicalite-1) [30], however, when the sodium content of the system is very
low, triethanolamine may assist in solubilizing the silica, possibly through a
pH effect, thus shortening reaction times and increasing the crystal size [26].
No complex between triethanolamine and silicon moieties in zeolite synthesis
mixtures has been detected.

Aluminum speciation in zeolite synthesis mixtures containing triethanolamine
and several other organic compounds has been investigated using Al NMR
[28]. It was demonstrated that all aluminum in sodium aluminate solutions con-
taining an excess of triethanolamine was present in complexed form, probably
with tetrahedral symmetry. Virtually no tetrahydroxy aluminate ions were
observed by NMR, even when the solution was heated to a typical reaction
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temperature of 85°C, showing that the triethanolamine-aluminum complex is
relatively stable under these conditions.

One interesting side-effect resulting from the use of triethanolamine (or
other chelating agents) in zeolite synthesis solutions is the potential to prepare
zeolites which contain unusually small numbers of framework impurity atoms.
Triethanolamine may form complexes with ions of metals such as iron [31] and
copper [32] in solution, and thus prevent or reduce their incorporation into zeo-
lite frameworks. This effect has been demonstrated for the synthesis of virtual-
ly iron-free zeolite X [33]. After intentional introduction of solubilized iron salts
to the synthesis solution, triethanolamine reduced the concentration of iron in
the final products significantly when compared to syntheses without the organic
additive. When not intentionally added to solution, iron could not be detected by
electron spin resonance spectroscopy in samples synthesized in the presence of
triethanolamine, while samples prepared without the organic additive showed
clear signals for iron in both framework and extra-framework positions.

As a final comment on the use of triethanolamine in zeolite syntheses, its
effect on the viscosity of the reacting solution should be considered. Too high a
concentration of triethanolamine will increase the viscosity to a point where
diffusion of the nutrients to the growing crystals will be severely hindered. At
this point, crystal sizes should begin to drop.

213
Synthesis Using Organic Additives Other than Triethanolamine

Some of the first reports on the synthesis of zeolites in the presence of com-
plexing agents were aimed at influencing not the crystal size, but the silicon-to-
aluminum ratio of FAU zeolites [34, 35]. A range of inorganic and organic com-
plexing agents were investigated, principally phosphates. No mention is made of
the size of crystals which were obtained from such reactions, but it is interesting
to see the change in Si/Al ratio of the products, which presumably reflects to
some degree the complexing ability of the various additives. Increasing the con-
centration of any one complexing agent generally resulted in faujasite crystals of
increasing Si/Al ratio. If the concentration were increased beyond a certain
point, the composition did not crystallize within the time frame of the experi-
ment. Faujasites with Si/Al ratios up to 2.4 were obtained from compositions
containing phosphate, compared to 1.4 without phosphate. Phosphate and
phytate gave the greatest increase in Si/Al ratio, implying that their complexing
ability towards aluminum under the prevailing conditions was better than that
of the other additives investigated. Part of the success of these two complexing
agents is attributed to their good buffering capabilities.

Charnell [14], as well as introducing the use of triethanolamine to the zeolite
synthesis field, investigated the influence of other water-miscible organic bases,
including 2-dimethylaminoethanol, ethanolamine, diethylenetriamine, 2-amino-
2-methyl-1-propanol, morpholine and ethylenediamine. None of these were
found to be as effective as triethanolamine.

A number of organic compounds were tested for their influence on the syn-
thesis of zeolites A, X and Y [15]. Between 0.5 and 200 % by weight of each com-



140 E.N. Coker - J.C. Jansen

Table 4. Relative effectiveness of various complexing agents in the synthesis of zeolite A. Gel com-
position: 10810, : 11.90 AL, 05 : 23.10Na,0 : 2310H,0 :x (complexing agent), from [27]

Acronym Chemical formula Product formed (max./average size)

x=59.5 x=119
TEA N(CH,CH,0H); NaA, 30/- pm NaA, 50/- pm
TPA N(CH,CHOHCH,), NaA,24.4/16.8 pm  NaA,25.4/15.8 pm
BEP N(CH,CH,0H),(CH,CHOHCH,) NaA,33.7/18.4pm  NaA,36.3/22.0 pm
DIPSO  N(CH,CH,OH),(CH,CHOHCH,SO,Na) NaA,37.8/23.4 pm  NaA +NaX, 30.3/23.4 pm
BIS N(CH,CH,0H),(C(CH,0H),) NaA,33.2/21.2 pm  NaA +NaX, 32.2/20.2 pm

pound were added to synthesis mixtures. Besides triethanolamine, the additives
investigated were: 1,4-dioxane, tetrahydrofuran, acetone, ethanol, n-propanol,
n-butanol, n-nonanol, ethyleneglycol, glycerol, 1-arabitol, d-sorbitol, d-glucose,
cane sugar, pyridine, a-methylpyridine, piperidine, phenol, dimethylformamide,
cyclohexanone and anisole. Of all compounds added, only triethanolamine was
found to have a positive influence on crystal size.

An investigation into the effectiveness of ethylenediamine, ethyleneglycol,
glycerol and glycine in the preparation of large zeolite A crystals from solutions
of various Si/Al ratios revealed that none were as effective as triethanolamine
[17].

Tertiary alkanolamines which contain less than three hydroxyalkyl groups
have been shown to be ineffective in the production of large zeolite A crystals
[27,28]. Investigations of sodium aluminate solutions containing the various
organics by Al NMR confirmed the ineffectiveness of certain additives to bind
to AI’**. Five additives which each contained three hydroxyalkyl groups were
chosen for further study (Table 4) [27]. The additives all possessed hydroxyl
groups on the second carbon atom, thus preserving somewhat the geometry of
the triethanolamine molecule, while altering the length of the alkyl chains.
While bis-(2-hydroxyethyl)-amino-2-propanol (BEP) was found to act similarly
to triethanolamine, 1,1’,1”-nitrilotri-2-propanol (TPA) was found to be slightly
less effective in chelating aluminum. Crystallization of a mixture containing
10-parts of sodium-3-[N,N-bis-(2-hydroxyethyl)-amino]-2-hydroxypropane sul-
fonate (DIPSO), produced a product containing zeolite X in addition to zeolite A,
indicating its greater aluminum-chelating ability compared to triethanolamine.
The zeolite A crystals reached a size of 30 pm between opposite faces, and inte-
restingly, the corners of all of the cubes were rounded; none of the other chelating
agents used in this study showed the same effect under the prevailing condi-
tions. One of the chelating agents, viz. 2,2-bis(hydroxymethyl)-2,2",2"-nitrilotri-
ethanol (BIS), contained five hydroxyl groups and was concluded to be the most
efficient of all complexing agents studied. Again, a product containing both
zeolites A and X was achieved using 10 parts of the additive. From Fig. 11 of
reference [27], it appears that the zeolite A crystals prepared with 10 parts BIS
only reach about 10 pm, while zeolite X exceeds 30 pm (tip-to-tip). Although the
maximum size of the observed zeolite A crystals was smaller than those pro-
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duced in the presence of triethanolamine, the co-formation of zeolite X at lower
concentrations of additive indicates that complexing of aluminum is more
efficient and that, under refined conditions, larger crystals than those obtained
in the presence of triethanolamine may be achievable.

2.1.4
Addition of Nutrients During Synthesis

Recently, a method of adding nutrients to a zeolite A batch during the synthesis
has been described [36, 37]. The composition studied was one which produced
an amorphous gel phase upon mixing the reagents. The time at which the gel
suddenly shrinks in volume is taken as the point when nucleation is complete
and crystal growth dominates. Addition of extra nutrients (doubling the volume
of the mixture while maintaining the same concentration) at this point was
reported to increase the size of the crystals by 25 to 30% without producing a
second population of crystals. This method shows promise, but may be restricted
to systems with rapid crystal growth rates which crystallize relatively quickly.

2.1.5
Synthesis of Zeolite X Using a Zone-Heating Technique

Zeolite X crystals with tip-to-tip lengths reaching 500 pm (0.5 mm) have been
prepared in relatively low yield using an autoclave of unusual design and
carefully aged solutions [38]. The authors proposed three factors to be of key
importance in the preparation of large zeolite crystals. These were 1) optimiza-
tion of solution primary treatment (i.e. composition) and gel formation, 2)
reduction of the number of heterogeneous nuclei through filtering of solutions
prior to synthesis, and 3) reduction of settling of the growing particles. Charnell’s
recipe was used throughout their study, and the filtered solutions were allowed
to age for up to 22 d prior to hydrothermal treatment. Both the size of the largest
crystals and the time required for complete conversion passed through a maxi-
mum at approximately 15d of aging. Crystals of up to 250 pm were obtained in
200d after this optimum aging time. On increasing the aging time to 22d, the
maximum crystal size decreased to about 50 pm, while with no aging, crystals of
90 pm were recovered. In order to reduce the settling of particles under gravity,
the researchers turned to a method similar to zone melting. A 100 mm tall,
80 mm diameter polyethylene flask was filled with aged nutrient solution and
was embraced by a ring heater, which would locally heat the gel to 65°C. The
heater was slowly moved from the top of the flask to the bottom (0.5 mm d™').
Nucleation and growth of crystals occurred in the heated portion of the gel, and
because of the higher density and viscosity of the cooler gel below, the crystals
did not settle out of solution so easily. They sat on the surface of the cooler,
denser gel, where they were surrounded by nutrients and could grow to larger
sizes than if they had fallen to the bottom of the reactor, and had been covered by
other crystals. Besides forming large zeolite X crystals, agglomerates of crystals
and poly-disperse powder resulted from such an experiment. The authors make
no comment about the presence of impurity phases in their products.
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Fig. 10. Compositional diagram of regular and extreme recipes for MFI-type zeolites. Shaded
area represents “normal” recipes for intermediate sized MFI crystals, while compositions =
[1] and a [41] yield ultra-large crystals

2.2
Case Study: Zeolites MFI and Analcime

Single crystals of 500 pm x 350 pm X 350 pm and incomplete single crystals of
up to 750 pm in the c-direction of MFI with a Si/Al ratio of 300 have been made
[39,40]. The synthesis formulation and procedure developed [41] deviate signi-
ficantly from the regular synthesis recipes used for the preparation of MFI-type
materials as illustrated in the compositional diagram of reactants in Fig. 10.
After preparation of the mixture,a “clear” solution is observed which does not
change after treatment at 180°C for 60h. The next event is the formation of
gel-spheres that reach diameters up to 2 mm. During in situ observation with a
look-through autoclave at 180 °C, the first few crystallites were seen only on the
external surface of the gel-sphere. The single crystallites proceeded to grow into
the gel-sphere. Ultimately, relatively few large single crystals are formed from
one gel-sphere [40]. A number of aspects mentioned in Table 1 are relevant here.
The formation of a large gel-sphere provides a large homogeneous nutrient pool
for silica and alumina. Simultaneously the environment of the growing crystal is
rather static as it grows into the gel-sphere. Another aspect is the relatively low
nucleation rate at the interface of the liquid and the gel-sphere, as shown in
Fig. 11. Furthermore, it has been observed that small gel-spheres produce small



Fig. 11. In-situ observation of MFI-type single crystallites on the external surface of a “self-
assembled” gel-sphere. The gel-sphere is comprised of silica sol particles, sodium and water.
As no TPA is present in the gel-sphere, interaction of TPA with silica and nucleation have to
begin on the external surface of the sphere. Because the external surface is normally covered
with Na*, competition for silica results in only a few crystallites forming; some are indicated
by arrows

Fig. 12. A single crystal of analcime, approximately 1 mm in size, grown from a silica gel-sphere
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Fig. 13. The nucleation point(s) and crystal growth direction in a gel-sphere of a a few ultra-
large crystals of MFI and b one ultra-large crystal of analcime. Larger gel-spheres allow larger
crystals to be grown

crystals and large gel-spheres, which may be considered as large synthesis volu-
mes, produce large crystals. The formation and size of crystals is apparently
dependent on the “self-assembling” properties of a gel precursor phase.

Analcime was studied as well. Large crystals, depicted in Fig. 12, are formed
from large gel-spheres. A gel-sphere can be completely transformed into a single
crystal of analcime. The nucleation and the growth history are certainly dif-
ferent from MFI; in the case of analcime, only one crystal is formed from a pre-
cursor phase (gel-sphere) comprising all of the necessary ingredients. Figure 13
illustrates the differences in nucleation and growth of MFI and analcime in
gel-spheres.

2.3
Mordenite

Sun et al. [42] reported the synthesis of large single crystals of mordenite from
clear homogeneous solutions in the absence of templates. Crystals of up to
185 pm x 125 pm could be obtained under the correct conditions. A mixture of
two silica sources, aerosil and sodium silicate (in an approximately 4:1 molar
ratio), was necessary to obtain large crystals. The authors suggest that the so-
dium silicate is consumed first, followed more slowly by the less active aerosil
(fine silica powder). Thus, crystallization was initiated by the sodium silicate,
and was then sustained over a long period of time by the gradual dissolution and
release of silicate species from the aerosil. For these experiments, aerosil was
added to a solution of sodium silicate and NaOH in water and the whole was
then homogenized under ambient conditions until a clear solution was ob-
tained. The syntheses were carried out in Teflon-lined reactors at 150°C for 7 to
30 d. The molar composition which yielded the largest crystals in 15d was:

100 Si0, : 1.33 Al,05: 20 Na,O : 5.33 NaCl : 733 H,0

Of the 75 equivalents of SiO,, 60 were supplied by aerosil while the remaining
15 came from sodium silicate. Use of only aerosil (75 equivalents) in the compo-
sition produced crystals only as large as 8 pm x 3 pm after 5d, while use of only
sodium silicate (75 equivalents) resulted in 2 pm X 1 pm crystals after 5d. The
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20 pm

Fig. 14. Mordenite crystals prepared from mixtures of composition 100 SiO,:5.26 Al,05:22.74
Na,0:1545 H,0 at 175°C. Pre-treatment of the silicic acid (silica source) in air for 20 h at:
a un-treated; b 300°C; ¢ 550°C; d 850 °C. Reprinted with permission from Zeolites, vol. 16,
Warzywoda J, Dixon AG, Thompson RW, Sacco A, Suib L, The role of the dissolution of silicic
acid powders in aluminosilicate synthesis mixtures in the crystallization of large mordenite
crystals, (1996), pp. 125-37, Elsevier Science Inc.

nature of the salt added had a marked effect upon the resulting crystals, for
example, substitution of Na-acetate for NaCl decreased the crystal size to
27 pm x 30 pm, changing significantly the aspect ratio of the crystals.
Warzywoda et al. [43, 44] recently introduced a method of controlling
mordenite crystal size by heat-treating porous silica reagents in air at different
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temperatures prior to synthesis. Syntheses were carried out at 175°C in Teflon-
lined reactors for 2 to 6d using the following composition:

100 Si0, : 5.26 ALO, : 22.74 Na,0 : 1545 H,0

The silicas were, in all cases, introduced to the synthesis mixture in their solid
form, thus their solubilities played a key part in the synthesis itself. Silicas which
possessed small, medium or large pores were investigated. Crystals up to 175 pm
in length were obtained after optimal treatment of a large-pore silica gel, while
crystals up to 250 pm were obtained from a heat-treated silicic acid [44]. Ther-
mal treatments were most effective in the range of 700 to 900°C (Fig. 14), vary-
ing slightly between silica sources. The effect of thermal treatment was shown to
be a decrease in the surface area and pore volume of the materials, while the dia-
meter of the remaining pores was assumed to be unaffected. Thus, heat treat-
ment would reduce the contact of the internal volume of the silica particles with
the caustic synthesis medium. A slow release of silicate species into the reaction
medium was thus realized. Silicas which possessed small (2.2 to 2.5 nm) or
medium pores (6 nm) were not suitable for preparing large crystals of mordenite,
even after heat treatment, while heat-treated large pore (14 to 15 nm) silicas pro-
duced the best results. With small pore silicas, heat treatment was postulated to
reduce the surface areas too much, i.e. the solubility of the silica became so low
that solutions of significantly lower Si/Al were formed, which resulted in the
more ready formation of the more aluminous zeolite P. Generally, on increasing
the temperature of heat treatment of a large pore silica, an increase in size of the
mordenite product was observed until a certain threshold temperature was
reached after which impurity phases (zeolite P and quartz) co-crystallized,
reducing the size of the mordenite crystals. Medium pore silicas did not show
much improvement in crystal size upon heat treatment. Without heat treatment,
all of the silica sources investigated produced pure mordenite (30 to 60 pm)
after 2d of hydrothermal treatment.

2.4
Non-Aluminosilicate Materials

The aluminophosphate and related analogues of zeolites can often be grown to
sizes exceeding those attainable with the aluminosilicate zeolites. This reflects
the fundamentally different nature of the solutions used for the syntheses.
Non-aluminosilicate molecular sieves often crystallize from solutions which are
less alkaline than zeolite synthesis mixtures. The problems associated with
instability of the microporous phases under hydrothermal conditions may be
smaller with non-aluminosilicate materials.

Of the non-aluminosilicate microporous materials, the AFI (AIPO,-5) struc-
ture-type is the one most frequently grown in large crystal form. These materi-
als are of interest for the preparation of non-linear optical devices, where “mole-
cular wires” of ordered guest molecules reside within the one-dimensional pore
system [45, 46]. Large crystals are required for their easy alignment, thus pro-
ducing a coherent non-linear optical effect. Another important consideration
for such applications is the structural purity of the crystals, so that losses of



Table 5. Synthesis mixture compositions for large AFI crystals

Material Composition Template Conditions Maximum Ref.
crystal size
(pm)
AlPO,-5 AlLO5: P,05: 0.5 Pr;N : 300 H,0 tripropylamine 150°C,3d 500 [1]
AlPO,-5 Al,05:1.03 P,05: 1.55 TEA : 1000 H,0 triethylamine 192°C,6d 920 [47]
AIPO,-5 ALO, : P,0, : 1.55 TEA : 1000 H,0 triethylamine 190°C,6d 750 [48]
AlPO,-5 Al,0;:P,05:2.2 Pr,NOH : 1.7 NH,F : 318 H,0 tetrapropyl ammonium- 170°C, 10d 500 [49]
fluoride
SAPO-5 Al 05 : P,05:<0.6 Si0, : 1.5 TEA : 2600 H,0 triethylamine 180-200°C, 580 [51,52]
10d
CoAPO-5 ALO;: P,05:0.2-0.25 DAE : 0.045 CoCl, : 18 H,0 2-diethylamino-ethanol 50°C, 1d, then 400 [54]
200°C,3d
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signal due to light scattering may be minimized. A number of publications
describe syntheses of large crystals of AIPO,-5 (aluminophosphate) [1, 47, 48,
49,50], SAPO-5 (silicoaluminophosphate) [51, 52, 53] and also CoAPO-5 (cobalt
aluminophosphate) [54]. Some representative compositions and conditions are
given in Table 5.

Miiller et al. prepared AIPO,-5 crystals 500 pm in length in relatively low
yield following a series of factorial experiments in which certain synthesis
parameters were systematically varied [1]. Under the conditions studied,
decreasing the dilution lead to a decrease in crystal size, while drastically in-
creasing the yield. Temperature and concentration of template (tripro-
pylamine) had little effect on the crystal size. Crystals of AIPO,-5 up to 920 pm
have been prepared in higher yield, using triethylamine as the template,
although the distribution of sizes was broad and the proportion of inter-
growths large [47]. Better crystal morphology and higher yields were achieved
from less dilute solutions, but the maximum size was 650 pm. Increasing
dilution has been found to lead to an increasing aspect ratio (crystal length to
width ratio) as well as an increase in the contamination of AIPO,-5 by other
products [48]. Synthesis in a fluoride medium may yield 500 pm crystals after
10 d at 170°C [49], or crystals up to 130 pm in length using microwave heating
to 175°C for about 60s [50].

Crystals of SAPO-5 up to 580 pm in length may be synthesized (see Table 5),
although phase purity deteriorates with increasing size [51, 52]. The yield of
SAPO-5 was 60 to 80% and separation of the unidentified impurity phase was
possible by decantation due to the difference in size. Increased solution dilution
brought about an increased particle size (Fig. 15), while increasing the template
concentration increased the width of the crystals without changing their length.
Large optically clear SAPO-5 crystals have been prepared and studied using
FTIR microscopy [53, 55].

The cobalt-containing CoAPO-5 has been prepared as single crystals up to
400 pm in length after carefully controlled aging of the synthesis mixture prior
to hydrothermal treatment [54]. The temperature of the mixture during aging
was critical and yielded the largest crystals if aging was performed for 1d at
50°C. When the ratio of template (2-diethylaminoethanol) to alumina was
approximately 0.25, the crystal size reached a maximum.

25
Synthesis in Non-Aqueous Media

Non-aqueous solvent systems may, under appropriate conditions, yield large
crystals of microporous materials [2, 56]. The structure types grown in large-
crystal form include 1) all silica: ferrierite, silicalite-1 and dodecasil-3C;
2) aluminosilicate: ferrierite; and 3) aluminophosphate: 3(C,H;);NH(AL;P,04)
(novel structure). The concentration of silica in organic solvents is generally
much lower than that in aqueous systems under similar conditions. In these
organothermal systems, water is only present in reagent quantities and solvents
such as pyridine, triethylamine, tetra- or di-ethylene glycol, tetrahydrofuran,
dimethylformamide, dimethylsulfoxide, sulfolane, lutidine and mineral oil may
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Fig. 15. Variation of the size and aspect ratio of SAPO-5 crystals with the water content of the
synthesis mixture. Synthesis at 190°C from composition Al,0;:P,05:0.2 Si0,:1.55 TEA:
x H,0; A x=300; B x=450; C x=600; D x=750. Reprinted with permission from Stud Surf Sci
Catal, vol. 65, Finger G, Kornatowski J, Richter-Mendau J, Jancke K, Billow M, Rozwadowski M,
On controlled growth of SAPO-5 molecular sieve crystals of different sizes and shapes, (1991),
pp- 501-509, Elsevier Science Inc.

be employed to varying degrees of success. Solvents with a strong affinity for
hydrogen bonding interact strongly with the surface of the silica aggregates
(from fumed silica reagent) forming a hydrophobic shell around the silica which
prevents or reduces the interaction between the mineralizer (OH™ or F) and
silica; in extreme cases, crystallization does not occur. Solvents with an inter-
mediate hydrogen-bonding ability allowed restricted access of the mineralizer
to the silica, thus controlling the dissolution of silica and the degree of super-
saturation of the solution, leading to large crystals. The use of gel-forming
solutions allowed crystal growth to occur without immediate sedimentation of
the crystals, and with greatly reduced mass transfer rates due to reduced
convection. Thus, crystals remained suspended in the nutrient pool for longer
periods of time and the number of collision-bred nuclei formed was reduced,
compared to similar non-gel-forming systems. Hydrogen fluoride acts as the
mineralizer, and, when combined with alkylamines and particularly pyridine as
the solvent, forms stable poly-hydrogen fluorides through ion pairing. The ion-
pairing provides a reservoir of HE, which is released into solution gradually and
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controls the dissolution and mass transfer of silica. The lower levels of super-
saturation and reduced rates of nucleation in these organothermal syntheses
lead to the growth of larger crystals. Temperatures of 180-200°C and reaction
periods of between one and several weeks are required for the growth of large
crystals. Dodecasil-3C crystals up to 2.1 mm, silica ferrierite up to 1.3 mm,
aluminosilicate ferrierite up to ca.1 mm and 3(C,H;);NH(AL;P,O,¢) of a few mm
were reported.

2.6
Growth onto Seed Crystals

Klemperer and Marquart reported the synthesis of crystals of ZSM-39 (dode-
casil-3C) up to 10 mm in size by seeded growth [57]. Seeds (sections cut from
2 to 3 mm single crystals of ZSM-39 [58]) were suspended in reaction mixtures
containing silica, hydrofluoric acid, pyridine and water and treated at 190°C
under autogenous pressure for up to 14d. Rods of fused silica as well as fumed
silica acted as nutrient sources. Fumed silica, possessing a high surface area,
dissolved quickly and provided rapid growth in the early stages (0.8 mm d-!),
while the fused silica rods provided a slow but steady supply of silica, with a
correspondingly slower growth rate (0.15 mm d!) once the fumed silica had
been consumed. Fumed silica was found necessary to bring the concentration of
silica in solution up to a high level before dissolution of the seed crystals could
occur. Cristobalite and an unidentified silica polymorph co-crystallized with
ZSM-39, and were found attached to the reactor walls. The ZSM-39 crystals
grown from the seeds were essentially transparent, with highly reflective surfa-
ces, while some twinning could be seen under polarized light. Powder XRD and
28i and *C CP-MAS NMR showed them to be free from impurities. The use of
multiple silica sources has also been used in the un-seeded synthesis of large-
crystal mordenite, as described in Sect. 2.3 of this chapter [42].

3
Synthesis of Ultra-Small Crystals

Based upon experimental work, various parameters can be optimized in order

to achieve small crystals, as described in Table 1. Examples of the successful pre-
paration of ultra-small crystals are listed in Table 6.

Table 6. The synthesis of ultra-small crystals

Zeolite type Synthesis Variable Ref.
A aging, sol colloid formation [61]
Y addition of TMA [62]
AandY clear solution [61]
Silicalite-1 clear solution [59]
ZSM-2 colloid of lithium aluminosilicate glass [63]

HS clear solution [64]
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3.1
Case Study: Zeolite MFI

Excellent studies have been performed on the synthesis of ultra-small crystals of
MFI-type zeolite [59, 60]. In particular the preparation of suspensions of colloi-
dal silicalite-1 crystals (less than 100 nm) with a narrow particle-size distribu-
tion have been extensively studied.

The following recipe was used to prepare a colloidal suspension of TPA-
silicalite-1:
The main chemicals used were:

- Either tetraethoxysilane (TEOS, Aldrich, <3 ppm Al) or silica sol, Ludox TM
(DuPont, 50 wt.-% SiO,,0.39 wt.-% Na,0, 160 ppm Al, particle size 22-24 nm) or
Ludox SM (DuPont, 30 wt.-% SiO,, 0.66 wt.-% Na,O, particle size 7-8 nm)

- Tetrapropylammoniumhydroxide (TPAOH, Sigma, 1 M aqueous solution, 195
ppm Na, 27 ppm K, < 10 ppm Al)

- NaOH pellets (Eka Nobel AB, p.a.)

- Additional chemicals and water used were as pure as possible.

In a typical experiment, the alkali sources were added to the TEOS under condi-
tions of vigorous stirring, and the solution was shaken for 12h to promote the
hydrolysis of TEOS. The synthesis mixture which was a clear solution, was then
heat-treated at 98°C in polypropene bottles with a reflux set up and under static
conditions.

The molar composition of the synthesis mixture is given below:

9 TPAOH : 0.05 NaOH : 25 SiO, : 480 H,O : 100 EtOH

After 24h the colloidal suspension was separated from the liquid phase by re-
peating the following procedure 4 times:

- centrifuging the sample with a relative centrifugal force of 34,000g for 4h
- decanting the liquid carefully from the zeolite phase
- re-dispersing the solid in distilled water by shaking for at least 2h

The size of the crystals is about 100nm while the form is sometimes too rough
to recognize the well known cubic shape. The elongated prismatic shape is not
observed in the studies referred to above. In contrast to elongated prismatic
crystals, cubic shaped crystals grow from gel or sol particles as has been
frequently established by in situ observations [40]. The suggestion is therefore
made that even in the clear solution systems discussed, the crystals form in a
precursor phase of a colloidal sol consisting of particles not larger than 150 nm.
Table 7 summarizes the experimental parameters and results from two separate
groups which produced ultra-small silicalite-1 crystals.

The crystal growth rate of MFI in (I) is 0.6 nm min™' and in (II) is 6.6 nm
min~'. Although there is a distinct difference in the Na concentration in the two
studies the main effect is most probably the substantial amount of ethanol
present in (I) retarding the crystal growth rate. The energy of activation for
crystallization of silicalite-1 is about 95 k] mol™! as reported in several papers.
This clearly indicates that the growing process of the crystals is not controlled
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Table 7. Comparable studies from the literature, regarding the crystallization of ultra-small
silicalite-1 crystals from clear solutions [59, 60]

I, [59] 1L, [60]
Si0, (moles) 25 25
Si0, source TEOS silicic acid
Na,O (moles) 1 0.1
TPAOH (moles) 9 9
H,O0 (moles) 480 450
EtOH (moles) 100 -
Temperature (°C) 96 98
Time to achieve 100 nm 25 5

particles of zeolite (h)

by diffusion of building units to the crystal, but to chemical interaction of the
silicate species involved. In cases where ethanol is present, the energy of activa-
tion is approximately 45 k] mol-!. Apparently the ethanol inhibits the chemical
interaction on the surface of the growing crystal.

3.2
Case Study: Zeolite Y

The following procedure was used to prepare a batch of ultra-small crystals of
zeolite Y free of other solid phases [61].
The ingredients used were:

Silica sol Ludox SM (DuPont, 30 wt.-% SiO,, 0.66 wt.-% Na,O, particle size
7-8 nm)

Aluminum sulfate (AL,(SO,);-18H,0, Kebo Lab, Sweden, puriss.)
Tetramethylammoniumhydroxide (TMAOH - 5H,0, Sigma)

NaOH pellets (Eka Nobel AB, Sweden, p.a.)

The mixtures were prepared as follows:

- Ammonia was added to an aqueous solution of Al,(SO,);, the precipitate of
Al(OH); was filtered, re-dispersed in water and filtered again. This procedure
was repeated until all ammonia and sulfate were removed

- The wet Al(OH); filter cake was added to an 8.4 M solution of TMAOH and
stirred until a clear solution of TMA-aluminate was achieved

— To this solution, calculated amounts of water and silica sol were added to
obtain the molar composition of the reaction mixture for zeolite Y as given
below:

2.43 TMA,O : 0.04 Na,0 : 1.0 AL,O, : 3.4 Si0, : 370 H,0

The experiment was carried out in a polypropene bottle with a reflux set up at
98 °C. Pure zeolite Y was formed after an induction time of 60h followed by a
crystal growth time of 40 h. The crystals were recovered by centrifugation for 2h
at 49,000 g. After carefully decanting the mother liquid, the crystals were re-
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dispersed in water and the procedure was repeated until a pure phase of zeolite
Y was left. Next, the crystals were dried for 2h at 105°C and equilibrated over
saturated CaCl, for at least 16 h. The elemental analysis of the zeolite Y crystals
is not given in the paper.

4
Conclusions

Ultra-large and ultra-small crystals of zeolites and zeolite-like materials may be
prepared, ranging from all silica to Si/Al=1, and including AIPO,, SAPO and
MeAPO materials. Ultra-large crystals, up to several mm may be prepared in an
environment where nucleation is low, mass transfer is high and the rate of
chemical reaction at the crystal surface is maximal. Some specific examples of
how to achieve such conditions are: (a) the use of ultra-pure and dust-free
solutions; (b) control of nucleation; (c) slow release of reagents; (d) extended
growth period; and (e) high alkalinity (high nutrient mobility). Synthesis
mixtures which form hydro-gels provide a stable growth medium with reduced
convective motion and crystal sedimentation, thus reducing collision-bred
nucleation and particle settling compared to clear-solution systems. Control of
nucleation through chemical additives may be effective in producing large
crystals, while increasing the tendency for the formation of competing impurity
phases. Synthesis in non-aqueous systems, with carefully chosen solvents and
mineralizers may lead to ultra-large crystals due to precise control of the nuclea-
tion process, through regulation of the solubility of the nutrients.

In the case of explosive nucleation, the nutrient pool is rapidly depleted and
further substantial crystal growth is avoided. Thus ultra-small crystals, down to
30 nm, with a small crystal size distribution can be obtained. Generally, mono-
meric reagents and low synthesis temperatures are used for preparing ultra-
small crystals.
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1

Phosphates

The chemistry of phosphate complexation in inorganic systems is important in
agriculture and soil science and more recently in remediation technology
because of the low solubility product of many of the metal phosphate salts. A
large number of inorganic phosphate phases have been identified [1, 2]. In the
area of catalysis the aluminophosphates have been investigated both as catalysts
and catalyst supports due to their surface acidity and thermal stability. Re-
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searchers searching for zeolite-like materials in the late 1970s turned to the
phosphates in their quest for new compositions with potentially novel structures.
The phosphate-based molecular sieves proved to be an area rich with new com-
positions having topologies and building units not previously imagined [3, 4].
This chapter will cover the synthetic advances in the area of new microporous
molecular sieves with an update of developments in the aluminophosphate
systems.

1.1
Phosphate Structures vs Zeolite Structures

Though many zeolite topologies have been formed with aluminophosphate
compositions, there are some significant differences between these two systems.
Atlow pH and in the presence of phosphate as a ligand, aluminum more readily
expands its coordination to six with four positions occupied by O of the
framework phosphate and two sites occupied by additional ligands. To date, the
commonly found ligands include water, hydroxide and fluoride ions. Thus the
aluminophosphate literature abounds with new porous structures which are not
classically zeolite analogs but AIPO,-hydrates, AIPO,-hydroxides and AIPO,-
fluorides. An additional phosphate may also coordinate to the framework as
observed in the structure of AIPO,-22 [5]. A summary of the more common
types of coordination found for these ligands in the microporous aluminophos-
phate systems studied is listed below:

H,0 monodentate
OH- mono- or bidentate
F~ mono- or bidentate

The ability of each of these species to act as a mono- or bidentate ligand ulti-
mately plays a key role in the nature of the phase produced. Many of these mate-
rials, however, do not exhibit thermal stability. Some exhibit molecular sieving
properties but these properties are rarely reported. A number of the alumino-
phosphates have been found to undergo solid state rearrangements to other
structures at relatively low temperatures. In the zeolites, only a few topotactic
rearrangements have been noted (materials with the EAB, CHA, and CAN
topologies) and only at temperatures exceeding 500 °C [6-8].

Exploring other parts of the periodic table for microporous phosphates has
led to the discovery of many open structures, most notably in the gallophos-
phate, beryllophosphate, cobalt phosphate, zinc and iron phosphate systems.
The key synthesis feature for the successful formation of phosphate complexes
lies in the rich gel chemistry which occurs with these metals at low pH.

1.2
Natural Phosphate Minerals and Molecular Sieves

Aluminophosphates with 1:1 ratio of aluminum to phosphorus exist in nature.
These include the minerals: berlinite, which is the quartz analog, variscite, meta-
variscite, augelite, senegalite, wavellite, trolleite, bolivarite, and evansite. The
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minerals variscite and metavariscite both have the chemical composition
AIPO,-2H,0. For both phases the framework aluminum exists in octahedral
coordination with aluminum connected to four phosphate groups and two
coordinated water molecules [9, 10]. This type of framework typifies many of
the aluminophosphate materials subsequently discovered. In variscite and
metavariscite, the alternating aluminum and phosphorus form six-member
rings throughout the structure. These structures are thermally unstable with
structural collapse occurring with loss of the water molecules of coordination.
It was the early attempts to synthesize these phases that resulted in the discovery
of several novel aluminophosphate materials.

Phosphorus is not readily found as a substitutional element in the natural
aluminosilicates due in part to the lack of phosphate sources in the vicinity of
the aluminosilicate minerals. The feldspars generally only contain less than
0.1% [11, 12]. Griphite, however, is an example of an aluminosilicate garnet
containing phosphate [13].

In nature two beryllophosphate minerals are known. Both contain zeolite
topologies. Tiptopite is analogous to cancrinite and pahasapaite is analogous to
zeolite rho [14, 15]. The negative framework charge is balanced by alkali and
alkaline earth ions.

A very unusual natural microporous iron aluminophosphate which exhibits
reversible adsorption properties called cacoxenite (AlFe,,O5(0OH);,(PO,);;.
(H,0),4" ca. 51 H,0) contains a unidimensional channel system with 14.2 A
pore opening [16,17]. In this structure the iron exists in octahedral coordination
with aluminum occupying a distorted octahedral position within the frame-
work. This phosphate mineral was the first known example of a microporous
material with a pore size larger than 7 A. It undergoes structural collapse when
heated.

1.3
Inorganic Routes to the AIPO,s

In the early 1960s, a surprising wealth of phases were prepared in the pure
aluminophosphate system from a batch composition of Al,0;:P,05:xH,0
(T=100°C) by d’Yvoire [18-20]. By simply varying the concentration of water
in his synthesis mixture he was able to prepare the synthetic analogs to variscite,
metavariscite and new phases which he called H1, H2, H3, H4, H5, and H6 along
with their thermal products A, B, C,D and E. The interrelationship between these
phases is shown in Table 1. A key feature to note is the relative difference in the
ease of dehydration for some of these phases. The dashed arrows indicate that
the reverse (rehydration) does occur but with difficulty. All materials prepared
from this batch composition contain an Al:P ratio of unity. Because the con-
ditions of synthesis were very similar differing only in the amount of water in
the pre-crystallization mixture, it is not surprising that similarities exist in the
structures of these phases. A comparison of the framework structures of dehy-
drated H1(VPI-5), hydrated H2, and dehydrated H3 (AIPO,-C) is shown in
Fig. 1. H1 consists of 6-rings alternating with double 4-rings to produce a large
18-member ring channel. H2 also contains double 4-rings alternating with
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Table 1. A summary of the hydrates (prepared by d’Yvoire) and their anhydrous and thermal
counterparts

Hydrates Reversible Irreversible
anhydrous anhydrous
counterparts phases

20°C(P,05) or 70-120°C 450°C
MV — A ————  Tridymite
%
20°C(P,05) or 80-100°C 400°C
\% - B ———  Tridymite (+ Quartz)
%
H5
100°C- 180°C
H3 — C
P ——
lzoovc
110°C 600-850°C ] ) ) )
H6 — D ————  Tridymite + Cristobalite
P ———
20°C (P,05) 110°C
H2 — E ————  Tridymite
%
100°C
H1 — VPI-5 —— > AIPO,-8
<7
250°C . .
H4 Tridymite

6-rings giving rise to a 10-ring channel. H3 contains single 4-rings and single
6-rings resulting in an 8-ring pore. H2 dehydrates at room temperature using
P,05 as a desiccant, H3 dehydrates between 100 and 180°C. H1 partially
dehydrates around 100 °C undergoing a simultaneous topotactic transformation
to AIPO,-8.

From this simple batch composition, however, many of these phases could not
be isolated appearing only as mixtures. The use of mineral acids such as HCl,
other acids such as HNOj; as well as the addition of organic amines allowed later
researchers to isolate several phases in high purity [21-23]. The most notable
being H1 which was found to contain an 18-member ring channel [24]. Struc-
tural studies confirm that, even though amines were added to the synthesis
mixture in order to obtain suitable purity of this phase, none of the organic is
incorporated into the very large channel system [25].

In general, it appears that temperature plays a critical role in the synthesis of
these hydrates [26-29]. In the di-n-propyl amine system the structure of the
final product is highly dependent on the temperature to which the gel is heated
[28]. The effect of temperature is shown in Fig. 2. At low temperatures the
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H2 H3

Fig. 1. A pore size comparison of three of the AIPO, hydrates: H1 (left), H2 (center), H3 (right).
All three structures contain four- and six-member rings
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Fig. 2. A comparison of the products obtained from the synthesis mixtures containing di-n-

propylamine (DPA) as a function of temperature: (top) 0.9DPA :1Al,0;:1P,05:30H,0
(bottom) 1.0 DPA:1AL,0;:1P,05:40H,0
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preferred product is H3. Intermediate temperatures around 120 °C result in the
formation of higher purity H1 (referred to as VPI-5 in the organic system) while
temperatures above 160 °C produce the AIPO,-11 phase in high purity. AIPO,-11
has only been prepared from organic amine containing gels.

D’Yvoire used highly acidic conditions in the synthesis of these phases re-
porting a pH commonly below three. The addition of other acids such as HCI
also maintains a very acidic pH through the course of crystallization. In the
presence of organic amines the pH can change substantially depending on the
basicity of the amine. For the synthesis of H1 (VPI-5) in the presence of organic
amines such as di-n-propyl amine, the pH of the gel initially begins below 4. As
crystallization proceeds, an increase in pH is noted with a final neutral pH
attained at the completion of the crystallization [26].

Like the natural aluminophosphates variscite and metavariscite, these as-syn-
thesized aluminophosphates are hydrates and contain octahedral aluminum
where two of the coordination sites are occupied by water. Dehydration converts
the octahedral aluminum to tetrahedral aluminum as shown in Fig. 3. This
process, however, is limited in reversibility. For some structures such as H1, an
irreversible topotactic transformation occurs resulting in the generation of a
new phase, AIPO,-8 [30-35]. H2 can be reversibly dehydrated at room tempera-
ture but with further heat treatment converts to AIPO,-tridymite [27]. H3, too,
can be dehydrated to form AIPO,-C. Thermal treatment results in a topotactic
transformation to AIPO,-D which can be hydrated to produce a different hydrate,
H6. None of these phases have counterparts in the aluminosilicate zeolite
system.

D’Yvoire also explored the addition of inorganic cations to his aluminophos-
phate batch composition. Low levels of potassium added to the mixture did
result in the formation of metavariscite. Increasing the ratio of K/Al suppressed
the formation of metavariscite. Some variscite and H2 could be formed, but the
majority of what precipitated was amorphous. A competing phase in this system

P > + 2H,0

Fig. 3. The transformation of octahedral aluminum to tetrahedral aluminum through loss of
two waters of coordination
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was taranakite, KAl;Hg(PO,)s - 6H,0. Only recently has the addition of potassium
salts been reinvestigated and novel microporous phases produced [36].

1.4
Phosphorus in the Zeolite Framework

Barrer was one of the first to explore the incorporation of phosphorus into
aluminosilicate structures. Substitution would occur through the replacement
of two framework Siions with an Al+P in order that equivalence be maintained.
He reported little success [37-39]. Flanigen and Grose also explored the synthe-
sis of aluminosilicates containing substituted phosphate [40]. A high hydroxide
content and significant amounts of inorganic cations were used in the synthesis.
In order to encourage the uptake of phosphate by the aluminosilicate gel, a very
slow copolymerization method was employed. Several zeolite topologies were
found to incorporate phosphate, though in widely variable amounts ranging
from 5 to 25% P,0s. These included LTA, LTL and GIS topologies.

2
Organic Amines and Aluminophosphate Molecular Sieves

The use of organic additives represents a major breakthrough in the generation
of new microporous phosphates. Unlike the materials prepared by d’Yvoire,
some of the phases obtained were analogous to the known zeolites. Table 2 pro-
vides a listing of the aluminophosphate materials that have been crystallized to
date and for which structures have been determined. Included in the list are
materials analogous to known silicate-based phases as well as phases in which
the structure is unique.

These organic containing aluminophosphates are preferentially crystallized
at temperatures ranging from 125 to 200 °C [41]. This is distinctly different from
the zeolites which can form, albeit over a substantial period of time, at tempera-
tures between room temperature and 100 °C. In the aluminophosphate system,
at 100 °C, metavariscite, variscite, and H3 are generally the preferred products
formed. Above 200 °C, the aluminophosphate analogs of cristobalite, tridymite,
and quartz are formed. This temperature dependence is illustrated in Fig. 2 for
the di-n-propylamine containing gel system and has been previously discussed.
For both batch compositions examined in this study, AIPO,-H3 represented the
primary product at temperatures below 100 °C and is relatively insensitive to the
presence of amine in the gel. AIPO,-HI1 only appears in high purity over a
narrow range of temperatures (ca. 120 °C) regardless of other factors. Slightly
adjusting the di-n-propyl amine concentration and decreasing the water content
has a greater effect on increasing the purity of this phase as seen in the difference
in % crystallinity of this phase for the trace at the bottom compared to the top
trace in this figure. Temperatures above 150°C result in the crystallization of
AIPO,-11 which is also not very sensitive to the water concentration or slight
changes in the amine/Al ratio.

The crystallization of aluminophosphate phases is much more rapid than that
of the aluminosilicate materials. It is not unusual to complete crystallization in
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Table 2. List of known aluminophosphate phases with new microporous or known zeolite-like
structures

Common name Code  Ring size Common name Code  Ringsize
No silicate analog Silicate analog

AlPO,-18 AEI 8,8 AlPO,-5 AFI 12
AIPO,-11 AEI 10 AIPO4-16 AST 6
AIPO,-8 AET 14 AIPO,-34 CHA 8
AlPO,-41 AFO 10 SAPO-37 FAU 12
SAPO-40 AFR 12,8 MAPO-43 GIS 8,8
MAPSO-46 AFS 12,8 SAPO-42 LTA 8
AlPO,-52 AFT 8 AlPO,-20 SOD 6
SAPO-56 AFX 8

MgAPO-50 AFY 12,8

AIPO,-H2 AHT 10

AIPO,-C APC 88

AIPO,-D APD 8,8

MAPO-39 ATN 8

AlPO,-31 ATO 12

MAPO-36 ATS 12

AlPO,-33 ATT 8,8

AlPO,-25 ATV 8

AlPO,-22 AWW 8

DAF-1 DFO 12,12

VPI-5 VFI 18

ZAPO-M1 ZON 8,8

STA-1-D SAO 12,12

UIO-6 OSI 12

several hours as opposed to several days or weeks for the zeolites. AIPO,-5
crystals have been observed to form after 30 min when a reactive source of
aluminum is used [42].

It is obvious from the plethora of microporous aluminophosphate phases that
the organic cation or neutral amine strongly influences the course of crystal-
lization. Without the organic amines, dense phases or the phases reported by
d’Yvoire commonly result. Though the amine many times appears to promote a
specific topology, it is unclear if parallels can be drawn to the role of organic
templates in zeolite synthesis or to specific structure-directing abilities of a
particular organic species [43]. For example, AIPO,-5 crystallizes in the presence
of a substantial number of different types of amine additives including quater-
nary ammonium cations, neutral amines, diamines, cyclic amines and alkanola-
mines [44]. Conversely, a wide variety of different topologies and pore sizes and
shapes can be prepared using a single amine additive.

The concentration of the amine is critical in the generation of a particular
microporous structure. Cyclohexylamine produces AIPO,-17(ERI) when the
organic/(Al-P)O, ratio is 0.45, AIPO,-5(AFI) when the ratio is 0.64, and
AlPO,-34(CHA) when the ratio is nearer to unity (0.82). The amount of amine in
the gel also helps in the incorporation of other framework ions such as silicon
increasing its solubility by increasing the pH [45].
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Gel aging is also found to influence the outcome of the final phase. VPI-5 is
obtained in pure form generally from organic containing AIPO, gels that have
been aged at room temperature before proceeding to the final crystallization
temperature [26]. The ATS topology is readily prepared in zinc, iron, magne-
sium, cobalt, manganese, and titanium aluminophosphate gels through direct
synthesis [46,47] but the pure AIPO, end member, AIPO,-36, requires a two stage
heating process where aging the gel at 120 °C is necessary before heating to the
final crystallization temperature of 142 °C [48].

2.1
Practical Considerations in Aluminophosphate Synthesis

Unlike the zeolites, the aluminophosphate molecular sieves do not exhibit very
high stability in their mother liquor at room temperature. Upon cooling of the
autoclave, immediate filtration or centrifugation is prudent, otherwise pitting of
the crystal surface is observed [49]. Though many of the AIPO, phases are
thermally stable to temperatures over 500 °C, heating water solutions containing
crystals to 200 °C results in collapse of the structure and the formation of dense
phases or amorphous materials [50]. The pH is also critical in the stability of the
aluminophosphate molecular sieves. Both acidic and basic pH will destroy the
structure. Salt solutions will also encourage the dissolution of the crystalline
AIPO,s [51]. Leaving the amines in the structure improves the solution stability
of the material [52]. It has been suggested that these materials should be stored
dry and in the as-synthesized form [51].

2.2
Synthesis Using Microwaves

Microwave technology as a way to induce rapid heating of solutions has been
applied to the crystallization of zeolite phases. Zeolites A, Y, and ZSM-5 can all
be prepared under microwave radiation [53, 54]. Aluminophosphate gels which,
under normal thermal heating procedures, produce AIPO,-5 were also found to
produce the same phase under microwave heating [55, 56]. Crystal formation
was observed as early as 60 seconds after irradiation. The introduction of an
additional framework component such as cobalt to produce CoAPO-5 has also
been demonstrated utilizing microwave synthesis methods [57].

23
Structural vs Non-Structural Hydroxide Coordination

Synthesis of some aluminophosphate structures under basic conditions can
result in the formation of the neutral aluminophosphate structure containing
trapped organic hydroxide salts. AIPO,-5 for example contains encapsulated
TPAOH where the hydroxide anion is nestled in the base of the tripod formed by
three of the propyl groups constrained in the unidimensional 12-ring channels
[58]. In structures containing organic cations that do not have the ability to nest
the hydroxide counterion, the hydroxide can interact with the surrounding
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framework aluminum under the proper pH conditions. In AIPO,-17, the hydro-
xide balances the organic piperidinium cation, but the hydroxide bridges
between two adjacent aluminum atoms producing an apparent distorted
five-fold coordinated aluminum in the structure [59]. Other structures that have
been shown to contain bridging hydroxyl groups with aluminum in five-fold
coordination include: AIPO,-12 [60],-14 [61],-14 A [62],-21 [63,64],-18 [65],-31
[66], and -EN3 [67]. AIPO,-15 contains octahedral aluminum in two different
configurations, one containing two hydroxyl groups, the other a water and a
hydroxyl ligand [68].

2.4
Hydration, Dehydration, and Topotactic Transformation

The ability of the aluminum to attain six coordination when associated with
phosphate ligands results in the aluminophosphate molecular sieves exhibiting
some unusual thermal properties. As discussed previously, D’Yvoire’s H,
(n=1-6) materials were hydrated species with some of the aluminum in octa-
hedral coordination, four points attached to the phosphate in the framework,
and the two remaining coordination sites occupied by molecules of water. The
lability of these water molecules is dependent on the structure. AIPO,s prepared
from organic-containing systems can also exhibit expanded coordination
around the aluminum.

AlPO,-11 is a 10-ring structure containing five crystallographically different
tetrahedrally coordinated aluminum ions. Apparent structural changes which
were observed in the X-ray diffraction pattern concurrent with water adsorp-
tion led researchers to examine this structure more closely in order to under-
stand the source of this unusual adsorptive behavior [69]. Initial NMR studies
were inconsistent with the structure, and the presence of an octahedral alumi-
num was indicated for the hydrated material [70]. Further detailed studies
confirmed that there is one tetrahedral aluminum site in AIPO,-11 that under-
goes preferential and reversible hydration [71-73].

The transformation of the anhydrous AIPO,-C to AIPO,-D involves more than
the simple relaxation of the framework observed in the dehydration/
rehydration examples described above [74]. The aluminophosphate hydrate,
AlPO,-H3, can be dehydrated at 100 °C to produce AIPO,-C. This process can be
reversed, however, when the temperature is further raised to 250°C, AIPO,-C
undergoes a topotactic transformation to produce AIPO,-D. This transforma-
tion converts the double-crankshaft chain found in AIPO,-C to an UDUD or
narsarsukite-type arrangement of AlIPO,-D. This type of transformation is
illustrated in Fig. 4.

AlPO,-H1(VPI-5) dihydrate can be transformed under careful conditions to
the monohydrate [75]. The topotactic transformation of AIPO,-H1(VPI-5)
reduces the 18-member ring opening of VPI-5 to a 14-member ring of AIPO,-8
where one third of the aluminum ions in the new structure occupy octahedral
sites coordinated to two water molecules [76-78]. This is an unusual example of
an incomplete dehydration occurring during topotactic transformation. This
anomaly may be a result of the strain within the VPI-5 structure generated upon
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L

200°C

Fig. 4. The topotactic transformation of AIPO,-C to AIPO,-D. The UUDD (double-crankshaft)
chain in AIPO,-C and the UDUD (narsarsukite-type) chain in AIPO,-D are shown. (Reprinted
with permission of Elsevier Publishers, Amsterdam)

removal of the pore water as the crystals are heated to 100 °C inducing structural
rearrangement before complete dehydration can be attained. This transforma-
tion, though facile, does result in the generation of numerous stacking faults
within the structure which block the pores and give rise to adsorption pro-
perties more characteristic of smaller pore material than that expected of the
14-member ring structure [79, 80].

A similar type of transformation is observed with the thermal conversion of
AlPO,-21 to AIPO,-25. This transformation is catalyzed by the loss of a bridging
OH group. In the structure of AIPO,-21 two different aluminum coordinations
are observed: an Al(OP), tetrahedron and two five-coordinated distorted
Al(OP),(OH) moieties. Bridging of the OH between two aluminum sites gives
rise to a mix of three- and five- member rings within the structure as shown in
Fig. 5a. Thermal treatment disrupts this arrangement and additionally causes
the UD configuration in AIPO,-21 to flip similar to that which has been observed
for AIPO,-C and -D (see Fig. 5b) [63, 64, 81].

25
Fluoride in AIPO, Synthesis

Though crystallization of the aluminophosphate materials generally prefers
acidic conditions, the use of fluoride as a mineralizing agent has been found to
offer further flexibility in the synthesis of AIPO, phases. Generally, the intro-
duction of fluoride to an aluminophosphate gel results in a more rapid forma-
tion of the crystalline product. Fluoride ion addition may also increases the size
of the crystals produced [82]. In some cases centimeter long crystals have been
obtained [83].
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Fig. 5. a Idealized diagram of AIPO,-21. The aluminum ions are marked by the solid circles,
and the phosphorus are located at the vertices. U and D represent upward and downward
pointing connections. There is a bridging oxygen in the midpoint of each solid line and a
bridging OH group in the middle of the dashed lines which results in two distinct five-
coordinated Al sites. b Idealized diagram of the AIPO,-25 framework. (Reprinted with permission
of the American Chemical Society, Washington D.C.)

Fluoride coordinates readily to aluminum ions and like water and hydroxide
results in aluminum expanding the coordination sphere from four to six. Unlike
coordinated water, fluoride ions prefer to behave as bidentate ligands linking
two aluminum ions in the structure. The addition of fluoride ions to the syn-
thesis requires a cation to balance the charge. Generally this counter-ion is the
organic amine. AIPO,-5 can be prepared in both a fluoride media and in the
presence of hydroxide as a counter-ion and therefore provides a good example
of the effect the synthesis conditions have on the nature of the final structure
even though the basic topology is the same. The location of the fluoride counter-
ion to the organic template in AIPO,-5 does differ from that of the corres-
ponding hydroxide - an indication of the strong attraction between fluoride
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ions and the framework aluminum [84]. In AIPO,-5, the fluoride occupies sites
associated with the four rings of the framework and is not intimately associated
with the organic cation unlike the hydroxide counter-ion which is nestled in the
tripod of the tetraproylammonium cation described previously [58].

When working in gel systems containing variable quantities of fluoride (and
additionally alkali metals) changes may be observable in the X-ray diffraction
pattern which are not associated with the generation of new topologies. With
very high loadings of fluoride ions the distortion of the framework due to the
presence of bridging fluoride ions is very symmetric [84]. With lesser amounts
of fluoride, the distortion can be observed in the changing of the X-ray powder
diffraction pattern. This is illustrated in Fig. 6 for AIPO,-5. The X-ray diffraction
pattern at the top of this figure is characteristic of AIPO,-5 prepared under
normal synthesis conditions. The bottom trace was taken from a sample re-
covered from a synthesis containing potassium fluoride [85].

The ability of the fluoride ion to occupy framework associated sites can lead
to further difficulties in differentiating new phases from known phases based on
the presence of a different X-ray diffraction pattern. A triclinic form of AIPO,-
chabazite is produced in the presence of 1-methylimidazole and HF [82]. It con-
tains a F/T atom ratio of 1/6. Other ratios of F/T can also be synthesized for this

AIPO,-5

intensity

UiOo-5
orthorhombic AFI

degrees 2 theta

Fig. 6. A comparison of the X-ray powder diffraction pattern of AIPO,-5 (AFI) (top) prepared
by conventional synthesis methods and (bottom) prepared using fluoride and potassium ions.
(Reprinted with permission of E.N. Halvorsen and K.P. Lillerud, Oslo, Norway)
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Fig. 7. The effect fluoride coordination to the CHA topology has on the symmetry and the unit
cell parameters. a F/T-atom ratio: 1/24,b F/T-atom ratio: 1/12, ¢ F/T-atom ratio: 1/6. (Reprinted
with permission of E.N. Halvorsen and K.P. Lillerud, Oslo, Norway)

topology, viz. 1/12 and 1/24. The arrangement of the fluorides in the chabazite
framework for these different concentrations of F- are shown in Fig. 7 along
with the associated changes in the unit cell parameters. The cluster building unit
containing the octahedrally coordinated aluminum bridged by two fluoride ions
and two phosphate is shown in Fig. 8 where a distinct foreshortening of the
distance between the Al ions across the 4-ring is evident [85]. Even from non-
aqueous synthesis systems, fluoride can be incorporated into this structure [86].
Upon heating to 400 °C a release of HF from the structure is observed with the
generation of the neutral AIPO,-chabazite.

Further sensitivity of the gel towards fluoride as a structure director has also
been observed in another non-aqueous synthesis system. In the presence of
dimethylformamide in triethyleneglycol the gismondine topology is formed in
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Fig. 8. Arrangement of the interconnected [AlO,F,] octahedra

which four of the aluminum ions exist in tetrahedral sites and four in an
octahedral arrangement containing bridging fluoride ions distorting the lattice
as shown in Fig. 8.In the absence of fluoride the AIPO,-21 structure is obtained,
an indication of the structure directing role the fluoride ion can potentially have
in many of these syntheses [87].

2.6
Mesoporous Aluminophosphates

The discovery of the mesoporous silicas by researchers at Mobil prompted the
examination of the interaction of aluminophosphate gels with surfactants [88].
In the silica-based systems, three distinct mesophases were observed: hexa-
gonal, cubic,and lamellar. The type of phase obtained depends on the conditions
of synthesis [89-91]. The use of similar linear alkylenediamines and cyclic
diamines in the aluminophosphate system has given rise to the formation of
lamellar phases [92-99]. The addition of primary and ternary amines con-
taining long alkyl chains can also result in the formation of lamellar AIPO,
phases with X-ray d-spacings indicative of nanometer range layer spacing
[100-102]. Using non-aqueous routes produced similar results [103-105]. Two
unique layer stoichiometries have been identified and appear to be independent
of the nature of the organic surfactant added to induce their formation. The
basic unit consists of [Al;P,0,4] containing a six-member ring of alternating Al
and P that is capped with a PO, unit.

Mesoporous phases containing coaxial cylindrical surfactant/AIPO, bilayers
have also been observed from hydrothermal systems containing C;,H,sNH,
under similar conditions which produce lamellar phases [106]. This unusual
type of arrangement of the inorganic phase and surfactant is illustrated in
Fig. 9. Similar arrangements have been reported in the silicate system [107].
Mixed organic containing systems containing surfactants and quaternary
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3,

Fig. 9. Schematic illustration of the inorganic-organic bilayers coaxially wrapped around a
rod-like micelle and viewed down the axis

amines, such as tetramethylammonium cations, result in the generation of a
pure hexagonal aluminophosphate material [108, 109].

The inorganic reagents for these lamellar syntheses were generally phos-
phoric acid and catapal B alumina which are initially mixed to form an alumino-
phosphate gel. The hexagonal phase was obtained using aluminum hydroxide as
the aluminum source. The surfactant is added to this mixture. Crystallization
temperatures of 100°C have been reported with synthesis times generally
around 24 hours (or overnight).

A detailed examination of the lamellar aluminophosphate phases prepared
with differing Al: P ratio in the gel reveals a strong preference for phosphate to
form these layered structures. In the absence of aluminum in the gel, an organo-
phosphoric acid layered structure was obtained. Conversely, the absence of
phosphoric acid does not produce any crystalline phase. The preparation of
layered phases with a 1:1 Al: P ratio under such acidic conditions requires Al : P
ratios in the gel to be adjusted to 2: 1. The deficiency in aluminum in these struc-
tures results in the formation of sites containing phosphate-organic linkages
[102]. The aluminum in the layers exists as tetrahedral aluminum or hydrated
(octahedral) aluminum. Because of the strong association between the sur-
factant and the phosphate, removal of the surfactant generally results in the
collapse of the structure though some reversibility in the framework octahedral
aluminum to tetrahedral aluminum indicates the ability of this structure type to
be somewhat flexible in the waters of hydration. The hexagonal mesoporous
aluminophosphate exhibits better stability than the lamellar forms withstand-
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ing calcination temperatures to 500°C with surface areas between 740 and
930 m? gl

The addition of fluoride ion also results in the preparation of layered fluoro-
aluminophosphates. These materials are shown to contain sheets having
building units in which three AIO,F, octahedra and one AlO;F tetrahedron are
linked through tetrahedral phosphate giving rise to eight-member rings within
the sheet [110,111].

2.7
New Directions in Porous AIPO, Synthesis

The enormous number of new aluminophosphate materials first reported by
Union Carbide in the early 1980s prepared by adding organic amines to
d’Yvoire’s simple Al:P:H,0 crystallization mixture initiated a very active
research effort in the search for new and large pore-size materials. Major advan-
ces in new materials occurred in this area, many in parallel with activities in the
synthesis of new zeolites and silicates. Key areas are highlighted in Fig. 10. New
phases are still being found from the organic aluminophosphate mixtures
through the addition of different and more complex amines [112] but other pure
AIPO, phases have been prepared through the addition of fluoride ions such as
UiO-7 which is related to ZAPO-M1, a novel zinc containing aluminophosphate
[113, 114]. The addition of other inorganic cations such as magnesium have
been shown to produce the new DFO topology using standard synthesis con-

H1-H6
18MR
Twmc
Al:P:H20
\C
e
/ lamellar,
UlO-6 hexagonal
mesopores

JDF-20 new AIPOa4’s
20MR AIPOs-fluoride STA-1 , DAF-1

Fig. 10. A schematic diagram of the effect various different synthesis methods have on the pro-
duction of aluminophosphate phases
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ditions [115]. The use of non-aqueous media for synthesis has produced some
known phases as well as a new larger pore material, the 20-member ring phase
JDEF-20 [116-118]. Surfactant addition does lead to mesoporous materials, both
lamellar and hexagonal with framework arrangements still under investigation.
Alkali fluoride addition to organoaluminophosphate synthesis produces a pure
microporous structure UiO-6 with a novel building unit [119]. In the absence of
the alkali only a mixture of this phase and AIPO,-5 is observed. The use of in-
organic salts such as KF adds a new direction to the area of aluminophosphate
synthesis.

The generation of microporous phosphates containing other framework ions
in the absence of aluminum represents yet another pathway to porous crystalline
solids. Ions such as gallium, cobalt, zinc, and iron which may prefer octahedral
coordination give rise to a new set of bonding rules beyond those Lowenstein
formulated for tetrahedral aluminum coordination. Though these ions have
resulted in a plethora of new frameworks, their synthesis method has not varied
significantly from those of the aluminophosphates. The use of organic amines to
control the pH and possibly to contribute to the pore architecture, the use of
fluoride which becomes an integral part of the structure, and the use of non-
aqueous solvents all have led researchers to isolate new phases.

3
Gallophosphate Analogs of the AIPO,s

The synthesis of gallosilicate analogs of the zeolites were reported almost simul-
taneously with reports of the aluminosilicates [120]. Thus it would be expected
that gallium oxide/hydroxide would react with phosphoric acid under similar
conditions which give rise to the AIPO, molecular sieves to generate analogous
GaPO, phases [121-131]. Gallium tends to prefer octahedral coordination
rather than occupying tetrahedral sites and it is not surprising that gallophos-
phates containing a predominance of octahedral gallium have been discovered.
Preference for association with hydroxides and fluorides over water is also ob-
served limiting the GaPO, materials to GaPO, hydroxides and GaPO, fluorides.

Successful synthesis of many of the gallophosphates has been accomplished
using gels containing fluoride anions. The cation that is associated with the
fluoride ions in the synthesis of the GaPO,s plays a critical role in the nature of
the resulting phase. HF generally produces microporous structures,amines tend
to form cages. The ammonium cation has a very strong templating effect in these
systems which overrides any effects the presence of an added amine might have
[132,133].

The pH also dictates the resulting GaPO, phase that can form generally by
encouraging different environments around the gallium. At very low pH octa-
hedral coordination is preferred, as the pH is increased, trigonal bipyramidal
coordination begins to be favored. Changing the pH can be accomplished
(at fixed HF concentration) by increasing the H;PO, concentration to increase
the acidity or increasing the organic amine to provide a basic environment.
In the system: Ga,03/P,05/HF/1,3-diaminopropane/H,0, three novel GaPO,
phases have been isolated. At pH between 5 and 10 ULM-3 (Ga;(PO,);F, - H;N
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C

Fig. 11. Perspective view of a sbu A, b sbu B, and ¢ sbu C in both polyhedral and ball and stick
representation. Black spheres, P: large open circles, O; small open circles, Ga: small gray circles,
F except in a where the asterisk on the gallium tetrahedron corresponds to OH. (Reproduced
with permission of Gauthier-Villars Publishers)

(CH,);NH;- H,0) is formed. Between pH 2 and 4 ULM-4 (Ga;(PO,);F, - H;N
(CH,);NH;) crystallizes. At pH less than one, ULM-6 (Ga,(PO,),F, - H;N
(CH,);NH,) is isolated. At very high pH Ga,0; (pH >10) precipitates. All three
GaPO, phases isolated are microporous. ULM-3 and ULM-4 contain gallium that
is in a trigonal bipyramidal arrangement with four oxygens and one fluoride as
well as octahedral coordination with two fluorides. These two polyhedra are
linked via the fluoride. The different arrangements of the building units ob-
served in the gallophosphate structures are shown in Fig. 11, and their arrange-
ment to form the various porous phases is shown in Fig. 12. ULM-6, formed at
the very low pH contains gallium only in octahedral coordination with shared
edges between the gallium ions [134-137].

In the HF systems, the concentration of the amine dictates the type of species
which form. However, excess amine tends to suppress microporous crystal
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£ 7

ULM-3 ULM-4
ULM-5 ULM-8

Fig. 12. Connectivity of the SBU-6 (represented by rectangles) in ULM-3, ULM-4, ULM-5 and
ULM-8. In ULM-5, another type of SBU (SBU4-4) formed by four PO, tetrahedra and four
GaO, tetrahedra ensures the connection of the SBU-6. (Reproduced with permission of
Academic Press)

formation as the amine can act as a strong ligand for the gallium ion. A series of
diamines of differing chain lengths have been studied by Ferey and co-workers.
ULM-3 can be prepared with diamines having a chainlength of 4 and 5 [138].
When the carbon chain is increased to 6-8, a new phase identified as ULM-5
(Ga4(PO,)14(HPO,),,F,(OH),- (H;N(CH,);NH;),- 6H,0) is produced [139].
This material contains three different building units, one related to that of ULM-3
and -4, a second that is very similar to the first where the trigonal bipyramidal
gallium has become tetrahedral GaO;(OH) and the third building unit consisting
of an octamer similar but not identical to that which is found in the cloverite
structure [140]. The octamer is illustrated in Fig. 11. This gives rise to a 16-mem-
ber ring pore opening with a free aperture of 12.20 x 8.34 A. A similar 16-mem-
ber ring material was prepared from a batch composition: 1GaO (OH): 1H;PO,:
1HF:0.65 cyclohexylamine: 0.75 tripropylamine: 60 H,O. The tripropylamine is
added to adjust the pH of the system and is not found in the final crystalline
product. Without it only GaPO, quartz is formed [141]. This material exhibits
significant thermal stability loosing X-ray crystallinity at temperatures in excess
of 800 °C. Above this temperature it is the fluoride that is lost as GaPO, cristo-
balite is formed. Spherical amines produce other structure types where cages are
preferred rather than channels. DABCO (1,4-diazabicyclo[2.2.2]octane) pro-
duces ULM-1 and ULM-2 which contains cavities accessible through 8-member
rings [142, 143].

The stability of the organic additive under the conditions of synthesis does
have a critical role in determining the outcome of a synthesis. The polyamine,
guanidinium carbonate [C(NH,);],CO;, was found to decompose under normal



Synthesis of Molecular Sieve Phosphates 177

GaPO, synthesis conditions to release NH to the crystallization mixture. Since
ammonium cations are very strongly structure directing in this system, the
resulting phase formed was that of the GaPO, analog of leucophosphite,
AIPO,-15,GaP0O,-C7, and GaPO,- H,O [144-148].

3.1
Chains and Layered Phases in the GaP0,s

Chain structures have been observed in the aluminophosphate system
[149-151]. In a mixed water-dimethyl sulfoxide system (10 Me,SO:13 H,0) a
GaPO, phase containing infinite chains of [GaH(PO,),]? has been observed
[152]. The basic chain unit consists of one gallium ion and two phosphate ions,
both with tetrahedral coordination. All vertices of the GaO, tetrahedron are
occupied by PO, units. The cation consists of the protonated diamine used in
this synthesis, [H;N(CH,);NH;]*2. Fluoride does not appear to be associated
with this structure even though crystallization was observed from an HF con-
taining gel.

Two layered GaPO, phases have been isolated, one from a gel containing
tris(2-aminoethyl)amine, the other from a piperazine containing system [153,
154]. These have been identified as ULM-8 and -9, respectively. The ULM-8
layers are composed of the same building unit found in ULM-3,-4, and -5. The
geometry of the amine in this synthesis is considered to be key to the formation
of a layered structure.

3.2
Cobalt Substitution in GaP0, Synthesis

The addition of cobalt to gallophosphate gels alters the chemistry of the system
significantly producing several phases which are isostructural with known
zeolite topologies as well as a new phase. To date the CoOGAPO-laumontite and
gismondine structures and a CoGAPO-LTA could be isolated from GaPO, gels
containing small amounts of cobalt. The latter phase was obtained from an
ethyleneglycol solvent system. In addition, a new structure was obtained and
identified as the new topology CGF also prepared using ethylene glycol as a
solvent [155-158].

4
Beryllophosphate Analogs of the Zeolites

Though beryllium is a very toxic metal with which to work, its electronic struc-
ture will result in the generation of a negatively charged framework when
associated with phosphate and thus makes these materials intriguing as true
zeolite analogs. Union Carbide first reported the incorporation of beryllium in
the SAPO synthesis in 1988 producing many phases that were related to the
known aluminophosphates previously synthesized [159]. Beryllophosphate
gels, like the aluminophosphates are formed at low pH. Because of the lack of
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neutrality in the beryllophosphate gel, the synthesis chemistry is significantly
different from that of the neutral aluminophosphates.

Harvey and Meier were the first to show that synthetic beryllophosphates
could be prepared, some with zeolite-like topologies, others with novel struc-
tures [160]. The synthesis procedure was similar to that of the early alumino-
silicate zeolite syntheses and differed significantly from the aluminophosphates,
as inorganic cations were employed and no organic amine was necessary.
Inorganic cations proved to be strongly structure directing in these systems. A
different structure was produced by changing the alkali cation. Mixed cation
systems, also examined, produced yet another phase though crystallization
times were significantly longer, viz. 21 days instead of 7 days. Conventional
temperatures between 100 and 200 °C were employed.

The similarity between the beryllophosphates and the aluminosilicates was
further substantiated with the crystallization of the faujasite structure from the
sodium beryllophosphate gel at lower temperatures and shorter crystallization
time (4 °C, 30 min) [161 - 164].In the lithium beryllophosphate system, lowering
the temperature results in the production of the analog to Li A(BW) [162].
Higher pressures and the presence of extra-framework ions such as Cl anions
yielded feldspathoid-like structures including SOD and LOS topologies [165, 166].

The addition of organic cations resulted in the preparation of an interrupted
framework structure which contains beryllium ions coordinated to water
and/or P-OH groups [167].In a mixed NH,/di-isopropylamine system the beryl-
lophosphate obtained did not incorporate the organic moiety but did take up the
ammonium cation [168]. Thermal treatment of this material showed a decom-
position of the ammonium cation around 600 °C.

It is interesting to point out that the crystallization of zeolite phases produces
very small crystals, while the aluminophosphate crystals tend to be somewhat
bigger. The beryllophosphate phases appear to readily form at very low
temperatures and short crystallization times with substantially larger crystals.

5
Other Metal Phosphate Phases

With CoPO, being isoelectronic with BePOQy, it is not surprising that several
cobalt phosphate molecular sieves have been reported using organic and in-
organic cations as structure directing agents [169]. An early report of a synthesis
from cobalt phosphate gels using organic diamines did produce a microporous
cobalt phosphate [170]. In the presence of the inorganic cations the structures
produced contained cobalt in tetrahedral coordination and topologies related to
tridymite and ABW, the CoPO,-ABW having a chiral arrangement. The synthesis
of vanadium phosphates and arsenates have also been considered, and novel
structures have been reported though none with zeolite structures [171-173].
An ethylene diamine templated oxyfluorovanadato phosphate has also been
described [174]. It consists of an asymmetric V,POgF unit where the fluoride
bridges the two vanadium cations in the structure. The amines are located along
the tunnels within the structure. Synthesis of this phase followed closely the
synthesis of the microporous gallophosphate materials. A molybdenum phos-
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phate is also known [175], and layered and chain iron phosphates have also been
prepared using fluoride ions and organic amines in their synthesis [176, 177].

Zinc phosphate gels have resulted in a wealth of new phases containing
porous structures. These phases have been prepared from aqueous gels con-
taining zinc salts, phosphate and alkali cations. With pH adjusted to 5 using
hydroxide, several phases have been reported. The zinc phosphate analog to the
zeolite ABW (LiZnPO,- H,0) undergoes a structural rearrangement upon
dehydration at 100°C to produce a semicondensed phase which contains the
lithium cations encased in (what is descriptively referred to as) squashed 6-ring
channels [178]. At higher pH (ca. 11.5) in the presence of sodium hydroxide, zinc
oxide and phosphoric acid, a very new chiral topology results with the com-
position Na,[Zn,,P,04] - 12 H,0 [179]. The structure consists of unusual 4-ring
squares and triple 4-ring chains. A view of the resulting helix is shown in Fig. 13.
The pores are defined by highly distorted 12-member rings along with 6- and
8-member rings. Synthesis in the presence of other alkali cations results in the
generation of more microporous phases [180]. This synthesis also proceeds
under even stronger basic conditions and crystallization temperatures of 70 °C.
An unusual feature of some of these phases is an OZn, unit which gives rise to a
spiro-type three-member ring. An example of one of these structures is shown
in Fig. 14. The structure/synthesis relationship of the zinc phosphate materials
is strongly dependent on both the pH of the system as well as the ratio of cation
to zinc to phosphorus. A summary of materials identified from these syntheses
over the entire range of pH is given in Table 3.

Fig. 13. The tetrahedral helix in NaZnPO, - H,O. Large circles represent Zn ions, small circles P
ions. Framework oxygen is omitted for clarity
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Fig. 14. [001] projection of a layer (-0.15<z<0.15) of the Rb;Zn,O(P0O,);-3.5H,0 structure,
showing the connectivity of four spiro-5 units into 8-ring windows

Table 3. Summary of sodium zinc phosphate phases

Formula pH? Ratio Structure

Zn;(PO,), - 4H,0 1-2 0:3:2 hopeite

Na,Zn(HPO,), - 4H,0 2¢ 2:1:2 layered; 4-and 12-rings
NaZn,(PO,)(HPO,) 2-4 1:2:2 corrugated layers; 3-, 4-rings
Na;(ZnPO,); - 4H,0 6-8 1:1:1 sodalite; 4-, 6-rings
NayZn,;(PO,), - 3H,0 10 6:3:4 semicondensed 3-dimensional
NaZnPO, - H,0 11 1:1:1 new chiral frameworks, 4-, 6-, 12-rings
Na;Zn,0(PO,); - 6H,0 12.5 3:4:3 novel 3-, 8- ring framework
Za,Zn(OH)PO, - 7H,0 13 2:1:1 novel 3-ring chain structure
Zn0O 13+ 0:1:0

NaZn(OH), 144 2:1:0

2 Starting solution pH.

b Na:Zn:P molar ratio of solid product.
¢ At4°C.

¢ Concentrated NaOH solution.

6
Evaluating the Periodic Table

Synthesis of zeolite analogs based on other framework compositions have come
quite far afield from the original goal. Though the synthesis of all of these phases
has utilized methods that have been initially developed to produce alumino-
silicate zeolites and silicate molecular sieves, the chemistry of the individual
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ions has led to the crystallization of tunnel and porous structures which have
adapted to the coordination needs of the individual framework ions. The ability
to produce novel open frameworks has been shown to not be completely bound
to the use of specific organic amines as structure directors, but to a whole host
of factors most notably the attraction of these various metal anions to accom-
modating hydroxide and fluoride into their coordination spheres. There will
always be a joy in building new structures from novel building units for many of
us in the field of microporous materials. The hope is that some of these phases
will result in a critical breakthrough in the fields of catalysis, adsorption, and
solid state materials. It is a hope that is presently still only a wistful vision con-
ceived in the mind.
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1
Introduction

Apart from applications as molecular sieves, zeolites were considered for many
years only as acid catalysts and used for reactions performed at relatively high
temperature, in the gas phase. Only after isomorphous replacement of transition
elements for silicon and aluminum had been demonstrated, were red-ox pro-
perties of zeolites seriously considered. This achievement not only allows the
opening of new perspectives for selective oxidations, but it also draws the atten-
tion toward the capabilities of zeolites to generate free radicals in the presence
of even trace amounts of oxygen, affecting the catalyst performances also in acid
catalyzed reactions [1].

In the early 1950s, Goldsmith reported the successful replacement of Si by Ge
in Thomsonite [2]. A few years later, Barrer et al. reported the synthesis of Thom-
sonite, zeolite A, Faujasite and Harmotome containing Ga and/or Ge in the
framework [3].

For catalytic purposes, transition metals are particularly attractive. However,
up to the end of the seventies, many doubts existed about the possibility to
incorporate transition metal ions in the framework. Probably the first attempt to
synthesize molecular sieves with transition metal ions in the framework (for-
mally, they are not zeolites since this term indicates microporous crystalline
aluminosilicates only) was performed by Young in 1967, who claimed the hydro-
thermal synthesis of titano- and zirconosilicates having zeolitic properties [4].
However, the lack of crystallographic information made the real microporous
nature of these materials questionable. An extensive approach to the problem of
isomorphous substitution in zeolites began only in the early 1980s.

In the present paper, we review the main results obtained in the preparation
of transition metal-containing molecular sieves. In particular, the attention will
be focused on the synthesis procedures and the physico-chemical evidence sup-
porting the effective framework incorporation of the heteroatom.

2
General Aspects of Transition Metal-Containing Molecular Sieves

The capability of a given ion M"* to be incorporated into a molecular sieve
framework is generally considered to be dependent on the ionic radii and on the
tendency of the element to assume the tetrahedral coordination in its oxide. Ione
et al. [5] systematically approached this problem by using the Pauling criterion,
p=r.r, (where r. and r, are the cation and anion radii, respectively) [6]. Based
on the values of p, the tetrahedral coordination should be stable only for cations
with p in the range 0.414-0.225 (Table 1).

On the contrary, up to now incorporation has been well assessed for elements
which do not satisfy the above rule (e.g., B, Ga, Ti, Fe, see Table 2). Probably, at
low concentration of the metal (concerning most cases), the geometrical para-
meters become less important than other factors related to the crystallization
conditions. For these reasons it is not easy to identify simple criteria for pre-
dicting the ability of a given element to be incorporated in the silica framework.
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Table 1. Values of p,, for various coordination polyhedra [6]

Coordination number Polyhedron Critical values (p,)
3 0.225 < p < 0.147
4 Tetrahedron 0.414 < p <0.225
6 Octahedron 0.592 < p <0.414
7 0.645 < p <0.592
8 Square antiprism 0.732 < p < 0.645
8 Cube 0.732 < p < 0.645
9 0.732 < p <0.645

12 Cubo-octahedron 1.000 < p < 0.732

Table 2. Ions that can attain the tetrahedral coordination and corresponding value of p, cal-
culated with the ionic radii reported in [7] and by considering a r,_ =1.35 A. (The ions for
which the framework incorporation is well assessed are reported in bold)

Ion p Ion p

B3 0.185 Ge** 0.393
Si** 0.296 Co*t 0.400
Be?t 0.304 Co** 0.533
Mn®* 0.348 Ti* 0.415
Mn** 0.393 Mo 0.444
Cr+ 0.359 Ga’* 0.452
Cr** 0.407 Fe** 0.467
Vet 0.367 Fe?* 0.570
v 0.496 Zrt* 0.541
AP* 0.393 Zn** 0.548
3

Titanium-Containing Molecular Sieves

Incorporation of titanium into high-silica frameworks has been the object of
many studies, especially after the discovery of titanium-silicalite-1 (also known
as TS-1) and of its exceptional catalytic properties in oxidation reactions in-
volving hydrogen peroxide. Unique among the transition metal-substituted
molecular sieves, TS-1 has become an industrial catalyst.

Other microporous titanosilicates with the MFI/MEL, ZSM-48, BETA and
ZSM-12 framework structures have been synthesized but little evidence has
been shown for these materials which demonstrates real incorporation of the
transition metal into the framework.

Finally, we have to mention the existence of a small family of natural titano-
silicate molecular sieves including Zorite [8] and Vinogradovite [9], in which Ti
assumes octahedral coordination.

In the following, the attention will be focused mainly on the synthesis and
characterization of TS-1.
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3.1
Titanium-Silicalite-1 (TS-1)

3.1.1
Synthesis

The crucial problem in the synthesis of titanium-containing molecular sieves is
to find proper conditions for obtaining isolated tetrahedrally coordinated tita-
nium species. In fact, in the presence of even small amounts of water, the tita-
nium compounds used in the reaction mixture undergo hydrolysis very quickly
and then polymerize and precipitate in the form of hydrated TiO,. The large
amount of work performed on TS-1 allows some of the critical parameters of the
synthesis procedure to be explained, though the overall mechanism is not yet
fully understood.

The preparation method, firstly reported by Taramasso et al. [10] in 1983, is
based on the controlled hydrolysis of an aqueous solution containing tetraethyl-
orthosilicate (TEOS), tetraethylorthotitanate (TEOT) and tetrapropylammonium
hydroxide (TPAOH) as template. This procedure is known as the “mixed alkoxide”
method. Another procedure has been proposed, known as the “dissolved tita-
nium” method, which makes use of colloidal silica instead of TEOS [11]. The
mixed alkoxide method allows the best control of the synthesis parameters,
assuring the crystallization of high quality products.

3.1.1.1
The “Mixed Alkoxide” Method

The procedure, described in Fig. 1,involves the hydrolysis of a TEOS/TEOT mix-
ture by addition of aqueous TPAOH. Once the hydrolysis is completed, the gel is
charged into a stainless steel autoclave and heated at 175 °C for 10 days.

Bellussi and Fattore identified the SiO,/TiO, ratio in the reaction mixture,
the alkali content and the crystallization temperature as the main parameters
affecting the characteristics of TS-1 [12].

Titanium-silicalite-1 crystallizes with a titanium content lower than that
present in the precursor mixture (Fig. 2). The maximum Ti content achievable
corresponds to a SiO,/TiO, molar ratio of ca. 40; any attempts to overcome this
limit failed, the excess of titanium having been found in the form of extra-
framework TiO, (anatase). Crystallization of pure TS-1 occurs between 100 and
200 °C; above 200 °C, formation of anatase occurs (Fig. 3).

Though some authors claim the possibility to synthesize TS-1 in the presence
of sodium ions [13-15], it has been demonstrated that even trace amounts of
alkali metal ions in the reaction mixture (sodium and/or potassium impurities
of commercial TPAOH solutions), prevents or limits to some extent the incor-
poration of titanium into the framework [16-19]. Adding NaOH to the solution
of alkali-free tetrapropylammonium hydroxide results in increasing overall Ti
content but decreasing Ti incorporation in the solid recovered. At high sodium
concentration, anatase was detected by X-ray diffraction analysis together with
TS-1. This indicates that alkali cations may promote the formation of insoluble
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Fig. 4. Influence of trivalent elements on the composition of (Al, Ga, Fe)-TS-1 [12]

titanium species [12]. Alkali metal ions may also alter the equilibrium of silicate
species formed during hydrolysis and condensation, through the complexation
of terminal Si-O-groups [20].

A rather different behavior was observed when trivalent metal cations such as
B*, AI’*, Ga** and Fe’* were added to the reaction mixture. These ions partially
suppress Ti incorporation (Fig. 4) but do not favor any segregation of extra-
framework titanium species [12]. This made it possible to synthesize bifunctio-
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nal catalysts such as [Ti,Al]-MFI, containing both acid [AlO,] and oxidation
[TiO,] sites [19,21].

As stated above, a maximum of about 2.5 atoms per unit cell (x=[Ti]/
([Ti]+[Si])=0.025) has been achieved. Starting from the assumption that this
limit is determined by kinetic rather than thermodynamic reasons, much effort
has been made attempting the synthesis of TS-1 with higher Ti content. Follow-
ing the original recipe, van der Pol and van Hooff studied the influence of
synthesis parameters (silica and TPAOH sources, OH/Si and Si/Ti ratios, sol
concentration, crystallization conditions and time) on morphological and
compositional characteristics of TS-1 [22]. They claim to have obtained TS-1
samples with x up to ca. 0.04, supporting this conclusion with XRD and IR
evidence. According to Kraushaar, the addition of aqueous TPAOH represents
the most critical step, because it gives rise to instantaneous hydrolysis of TEOT
with possible formation of insoluble and stable titanium species. Precipitation
of these species can be avoided if the organic template solution is added slowly
and there are enough silanol groups for the condensation reaction to occur with
the monomeric hydrolyzed titanium species (in other words, the hydrolysis rates
of silica and titania sources are comparable) [23]. Following Thangaraj et al. the
limit of x=0.025 arises from the fact that TEOT is hydrolyzed much faster than
TEOS. For this reason they proposed the replacement of TEOT by the less hydro-
lizable tetrabutylorthotitanate (TBOT), claiming the possibility to synthesize
pure TS-1 with x up to 0.09 [24-27]. For avoiding instantaneous hydrolysis of
the titania source, TBOT is dissolved in dry isopropyl alcohol prior to addition
to the TEOS/TPAOH solution; the complete hydrolysis of the mixture is carried
out in an open vessel and the gel crystallized under autogeneous conditions
[24-27]. More recently, Tuel and Ben Taarit performed a systematic study using
different couples of tetraalkylorthosilicates and orthotitanates, reaching the
conclusion that the extent of Ti incorporation in TS-1 effectively depends on
both titania and silica source used; the higher extent (x =0.05) is obtained using
tetramethylorthosilicate and tetrapropyl- or tetrabutylorthotitanate [28]. In
order to avoid precipitation of titanium, the use of aqueous TiCl; as titania source
has been recently proposed [29]. The material crystallized was found to have
catalytic activity similar to that displayed by TS-1 synthesized by classical
methods, but no information is reported concerning the maximum extent of
titanium incorporation achievable. These results originated a wide debate (still
open today) about the real Ti incorporation, leading to the hypothesis of diffe-
rent titanium sites in the framework (see Section 3.1.2).

Little information is reported on the use of organic template agents different
from TPAOH. A TBAOH/TEAOH mixture [30] and hexapropyl-1,6-hexanedi-
ammonium hydroxide (di-TPAOH) [31] were used; the characteristics of the
products are reported to be the same as those obtained with TPAOH. In prepa-
ration runs with mixtures of TPAOH/TEAOH and TPAOH/NH,OH the second
template agent is claimed to influence the crystallization kinetics without being
occluded in the pores [32].
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3.1.1.2
The “Dissolved Titanium” Method

This method is more complicated than the mixed alkoxide technique (Fig. 1).
Hydrogen peroxide is added to the titanium-containing solution in order to
form stable peroxo-complexes able to release slowly the metal ion during the
hydrothermal treatment. The gel composition, the hydrothermal conditions and
the characteristics of the products are similar to those described for the mixed
alkoxide method.

3.1.1.3
Other Methods

Guth et al. [33, 34] and Qiu Shinlun et al. [35] proposed starting from a reaction
gel containing fluoride ions at low pH (6.5-7.5). No evidence is reported about
Ti incorporation in the materials obtained by this method. Kooyman et al.
observed anatase impurity in TS-1 samples obtained by this synthesis route [36]
while the formation of octahedral extra-framework titanium was confirmed by
EXAFS experiments [37].

Padovan et al. [38, 39] developed a method based on the impregnation of
dried microspherical porous silica up to incipient wetness with an aqueous solu-
tion obtained by hydrolyzing the titania source (tetraisopropylorthotitanate)
with TPAOH, followed by calcination at 448 K in a sealed glass tube. Pure and
well crystallized TS-1 is obtained after 10 hours, while extra-framework titan-
ium species start to appear after longer crystallization times.

An improvement of this method was recently proposed, which involves the
wetness impregnation of a Si0,-TiO, cogel, prepared by an acid-base two-step
process, with aqueous TPAOH, followed by crystallization at 170 °C for 24 hours
[40-42]. The Ti content of TS-1 is controlled by the SiO,-TiO, cogel composi-
tion; the upper Ti concentration limit, x, in the final product was found to be
0.023.

3.1.2
Structure Characterization

The assessment of true incorporation of the heteroatom in a zeolite framework
assumes paramount importance. In fact, the physico-chemical and catalytic
properties of the materials strictly depend on the location of heteroatoms in
framework sites. This is particularly true for titanium: it is well known that a
dramatic difference in catalytic performance exists between a well synthesized
TS-1 sample and one containing extra-framework titanium species.

The accurate structure characterization of transition metal-containing mole-
cular sieves is made difficult by the generally low heteroatom concentration. Due
to the practical impossibility of determining the site geometry by direct struc-
tural methods, spectroscopic studies, together with the application of theore-
tical methods, have been widely used (Table 3). Actually, a lot of data exists,
mainly concerning TS-1.In the following, we will try to summarize these results,
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Table 3. Structural and spectroscopic techniques used for characterizing Ti-containing mole-
cular sieves

Technique Results Ref.
XRD Quantification of framework and extra-framework Ti [45,46]
FT-IR Detection and coordination of framework Ti [45,47]
RAMAN Detection of extra-framework TiO, [47]
DRS UV-Vis Quantification of extra-framework Ti; [47]
coordination of framework Ti
EXAFS/XANES Coordination of Ti [59,61]
EPR Coordination of Ti; qualitative estimation [52,55]

of framework and extra-framework Ti species

bearing in mind that the characterization methods and the experimental
evidence achieved for TS-1 are applicable to the other Ti-containing molecular
sieves as well.

Titanium silicalite-1 is characterized by an X-ray powder diffraction (XRD)
pattern typical of orthorhombic MFI-type zeolite (Pnma space group). Only at
low Ti content (x<0.01) is a monoclinic P2;/n symmetry observed, a pheno-
menon already observed for the aluminum (ZSM-5 [43]) and boron parent
structures (H-BOR-C [44]).

Independent of the lattice symmetry, a linear dependence of the lattice para-
meters (determined by the least-squares fit to the interplanar spacing of selec-
ted reflections in the XRD pattern [45] or by the more accurate full-profile
fitting analysis [46]) on the Ti content has been found (Fig. 5). The equation
relating the unit cell volume to the Ti content (Table 4) is particularly useful for
determining the real framework composition directly from XRD analysis; by
comparing this with the Ti content resulting from elemental analysis, the
amount of possible extra-framework Ti species can be estimated [46].

Because the linear dependence of lattice parameters on framework composi-
tion indicates that TS-1 follows a Vegard’s type law, the lattice expansion is
expected to derive from the larger Ti-O bond length, dy;_q, with respect to the
Si-O bond length, dg;_g. According to that which was proposed for the boron-
containing MFI (H-BOR-C [44]), the unit cell volume, V,, of TS-1 containing a
molar fraction, x, of Ti can be related to the unit cell volume of the pure silica
end-member, silicalite-1, V;, through the equation:

V=V - Vg [1 - (dpi_o/dsi_0)’] x (1)

By applying Eq. (1) to the results of Fig. 5D and by attributing to dg;_, the value
typically observed in zeolites, 1.61 A, a dy;_, of 1.80 A is obtained [46].

A linear expansion of lattice parameters was reported also for TS-1 samples
with x30.025, but with a lower slope (dV/dx) (Fig. 6) [22,24 -28].In fact, the unit
cell volumes reported for x=0.039 (5389.4 A%) [22], for x=0.091 (5396.5 A%) [24]
and for x=0.056 (5389 A3) [28] are very close to the value observed by Millini
et al. for a Ti sample with x=0.025 (5392.3 A%) [46]. Furthermore, by applying
Eq. (1) to the data reported in Refs. [22,24-28],a dpy_o of 1.67-1.73 A is obtained.
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Table 4. Linear regression analysis of unit cell parameters in TS-1?2
Ref. [45] Ref. [46]
u v r u v r
a 0.665 20.112 0.5854 1.429 20.098 0.9868
b 2.935 19.876 0.9487 2.975 19.882 0.9924
[ 2.425 13.364 0.9665 2.281 13.363 0.9957
\Y% 1946 5341.8 0.9874 2210.4 5339.4 0.9993
2 According to the equation: y = ux + v; r, correlation coefficient.
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Fig. 6. Unit cell volume variation as a function of Ti content reported by different authors:

(A) [46], (B) [22], (C) and (D) [28], (E) [24-27]
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Fig. 7. Proposed assignments for the 960 cm™" IR absorption [47]

On the basis of these results, Tuel and Ben Taarit suggested the existence of
different Ti-sites in TS-1 [28]. This topic will be discussed in the following.

A characteristic absorption is observed in the IR spectra of TS-1, located at
960-970 cm™!. This band, not observed in pure silica and aluminum-substituted
zeolites, is usually regarded as a “fingerprint” of TS-1 and, more generally, of the
Ti-containing molecular sieves. The absorption intensity has been found to be
proportional to the Ti molar fraction, x [45], though dependent to some extent
on the degree of hydration [47] and even on crystal size [48]. For this reason, it
is not suitable for a careful determination of framework titanium. The assign-
ments proposed for this absorption [47] are represented in Fig. 7. The assign-
ment to silanol groups (I), known to absorb at 985 cm™! in amorphous silica [49],
may be excluded because the absorption frequency is not sensitive to deuterium
exchange [48]. The assignment to the Si-O stretching of the polarized Si-0%--Ti%*
bond (with Ti in tetrahedral coordination) (II) was proposed by Boccuti et al.
[47]. The 960 cm™! band is present also in the Raman spectrum of pure TS-1 as
well as in Ti-containing cristobalite and silica glass [50], the latter being known
to contain tetrahedral titanium [51]. The assignment (II) accounts well for the
sensitivity of the band frequency to the treatment of TS-1 with 70 and %0 labe-
led water, according to the variation of reduced mass of the Ti-O-Si harmonic
oscillator, after substitution of %0 with heavier isotopes [48].

A more detailed interpretation of this absorption was performed by Zecchina
et al. [52]. The authors depicted two different situations, which depend on the
equivalence or non-equivalence of the force constants of the Si-O and Ti-O
bonds. In the first case, the replacement of Ti for Si induces a shift of the B mode
of vibration of the [TO,] units from 1120 (T=Si) to 960 cm™! (T=Ti), the shift
being simply due to mass effects. In the second case a higher polarity is con-
sidered for the Ti-O bond, leading to the conclusion that the 960 cm~! absorp-
tion is due to the local mode of a [SiO,4] unit (large difference in polarity between
the two bonds) or to the stretching modes of the [Ti(0SiO;),] cluster (small
difference in the bond polarity) [52].
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The assignment to titanyl groups (III) would be consistent with the above evi-
dence coming from treatment with labeled water but not with the observed
features of the DRS UV-Vis spectrum of TS-1. In fact, a charge transfer (C.T.)
phenomenon involving a Ti=0 bond is expected to occur at 30000-35000 cm™!
[47]. Really, the only absorption observed in the electronic spectrum of pure and
anhydrous TS-1 (vacuum dried sample) is located at 48000-50000 cm~!, which
is consistent with a C.T. transition involving [TiO,] or [O;Ti-OH] moieties [47].
Extra-framework Ti species may be quantified by measuring the absorption
bands located at 42000 cm! (isolated hexa-coordinated Ti) and 30000-35000
cm™! (crystalline TiO, phases), with a limiting concentration of about 0.03 wt%.

Tetrahedral coordination of Ti is peculiar of anhydrous TS-1. When TS-1 is
exposed to H,0, NH; or CH;0H vapor [47] or immersed in H,O [52, 53], Ti
assumes hexa-coordination. The evidence comes from the electronic spectra,
showing the C.T.band shifted to 43000 cm™, as a consequence of the more ionic
character of hexa-coordinated Ti compared to the tetrahedrally coordinated Ti.

Both IR and DRS UV-Vis spectra of TS-1 are sensitive to H,0,. The 960 cm™!
band disappears in the spectrum of the yellow colored adduct formed by treat-
ing TS-1 with aqueous H,0, while being replaced by a weak shoulder in
the 900-1000 cm™ region [54, 55]. Upon thermal decomposition of the adduct,
the original absorption is almost completely recovered. An absorption at
26000 cm™! appears in the DRS UV-Vis spectrum for the H,0, adduct, while the
intensity of the original C.T. band decreases [53, 54]. The same band was ob-
served for (NH,),[Ti(O,)F;s] adsorbed on silicalite-1, confirming that the reac-
tion of H,0, with TS-1 leads to the formation of hydroperoxo species bonded to
framework Ti [53].

When the H,0, treatment is made in basic media, a light yellow (or white)
stable material is recovered, which was found to be an anionic peroxo derivative
stabilized by the presence of the alkali metal ion. The adduct does not display oxi-
dation properties, unless the pH of the suspension is brought to neutrality [55].

Tuel et al. performed an EPR investigation of TS-1, after reduction of Ti(IV)
to the paramagnetic Ti(III) [56], compared to a Ti(III)-exchanged H-ZSM-5. The
authors concluded that Ti exists in tetrahedral coordination in TS-1, completely
different from that in the exchanged sample, typical of Ti(III) in distorted octa-
hedral coordination. The same approach has been proposed as a qualitative tool
for discriminating between framework and extra-framework Ti species [52].

Important contributions come from the application of X-ray absorption
spectroscopy (EXAFS/XANES). Comparing the XANES spectra of dehydrated
TS-1 with those of several model compounds, Behrens et al. concluded that TS-
1 contains tetrahedral, square pyramidal and octahedral Ti, in the approximate
ratio 10:15:75 [57, 58]; the same authors did not exclude that at ambient con-
ditions all the Ti atoms assume the octahedral coordination [57]. However, these
results are affected by the poor quality of the TS-1 sample used, probably
containing the majority of the Ti in extra-framework positions, as indicated by
the reported value of the unit cell volume (lower than that of the pure silica
parent structure) [57, 58].

The quality of the material is fundamental for a reliable EXAFS analysis to be
performed. This was the main reason for the difficulties encountered by Schultz



200 G. Perego et al.

et al. in trying to fit the spectra of TS-1 samples synthesized both by direct and
secondary synthesis; as a matter of fact, the Ti-O bond length could be deter-
mined (dy; o=1.85 A) but not the coordination number [59].

More accurate EXAFS/XANES characterization on pure and well character-
ized TS-1 samples was recently performed independently by two research
groups [60-62].

The comparison between the XANES spectra of TS-1 and anatase allowed the
presence of octahedrally coordinated Ti to be excluded, at least in anhydrous
samples.

From the EXAFS spectra of dehydrated samples, indications were achieved
for a first coordination shell of Ti consisting of O atoms only, a Ti-O bond
distance (Ry;_o) of 1.80-1.81 A and a coordination number (Nv;_o) close to 4.
Both Ry;_g and Ny;_ were found to increase when the product was in the pre-
sence of H,0 or NH; as a consequence of the coordination of the polar mole-
cules to Ti, in agreement with the evidence from DRS UV-Vis data [61, 62].

An important result concerns the value of Ry;_g, which is in very good
agreement with the average Ti-O bond length observed in several four-co-
ordinated Ti compounds [60] and with that derived from the analysis of the
XRD data [46] (see above).

Based on a detailed analysis of the EXAFS spectra of TS-2 (see Section 3.2),
Trong On et al. proposed novel Ti site structures, involving tetrahedrally co-
ordinated Ti species sharing [SiO,] tetrahedra and forming bridges across the
zeolite channels (Fig. 8) [63, 64]. This should be considered a structural defect
rather than a real isomorphous substitution, since it involves a disruption of the
tectosilicate framework. According to the authors, such a site structure would
impose less strain to the framework while justifying the lower lattice expansion
observed for the Ti-rich TS-1 samples prepared according the procedure of
Thangaraj et al. [24-27] and Tuel and Ben Taarit [28] with respect to that
observed for the TS-1 samples prepared by the original recipe. However, the
existence of these Ti site structures was confuted by Pei et al. [60], the hypo-
thesis of Trong On et al. being based on an erroneous interpretation of EXAFS
spectra.

3.1.3
Theoretical Studies

In spite of the large interest in Ti-containing molecular sieves, the application of
theoretical methods to the problem of Ti siting (i.e., Ti site geometry and pre-
ferential substitution sites) has been made only recently. In fact, most of the
studies concerning MFI-type molecular sieves have concerned the aluminum-
containing parent structure (ZSM-5).

Jentys and Catlow applied defect energy minimization techniques to the
problem of Ti substitution in a monoclinic MFI-type framework [65]. The
conclusion was that no evidence exists for preferential substitution sites while
the minimized Ti-O bond distance, dy;_g, was found to be 1.77-1.78 A.1In the
same paper, the Ti site proposed by Trong On et al. [63, 64] (site I, Fig. 8) was
taken into account, optimizing the geometry by “ab initio” quantum mechani-
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Fig. 8. Ti site structures proposed by Trong On et al. [63, 64]

cal methods. The conclusion drawn by the authors is that framework incor-
poration is preferred over the formation of species with Ti in edge-sharing or
bridging position.

In another paper, an ab initio quantum mechanical approach was followed
[66]. The Local Density Functional (LDF) calculations, performed on open
pentameric [T(OSiO;H;),] clusters (T=Si or Ti) with the geometry derived
from the crystal structure of orthorhombic MFI zeolite [67], gave the following
results:

1. The minimum energy of the Ti-clusters corresponds to a dy_o of 1.80 A,
in agreement with the corresponding value derived experimentally (see
Section 3.2)

2. No preferential substitution sites exist for Ti, in agreement with the conclu-
sions of Jentys and Catlow [65].

Finally, molecular dynamics calculations were performed by Oumi et al. in order
to obtain information about the anisotropic lattice expansion experimentally
observed for TS-1 [68]. Using a simple two-body interatomic potential, they pre-
dicted an equilibrium dy;_o of 1.85 A, slightly higher than that observed both
experimentally and theoretically. Comparing the effect of Ti substitution on the
lattice expansion over the twelve independent T-sites, the authors concluded
that T8 is the most probable site for Ti incorporation.

3.2
Synthesis and Characterization of Other Titanium-Containing Molecular Sieves

The early reports on this topic appeared in the patent literature for titanium-
containing MOR, SOD and MTW. However, the claims were not supported by
clear evidence about the structural features of titanium [69].
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Incorporation of titanium in the framework of silicalite-2 (all-silica ZSM-11,
MEL) received much attention, due to the close similarity between the struc-
tures of silicalite-1 and -2 [70-72]. In fact, Perego et al. demonstrated that the
framework of a boron-substituted ZSM-11 (BOR-D [73]) does not have the MEL
topology but is really formed by a stacking sequence of inversion-center-related
layers (typical of the MFI topology) interrupted by stacking faults corres-
ponding to mirror-related layers (typical of the MEL topology) [71]. The struc-
tural model adopted, based on a random occurrence of stacking faults with a
25% probability, accounts well for the features present in the XRD pattern of
BOR-D, silicalite-2 and ZSM-11.

The synthesis of titanium-silicalite-2 (TS-2) was firstly claimed by Bellussi
et al. by using tetrabutylammonium hydroxide (TBAOH) as a structure-direct-
ing agent [74]. Subsequently, Reddy et al. [75, 76] adopted the procedure devel-
oped by Thangaraj et al. for the synthesis of TS-1[24-26]; the authors claim the
possibility to synthesize TS-2 with a wide range of SiO,/TiO, molar ratio (17 - o)
with a maximum of 4 Ti atoms per unit cell in the solid [76]. As for TS-1, the pre-
sence of alkali metal ions in the synthesis mixture favors the formation of extra-
framework titanium species.

Tetrabutylammonium hydroxide seems to be the only template agent able to
form TS-2. Other organic molecules, such as 1,8-diaminooctane and trimethyl-
benzylammonium hydroxide, which are known to behave as structure-directing
agents for the aluminum-analog (ZSM-11), are unable to promote the formation
of TS-2 [76].

A family of titanium-containing molecular sieves with pentasil-type frame-
work structures is represented by titanium-silicalite-3 (TS-3) [74], characterized
by a framework topology similar to that of TS-2 but with a different degree of
stacking faults. In fact, as found by Perego et al. for the boron-substituted
MFI/MEL molecular sieves, the frequency of stacking faults may be controlled
by choosing the appropriate pair of tetraalkylammonium ions (e.g.,
TMAOH/TPAOH, TMAOH/TBAOH, TEAOH/TBAOH) [72].

In 1992, Serrano et al. [77] reported the synthesis of the titanium derivative of
ZSM-48 starting from a gel containing diaminooctane as a structure directing
agent and peroxytitanates and fumed silica as titania and silica sources, respec-
tively. The minimum Si/Ti molar ratio reported was 26.1 (x=0.037), without
formation of extra-framework titanium species [77]. A recent contribution con-
cerning Ti-ZSM-48 confutes the above data, indicating the upper limit of
x=0.015 [78]. This limit was tentatively attributed to the inefficient reaction
between fumed silica and peroxotitanate, as the latter undergoes hydrolysis
upon addition of the diaminooctane solution. Hexamethonium hydroxide was
also used as a structure-directing agent for the synthesis of Ti-ZSM-48, with
TBOT and TEOS as titania and silica sources, respectively. The Ti incorpora-
tion seems to be more difficult compared to the former method since in a
sample containing 1 wt.-% titanium (x=0.007) extra-framework TiO, was de-
tected [79].

The incorporation of 1.5 titanium atoms per unit cell (x=0.031, the highest
value ever reported for Ti-ZSM-48), without formation of extra-framework
species, was obtained in a synthesis procedure recently developed, involving the
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use of trimethylpropylammonium hydroxide (TMPAOH) [80]. The materials
synthesized according to this procedure showed remarkable catalytic activity in
the oxidation of ethanol with H,0,, while those prepared according the original
recipe did not show any activity in the hydroxylation of phenol [78].

The paragraphs above describe the synthesis of medium pore molecular
sieves. Many attempts have been made also to synthesize large pore molecular
sieves (ring openings with twelve or more members).

Titanium-Beta was synthesized by Camblor et al. using the “dissolved titanium”
method without addition of H,0, [81-83]. It is worthy to note that such a mole-
cular sieve can be crystallized only in the presence of aluminum so that it is
really a ternary [Si,Al,Ti] compound. Lowering the concentration of aluminum
in the reaction gel results in an increasing titanium content in the solid, the
upper limit corresponding to 2.4 Ti per unit cell (x=0.038) with a minimum
aluminum content of 0.74 Al per unit cell (x=0.011) [82]. Again, the presence of
alkali metal ions in the synthesis gel favors the precipitation of amorphous
titanosilicate species,hampering Ti incorporation. Ti-Beta is an efficient catalyst
in the oxidation of large organic molecules with H,0, [82, 83].

The large pore Ti-ZSM-12 (or TS-12) has been recently prepared by Tuel by
adopting a procedure based on the mixed alkoxide method [84]. TEOS and
TBOT were used as silica and titania sources, respectively, while the template
agent was hexamethylene bis(diethylmethylammonium hydroxide). The in-
corporation of Ti was limited to 0.45 Ti per unit cell (x=0.016) [84].

The hydrothermal synthesis of the naturally occurring minerals Zorite and
Vinogradovite was firstly reported by Chapman and Roe [85]. Pure Zorite-like
materials can be prepared by heating a hydroalcoholic gel containing TEOT,
Ludox, NaOH and, eventually, NaH,PO,- H,0 to 200 °C. The framework topology
of this material originates from vertex-sharing [SiO,] tetrahedra and [TiOg4] octa-
hedra. Eight-membered ring channels, formed by tetrahedra only, run along [010],
while twelve-membered ones, formed by eight tetrahedra and four octahedra, run
along [001]. Vinogradovite was obtained together with ANA by using
Na,AlLO,- 3H,0 instead of NaH,PO,- H,0. The structure is composed of pyroxene
chains joined to edge-sharing Ti octahedra that form brookite columns. These
polyhedra define one-dimensional, 4 A channels that contain zeolitic water.

3.3
Titanium-Containing Molecular Sieves by Secondary Synthesis

This route of synthesis consists of treating a properly selected molecular sieve
with a volatile or soluble compound of the element to be inserted into frame-
work sites. A well known application of this method concerns the partial replace-
ment of aluminum by silicon in FAU-type zeolites [86, 87].

In the case of titanium, this route has been attempted for the framework types
listed in Table 5, using aqueous solution of (NH,),TiF, [88] or TiCl, vapor
[89-91] as titania source. When the microporous precursor is contacted with
aqueous (NH,),TiFs at 75-95°C, a partial dealumination of the framework
occurs accompanied by deposition of a large amount of titanium. However, no
clear evidence supporting true incorporation of Ti is given [54, 88].
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Table 5. Ti-containing molecular sieves prepared by secondary synthesis

Precursor Si0,/AL,0;* Pretreatment Ti salt Si0,/Al,0;® Si0,/TiO,® Ref.
FAU 5.08 NHj form  (NH,),TiF,  7.55 7.76 [88]
MAZ 6.62 NH; form  (NH,),TiF,  8.82 8.04 (88]
LTL 5.8 NH}form  (NH,),TiF,  7.36 12.74 (88]
PHI 3.77 NHfform  (NH,),TiF, 6 4.88 [88]
MFI 30.82 NH} form  (NH,),TiF, 5834 13.22 (88]
MEFI 46.49 - (NH,),TiF,  62.2 90 (88]
MFI 50 dealum. TiCl, 2000 ca. 80 [89]
MFI 25 - TiCl, 25 36 [90]
FAU not given H* form TiCl, notgiven  notgiven  [90]
Beta not given H* form TiCl, notgiven  notgiven  [90]
MEFI 73¢ - TiCl, 86¢ 40 [91]
MFI 73¢ - TiCl, 99¢ 27 [91]
MFI 50 dealum. TiCl, notgiven  notgiven  [54]
MFI 50 - (NH,),TiF notgiven  notgiven  [54]
silicalite-1 ) - TiCl, (gas) ) 200-660 [92]
silicalite-1 ) - TiCl, (lig.) ) 120-150 [92]

2 Composition of zeolite precursor, molar ratio.
b Molar ratio after treatment with the titanium salt.
¢ §i0,/B,05 molar ratio.

The use of TiCl, vapor at 200-500 °C seems to be more efficient [54, 89-92].
When dealumination pretreatment is performed on the precursor, usually by
acid leaching, structural defects are created in which Ti incorporation pre-
sumably takes place. When no pretreatment is made, the reaction with TiCl,
does not lead to reduction of the aluminum content [90]; if any substitution
occurs, extra-framework aluminum oxide species are presumably formed.
Evidence of partial incorporation of titanium come from the presence of the
typical 960 cm™ IR absorption.

The synthesis of Ti-containing MFI was attempted starting from the borosili-
cate analog (BOR-C [91]). The reaction was followed at different contact times
and the product analyzed by IR and XPS. Boron is partially replaced by titanium
in the early stage of reaction, as monitored by the 960 cm™ IR band and the
Ti(2p) signal typically observed in TS-1 samples prepared by the direct proce-
dure. Increasing the contact time, a second Ti(2p) signal, typical of titanium
oxide species, starts to appear. The explanation given is that only boron atoms
located near the crystal surface are substituted, due to the steric hindrance of
TiCl,; the excess TiCl, reacts with the surface silanol groups producing extra-
framework titanium oxide [91].

More recently, Kooyman et al. tried to react pure silica MFI (silicalite-1) with
TiCl, both in the gas and in liquid phase [92]. Incorporation of Ti was expected
to occur in the structural defects formed during the fast crystallization method
used for synthesizing the precursor. Apparently, the attempt was unsuccessful,
the titanium having been found to segregate as TiO, on the crystal surface.
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4
Vanadium-Containing Molecular Sieves

In the previous section, we have examined in detail the large number of papers
dealing with the synthesis and characterization of Ti-containing molecular
sieves, which give an idea of the importance of such materials. However, from the
practical point of view, Ti is only one of the elements which promote oxidative
catalytic properties. Among them, vanadium is surely one of the most impor-
tant: vanadium oxide supported on several oxidic matrices (e.g., SiO,, TiO,,
Al,0;, P,0;) is in fact an active catalyst for selective oxidations and ammoxida-
tion of organic compounds [93-96]. Furthermore, V displays notable catalytic
properties in oxidation reactions involving H,0,, making it similar to Ti. This
prompted a number of studies on the possibility to incorporate V into the
framework of microporous materials such as MFI, MFI/MEL and more recently
ZSM-48 and NCL-1.In the following, the synthesis and characterization of these
materials will be discussed.

4.1
Synthesis

4141
Pentasil-Type Vanadosilicates

As for Ti-containing molecular sieves, the incorporation of V has been mainly
attempted in pentasil-type frameworks (MFI and MFI/MEL), while little in-
formation is available about the possibility to synthesize vanadosilicates with
the framework topology of other zeolites. Table 6 summarizes the data reported
in the literature. Hydrothermal synthesis is the route used in most cases.

Inui et al. used a “rapid crystallization method”, which produces crystals of a
uniform size [98]. This method makes use of a gel precipitated from a solution
containing the vanadium and silica (water glass) sources, the organic template
agent and NaCl. After centrifugation and milling, the gel is mixed with a solution
containing the same starting materials (decant-solution) and the mixture is hea-
ted in an autoclave to 210°C, in a N, atmosphere [99, 100]. The aluminum found
in the crystallized products (Si/Al=106-132,i.e.,0.7-0.9 Al atoms per unit cell)
presumably comes from water glass [100]. The type of V source affects the extent
of heteroatom incorporation as well as the morphological and catalytic pro-
perties of the products [99]. No incorporation occurs when NH,VO; is used,
probably because of the low interaction between vanadate ions and the silica
gel. Starting from V(acac);, V-MFI with high crystallinity, uniform crystal size,
high BET surface area and high catalytic activity was obtained [99].

Following a more simple hydrothermal procedure, Kornatowski et al. were
able to incorporate up to ca. 1 wt.-% of V into the MFI framework starting from
vanadates of alkali metals [101]. EPR analysis indicated that most of the vana-
dium is highly dispersed in the framework as distorted fourfold coordinated
V*, the remainder forming clustered extra-framework V** species [101]. After
calcination in air, the signal attributed to isolated V** species vanished due to
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Table 6. Synthesis of V-containing molecular sieves

Entry Vsource Reactant Gel Products Ref.
template
agent® Si/vP Na*/V®  Si/vb Si/AI®  Cryst.
phase

1 vCl, HMDA 53 0.5 63 120  MFI [97]

2 VCl, TPA-Br n.g.c n.g.c 178 132 MFI [99]

3 V(acac); TPA-Br 90 n.g.c 176 119 MFI [99]

4 VOSO, TPA-Br n.g.c n.g.c 174 123 MFI [99]

5 VO(C,0,) TPA-Br n.g.c n.g.c 246 107 MFI [99]

6 NH,VO;  TPA-Br 90 n.g.c - 106 MFI [99]

7 M*VO, TPA-OH n.g.© n.g.c 85 - MFI [101]

8 NH,VO, TPA-Br 40 1.0f 152 - MFI [102]

9 Various® TPA-OH 15 4 n.g. - MFI [103]
10 VCl, HMDA n.g.c n.g.c 21.7 198 MFI¢ [104]
11 VCl, TPA-OH 31 - 50 - MFI [105]
12 VCl, TPA-OH 31 0.3 28 - MFI4 [105]
13 VOSO, TPA-OH 50 -€ 98 770 MFI [106]
14  VO(C,0,) TPA-Br 5 0.5 2 - MFI [107]
15 VCL TPA-OH 15 - 58 - MFI [108]
16 VCl, TPA-OH 15 - 118 - MFI [108]
17 VCl TBA-OH n.g.© n.g.c 30.8 669  MFI/MELY [104]
18 VOSO, TBA-OH  20-160 - 41-300 - MFI/MEL  [109]
19 VCl, TBA-OH 40 - 68 - MFI/MEL  [109]
20  NH,VO, TBA-OH 40 - 182 - MFI/MEL  [109]
21 VCl HMDA  n.g© n.g.c 21.6 455  ZSM-48¢  [104]
22 VOSO, DAO 30-100 - 59-191 - ZSM-48 [110]
23 VOSO, HMTA 48-175 7-30 150-400 - NCL-1 [111]

2 HDMA =hexamethylenediamine; TPA =tetrapropylammonium;

TBA =tetrabutylammonium; DAO =1,8-diaminooctane; HMTA =hexamethylenebis
(triethylammonium bromide).

Molar ratios.

¢ Not given.

4 Collapse to crystobalite upon calcination at 550 °C in air.

¢ NH; (0.11 eq) was used.

M*=NH{; synthesis run in the presence of fluoride ions, pH=7.9.

V sources: NaVO3, V,05, NH,VO;, VO(isopropylate);, VO(acetylacetonate),, VOSO,.
The V content is given in wt % relative to the total mass of the as-prepared samples.

I

oxidation to non-paramagnetic V>*. On the contrary, the clustered V** species
remain unchanged.

Similar results were obtained by Hong et al. for the hydrothermal synthesis of
V-MFI at pH below 8 and in the presence of NH,F [102]. In contrast to the
results reported in [99], NH,VO; allows a greater extent of V incorporation than
VOSO,-5H,0 (Si/V =152 and 326, respectively). Also in this case, the hyperfine
structure observed in the EPR spectra of as-synthesized materials agrees with
atomically dispersed V**. Furthermore, when the sample synthesized with
ammonium vanadate is oxidized in air, only a broad signal attributed to un-
dispersed V** species appeared, while the original features were restored after
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reduction in H, at 450°C [102]. Higher V content was observed in V-MFI pre-
pared with VO(isopropylate); [103].

Generally, V-containing molecular sieves are thermally stable. However,
V-containing MFI, MFI/MEL and ZSM-48 prepared with VCl; are reported to
collapse to cristobalite upon calcination in air at 550 °C, but not in an atmos-
phere of H, [104]. The explanation that the structural collapse is due to oxida-
tion of the atomically dispersed V3* to V** is not convincing since the presence
of air during the synthesis probably induces the oxidation of V** even before the
hydrothermal treatment. More convincing is the hypothesis made by Bellussi
et al. that the thermal stability of these materials in oxidative conditions is
strongly affected by the presence of sodium [105]. In fact, thermally stable
V-MFI was crystallized from alkali-free gels, though the V atoms were found to
be easily removable from the framework by simple mild treatments with
aqueous ammonium acetate solutions. When running the synthesis in the pre-
sence of NaOH, MFI was formed together with an amorphous or an unidentified
crystalline phase and the calcination in air caused the structure to collapse to
cristobalite [105].

Rigutto and van Bekkum demonstrated that in the absence of alkali and in a
N, atmosphere, VOSO,-5H,0 is an effective source for obtaining materials
which are stable upon thermal and chemical treatment (V atoms are only par-
tially removed from the framework upon ion exchange) [106]. The latter be-
havior is in contrast with that reported by Bellussi et al., who observed an
increase of the Si/V ratio from 110 to 760 after six exchange treatments [105].

Few successful results were claimed for other V-containing molecular sieves.
The synthesis of the V-analog of ZSM-11 (V-MFI/MEL) was firstly reported by
Habersberger et al., by using TBAOH, silica sol, VCl; and NaOH [104]. Similarly
to V-MF]J, the presence of Na* and the use of VCI; led to thermally labile materi-
als collapsing to cristobalite upon calcination in air. Thermally stable V-MFI/
MEL samples (named VS-2) were prepared in the absence of alkali starting from
VOSO,:5H,0 [109]. Syntheses were performed with a wide range of Si/V ratio
in the reaction gel (20-160), reaching a 50% incorporation efficiency
(41<Si/V<300) [109b]. The Si/V ratio was affected only marginally by
treatments with ammonium acetate [109b]. On the contrary, extensive re-
moval of V was observed after steam treatment at 873 K in a flow of 100%
H,0 [109a].

4.1.2
Other Vanadium-Containing Molecular Sieves

Habersberger et al. reported for the first time the synthesis of V-ZSM-48 with
hexamethylene diamine as a structure directing agent, VCl; and NaOH. The
product was found to collapse to cristobalite upon calcination in air at 550 °C [104].

More recently, Tuel and Ben Taarit claimed the synthesis of V-ZSM-48, by
heating a gel containing fumed silica, VOSO,-5H,0 and 1,8-diaminooctane
[110] to 180°C. Starting from a Si/V ratio in the range 30-100, ca. 50 % of V was
retained in the crystallized products, with a maximum of 0.8 V atoms per unit
cell (Si/V=59).
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Reddy et al. reported the synthesis of V-containing NCL-1 from a gel con-
taining fumed silica, NaOH, vanadyl sulfate and hexamethylene bis (triethyl-
ammonium bromide). Incorporation of V is rather limited, the lowest Si/V ratio
obtained being 150 [111]. Though the structure of NCL-1 is still unknown,
adsorption and diffusivity experiments indicate a pore size close to that of mor-
denite (ca.7 A) [112]. Therefore, V-NCL-1 would represent the unique example
of V incorporation in a large pore molecular sieve.

By adopting a hydrothermal digestion of vanadium-alumino-silica glasses in
basic solutions at 120 °C, Dubanska claimed the possibility to synthesize a num-
ber of V-molecular sieves including NU-15, ANA, LTA, KF, SOD [113]. However,
no conclusive evidence supporting true incorporation of the heteroatoms was
given.

4.2
Vanadium-Containing Molecular Sieves by Secondary Synthesis

Three different routes were attempted:

1. Ton-exchange of FAU-type zeolites with aqueous solutions of VO?* salts,
followed by partial dehydration under vacuum [114, 115]

2. High temperature (>300°C) solid-state reaction of zeolites with V,0; in air
or N, [116-120]

3. Reaction of zeolites with VOCIl, in gas phase at 520-570°C [121, 122]

No incorporation of V was achieved by using method 1, with the VO?* ions
located in extra-framework sites coordinated to framework oxygen atoms.

A cation migration from V,0; to strong acid sites to give isolated V** species
was observed in H-ZSM-5 [116-119] and in H-Y zeolites [120] by high tem-
perature solid-state reaction with V,05. However, negligible framework incor-
poration was detected.

When method 3 was used on MFI-type zeolites, isolated V** species were formed
in both framework and extra-framework positions [121, 122]. Incorporation occur-
red at the defective sites formed upon partial dealumination of the framework,
while the extra-framework V** ions replaced H* as counterions of Al sites.

4.3
Structure Characterization

The chemistry of V is rather complex because of the existence of three stable oxi-
dation states, depending on the synthesis procedure adopted as well as on the
post-synthesis treatments. Most of the V-containing molecular sieves described
in the literature contain V** and/or V>* species, and only few V** ions. Several
authors pointed out that the V4" — V>* transition, taking place upon calcination
in air, is reversible when the sample is calcined in a reducing atmosphere (H,)
[99,102,106-108,110].

Similarly to Ti-containing molecular sieves (Sect. 3.2), incorporation of V is
supported by spectroscopic and structural evidence. In calcined samples, a band
located at ca. 960 cm™ was observed in the IR region, not present in the silica
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parent structures [101, 105, 109-111]. This absorption, present also in Ti-con-
taining analogs, was attributed to the asymmetric stretching vibration of V-O-Si
bonds. Its intensity was found to be linearly correlated with the V content both
in VS-2 [109] and in V-ZSM-48 [111].

Again, a linear dependence of the unit cell volume with the V-content was
observed for both VS-2 [109] and V-ZSM-48 [111], while no data are available on
V-MFI.

Electron spin resonance and °'V-NMR are generally used for deriving
information about the dispersion and coordination of V** and V>* species,
respectively. The ESR spectra of V**-containing molecular sieves generally show
the anisotropic hyperfine splitting originating from the nuclear spin of >'V
(I=7/2, natural abundance 99.8%). Such a feature is assumed to be typical of
atomically dispersed V** species within the framework [123].In some cases, this
pattern is superimposed to a broad singlet, attributed to agglomerated extra-
framework V** species. Information about geometry and local symmetry of
atomically dispersed V4" atoms can be obtained from the values of g tensors and
hyperfine coupling constants (Table 7). Though the reported values of g tensors
and A parameters indicate that both local symmetry and covalent character
slightly change from one sample to another, the authors generally agree that
isolated V** species exist in more or less distorted C,, or Dy, symmetry, the T
symmetry having been observed in few cases [103, 108]. Kornatowski et al.
reported that in as-prepared V-MFI framework V is present as V4* and V>* with

Table 7. ESR parameters of V**-containing molecular sieves

Entry? Treat- g g Ay A, Local Ref.
ment® symmetry©
2 H, 1.927 1.994 191 89 - [99]
4 H, 1.957 2.015 196 91 - [99]
7 a.s. 1.939 1.961 192.5 87.8 dist. s. pl. [101]
8 a.s. 1.939 1.998 184 77 - [102]
8 H, 1.925 1.997 189 84 - [102]
11 a.s. 1.95 2.00 191 55 dist. s. plL. [105]
12 a.s. 1.93 1.97 191 89 dist. s. plL. [105]
13 a.s. 1.935 1.994 183 69 s.py. [106]
13 H, 1.935 1.996 179 65 S.py. [106]
14 a.s. 1.949 1.99 185 72.5 dist. s.pl. [107]
15 air 203 80 octahedral [108]
164 H, 1.9117 1.9625 154 68 tetrahedral [108]
164 air 1.9355 1.9827 203 80 octahedral [108]
18 a.s. 1.932 1.981 185 72 dist. oct. [109]
18 H, 1.933 1.972 185 71 dist. s.py. [109]
22 a.s. 1.936 1.99 188 70 dist. oct. [110]
23 a.s. 1.929 1.973 197 72 - [111]

2 See Table 6.

b a.s.=as synthesized; air = calcined in air; H, = calcined in H,.
¢ Proposed coordination of the V species.

4 Data collected at 77 K.
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different coordinations, the former assuming the tetrahedral or square pyrami-
dal one, depending on the arrangement of OH groups within the coordination
polyhedra (Fig. 9) [103]. After calcination in air, V** is fully oxidized to V°* pre-
serving the tetrahedral and square pyramidal coordination. Upon adsorption of
water, the formation of strongly distorted octahedral coordination has been
postulated.

The local symmetry of V°* was investigated by >V NMR, taking advantage of
the large amount of data available for model compounds (e.g., Na;VO, and V,05
containing V in distorted tetrahedral and octahedral coordination, respectively).
There is a general consensus about the tetrahedral coordination of V>* (Table 8),
though differences exist in peak symmetry, chemical shift and side bands, pro-
bably related to slight variations of the local symmetry.

Based on experimental evidence, the structures drawn in Fig. 10 were pro-
posed for V framework sites (“framework satellite”). None of these structures
represents a real isomorphous substitution of Si. Though the mechanism of
formation has not yet been clarified, it is probable that these species are related
to framework defects, which are known to exist in the crystallized molecular
sieves [124-127]. Internal silanol groups are supposed to form through a rever-
sible hydrolysis of Si-O-Si bonds [124] or to originate from a Si vacancy with a
nest of four Si-OH clustered around it [126 -128]. The latter situation accounts
well for Al incorporation by secondary synthesis [128]. According to Zecchina
et al. defects in silicalite-1 arise from one or more missing [SiO,] tetrahedra,
producing nanodefects or microcavities within the structure [129, 130]. The
presence of single missing [SiO,] seems to be questionable because of the high
steric hindrance of four adjacent H atoms, while the hypothesis of a few adjacent
missing [SiO,] units accounts well for the sorption and IR data [131].

Table 8. °'V NMR data for V-containing molecular sieves

Entry?® Treatment® S(ppm) 8o (ppm) Local symmetry* Ref.
7 air - -557 tetrahedral [101]
11 a.s. - -576 tetrahedral [105]
12 air - -385 octahedral [105]
13 air -500 - tetrahedral [106]
14 a.s. - -672/-680 tetrahedral [107]
15 air -480 - tetrahedral [108]
18 air - -573 tetrahedral [109]
22 air -530 -575 tetrahedral [110]

2 See Table 6.
bas. = as-synthesized; air = calcined in air.
¢ Proposed coordination of the V species.
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Fig. 10. V site structures proposed by Rigutto et al. [106] (a, b) and by Centi et al. [108] (c)

5
Iron-Containing Molecular Sieves

Incorporation of Fe into zeolite frameworks has been investigated both for bet-
ter understanding the status of the trace amounts of ferric ions always present
in natural zeolites and for synthesizing materials potentially useful for novel
catalytic applications. Based on ionic radii, one should predict the incorporation
to be rather difficult, Fe** (r=0.63 A) being favored with respect to Fe?*
(r=0.77 A). Nevertheless, isomorphous substitution of Al by Fe is known to
occur both in natural [132] and in synthetic molecular sieves [133]. The first
ferrisilicate reported in the literature (MFeSi,O4, M=K, Rb, Cs), isostructural
with leucite, was prepared by solid-state reaction at 1300-1650 °C starting from
a mixture of M,CO;, Fe,0; and SiO, [134]. Subsequently, the preparation of
Fe-containing molecular sieves was attempted adopting the classical hydro-
thermal procedure, with successful results achieved for a large number of medi-
um- and large-pore frameworks [133].

5.1
Synthesis

As for Ti- and V-containing molecular sieves, the synthesis conditions must
assure the suppression of the polymerization/precipitation reactions of iron
oxide/hydroxide species. Though the aquo-chemistry of Fe’* is well documen-
ted (see [133] and references therein), little information is available on the be-
havior of Fe sources in the presence of silica, particularly under the hydrother-
mal conditions necessary for the crystallization of molecular sieves. Monomeric
octahedral aquo-hydroxocomplexes of iron are stable only at pH < 2. At higher
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pH values, these species tend to undergo polymerization and finally to pre-
cipitate; to avoid this, Fe** must be complexed with chelating agents (e.g., oxalic,
citric, tartaric acids, EDTA). Strong evidence exists supporting the interaction
of Fe** with silicic acid in dilute aqueous solutions [135, 136]. The mono-
meric species formed, FeSiO(OH) %", are relatively stable in dilute solutions but
they may undergo polymerization when the concentration of Fe** exceeds
5% 107 mol 1-!. Iron was also found to strongly interact with partially poly-
merized silica at pH>2 [137].

Though the above observations refer to conditions very far from those typi-
cally used in zeolite syntheses, they were useful for driving successful crystal-
lization of Fe**-containing silica frameworks, the most representative being
reported in Table 9. All the synthesis procedures involve the addition of a mono-
meric or oligomeric silica source to an acidic solution of Fe** (sulfate, nitrate or
chloride). After the ferrisilicate complexes are formed, the organic template is
added and the pH adjusted to the desired value before the hydrothermal treat-
ment. When a template agent able to form a strong complex with Fe** (e.g.,
amines, pyridine) is required, it must be added after the ferrisilicate complexes
are formed, otherwise the Fe incorporation is severely limited [139]. The best
incorporation efficiency was obtained working with oligomeric silica sources
(sodium silicate, N-brand-silicate from The PQ Corp.), while highly polymer-
ized silicas (e.g., Ludox, Cab-O-Sil) were unable to complex all the Fe** ions, with
the consequent precipitation of iron hydroxides [139]. Use of the latter silica
sources requires their previous prolonged digestion in NaOH to decrease their
degree of polymerization. In any case, the use of TEOS is preferred since the
other silica sources generally contain non-negligible amounts of aluminum
impurities. The source of Fe** is commonly chosen from the soluble salts (nitrate,
sulfate or chloride, Table 9), without any influence of the anion type on the cha-
racteristics of the final products.

5.1.1
Pentasil-Type Ferrisilicates

Most of the literature on this topic deals with the MFI structure [138-151]. Ball
et al. [140] compared the synthesis of Al- and Fe-MFI making use of colloidal
silica (Ludox): crystallization of Al-MFI is faster while both crystallinity and
crystal size decrease with increasing iron content. By following the EPR signal at
g=4.3 (corresponding to Fe’* in tetrahedral coordination, see Sect. 5.2) the
authors observed an increase of Fe incorporation within the first 24 hours,
followed by a reduction due to a secondary nucleation of silicalite-1. Kotasthane
et al. compared the crystallization kinetics of Al- and Fe-MFI starting from
sodium silicate and triethylbutylammonium bromide (TEBABr) as structure-
directing agent [144]. The apparent activation energies for nucleation (E;) and
crystallization (E.) were evaluated, and the crystallization data fitted to the
Avrami-Erofeev equation, which allowed them to conclude that the rates of
nucleation and crystal growth are lower when AI** is replaced by Fe**. When the
synthesis of Fe-MFI was run with TEOS [151], the amount of Fe in the solid, the
degree of crystallinity and the Fe** ESR signal intensity were found to increase



Table 9. Typical syntheses of ferrisilicate molecular sieves

Entry Template agent®*  SiO, source Fe’* source M Al Cryst. phase Ref.
1 TPABr Na-silicate sulfate - traces MFI [138]
2 TPABr N-brand silicate nitrate - - MFI [139]
3 TPAOH/Br Ludox/Na-silicate nitrate NaOH traces MFI [140]
4 TPABr Na-silicate sulfate - traces MFI [141]
5 TPABr Aerosil nitrate K,CO; traces MFI [142]
6 HMDA waterglass sulfate - traces MFI [143]
7 TEBABr Na-silicate sulfate - traces MFI [144]
8 N(C,Hs); silica sol chloride NaOH yes MFI [145]
9 n-C;H,NH, Na-silicate sulfate - - MFI [146]
10 TPABr/NH,F TEOS/Aerosil chloride - - MFI [147]
11 TPABr waterglass/Cataloid chloride NaOH traces MFI [149]
12 TEBABr Na-silicate oxalate - - MFI [150]
13 TPAOH TEOS nitrate - - MFI [151]
14 DAO/TBAOH TEOS nitrate NaOH - MFI/MEL [152]
15 Pyrrolidine fumed silica nitrate NaOH - MTT [157]
16 TEAOH TEOS sulfate NaOH - BETA [160]
17 TEAOH fumed silica oxalate Na/KOH - BETA [150]
18 EP-Br Na-silicate nitrate - traces TON [155]
19 EP-Br silica sol sulfate KOH traces TON [156]
20 TEABr fumed silica nitrate NaOH - MOR [162]
21 TMACI Na-silicate nitrate - - SOD [153]
22 Diquat-6 Na-silicate nitrate - traces EUO [158]
23 Diquat-6 TEOS nitrate NaOH - ZSM-48 [133]
24 EN-TEAm Na-Al-silicate chloride - yes ZSM-48 [159]
25 MTEABr Na-silicate nitrate - - MTW [133]
26 TMAOH TEOS nitrate NaOH - NU-1 [154]

4 TMA =trimethylammonium; TEA = tetraethylammonium; TPA =tetrapropylammonium; TBA =tetrabutylammonium; HMDA =hexamethylendiamine;
TEBA =triethylbutylammonium; DAO=1,8-diaminooctane; Diquat-6=1,6-hexamethonium dibromide; EN=ethylendiamine; TEAm =triethylamine;
MTEA =methyltriethylammonium; EP = 1-ethyl-piridinium.

4Y4
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as a function of time in the same manner up to about 60 hours of crystallization.
No secondary nucleation was observed, but only part of the Fe** was effectively
incorporated into the silica framework.

Iron-MFI can be synthesized also in the presence of NH,F (Si/F=2) by using
a ferrisilicate xerogel prepared by refluxing TEOS with a ferric chloride solution
or Aerosil and FeCl;- 6H,0, obtaining large and often twinned crystals [147,
148]. A homogeneous distribution of Fe was found by EDS analysis in samples
prepared from ferrisilicate xerogel, while those prepared from Aerosil showed
an iron-rich core (Si/Fe ca. 30) and a silicon-rich outer shell (Si/Fe>10,000).
These characteristics probably derive from the different iron distribution in the
starting materials: homogeneous in the ferrisilicate xerogel and concentrated on
the silica surface in Aerosil.

Using the so-called rapid crystallization method [98], Fe-MFI was prepared,
with almost all the Fe** in tetrahedral coordination (i.e., incorporated in the MFI
framework) and an iron content up to 3.2 wt.-% (as Fe,0;) [149].

An interesting method was recently proposed by Kumar et al., useful for
promoting the incorporation of those metal ions which form insoluble hydro-
xide/ oxides in basic media (e.g., Ti, Fe) [150]. The method is based on the use
of suitable complexing agent (such as acetylacetone or oxalic acid) forming
fairly stable complexes which slowly release the metal ions during the hydro-
thermal treatment. This method was successfully applied in the synthesis
of Fe-MFI and Fe-Beta (with Fe-oxalate) as well as of TS-1 (with Ti-acetyl-
acetonate).

The successful incorporation of Fe** into the MFI/MEL intergrowth struc-
ture, to give the ferrisilicate analogs of ZSM-11, was reported by Reddy et al.
[152]. Samples with a Si/Fe ratio of ca. 20 were synthesized by using 1,8-di-
aminooctane (DAO) or TBAOH, TEOS and ferric nitrate.

5.1.2
Other Ferrisilicate Molecular Sieves

The synthesis of several other ferrisilicate molecular sieves have been reported
(Table 9). The procedures followed by the various authors were generally derived
from those reported for the aluminosilicate analogs.

Iron-SOD was synthesized with a wide range of iron concentrations
(Si0,/Fe,0; as low as 7) by Szostak and Thomas, starting from a gel containing
sodium silicate, iron nitrate and TMACI as structure directing agent [153].It was
shown that the rate of crystallization of Fe-SOD decreases with increasing iron
concentration.

In the synthesis of Fe-NU-1, the precipitation of iron hydroxide was pre-
vented by dissolving ferric nitrate in ethyl alcohol and by adding this solution
to TEOS [154]. However, the reproducibility of the synthesis was poor, since
SOD and MTN were often obtained as by-products.

Borade et al. were the first to report the synthesis of Fe-ZSM-22 (TON) with
Si/Fe=43.4, by using 1-ethyl-pyridinium bromide (EP-Br) as organic template
[155]. Most of the iron was incorporated into the lattice, while small amounts of
extra-framework iron oxide were detected by XPS. The acidic strength of the
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framework hydroxyls was found to be in the order: Al-ZSM-22 > Fe-ZSM-22 >
Al-ZSM-5. More recently, Singh reported that Fe-ZSM-22 can be prepared with
a Si/Fe ratio as low as 39 [156].

A ferrisilicate analog of the medium pore zeolite ZSM-23 (MTT) was synthe-
sized by using fumed silica, ferric nitrate, sodium hydroxide and pyrrolidine
[157]. The ferrisilicate with SiO,/Fe,0;=118 and substantially aluminum-free,
displayed significant ion exchange capacity (K/Fe=0.9) and catalytic activity in
the m-xylene isomerization reaction, though the low strength of acid sites was
responsible of the lower activity with respect to the aluminosilicate analog.

Two different ferrisilicates were synthesized by using 1,6-hexamethonium
dibromide (Diquat-6): Fe-EUO [158] and Fe-ZSM-48 [133]. The former is par-
ticularly interesting in view of a possible use as a catalyst, because, due to its
peculiar pore structure, it could exhibit product shape selectivity typical of a
medium pore zeolite (10-membered ring openings) and restricted transition
state shape selectivity typical of a large pore zeolite (large side pockets along the
channels). Fe-Al-ZSM-48 has been synthesized also in non aqueous media (mix-
ture of ethylendiamine and triethylamine), in the form of alumino-ferrisilicate
[159].

5.1.3
Fe3* Incorporation in “Large Pore” Molecular Sieves

The preparation of Beta [150, 160, 161], MOR [162], MTW [133] has been re-
ported. The experimental evidence achieved for these materials reasonably sup-
port Fe** incorporation.

Several papers deal with the isomorphous substitution of Fe for Al in low silica
molecular sieves such as FAU and LTL. This possibility was unambiguously
demonstrated in 1972 when McNicol and Pott obtained strong evidence for
the framework location of the Fe** impurities present in NH,-FAU and in
MOR [163]. A few years later, Derouane et al. found that the iron impurity (ca.
2000 ppm) present in NH,-FAU obtained by exchanging a commercial NaY
zeolite can be simultaneously present in three forms: Fe’* species in the
aluminosilicate framework, Fe** ions acting as counterions and Fe;O, or other
Fe** compound with strong exchange spin-spin interactions precipitated on the
zeolite [164]. Traces of Fe’* may be incorporated into the NH,-Y zeolite during
the ion-exchange with an aqueous FeCl; solution [165].

Pure ferrisilicates with the FAU and LTL structure have never been synthe-
sized. The first attempt at synthesizing Fe-containing FAU was performed by
Ratnasamy et al. [166] by adding a homogeneous aluminum-ferrisilicate gel
(seeds) to an aqueous gel mixture containing sodium silicate, sodium alu-
minate, aluminum sulfate and ferric sulfate. The minimum Si/Fe ratio ob-
tained, estimated by NMR spectroscopy, was 17.2 with a Si/Al ratio of 2.98.
Zi et al. found that the presence of iron in the reaction mixture is detrimental
to the quality of Y zeolite crystals. As the iron concentration in the starting
gel increases, the crystallinity of the products decreases with possible
co-crystallization of other phases, such as herschelite, noselite, and zeolites P
and A [167].
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The partial replacement of Al by Fe (up to 0.3 atomic fraction of (Al+Fe)) in
the LTL framework was achieved by adding a ferric nitrate solution to a reaction
gel containing aluminum trihydrate, potassium hydroxide and fumed silica [168].
The upper limit of 0.3 was recently overcome by using potassium ferrate(VI) as
source of iron [169]. The tetrahedral coordination of the FeO}~ ion is moderately
stable in strong alkaline media which is expected to favor the nucleation of
zeolite species. Using this iron source, the authors were able to synthesize LTL
zeolite in which a mole fraction of Al,O; up to 0.825 was replaced by Fe,0; in the
framework; attempts to increase the iron content (0.90-1.00 mole fraction) led
to amorphous products. Once again, the increasing amount of iron in the reac-
tion mixture causes a decrease of the crystallization rate: 100% crystalline LTL
with a 0.825 mole fraction of Fe required ca. 300 h crystallization, while that with
0.25 was obtained after 100 h.

5.2
Preparation of Ferrisilicate Molecular Sieves by Secondary Synthesis

Skeels and Flanigen were the first to propose a method for the incorporation of
Fe’* by treating the ammonium or the hydronium form of FAU, MOR and LTL
zeolites with a solution of (NH,);FeF, at 75-95 °C for between 30 min and 48 h
[170]. The solution of (NH,);FeF, was prepared either by dissolving the required
amount of salt or by adding NH,F or (NH,)HF, to a solution of FeF;. The amount
of iron found in the final products was generally equivalent to the amount of
aluminum extracted from the zeolite precursors. Since no other crystalline
phases were detected and the crystals were substantially free of defects, the
authors concluded that such a preparation effectively leads to the incorporation
of Fe into the zeolite framework.

The solid-state reaction between HZSM-5 and iron compounds (FeO, Fe;0,,
FeCl;) was investigated by Kucherov and Slinkin [171]. The formation of isola-
ted extra-framework Fe®* species was observed only in samples treated with
FeCl;, while no migration of the trivalent element within the porous structure
was observed after high temperature treatment with iron oxides. Similar results
were obtained by Wichterlova et al. [172].

5.3
Structure Characterization

Several techniques were used for assessing the incorporation and for deter-
mining the status of Fe’" in ferrisilicate molecular sieves. However, the first
information indicating successful incorporation of iron is generally given by the
color of the crystalline product; a white color, in fact, indicates the lack of segre-
gated iron species.

More accurate information may be obtained from XRD analysis. As already
stated in the previous sections, the substitution of Si (or Al) by another element
induces a variation of the lattice parameters. Based on ionic radii, the incor-
poration of Fe** is expected to produce a significant increase of the lattice
dimensions with respect to the pure silica or the aluminosilicate parent struc-
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tures. Furthermore, XRD may be useful for determining the iron content in a
given structure, as reported by Szostak et al., who found a linear increase of the
unit cell volume of as-synthesized Fe-MFI with the decrease of the SiO,/Fe,0;
molar ratio in the range 20-100 [139b]. A similar trend was observed for Fe-
ZSM-11 [152], TON [156], FAU [166] and LTL [168, 169].

Direct proofs of the location and environment of Fe** in ferrialuminosilicates
with the SOD [173] and LTL [174] structures were achieved by EXAFS analysis.
The EXAFS spectrum of Fe-Al-SOD with Fe/Al=0.05 (i.e., the sample with the
maximum concentration of framework Fe**) was fitted with a first shell of four
oxygen atoms at 1.87 A and four silicon atoms at 3.20 A from Fe [173].In the case
of LTL, EXAFS analysis performed on a sample with one third of the framework
aluminum replaced by iron, revealed that Fe** was substituted into the frame-
work, with a first coordination shell of four oxygen atoms located at 1.85 A and
an outer shell of silicon. Anomalous dispersion powder diffraction data com-
bined with Rietveld profile analysis agree with Fe atoms randomly distributed
on the two crystallographically independent framework sites [174].

In as-synthesized Fe-MFI samples prepared in the presence of fluoride ions
[147, 148], optical and EXAFS analysis agree with Fe** in a four-fold coordina-
tion with an average Fe-O distance of 1.86-1.87 A [148]. Upon calcination and
subsequent hydration, the framework Fe** cations remained tetrahedrally co-
ordinated though EXAFS analysis would indicate a two-shell model involving
three oxygen atoms at 1.87-1.89 A and a fourth one at 2.18 A. This was ex-
plained by the presence of adsorbed water molecules interacting with Fe3* Lewis
acid sites formed during calcination.

Since Fe** is paramagnetic, ferrisilicates can be usefully investigated by ESR
spectroscopy. According to the earlier reports of McNicol and Pott [163] and
Derouane et al. [164], three signals at g=2.0, 2.3 and 4.3 can be observed in the
X-band ESR spectra of ferrisilicate molecular sieves. The commonly accepted
attribution of these signals is: Fe** in exchangeable positions (i.e., acting as a
counterion with respect to the framework charge), Fe’* segregated in
oxide/hydroxide species, and Fe’* incorporated into the silica framework in
distorted tetrahedral symmetry, respectively. The appearance of the signal at
g=4.3 is often considered a proof of the incorporation of ferric ions into the
silica framework. However, the conclusions reached from ESR analysis often
contrast with the evidence achieved from other techniques. In fact, even in the
absence of the signal at g=2.3 (corresponding to a lack of segregated ferric oxide/
hydroxide species) and with the major part of Fe** in framework positions, the
signal at g=2.0 is always present, more intense than that at g=4.3. Lin et al.
assigned the ESR signals to three different Fe** framework sites in Fe-ZSM-5
[175], while Park and Chon attributed the signal at g=2.0 to tetrahedral frame-
work Fe* (in analogy with the ESR spectrum of FePO,, in which Fe** is in tetra-
hedral coordination) and that at g=4.3 to framework pseudo-octahedral ions
[176]. More recently, this problem was faced by Goldfarb et al. who performed
the characterization of several Fe-containing molecular sieves (SOD, LTL, MFI,
MAZ,FAU) by X-band and Q-band ESR, Pulsed ESR and UV-Visible spectroscopy
[177]. It was observed that Fe** can be incorporated in significant amounts in
the framework of SOD, LTL, MFI and MAZ, like in FAU. The ESR signal at g=2
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was attributed both to framework and extra-framework Fe** species and its pre-
sence does not provide evidence for framework substitution unless combined
with other techniques. Also, the g=4.3 signal is not indicative of framework Fe>*.
In fact, the ESR spectra of Fe-SOD with low iron content, in which Fe** is almost
completely incorporated into the framework [173], displays a unique narrow
signal at g=2,and hence it represents a good model for further studies of Fe sub-
stitution in zeolites [178].

Another technique widely used for characterizing ferrisilicates is *’Fe
Mossbauer spectroscopy, a very sensitive tool able to differentiate the nuclei in
slightly different electronic environments. The electron density of the nuclei,
determined by the oxidation state, the coordination number and the type of
ligands produce a Mossbauer isomer shift (IS), while nuclear and magnetic
hyperfine interactions are responsible for the form of the spectrum.

In the case of ferrisilicate molecular sieves, it is important to distinguish
between tetrahedrally and octahedrally coordinated Fe’*. Following Garten et
al., a tetrahedrally coordinated ferric ion has an IS< 0.3 mm s~!, whereas an
octahedrally coordinated one gives an IS >0.3 mm s}, both at room temper-
ature and referred to the metallic element [179]. At low temperature, the IS
increases somewhat. However, the IS value alone is not sufficient to determine
whether Td coordinated iron is in framework positions or not. Detailed >’Fe
Mossbauer studies were reported for Fe-MFI [142, 146, 180]. Meagher et al.
[180] reached the conclusion that in as-synthesized materials essentially all
the ferric iron is in tetrahedral framework sites up to a SiO,/Fe,0; ratio of 50;
at higher concentrations of Fe, the heteroatom, if incorporated, occupies
crystal defect sites with octahedral coordination. The authors propose the
white color and an IS value of ca. 0.25 mm s! at room temperature as criteria
for a good Fe-MFI sample. Application of *’Fe Mssbauer spectroscopy to
as-synthesized Fe-EUO [133], Fe-Beta [181] and Fe-MOR [182] demonstrated
the presence of well dispersed ferric ions in the tetrahedral framework of the
ferrisilicates.

As for AI’*, incorporation of Fe** in tetrahedral coordination implies the
formation of negative charges in the framework, hence ion-exchange pro-
perties are expected for ferrisilicate molecular sieves. Indeed, such behavior
was first demonstrated by Szostak et al., with the proposal of a semiquantita-
tive method for estimating the extent of iron incorporation in MFI, based on
the exchange of the H-form with KOH, followed by the analysis of K and Fe
[139Db]. The highest K/Fe ratio (0.97) was obtained in a sample with a bulk
Si0,/Fe,0; ratio of 171, while for a sample with SiO,/Fe,0;=51, K/Fe was 0.40,
indicating that only part of the overall iron is in framework positions. The
acidic properties of ferrisilicates are responsible for their catalytic activity
[133], and many efforts were made to study these properties in detail, using
mainly IR spectroscopy and TPD analysis. The IR spectrum of a ferrisilicate
displays notable differences with respect to the aluminosilicate analog, especi-
ally in the range 400-1200 cm™. In fact the presence of iron changes the re-
duced mass of the harmonic oscillator Si-O-Fe with respect to the Si-O-Si one,
producing a shift to lower wavenumbers of both the symmetric and asym-
metric stretching vibrations. This was really observed in the IR spectra of
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ferrisilicate molecular sieves. For instance, in Fe-MFI the symmetric stretching
Si-O-Fe was observed at 656 cm™, compared to 800 cm™ for Si-O-Si [139b].
Furthermore, the replacement of Si by Fe causes the appearance of an IR-active
mode at 1015 cm™! and a Raman-active one at 1020 cm™, assigned to vibration
modes involving [0;Si-0]%"-tetrahedra polarized by the presence of Fe** in the
structure [183].

The most interesting spectral region for evaluating the acidity of ferrisilicates
is that including the stretching of hydroxyl groups (v(OH)). Iron-ZSM-5 dis-
plays two IR bands at 3740 and 3630 cm™!, attributed to terminal SiOH and
bridging Si(OH)Fe groups, respectively [184]. The frequency of the former is
substantially insensitive to the type of heteroatom present in the MFI structure
(B, AL, Ga, Fe). On the contrary, the frequency of the latter depends on the acid
strength of the Si(OH)M moiety, which varies in the following order: SiOH <
B(OH)Si < Fe(OH)Si < Ga(OH)Si < AI(OH)Si. This trend was confirmed by
Temperature Programmed Ammonia Desorption (TPAD) experiments, the tem-
perature of maximum ammonia desorption being linearly correlated to the
v(OH) frequency of the latter band.

Kustov et al. investigated H-Fe-MFI samples by diffuse reflectance IR, ESR
and luminescence spectroscopies, reaching the conclusion that ca. 30 % of Fe is
effectively incorporated into the framework of a sample having the stoichiome-
try Nag o H, 55 (510,)03 41 (FeO,),50 [185]. From the frequency shifts of the v_,
band (fundamental stretching vibration of OH) after weak base absorption (CO,
C,H,, C¢Hy), the authors derived the following sequence of increasing Brensted
acidic site strength: H-(Al)-Y<H-(Fe)-ZSM-5<H-(Al)-ZSM-5. The 3630 cm™' IR
band was not observed in samples prepared via the acidic route in the presence
of fluoride ions, indicating the lack of Brensted acid sites [175]. Only Lewis acid
sites were observed by IR analysis after pyridine absorption. This behavior was
explained with the substitution of OH™ anions by F~ [175].

The acidity of Fe-ZSM-22 was compared to that of AI-ZSM-22 and Al-ZSM-
5, based on IR, TPD and XPS data [155]. The IR spectra of Al-ZSM-22 and
Fe-ZSM-22 are characterized by absorption at 3742 cm™! (assigned to terminal
silanol groups), 3725 cm™! (attributed to extra-framework material), 3628
(for Fe-compound) and 3606 cm™! (for the Al-derivative). The latter band
disappears completely upon adsorption of pyridine, confirming the assign-
ment to bridging, acidic OH group. According to previous observations, the
higher frequency observed for the v(OH) of ferrisilicate is in agreement with
alower acid strength compared to Al-ZSM-22. The ratio between Brgnsted and
Lewis acid sites, evaluated by both IR and N, XPS analysis, was about 3.5,
compared with 4.6-4.7 determined in acid treated Al-ZSM-22 and in Al-ZSM-
5. The NH; TPD analysis confirmed that the strength of acid sites of Fe-ZSM-
22 is comparable to that of AI-ZSM-5 and significantly lower than that of
Al-ZSM-22.

As Fe is incorporated in the FAU-type structure, the asymmetric stretching
vibration of T-O-T (T =Si, Al or Fe) located at 1020 and 1150 cm™}, shifts to lower
frequencies while the intensity of the absorption at 775 cm™' is enhanced [166].
In the hydroxyls region, new bands appear at 3570 and 3643 cm™! in samples with
high Fe content, assigned to (OH) vibrations of Si(OH)Fe groups.
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As the Fe content increases, the thermal stability of Fe-FAU decreases: the
temperature of framework collapse decreases from 1133 K (pure NaY) to 1033 K
for a sample containing 5.3 wt.-% Fe,0; [166].

The same behavior was observed in the case of Fe-MFI, for which a partial
loss of framework Fe** occurs during the calcination necessary to eliminate the
organic templates [139b]. The loss of Fe is greatly enhanced under steaming
conditions (e.g., 550 °C, 100% steam) [139D, 160], displaying a behavior similar
to alumino- and gallosilicates.

Evidence for incorporation of Fe** come also from magnetic moment mea-
surements (Jl.¢ in the range 5.6-5.9 B. M. for isolated ions), the decomposition
pattern of the organic template (TGA, DTA), the UV-Vis and #Si MAS NMR
spectra (see [133] and references therein cited).

5.4
Theoretical Studies

The first quantum mechanical approach to the problem of siting of Fe in FAU
was performed by Beran et al. [186]. They have modeled a FAU with Fe?*, Fe**
and Fe(OH)* ions localized in Sj; and S; extra-framework positions or with Fe**
in the framework sites, using the CNDO/2 method on a cluster representing the
six-membered ring opening. No difference was found for the framework pro-
perties when replacing Al with Fe and the framework Fe** was predicted to be
quite stable also in the presence of a reduction to Fe?*.

The siting of Fe in the MFI structure was investigated by Vetrivel et al.
(orthorhombic polymorph) [187] and by Lewis et al. (monoclinic polymorph)
[188]. Semi-empirical Extended Hiickel Molecular Orbital (EHMO) calculations
were carried out on dimeric clusters (OH),;-T-O-T-(OH); (T =Si** or Fe**) with
the geometry derived from the structural model determined by Olson et al.
[189]. The relative substitution energy in the twelve independent T-sites, calcu-
lated without geometrical optimization, varies in the range 18- 55 kJ mol™'; the
authors indicate site T10, located on the 10-membered ring of the sinusoidal
channel, as the most favorable for Fe incorporation.

Defect energy minimization techniques were used for studying the siting of
Fe and of charge compensating protons in monoclinic (Fe,Si)-ZSM-5 [188]. The
defect energies of the 24 independent T-sites vary within a 82 kJ mol™! range, with
the majority of the sites lying within 67 kJ mol-'. Following the notation of van
Koningsveld et al. [190], the most stable sites are T19 and T18, while the least stable
ones are T4, T12 and T14. The presence of a charge compensating proton induces
the elongation of the Fe-O(H) bond from 1.82 (mean Fe-O bond distance) to
2.014-2.04 A. This type of geometry fits the Fe K-edge EXAFS curves of Fe-ZSM-5.
Another result of this approach concerns the variation of pore geometry which
occurs upon incorporation of Fe, with the sinusoidal channel diameter reduced by
between 0.4 and 0.8 A and an increase of the diameter of the straight channel of
about 0.2 A. Similar results have been found in the approach of Vetrivel et al. [187].
These results account well for the higher shape selectivity properties displayed by
Fe-ZSM-5 with respect to Al-ZSM-5. Evidence in favor of a lower Bronsted acidity of
the ferrisilicate with respect to the aluminosilicate was also achieved [187, 188].
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6
Other Transition Metal-Containing Molecular Sieves

Though several patents claim the synthesis of many transition-metal containing
molecular sieves [191], there is a general lack of evidence supporting their effec-
tive incorporation.

The synthesis of chromium-containing molecular sieves has received much
attention for the potential catalytic properties of these materials. In fact, it is
known that Cr-based materials catalyze several reactions such as dehydro-
genation of alkanes [192] and alcohols [193], oligomerization and polymeriza-
tion of olefins [193]. The literature deals essentially with Cr-pentasils. The early
patents claimed Cr incorporation on the basis of the absence of crystalline
chromium oxide and the catalytic activity displayed in the isomerization of
xylenes. More recently, Cornaro et al. reported that Cr-silicalite-1 can be ob-
tained from a gel containing TEOS, Cr nitrate and alkali free TPAOH (in the pre-
sence of Na, green spots of Cr,0; were observed) [194]. Highly crystalline pro-
ducts were obtained in a reproducible way only when the pH was higher than
8.5, while at lower values uncompleted or no crystallization takes place. The
maximum Cr content achieved corresponds to Si/Cr =85 (in as-synthesized
form); after calcination and ammonium exchange, the Si/Cr ratio increases to
248, with Cr homogeneously distributed in the crystals, as shown by STEM-EDS
analysis. The easy Cr leaching observed during the exchange treatment suggests
that the heteroatom is weakly bonded to the silica framework, probably in octa-
hedral coordination.

Sugimoto et al. prepared Cr-silicalite-1 using morpholine (tetrahydro-1,4-
oxazine) as template agent [195]. Incorporation of Cr was poorly supported by
IR, XRD and EPR measurements: in the H*-exchanged form, Cr(V) species were
identified together with highly dispersed octahedrally coordinated Cr(III)
species. TPD experiments showed a low Brensted acidity, responsible for the
high conversion of methanol to C,-C, olefins [195].

Incorporation of Cr does not occur when Na* is present in the reaction mix-
ture, probably because of the formation of oligomers during the hydrothermal
reaction [196]. These species influence the crystallization process, inhibiting the
crystal growth rate in the c-direction. In the final products, Cr is present on the
external crystal surface in the form of a stable silicate phase. Other authors claim
that Cr(III) can be incorporated also in the presence of alkali [197], with Si/Cr as
low as 23. After mild template burnoff (300 °C), and subsequent treatment with
water or ammonium nitrate solution, more than 60 % of the Cr is removed. Upon
calcination at 500°C, part of the remaining Cr aggregates in form of Cr,0;
crystals and the remainder is oxidized to Cr(V) strongly bound to the silica fra-
mework. These sites are able to interact with different molecules (e.g., pyridine,
NH;) and display redox properties.

Synthesis of Cr-MFI was performed also in the presence of fluoride ions at pH
6.5-7.0, with a notable amount of Al,O; (up to 1.00 wt.-%) [198]. Incorporation
of Cr was weakly supported by IR, XRD and XPS data.

Recently, Cr incorporation was claimed in silicalite-2 (CrS-2) prepared by
heating at 170 °C an alkali-free gel containing TEOS, chromium nitrate and TBA-
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OH [199]. The authors supported Cr incorporation with XRD, IR and ESR
evidence. In particular, they attributed the 963 cm™ IR band to Si-O-Cr
stretching mode, and the ESR signal at g=1.97 to an oxochromium(V) species.
CrS-2 was reported to be an efficient catalyst for the chemoselective epoxidation
of olefins in the presence of tert-butyl hydroperoxide.

The synthesis of the zincosilicate VPI-7 demonstrated that also bivalent
transition metal ions can be incorporated into the silica framework in tetra-
hedral coordination [200]. VPI-7, prepared by using TEAOH as the structure
directing agent, is isostructural with the beryllosilicate Lovdarite (LOV) [201].
However, the low thermal stability renders VPI-7 of little interest for practical
uses.

7
Conclusions

The synthesis of molecular sieves containing transition metals in the frame-
work represents a reliable route for preparing materials with novel catalytic
properties. In spite of the large number of papers and patents claiming the
incorporation of several transition metal ions in different microporous
silica frameworks, unambiguous evidence in favor of the isomorphous sub-
stitution of silicon has been achieved only for Ti and Fe, for the former limited
to few framework types. Some evidence exists also for V and Cr, but the data
available do not allow definite conclusions to be drawn in this regard.

For Ti-MFI (TS-1) a lot of experimental data have been collected which
adequately demonstrate the existence of one type only of Ti-site (tetrahedral
coordination in the anhydrous state, expanding up to five and six coordination
after adsorption of H,0, NH;, H,0,, etc.).

Nevertheless, several aspects of the synthesis need to be investigated. In
particular, it seems crucial to achieve more detailed information about the
phenomena involved in the stabilization of the monomeric Ti species in solution
and their interaction with silica. A deeper investigation of the chemistry of tita-
nia-silica gels might open the way for synthesizing other Ti-containing mole-
cular sieves.

For Fe-containing molecular sieves, isomorphous substitution has been pro-
ved for several framework types. The crucial step in the synthesis may be iden-
tified in the stabilization of monomeric Fe** species at low pH .

Though stable to reduction, Fe** tends to be partially removed from the
framework by thermal treatment especially under steaming conditions. This
behavior may be explained with the low tendency of this ion to attain the tetra-
hedral coordination. As for Al, the framework Fe** confers acidic and hence cata-
lytic properties to the ferrisilicate molecular sieves.

It is worth pointing out how the present knowledge of these classes of mate-
rials has required a great amount of work, involving different research groups
and multidisciplinary approaches and how critical it is to assess unambi-
guously framework incorporation of small amounts of metal in microporous
materials.
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Introduction

Zeolite and aluminophosphate synthesis is already highly developed to produce
materials with desired properties such as catalytic activity, good adsorption or
ion exchange behavior, optical transparency or satisfactory guest incorporation.
Although microporous lattices of zeolite systems are powerful tools for shape
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and size selective catalysis or the organization of small organic molecules, some-
times even simple features like phase purity can be a big problem that has to be
overcome. In addition, zeolite systems have a number of limitations that are not
favorable for many applications. Framework constituents are predominantly
boron, aluminum, gallium, silicon and phosphorus as T-atoms, bridged by
oxygen. Thus, these materials are group III to V element oxides of the second
and third period, and it can easily be seen that the resulting materials will be
insulators. Another disadvantage of zeotype materials is certainly that transition
metal uptake in the framework is in most cases limited to a few percent, and
overloading will often lead to a collapse of the framework. Looking at many
catalytic applications this is a limiting factor and there might also arise pro-
blems for possible optical applications.

These and other limitations have been at least part of the motivation of many
scientists to look for new compounds that form porous frameworks and show
properties that go even beyond the properties that zeotype compounds do ex-
hibit. Their success is proved by the variety of materials that have been found
and investigated during the past two decades. However, other than in molecular
sieve science, determination of the sorptive properties of such materials is not
always a standard technique in more conventional solid state chemistry. There-
fore, for many of the examples covered in this review, the structural porosity of
the crystals has not been determined. In addition, many of the structures
discussed in the following could so far not be obtained in a form where the guest
species, occluded in the voids of the structures, are removed. Nevertheless, we
chose to include many such examples in this chapter, because the guest species
often do not seem to be an integral and necessary part of the framework and
thus in principle might be removed from the structure to give an accessible pore
system. There is certainly no sharp boundary between dense structures and
open framework structures. Many dense structures, for instance, are often
discussed in terms of interpenetrating frameworks, in which each sublattice
could be described as a tunnel structure. However, in most cases, there does not
seem to be a prospect to obtain any of the sublattices without the remaining part
of the structure. Such materials are beyond the scope of this chapter, and if
mentioned, only serve for comparison.

There are differences between the scientific communities working on mole-
cular sieves and conventional solid state chemistry, respectively, with respect to
the conventions used to describe pore dimensions. While in the zeolite commu-
nity usually open diameters are given, which are important for the applications
in sorption or catalysis, mostly atom center distances over the channels are
quoted by solid state chemists who are usually more interested in the structural
details. In the following we will mostly refer to open diameters, unless specifi-
cally stated otherwise. These values are less precise than the atom center
distances, which can be determined with high precision by X-ray diffraction, but
are more important when applications of such materials are envisaged.

The synthetic concepts by which these compounds are synthesized are as
numerous as the different materials themselves. They range from classical
hydrothermal reactions, via molten flux methods to pure precipitation reac-
tions. As diverse as the conditions employed to synthesize such compounds are
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the structural motifs which are present in these structures. While classical mole-
cular sieves like zeolites or aluminophosphates are exclusively formed from
tetrahedrally oxygen-coordinated framework atoms, there are many examples
with octahedrally coordinated framework atoms or even more unusual coordi-
nation spheres found in the non-classical compounds. Since the structural
elements encountered are so diverse, organization of this chapter along lines of
structural properties of the materials did not seem to be an appropriate
approach. We therefore chose the chemical composition as the guideline for this
chapter, starting with oxidic frameworks with different metal centers, gradually
moving to frameworks with additional electronegative framework species and
finally to oxygen free materials. For most of these chemical compositions
different structures, like layers, tunnel or three-dimensional framework struc-
tures are possible, as will be seen in the following sections.

In the next section we will first present various synthetic approaches to
prepare such porous frameworks and then discuss the different classes of materi-
als that we think are outstanding and representative. For every class of material we
will discuss the special properties and show the different synthetic pathways
that lead to the desired structure. Although such an overview can hardly be
complete, we have attempted to cover the most important examples in this
review.

2
Synthetic Methods

Zeolite chemists rely almost exclusively on the use of hydrothermal reactions for
the preparation of molecular sieves. Since the chemistry is very diverse, if other
framework constituents are used for the formation of porous structures, there is
also a higher diversity in the synthetic approaches (Fig. 1).

Hydrothermal or solvothermal reactions are also an important method for the
synthesis of unconventional zeolite-like compounds. The reagents are usually
dissolved or dispersed in water and then heat-treated at elevated temperatures in
an autoclave. For reactions at moderate temperatures up to about 250°C the
autoclaves are normally lined with Teflon. If higher reaction temperatures are de-
sired, the reactions are, for instance, carried out in stainless steel or gold tubes.
However, in favorable cases, the use of higher temperatures might not even be neces-
sary. The products sometimes just precipitate from solution at room temperature.

One of the most regularly employed methods in the synthesis of dense solids,
viz. solid state reactions, is also in some cases used for the synthesis of open
framework structures. However, such reactions usually need fairly high tempera-
tures to reach sufficiently high reaction rates. These high temperatures are in most
cases not suitable to retain an open framework structure. Solid state reactions are
therefore only of limited use if open framework structures shall be prepared.

Also in the group of high temperature methods fall processes where crystal-
lization takes place from the melt, often under addition of a “flux” which mobi-
lizes the reagents. However, the same restrictions as for solid state reactions
apply here. The high temperatures usually employed are not in accordance with
the formation of open framework structures.
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Fig. 1. Pathways for the formation of zeolite-like composite lattices and porous lattices

Other methods used in solid state chemistry are of very limited importance.
Transport reactions of volatile species have in some cases been found to be a
suitable pathway, like in the formation of nitridosodalites. However, these are
special cases with no general applicability.

In many cases it is necessary to post-treat the prepared samples in order to
obtain accessible pore systems or to exchange one guest species for another one.
Here the techniques known from zeolite chemistry can be employed as well.
Calcination is not so generally useful as in zeolite science, since the compounds
are quite frequently susceptible to oxidation or reduction. Therefore, ion
exchange or extraction methods are more important in the field of non-conven-
tional open framework structures.

Examples of the pathways reviewed in this section will be found in the follow-
ing discussion of the different groups of materials.

3
Oxidic Frameworks

3.1
Examples Occurring in Nature

3.1.1
Hollandite and Related Materials

Hollandite- or cryptomelane-type manganese oxides have a one-dimensional
tunnel structure comprised of tunnels with an almost quadratic cross section
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with two MnOg-octahedra on each side (2 X 2). The MnOg octahedra are linked
together sharing edges and forming a wall of double chains, where each wall
shares corners with neighboring walls [1]. The one-dimensional tunnels with an
open diameter of 0.4-0.5 nm (Fig. 2a) generally accommodate large cations and
water. A wide variety of transition metals can substitute for Mn [1], also modi-
fying the size of the unit cell, and generally speaking it is very easy to substitute
the large cations, depending on their charge and radius [2]. The synthesis of the
pure manganese oxide hollandite is possible via a hydrothermal reaction of
dilute solutions of LiMnO, and Mn(NO;), in sulfuric acid at 100 °C [3]. Evidently
lithium cations stabilize voids in the lattice, balance the framework charges and
prevent the formation of dense manganese oxide structures. Analogous to syn-

Fig. 2.a The 2 x 2 structure of hollandite is formed by edge sharing MO, octahedra arranged
in a sheet-like manner. b In the todorokite structure the octahedral sheets have the 3x3
dimension and form bigger channels
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thetic concepts developed for zeolites, more moderate conditions seem to favor
the formation of the porous framework [4]. However, there are exceptions to this
rule of thumb, as can be seen for the titanium-based hollandite: Totally different
synthetic strategies are employed to obtain these materials [5-7]. The general
synthetic method here is to heat a mixture of an alkali carbonate or metal and
TiO, under reducing atmosphere or vacuum, if desired together with other
metal oxides, to temperatures up to 1000 °C or higher. Obviously, the aim here is
to decompose the carbonate at these high temperatures and form the hollandite
phase. The use of a reducing atmosphere [6, 7] is important in order to favor the
formation of Ti** in the hollandite framework which produces the negative
framework charge. The authors report that upon heating in air the dioxide bron-
ze even changes to non-stoichiometric titanate about 680°C [7]. In order to
prevent collapse of this framework, other metals which preferably have a valency
of IIT are incorporated, resulting in a higher stability of the materials, which can
then even be successfully employed as DeNO,-catalysts in an oxidizing atmos-
phere at 700°C [6]. However, it has to be emphasized here that the conversion
rates for the DeNO, -reaction are not very high, one of the main reasons being
the very low BET surface area of the catalyst in the order of only a few square
meters per gram. The pores of this material are thus not accessible.

The list of hollandite-like and related compounds is extensive, and recent
developments [8] show that not only sulfur but even selenium and tellurium can
act as oxygen substituents in these systems. Such phases are prepared in similar
ways to the titanium systems. Although most of these materials have no porosity
detectable in adsorption experiments, they bear some resemblance to zeolitic
structures. All of these frameworks have the ability of intercalating and ex-
changing ions via reversible topotactical redox reactions. This concept allows
experiments on host-guest systems in which the guest changes the electronic
state. Exchange reactions of cations can mostly be carried out under very mild
conditions [2,9],1eading to a large variety of electron or ion conducting materi-
als that are often metastable and cannot be obtained otherwise. This offers a
broad field for the use of such materials: metalloxide-hydrogen bronzes are used
as passive optical indicators, or especially hollandite-type manganese oxides can
be used as cathode materials for non-aqueous lithium batteries [3,10, 11].

Closely related to the hollandite structure (2 X 2) are psilomelane (2 x 3) [12,
13] and todorokite (3 x 3) [14-16] with an open tunnel diameter of 0.6- 0.7 nm
(Fig. 2b). All of these mineral structures have been successfully synthesized,
which shows in an impressive manner how powerful the synthetic concepts of
hydrothermal synthesis and selective choice of the precursor material were
employed. In the following we will refer mainly to the results of Suib et al.
[16-18] as they were the first to synthesize thermally stable todorokite. Looking
at the synthetic conditions it has to be known that hydrothermal reactions of the
polymorphs of MnO, are known to be very sensitive with regard to the pre-
cursor material, as well as the reaction conditions [19]. The challenge for Suib’s
group was to find a suitable precursor and suitable reaction conditions. The first
step is the preparation of the precursor, which is precipitated as birnessite, a
layered sodium type manganese oxide with an average manganese oxidation
state of 3.7, which is then ion-exchanged with Mg?* to yield the layered manga-
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nese oxide buserite. The conditions used to prepare the precursor are decisive
with respect to the final todorokite. This precursor is converted to todorokite
under hydrothermal conditions between 155 and 170 °C for 40 hours. The pro-
ducts obtained by that procedure were then thoroughly washed again and
calcined between 200 and 500 °C for 1 hour. It is very interesting to see that the
primary factor for the quality of the resulting material is the MnO ;/Mn?* ratio
that is employed to synthesize the layered precursor material, then other fac-
tors like pH, temperature, aging and autoclave treatment play an important
role as well [16]. Also the Mn/Mg ratio of the layered precursors is an impor-
tant factor for the crystallinity, phase purity and thermal stability of the re-
sulting todorokite.

The best todorokites synthesized following an optimized procedure were
thermally stable up to 500°C, like natural todorokite, and their adsorption
capacities were 18.2 wt.-% for cyclohexane and 20 wt.-% for carbon tetrachloride.
1,3,5-triethylbenzene was not adsorbed, probably because it is too bulky to enter
the pore system. Suib and his group could already prove that synthetic todoro-
kite is a material with a high potential for many applications which range from
catalytic reactions over pure or isomorphously substituted materials [16, 18]
where the materials show good catalytic activity for total and selective oxidation
to their use as tunable semiconductors or sensor materials [20]. Regarding the
fact that a precursor material with Mg?* cations was employed for the synthesis
of the (3x3) structure of todorokite, it does not seem improbable that, in
analogy to zeolite synthesis, with bigger templating cations like amines the
larger tunnel structures like (3 X 4) or (3 x5) which are observed with TEM in
natural materials might be obtained [21].

3.1.2
Pharmacosiderite and Nenadkevichite

The two examples mentioned in the previous section are not the only ones also
found in nature. In addition to these purely octahedral structures, other porous
materials like the structural analogues of pharmacosiderite [22, 23], an octa-
hedral-tetrahedral potassium-iron hydroxoarsenate with 8-membered rings,
and nenadkevichite [24], a titanium-niobium-silicate with 8-membered rings
and octahedral-tetrahedral coordination of the framework constituents have
been synthesized via gel precipitation processes combined with hydrothermal
reactions. Many different framework compositions are synthetically available
for these compounds, the most thoroughly investigated ones being germanium
analogues [22, 25] and titaniumsilicates. In the case of the cesium-titanium-
silicate analogue of pharmacosiderite it was possible to prepare single crystals,
using a temperature of 750°C and a pressure of approximately 2000 bar [26],
while milder hydrothermal conditions around 200 °C resulted in the formation
of a polycrystalline material with the same structure [23]. No adsorption data or
catalytic results have been reported as yet to the best of our knowledge, but the
ion exchange behavior of pharmacosiderite was investigated in detail. The
samples studied showed high selectivities for strontium and cesium [23] which
might make them useful for the clean-up of radioactive waste.
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In the following we will come back to other structures that have natural
analogues.

3.2
Polyoxometallates

Polyoxometallates are outstanding as multianion-cluster ligands, cryptates and
clathrates, their ability to accept and store electrons is unique, and so far no
other class of materials has proven to be so easily reducible as a ligand. Two
different sorts of ligands can be discriminated, firstly so-called planar structures
where metal cations are coordinated by terminal or bridging oxygen atoms and,
secondly, defect or lacuna structures where the cations are placed in the hole of
the cluster. These lacuna structures bear in their properties certain similarities
to zeolite-like compounds, such as ion exchange in cavities or acidic properties.
Therefore, the polyoxometallates are included in this review.

The structural chemistry of the polyoxometallates, induced by the poly-
merization of acid solutions of molybdenum(VI)- or tungsten(VI)-ions are
certainly amongst the most complex systems that have been investigated
[27-29]. The research on these systems is complicated by the fact that some of
the equilibria of polyoxometallates in solutions adjust very slowly, especially for
tungsten, so that it is very difficult to obtain equilibrium information. Many
complementary techniques usually have to be employed to reach a realistic
picture of the species present in solution.

As mentioned above, the classical polyoxoanion forming metals are molyb-
denum and tungsten in the oxidation state VI. It is assumed that for these metal
cations the combination of ion-radius and -charge and the availability of empty
d-orbitals for the formation of metal-oxygen-m-bonds is especially favorable.
However, other metals can act as polyoxoanion-builders as well. Vanadium-,
niobium- and tantalum-V, technetium-, rhenium-, ruthenium- and osmium-VI,
chromium-, molybdenum-, tungsten-, technetium- and rhenium-V and tita-
nium-, vanadium-, chromium-, molybdenum- and tungsten-IV can build poly-
oxometallate-clusters.

Three basic polyhedra, the tetrahedron, the octahedron and the icosahedron,
can be used to structurally describe polyoxometallates. Very common and well
known is the so-called Keggin structure (XM;,0,,) that many polyoxometallates
tend to form in solution. The self-organization of a cluster in T4-symmetry out
of twelve units of the same symmetry even occurs if the core of the cluster is not
tetrahedral. Derivatives of the Keggin structure can be isomers formed by
simple symmetric operations, further condensation products or fragmented
defect structures, the so-called lacuna species. The second family of (XM;,03)
species with Op-symmetry has until now not been observed for discrete poly-
oxometallates [28], but many derivatives are known which are basically
fragments of the ideal structure like, for example, in the mineral sherwoodite.
These structures are all based on MOg-octahedra bound over edges and can be
regarded as fragments of a cubic dense packing of oxygen atoms. The last of the
three basic structures with I;-symmetry is only known for a few heteropoly-
molybdates with lanthanoids and actinoids in the oxidation state IV. The
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(XM,,0,,)-cluster has a large cavity to embed the 4 or 5f-elements. No defect
structures of this species are known so far.

Polyoxometallates are mainly synthesized in aqueous phases, classically by
acidifying an alkali metal molybdate or tungstate, if desired together with a salt
of a heteroelement. The underlying aqueous chemistry of the polyoxometallates
is mainly coupled to the pH of the solution, and as a general tendency it can be
stated for all polyoxometallates that low pH favors condensation, the formation
of aggregates and finally the precipitation of the hydrous oxides, whereas under
basic conditions more monomeric or smaller clusters are formed. However, one
has to be aware, that the reactions taking place in solution are always equili-
brium reactions where rarely just one species is present [29], and it can even
happen that an isolated crystalline compound is not the main species in solution
at that pH. However, chemistry with polyoxometallates cannot only be carried
out in aqueous systems: Depending on the charge compensating cation, poly-
oxometallates are well soluble in organic solvents, from non-polar ones like
benzene to polar solvents like dimethylsulfoxide. This offers many applications
in the field of organometallic chemistry. Furthermore, polyoxometallates have
normally a fairly high thermal stability and are not sensitive towards oxidation
even with strong oxidizing agents.

Polyoxometallates are used in many applications [28], the most important
one certainly being acid or oxidation catalysis [28, 30, 31]. Polyoxometallates
can, thanks to their good overall solubility, be employed in homogeneous cata-
lysis but they are equally suited for heterogeneous catalysis, since they can be
easily dispersed on various solids. In solution, heteropolyacids are stronger than
most mineral acids like HCI, HNO; or H,SO,, and their strength depends weakly
on their composition, yet it can be stated that generally tungsten acids are
markedly stronger than molybdenum ones [30]. Polyoxometallates have some
advantages compared to mineral acids: Since they are stronger acids and better
proton donors, they are generally more active catalysts, but they can also act as
stabilizing agents for organic intermediates and enhance the reaction rate by a
strong positive salt effect. In heterogeneous systems polyoxometallates are very
efficient catalysts as well, compared to the conventional ones like Al,O;, SiO,-
Al O; or zeolites like HY. This is a clear result of their high acid strength, their
high proton mobility and their ability to adsorb large amounts of polar mole-
cules [30].

For heterogeneous catalysis it is very important to disperse the polyoxo-
metallates on a catalytic support as the crystalline solids have a low BET surface
area (1-5 m?g™"). The voids in the polyoxometallate structures are in most cases
too small to admit substrate molecules.

To solve this problem without needing an additional support, interesting new
pathways in the field of polyoxometallate synthesis are being developed. One of
these approaches is the attempt of linking polyoxometallate clusters in porous
frameworks [32]. Holderich et al. brought tungsten, tungsten oxide, H,N
(CH,)sNH,, phosphoric acid and water together in a hydrothermal reaction and
obtained a framework structure built up by Dawson ions (M,4X,0¢,) which are
linked by the two-fold protonated amine. The elliptical channels thus formed in
the structure have a diameter of 0.76 X 0.84 nm (center to center distances
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which would mean an open diameter of around 0.5 nm). However, the pores are
not accessible in sorption experiments with nitrogen or water after activation up
to 200°C, a fact which the authors cannot explain so far. Above this temperature
the structure collapses due to decomposition of the amine. The relatively low
stability of the materials is probably due to two facts: the interactions between the
Dawson anions and the amine cations seem to be relatively weak and do not in-
volve a covalent bond, and the organic molecule is, other than in zeolites, part of
the framework, so that the compound collapses on removal of the organic part. If
an inorganic spacer could be bonded in a similar way covalently to the Dawson
ion, a stable compound with highly interesting properties should result. Somewhat
similar to the approach chosen by Holderich et al., a templated layered structure
of molybdenum oxide has been synthesized hydrothermally by Guo et al. [33].

Another interesting approach to develop polyoxometallates into zeolite-like
compounds are the above mentioned lacuna structures which can be combined
to form bigger units embedding the central cation. In some of these complexes
the central ion can be easily exchanged, but others act as clathrates or cryptates
with a tight fixation of the central ion. For such clathrate or cryptate structures
it is often observed that the central ion acts as a template [28] directing the
properties of the resulting cluster. Some of the latest clathrate structures that
have been found in polyoxometallate chemistry are the oxovanadiumorganoar-
sonate structures recently published by Khan and Zubieta [34]. Large cage-like
clusters (Fig. 3) which are not as polar as the related organophosphonate mate-
rials, have a cavity which is sufficiently big to allow the inclusion of neutral
molecules like the two methanol or acetonitrile molecules that are included
from the solvothermal synthesis. So far it seems not to have been possible to
remove the guest species from the cavity, though.

3.3
Phosphates and Phosphonates

3.3.1
Metalalkylphosphonates

These porous materials are closely related to the well known porous alumino-
phosphates, which are covered in Chapter 6 of this volume, if aluminum is used
as the metal center. However, instead of phosphate groups linking the AlO, tetra-
hedra, phosphonates are used here which results in materials with quite differ-
ent properties.

There are a few examples of crystalline open framework structures with
accessible pore systems where the inner surface of the pores is coated with
organic groups [35-37].

AlMepO-a [37] is probably the most interesting one of these structures
(Fig. 4). The material can be synthesized under hydrothermal conditions from
pseudoboehmite and methylphosphonic acid at 220 °C. It is built up from alter-
nating aluminate and methylphosphonate groups forming one-dimensional
18-ring channels with openings of about 0.7 nm, not dissimilar to the channel
structure of AIPO,-5. However, while the AIPO,s contain tetrahedrally co-
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Fig. 3. Structure of the oxovanadiumorganoarsonateanion in the crystal encapsulating two
molecules of methanol

Fig. 4. Schematic view of the AIMepO-« lattice along the crystallographic c-axis
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ordinated framework atoms only, there are octahedral aluminum atoms in the
AlMepO-a. The channel of this structure is organically coated, since the methyl
groups of the phosphonate are exposed at the channel surface. The compound
exhibits a fairly high thermal stability up to temperatures of 500 °C in vacuum,
and crystals outgassed under vacuum readily adsorb 2,2-dimethylpropane with
akinetic diameter of about 0.6 nm. Other sorptive properties of this material are
not known as yet. Since normally AIPO,s are rather hydrophilic, while the
phosphonate is hydrophobic, quite different sorptive properties are expected as
compared to AIPOys.

The other examples, an aluminummethylphosphonate with a different struc-
ture [36] and a coppermethylphosphonate [35], have smaller pore openings, so
that they are probably not useful as sorbents. However, the synthetic approach
might be exploited further,and materials with other pore sizes and pore connec-
tivities might be developed.

3.3.2
Transition Metal Phosphates

A wide variety of zeolite-like inorganic structures can be synthesized using
transition metals, a phosphate or related phosphorus compound and optionally
a template, mostly an amine. One of the most important groups, the molyb-
denumphosphates, are covered in an excellent review by Haushalter and Mundi
[38].It is again interesting to see that corresponding structures can be found in
nature. The most impressive example is certainly the natural iron phosphate
cacoxenite [39] which occurs as secondary mineral, commonly associated with
other phosphates and iron ores, mostly limonite. Its structure was not solved
until 1983 [40] when Moore and Shen obtained large single crystals from
Avant’s Claim in Arkansas as suitable material for single crystal X-ray dif-
fraction studies (Fig. 5). The most astonishing feature of the structure of this
mineral is the enormous free pore diameter of 1.4 nm along the crystallographic
c-axis of the hexagonal crystals. Many of the building units of this mineral can
be found in other phosphates or related structures. The (PFe?"0,5)-unit has a
strong resemblance to the central girdle in the Keggin structure discussed in the
previous section. The iron in this structure is octahedrally coordinated, the
aluminum lies in the center of a trigonal bipyramid, and the phosphorus is in the
expected tetrahedral coordination. Adsorption data show that the channels are
well accessible to oxygen and water. A substantially lower uptake has been
observed for organic molecules which was attributed to the hydrophilicity of the
samples and the problems encountered in fully removing the water during the
activation of the samples. The lack of thermal stability - the X-ray pattern already
substantially changes after heating to 200 °C - prevents proper activation [41].

So far it has not been possible to synthesize cacoxenite or other microporous
iron phosphates, although many attempts to obtain new open framework iron
phosphate compounds have been made. However, in most cases the organic
templates are not removable [42, 43]. Moore and Shen [40] already pointed out
that other open framework phases might form under hydrothermal conditions,
i.e.,at moderate pressures and low temperature.
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Fig. 5. View in the (001) direction of the natural mineral cacoxenite. For clarity, oxygen atoms
are omitted

Years later, Haushalter and Mundi [38] took this “mineralogical wisdom” and
formulated their synthetic concept. Hydrothermal conditions and the combina-
tion of early transition elements that are able to form M-O-M bonds as well as
M-O-P bonds at low pH and the combination with H;PO, as a phosphate source
were the most promising prerequisites to form octahedral-tetrahedral three-
dimensional frameworks with pore structures. This is still mainly the concept
which chemists try to follow if they intend to synthesize crystalline open frame-
work transition metal phosphates. The first synthesis of an open framework
phosphate was, however, reported by Leclaire et al. [44] in 1983, who prepared
the molybdenumphosphate K,MogP,,05,. What seems even more surprising is
that they did not even use hydrothermal techniques. K;MogP,,05,, a tunnel
structure with cavities in which the potassium ions are located (center to center
distance across the tunnel 0.5 to 0.6 nm), can be synthesized by simply heating
P,05,M00;, Mo and K,O in appropriate ratios in a fused silica tube under vacu-
um at 800°C. One fact the authors pointed out is the unusual +V-valency of
molybdenum. One of the bonds of the central molybdenum to oxygen in the
oxygen octahedron is supposed to be a Mo=0 double bond which shifts the
molybdenum well off-center of the octahedron. Based on this work the authors
predicted other tunnel structures for compounds containing phosphorus,
molybdenum and large monovalent ions like Rb*, T1* or Cs*.
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Mainly Haushalter et al. followed that synthetic route [45-47] and sub-
sequently obtained similar tunnel structures as were predicted by Leclaire et al.
Certainly one of the more astonishing compounds synthesized by this route is
Cs;Mo,P;0,¢ [48] (Fig. 6) In this compound eight “Mo,O,-cubes” capped with a
PO, group bridge to an identical cube in the next unit cell to form a “supercube”
(Fig. 6). The Cs*-ions lie at the centers of the windows which are formed by the
oxygen atoms of the phosphate groups, i.e., on the face centers of the supercube.
It is very surprising to find the large cage of the supercube empty, especially if
the fact is considered that this compound is synthesized at 950 °C where most
framework structures tend to densify. The variety of structures that could be
obtained was appreciably broadened as soon as the researchers focused on the
hydrothermal route. However, there are some requirements with respect to the
synthetic conditions. In order to suppress the formation of polyoxometallate
compounds the oxidation state of molybdenum has to be kept at +5 or lower.
This can be done in two ways: either a molybdenum source with an oxidation
state of +6 is combined with metallic molybdenum, which has to be very finely
divided to allow symproportionation, or the hydrolysis products of MoCl; and
MoCl, can be used as starting materials [38]. The clear aim of this work was to
incorporate large removable cations to get accessible tunnel systems [38] and
either exchange them against smaller ones or bring in cations that can be

Fig. 6. The supercube of this molybdenum phosphate Cs;Mo,P;0,4 is formed by four Mo,O,
cubes forming the edges of the cell. Striped circles represent Cs-atoms, oxygen atoms are omit-
ted for clarity
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decomposed which is most easily achieved with protonated amines or tetra-
alkylammonium ions. Synthesis temperatures have to be kept below 250°C in
this case, though, because of template decomposition during the synthesis. The
synthetic efforts resulted in a range of structures, from molecular and ionic
aggregates [38] with multinuclear molybdenum clusters from around 30 to 250
atoms, to one-dimensional polymers, formed by Mo,Oz cubes connected by
phosphate groups [49], and a large range of layered compounds [50-52]. Again,
the motif of the layers are cubes connected by phosphate groups, the layers
being usually separated by large cations.

The first molybdenum phosphate with real microporosity even in the un-
calcined state was (Me,N), 5(H;0),,(Mo,04(PO,),) - 2H,0 [53] which can be
described in terms of the cubic Cs;Mo,P;0,4 : the removal of one third of the
P atoms and oxidation of the Mo3.5+ to Mo5+ (Mo,P;0%; to Mo,P,0%)
followed by the removal of one fourth of the Mo,P,0,4 units describe the struc-
ture if the voids are ordered in a proper manner. The cavities of the latter struc-
ture have a diameter of about 0.7 nm, and the diagonal distance of the cavities is
even larger, yet the windows of these cavities measure only 0.28 nm. This is a
very strict limitation for this microporous solid as it only allows the penetration
of small molecules like water, ammonium, helium and hydrogen, while larger
ones like nitrogen or hydrocarbons are excluded. Still the structure has a micro-
pore volume of about 15 vol.-% as can be estimated from water adsorption data
[38,53]. A molybdenum phosphate with a neutral framework of interconnected
pores and a micropore volume of more than 35 vol.-% could also be prepared
from MoO;, Mo, H;PO, and H,0 by Haushalter et al. [54]. Again Mo, units
composed of MoOy octahedra are the main building blocks of the framework
generating tunnels that run along all three directions parallel to the cell edges.
Water adsorption on this compound shows that not only the water in the pores
can be desorbed but also the water from the ligand sphere of the molybdenum.
This process is reversible as can be shown by X-ray diffraction and from the
adsorption isotherm [54]. Again the framework does not adsorb large hydro-
carbons but only small molecules.

Another class of molybdenum phosphates is very promising as they can be
prepared with organic or inorganic cations varying in size and shape. The
(Mo0,0,(PO,),(H,P0,)") structure consists mainly of layers formed by corner
sharing octahedra of MoO, and tetrahedra of PO, These layers are connected by
phosphate groups forming pores of appreciable size. The ability of the frame-
work to absorb different cations is due to the ability of the phosphate groups to
move flexibly around their bond axis [38] altering the angle and rotating and
shifting the layers relative to one another. Together with H;0* and Na*, a body
centered tetragonal lattice with a=0.64 nm and c=1.6 nm is formed, where the
small a results from the 4-fold disorder of the phosphate groups and the large c
from the two layer repeat. CH;NH;* in the same compound gives a C-centered
monoclinic framework witha=b=0.91 nm and ¢=0.86 nm. Here the unit cell of
the compound is rotated by 45° and expanded by the factor of \2 compared to
the tetragonal lattice mentioned above. The interlamellar phosphate groups all
point in the same direction resulting in a polar framework. For Cs* and H;0*
(Fig. 7a) again a monoclinic framework of a=b=0.91 nm and c=1.6 nm
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Fig. 7. a Characteristic for the molybdenum phosphate Cs(H;0)[Mo,0,(PO,),(HPO,)] is its
sheet-like structure where phosphate groups connect the layers. b Water sorption isotherm for
the structure shown in a shows an internal void volume of approximately 9%. Squares: adsorp-
tion branch, circles: desorption branch
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results, and here the space in between the layers is divided into regions with ca-
tions and those with phosphate groups. All these frameworks can be rendered
microporous toward water (Fig. 7b) and thermally removing the amine from
the framework gives a micropore volume of approximately 30 vol.-% as esti-
mated from the water adsorption data.

The second biggest family of transition metal phosphates that is known to
form open framework structures is the vanadium phosphate group. Again many
examples of layered [55-59] or polymeric compounds [60] are known, incor-
porating either organic or inorganic cations. Recent experiments even resulted
in the synthesis of layered templated vanadium oxides [61-63]. An outstanding
example of the layered vanadium phosphate structures is certainly the
layered organophosphonate ((C,H;),NH,)((CH;),NH,)(V,0,(OH),(C,HsPO),)
[58] which forms a trilayer of (C,H;),NHj cations which sandwich between the
V/P/O-layers. These are in turn separated from the next layer by an organic
bilayer of structurally bound C{H;PO;. The V/P/O layers themselves have large
cavities formed by rings of four vanadium octahedra and two phosphonate
tetrahedra which share corners and form a twelve-membered ring. This struc-
tural compound is very interesting because of its possible sorptive properties
and other applications. These structures have similarities to the zirconium-
phosphonates which will be discussed later. Looking at the polymeric species we
find a strong correspondence to molybdenum phosphate structural chemistry.

((CH;),NH,)K4(V,00,0,(H,0),(OH)4(PO,),) - 4 H,0 forms chiral double helices
of interpenetrating spirals of vanadiumoxo pentamers which are connected by
phosphate groups [60]. These double helices are intertwinned with one another
and arranged in a way that they generate tunnels and cavities which are filled
with the cations employed in the hydrothermal synthesis, (CH;),NH; and K*.
What is most fascinating about this dark blue material is the fact that due to the
chirality of its unit cell the single crystals are also chiral and crystallize in enantio-
morphs. This gives room for speculations about possible applications of this
vanadium phosphate. Firstly, the sorptive properties could render this material
interesting. So far no sorptive data are available but the cavities should be acces-
sible to organic molecules. Since the compound is thermally fairly stable, enantio-
selective sorption or even catalysis could be envisioned. The second possible
application lies in the field of optoelectronics. Due to the chirality and the strong
paramagnetism at high and antiferromagnetism at low temperature, this vana-
dium phosphate could be an interesting linear or non-linear optical element.

The variety of materials with pore systems in the vanadium phosphate system
is very wide and ranges from solids with small pores consisting of three vana-
dium octahedra and three phosphate tetrahedra [64] via openings formed by
four vanadium octahedra and four phosphate tetrahedra [65-68] to pores con-
sisting of six vanadium octahedra and six phosphate tetrahedra [67, 69]. There
are also materials with giant elliptical openings of eight vanadium octahedra
and eight phosphate tetrahedra [70, 71], which measure about 1.8 nm in the
diagonal of the pore, or alternating VO,/PO, 16-ring windows with 0.9 nm
openings being the aperture to huge cages of alternating VO,/PO, 32-ring cavi-
ties [72]. The latter structures are probably the most interesting latest develop-
ments in the field of open framework vanadium phosphates (Figs. 8a and 8b).
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b

Fig. 8. a Representation of the isosurface of the supercages of (HN(CH,CH,);NH) K, ;5
[V504(POy),] - x H,0 forming an interpenetrating network. b Isosurface of (Cs;[Vs0y (PO,),]
- x H,0 forming a distinct tunnel structure of two crystallographically identical sets of tunnels
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Fig. 8. ¢ Water adsorption isotherms for (HN(CH,CH,);NH)K, ;5[ Vs04(PO,),] - x H,O (Fig. 8a)
(diamonds) and barium exchanged (Cs;[V;04(PO,),] - x H,O (Fig. 8b)) (circles). The volume of
water vapor is normalized to STP (1.01325 X 10° Pa and 273 K)

(HN(CH,CH,),;NH)K, 15(Vs04(PO,),) - x H,0 and (Cs;(V50,(PO,),) - x H,0 form
open frameworks with large cages which are three-dimensionally interconnec-
ted by 0.9 nm windows. Both structures can be prepared hydrothermally from
conventional reactants. The DABCO (diazabicyclooctane, N(CH,CH,);N)-tem-
plated material is prepared from KVO;, DABCO, Et,NH, phenylphosphonic acid,
phosphoric acid and water in molar ratios of 1:2:2:0.75:2:100 hydrothermally
over 4 days at 170 °C, after which the product can be isolated in form of greenish
black truncated octahedra [72]. For (HN(CH,CH,);NH)K, 55(V;04(PO,),) - x
H,O0 even other templates like piperidine can be employed in the synthesis [72].
Again the sorption data (Fig. 8c) show that large amounts of water can be adsor-
bed in the cavities of the framework. The sorptive properties can even be im-
proved for (Cs;(V504(PO,),) - x H,O by exchanging Cs* against Ba**, and the
sorptive volume corresponding to water can be nearly doubled by this ion
exchange process which proceeds easily.

Although the structural chemistry of molybdenum and vanadium phosphates
is very diverse these compounds seem to be prototypes for open framework
transition and main group metal phosphates. Recent results have shown that
zeolite-like compounds like zinc/cobalt phosphates [73], indium phosphates
[74], nickel/aluminum phosphates [75], cobalt/boron phosphates [76], manga-
nese and cobalt phosphonates with giant 44-membered rings forming ellipsoi-
dal cavities [77] can be synthesized. All these examples show that the diverse
chemistry of octahedral-tetrahedral framework structures is a vast field where
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many interesting structures can still be discovered. There are certainly limita-
tions for these systems, since for many of them template removal is a big pro-
blem and often results in structural breakdown. Even if the templates can be
removed or exchanged, the windows of these solids are often so small that only
very small sorptives like water can penetrate the structures [38]. These facts do
not suggest such materials for catalytic applications at present, but further in-
vestigations might lead to more promising results in that respect.

3.3.3
Layered and Pillared Zirconium Phosphates and Phosphonates

We have already mentioned a layered vanadium phosphonate structure [58],
and we want to come back to this class of materials which has been best explored
for the zirconium phosphate and phosphonate system. The basis or backbone of
these layered structures is always a crystalline layer of a transition metal
phosphate or phosphonate. In the case of the phosphate, it is separated from the
next transition metal phosphate layer by organic spacers. These are either inter-
calated or bound to Brgnsted acid sites of P-OH groups. In the case of the
phosphonates the organic spacer is formed by the organic side branches of the
phosphonate groups [78]. For zirconium two important layered phosphate pha-
ses are known, the a-phase and the y-phase. Synthetically, those phases can be
easily obtained by precipitation reactions in aqueous solutions. The a-phase,
a-Zr(HPO,),- 2 H,0, can be prepared by refluxing zirconium salts in concentrat-
ed H;PO, for long times up to 300 hours or precipitating zirconium fluoro com-
plexes with phosphoric acid [78]. The obtained crystals are monoclinic, and
their layers consist of metal atoms lying slightly above and below the mean
plane, being bridged alternately from above and below by tetrahedral phosphate
groups. The phosphate groups reach into the interlayer region with one P-OH
group, and form six-sided cavities with the neighboring layer which contain
water molecules. The P-OH groups are also responsible for the van der Waals
forces holding the layers together [78].

The y-phase instead is constituted by two ideal planes of zirconium atoms
bound to tetrahedral PO, and H,PO, groups. The phosphate groups in this
structure share all their oxygen atoms with the zirconium, whereas the H,PO,
groups share only two oxygens, and the remaining P-OH groups dangle into the
interlayer region. The y-compounds have the more rigid layers and show a much
stronger acidity and, due to the larger interlayer distance, faster intercalation
rates [78].

Another interesting feature of this phase is that, due to the topotactic ex-
changeability of the dihydrogenphosphates against mono- or diphosphonic
acids, they can be used as a precursor material for new phosphonates. Due to
the Bronsted acid sites, the layered phases of the zirconium phosphates are in-
organic ion exchangers with good thermal and chemical stability. Still, highly
hydrated cations can only penetrate slowly, especially in the a-phase, as the
expansion of the phase is coupled with a high activation energy [78]. For the
y-phase, ion exchange is facilitated as the steric hindrance of diffusion is much
lower due to the larger interlayer distance and the flexibility of the H,PO, groups.
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There are principally two ways of opening the layers to ions with a larger
coordination sphere. The first one is the intercalation of organic molecules like
ethanol or alkylamines [78], whereas guests like long-chain alcohols or other
organics with low basic strength cannot be inserted so easily. For monoamines
intercalation proceeds readily, and at full intercalation the layered a-zirconium
phosphate contains 2 moles amine per mole zirconium which form a bilayer in
the interlayer region. For the y-phase, amine uptake for the bilayer formation is
much lower with 1-1.3 mol per mol zirconium. Compared to the monoamines,
diamines form monolayers where both functional groups interact with the
Bronsted acid sites of each layer. The intercalated zirconium phosphates swell
readily in water and other solvents, while the untreated compounds do not be-
have like this, probably due to the high charge density and strong layer-layer
interactions. This behavior of the intercalated phases gives way also to the
second method of enlarging the interlayer spacing by pillaring procedures with
the introduction of a wide range of inorganic pillaring ions like Zr, Cr, Al, Si, Fe,
Ga and others [79].

Generally, intercalated compounds are treated with solutions containing
the desired ions. The resulting materials show high specific surface areas up to
200 m?g~! or more and pores in the micropore range up to mesopores, while the
surface area and pore size distribution can be adjusted by the calcination pro-
cess [79]. However, materials obtained following such pathways rather resemble
pillared clays than zeolitic compounds. Sometimes, calcination at higher tempe-
ratures may even render the materials X-ray amorphous, while the surface area
and pore size distribution are retained. By these procedures, ion exchange capa-
cities can be increased compared with the original layered phase, and especially
here it has been found that the uptake of cations from solution is better if the
materials have been NH }-exchanged, as the ammonium cation is a good leaving
group. Apart from their ion exchange capacities, inorganically pillared zirco-
nium phosphates have been tested as catalysts, and they were found to be attrac-
tive materials due to their relatively sharp pore size distributions and moderate
or high Brensted and Lewis acidity [79]. One example is the fluorinated alumina-
pillared a-zirconium phosphate which shows high catalytic activity for the
decomposition of isopropyl alcohol together with a selectivity of nearly 100%
for the dehydration process [79]. What makes such materials very promising in
several catalytic applications is the possibility to incorporate large amounts of
heteroatoms, commonly much more than in zeolites or MCM-41 materials. In
addition, the resulting pillared material can be altered by ion exchange. This
creates a framework variety and atom concentration relative to the layer com-
position that is achieved only in few other porous solids.

A broad variety of organic derivatives of a-zirconium phosphonates and
a-zirconium phosphonates can be obtained simply by replacing H;PO, with
H,0;PR where R is an organic group. Generally, for these syntheses HF is
employed as complexing agent to facilitate the introduction of the organic deriva-
tive [78, 80]. For the a-zirconium phosphonates many different organic groups
have been introduced, and it seems as if the nature of the groups which can be
incorporated depends only on the abilities of the chemist who synthesizes the
phosphonate.
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Especially interesting is the introduction of organic groups of different size
and shape. In this case it is observed that distinct ratios of the different
phosphonic acids are incorporated in the layers. Due to the different packing
requirements of the organic branches, special distributions which seem energet-
ically favorable tend to form [78]. These distributions often resemble the
simplest two-dimensional packings of balls of different size that can be realized.
However, not only phosphonates of the H,O;PR type can be introduced, but also
phosphonic acids of the H,0;P-R-PO;H,-type have been employed in the
synthesis of a-zirconium phosphonates. These compounds connect the layers,
and by designing the organic spacer in such a way that, through steric hindrance,
neighboring sites in the layer cannot be occupied by organically substituted
species, interlayer microporosity can be introduced in a-zirconium phospho-
nates. Such a compound has pore sizes of about 0.5 nm and an interlayer micro-
pore surface area of 375 m?g!. For y-zirconium phosphonates it is not even
necessary to use organic diphosphonates with organic branches as spacers, here
the simple incorporation of biphenyldiphosphonate via an exchange process at
75-80°C is sufficient for the creation of interlayer microporosity due to the low
pillaring percentage of only 25% of replaced H,PO, groups in the y-layers
(Fig. 9). For this exchanged material a micropore volume of 0.12 cm’g™! and a
narrow pore size distribution around 0.58 nm were determined. However, the
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Fig. 9. Lateral view of pillared microporous y-zirconium phosphonate
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thermal stability is relatively low: Decomposition begins around 220-230°C,
which is somewhat lower than for similar non-porous compounds. This effect is
attributed to the easier diffusion of gases in the pore system.

Another way of creating porosity was found in the zirconium phosphite-
diphosphonate system, where a large excess of phosphorous acid may induce
high specific surface areas of 300 to 500 m*g™ [78]. The main fraction of this
surface area is due to intercrystalline mesoporosity, and the size of the pores can
be varied from 1.5 to 5 nm with a fairly narrow distribution, simply by changing
the ratio and adjusting the concentration of the reagents. Even the interlayer
microporosity of the pillared layers can be suppressed by using very short
organic spacer groups, and this way purely mesoporous materials can be ob-
tained. The unique feature of these mesoporous solids is the possibility to func-
tionalize the surface of the mesopores by topotactic replacement of the phos-
phite groups with phosphonic groups possessing catalytically interesting sub-
stituents, like for instance -SO;H. The applications for these porous materials
with good chemical and thermal stability, their high surface areas and narrow
distributions of inter- and intracrystalline pore sizes lie in the field of ion
exchange, protonic conduction and, of course, they are suitable agents for acid
catalysis.

3.34
Antimonyoxyselenides: Cetineite Type Materials

Unique in their composition as antimonyoxyselenides, in their open framework
topology and their optoelectrical behavior are the structural analogues of the
natural mineral cetineite which has been synthesized by Liebau and Wang
[81-83].K;Sb,0,Se; - 3 H,O is a typical example for this class of materials. It can
be obtained as transparent dark red hexagonal prisms of approximately 1 mm
length and a width of 0.1 mm from elemental antimony and selenium in an
aqueous solution of potassium hydroxide under hydrothermal conditions. In
the hexagonal structure of K;Sb;0.Se;-3 H,0 pyramidal SbO; groups are
connected to channel-like Sb;,0,; units stretching along the crystallographic
c-axis. These channels have an open diameter of approximately 0.7 nm, and
the potassium ions are arranged circularly on the inner surface of the
channels, while the center of the channel is occupied by a chain of stretched
(H,0)4 octahedra. On their outside the channels are connected by SbSe; pyra-
mids through weaker secondary bonds. Evidently, potassium and the strongly
oriented water molecules act as templating, void filling agents in this struc-
ture, but the framework is accessible as the water molecules can easily be
removed from large single crystals within a few seconds at ambient tempera-
ture under high vacuum. UV-Vis spectra recorded on single crystals and con-
ductivity measurements showed that the framework is semiconducting with
the ability of photoconduction [84].The cetineite-analogous phases are the
first examples of porous solids with such properties which suggests uses of the
accessible cetineite frameworks in the fields of chemosensoring, optoelectro-
nics or photovoltaic applications.
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4
Non-Oxidic Frameworks

All materials mentioned so far are based on oxygen that acts as a bridge between
main group or transition elements. In the following we will present materials
that are oxygen-free. The first group are the frameworks with the higher chalco-
genides as the bridging framework constituents.

4.1
Open Framework Sulfide Structures

The standard approaches for the synthesis of such compounds were for a long
time molten flux methods of metal sulfide fluxes [9]. Although large cavities can
be obtained by flux methods, the charge compensating cations employed during
synthesis are always inorganic and can be only topotactically exchanged but
never be totally removed from the framework so that no real open framework
structures result. The clue to an open framework is in most cases a void filling
cation that can be decomposed like the organic cations in zeolites. One of the
earliest reports presenting several new zeolite-like sulfide structures templated
with amines was published in 1989 by UOP researchers [85]. Their synthetic
concept which proved to be successful was to employ elements which show a
preference for tetrahedral coordination, stable thiometallate chemistry in
aqueous solutions and which possibly give a minimum framework charge in the
resulting hypothetical MeS, or MeMe’S, lattice. As mineralizers they employed
either hydroxide ions or HCOj3 which both proved to be efficient in mobilizing
the elemental building units without hydrolyzing the products or the sulfide
precursors, mostly the freshly precipitated metal sulfides. As structure directing
agents, alkylammonium and amine templates were used in analogy with zeolite
and aluminophosphate syntheses. Many tin and germanium sulfides and metal
thiogermanate or stannate structures can be synthesized following this concept
and these procedures.

As an outstanding example we want to discuss the structure of a cobalt/
manganese germanium sulfide [85] which displays important building units
and principles of the open framework sulfide chemistry. The basic building unit
of this lattice is the adamantine-like Me,S, unit (Fig. 10a), a structural element
which is certainly one of the most important ones and which can be found in
many lattices [86]. Three adamantine units are connected together by one
central MeS;SH tetrahedron forming a trimer (Fig. 10b). These trimers are
linked together in alternating configuration to chains which run along the
principle axis of the unit cell (Fig. 10¢c). The rhombohedral unit cell itself con-
tains six adamantine units, eight three-connected tetrahedral units and twelve
tetramethylammonium cations. Each adamantine T-atom is part of three fused
3-rings, while each MeS,SH tetrahedron is part of six 12-rings. The 3-ring build-
ing units seem to be a typical feature of sulfides due to the restricted T-S-T
bonding angles of 103 to 108 degrees. Due to this rigidity, more open structures
can be found in the sulfide system, containing also a larger amount of template,
as compared to microporous oxides. This large amount of template in the



Synthesis of Zeolite-Like Inorganic Compounds 253

b

Fig. 10. a Me,S; adamantine unit. b Triangular trimer of adamantine units linked by the
tetrahedral MeS;SH building unit
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Fig. 10. c Pinwheels formed by the linkage of adamantine trimers

crystals, however, makes the voids also inaccessible to bigger molecules. The
situation is complicated further by the fact that sulfides are thermally not as
stable as oxides and burnout of the template is mostly accompanied by struc-
tural breakdown [85]. However, some structures, like for instance a tetra-
methylammonium tin sulfide, can be made accessible by moderate activation
procedures (150 °C), after which small molecules like H,0 and CO, can penetrate
the pore systems [85]. Subsequently, several groups presented a variety of new
sulfide open framework structures, many of which are well reviewed in [86].
Sulfide frameworks can be synthesized where the structure is dominated by large
windows from 16 [87] up to 32-atom rings [88], which are strongly ellipsoidal, but
have no open porosity. Arrangements of small sulfide clusters forming cavities
are known [86], as well as a large variety of layered materials connected by
tunnels [89, 90].

Pillaring of metal sulfides has been achieved [91], and even metal-rich
framework structures can be prepared [92]. Even for these materials template
removal is not possible, they are still an interesting approach to nano-sized
semiconductors, namely so-called anti-dot lattices where the semiconducting
lattice surrounds template-filled voids of lower conductivity [86]. Template
removal is probably not the essential problem for the design of a nanostructur-
ed material, since often the goals of unusual size-dependent optical or electro-
nic properties might be achieved with the composite of template and frame-
work.
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4.2
The Second Example of Oxygen-Free Framewoks:

Nitridosodalites and Related Phases

The chemistry of phosphonitrides is very different from all the compounds we
have described before. It has for a long time been quite a mystery, as the result-
ing products are often impure, ill-defined and can mostly not be obtained as
single crystals. The clue to a series of new structures of phosphorus nitrides was
the synthesis of pure crystalline P;N; [93] with which Li,PN, and LiPN,, both
good lithium ion conductors, could be obtained and structurally characterized
[94,95].In LiPN, phosphorus and nitrogen form a 3-cristobalite-like framework
and show the highest degree of condensation that can be reached by connecting
PN, tetrahedra over the edges, whereas in Li;,PN, isolated PN/  ions can be
found. The first compound exhibiting a complex anion P,N{J” was Li;;P,N,,
which lies with respect to its composition in between the two extremes quoted
above and shows also a degree of condensation of PN, tetrahedra between the
two other structures [93]. The compound can be obtained as colorless crystals
by the solid-state reaction of Li;N and P;Nj, by reaction of LiPN, with Li;N, or by
reacting Li,PN, with P;N; stoichiometrically around 700 °C under nitrogen in a
tungsten crucible. Li,(P,N;, has an ionic structure, and the building unit of the
P,N 3" anion is isoelectronic with P,0,, in a zincblende-like arrangement.

This complex anion has already very small cavities and, like the B-cristo-
balite-like structure of LiPN,, suggests some similarities to silicate framework
chemistry with the prospects of more open structures. The final clue to the
synthesis of the sodalite-like structure Zn,(P,,N,,)Cl, was reacting Zn;N, and
ammonium chloride, producing ammonia in a separated compartment in a
fused silica ampoule at 400 °C and keeping P;N; in the other half of the ampoule
at 580 °C and 30 bars for 6 days [96]. Later, a simpler route to the nitridosodalite
was discovered, using the simple reaction of ZnCl,, NH,Cl and (PNCl,); in an
autoclave reaction at 700 °C. The obtained products are insoluble in water, orga-
nic solvents, bases and mineral acids, and only by autoclave treatment in diluted
sulfuric acid could the extremely stable framework be hydrolyzed. Other metals
like iron, cobalt, nickel and manganese or even hydrogen can be introduced in
the cages, and hydrogen which is covalently bound to nitrogen can be replaced
by zinc in an autoclaved exchange process at high temperatures [97].

The chloride anions are situated in the center of the sodalite cages and tetra-
hedrally surrounded by Zn?* ions, chloride can be replaced by chalcogenide
anions by reaction of HPN, with the corresponding zinc chalcogenide, and the
chalcogenide takes the place of the chloride anion forming the center of the
charged XZn§* cluster in the B-cage [98]. These clusters can be considered as
sections of II/IV semiconductors and show clear blue shifts in their absorption
spectrum in comparison with the bulk material due to size quantization effects.
This is a complete analogy to oxosodalites where the same results were obtained
for dispersed semiconductors. Future experiments will show whether more
open zeolite-like lattices can be obtained. It will be a great challenge to find
removable void-filling and framework-stabilizing agents for such structures.
However, even nitridosodalites with empty cages, Zng[P,N,,], already have the
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ability to absorb small gas molecules like hydrogen at elevated pressures and
temperatures [99].

A different class of nitrides also discovered by Schnick et al. are the open fra-
mework silicon nitrides Ce;SigN;; and Pr;SigN;; [100, 101]. Here the voids of the
covalent framework formed by SiN, tetrahedra are filled with the rare earth
cations. The biggest channels that can be found in these structures are formed
by six-membered rings. From the point of view of the zeolite chemist this does
not seem too large. However, silicon nitrides offer a variety of features that find
several applications, as they are very inert and thermally stable.

Another application with growing interest is the use of open-framework
materials like zeolites or layered silicates as ceramic precursors. Certainly,
silicon or phosphorus nitrides could be an approach to a similar precursor
chemistry for non-oxidic ceramic materials.

4.3
Super Prussian Blue Compounds

In prussian blue, iron ions at the corners of cubes are linked by CN-groups on
the edges of the cube. The idea to expand these compounds to porous materials
is based on substituting the CN-bridges with longer units. First steps in this
direction have been taken by Fischer’s group [102-104]. They increased the
length of the spacer by inserting a trimethyltin-group, thus creating a [C-N-
Sn(Me;)-N-C] bridge, and stabilized the voids by guest species like metallo-
cenes or quaternary ammonium salts. The synthesis of such compounds is
surprisingly simple: The cobaltocenium derivative, for instance, precipitates,
when an aqueous solution of cobaltocenium perchlorate and trimethyltin-
chloride is added dropwise to a saturated solution of K,[Fe(CN)g].

Related compounds can be prepared using different metal atoms, like iron,
ruthenium, copper or tin, and with differing guest species like ferrocene, co-
baltocenium, tetra-n-butylammonium, tetraethylammonium, and methylvio-
logen. The list of guest species suggests a strong similarity to aluminosilicate or
aluminophosphate molecular sieves, since several of these molecules are typical
templates for zeolite synthesis.

This similarity is also suggested by the structure of such super prussian blue
compounds. Figure 11 shows a view along the c-direction of (nBuyN), s (Me;Sn); 5
Fe(CN)¢- H,0. One can clearly identify the channels running along this axis,
which are occupied with the alkyl ammonium cation. No sorption data for these
materials have been reported yet, but one might expect appreciable adsorption
of small molecules already in the template-containing samples. If the template
could be removed without destroying the structure, materials with a high po-
rosity should result. Thermal pathways are probably not feasible in this case,
since this could also result in destruction of the trimethyltin units. However, it
might be possible to exchange the bulky tetra-n-butylammonium ion with
smaller cations without destruction of the framework.
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Fig. 11. View of ((nBu,N),s(Me;Sn); sFe(CN)xH,0) in direction of the channels (crystallo-
graphic c-axis). nBu,N* ions are omitted in all except two channels

5
Other Approaches to Zeolite-Like Inorganic Materials

In the last section we want to present a variety of other materials that resemble
zeolitic arrangements, but often, due to their chemical composition, the less
defined pore structure or to preparation methods lack popularity.

A new class of siliceous microporous materials with varying metal contents
and high porosities has recently been presented by Maier et al. [105, 106]. These
materials which are X-ray amorphous and where no crystalline structure can be
seen in the transmission electron microscope are synthesized via a sol-gel-route
under hydrothermal conditions without the use of template molecules. The sim-
ple reaction of silicon alcoholates and titanium alcoholates which are mixed in
ethanol and the condensation of which is induced by the addition of hydro-
chloric acid, produces a gel that becomes solid after a few days. The following
careful calcination process under inert atmosphere and milling of the resulting
solid gives the porous material. Detailed analysis of the pore structure para-
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meters, however, have not been given yet, since the base pressure in the adsorp-
tion experiments was not sufficiently low to analyze pores in the range below
1 nm.

The synthetic method described offers two important parameters for variat-
ion of product properties. The first concerns mainly the polarity of the result-
ing oxide. By introducing trimethoxymethylsilane in the reaction mixture,
oxides with residual methyl groups of varying content can be prepared. The
second synthetic variable is the incorporation of a number of metals like titanium,
aluminum, zirconium, tin or vanadium in the oxides with ratios of Si/M ranging
from 50 down to 1. If these ratios are compared with common zeolites used in
catalysis, much more of the catalytically interesting metal can be incorporated
in these composite oxides. What seems even more fascinating is the fact that by
the introduction of methyl groups the polarity of the resulting amorphous oxide
can be adjusted over a wide range, which might be interesting as well for
catalytic applications. This has been shown in selective oxidation reactions
with tert.-butylhydroperoxide as oxidizing agent. Here it was found that the
deactivation of the solid catalyst which is usually brought about by enrichment
of polar components in the reaction mixture does not take place if hydrophobic
silicon/titanium oxides are used in this process [105].

Another group of materials which are more interesting with respect to host-
guest systems but also are not crystalline like zeolites, are intercalative composite
materials [107] obtained by chemical modification of layered materials. Such
composite materials can possess electrical, optical and mechanical properties
which may not be achieved with each of the components separately. Especially
layered inorganic hosts with organic polymers as guests can resemble zeolite-
like arrangements, and sometimes their structures can be considered more or
less open to certain species, meaning that often guests like ions can be inserted
in these systems. Good examples for such a system are the polyethylene-
oxide/V,0; intercalation compounds. V,0; xerogels are able to encapsulate
many water soluble polymers [108], and many monomers can be polymerized
oxidatively in the intralamellar space of the host. The PEO/V,05 can simply be
prepared by stirring an aqueous solution of a V,0; xerogel together with the
polyethyleneoxide, which is readily encapsulated between the layers. Large
amounts can be taken up while the interlayer distance appreciably swells, and it
can be shown that the PEO chains arrange in a zigzag conformation parallel to
the sheets of V,0; [108]. Lithium ions can be inserted via a redox process by
exposing the composite to a solution of lithium iodide in acetonitrile, and iodine
is produced as a by-product of this exchange procedure. It is interesting to see
that the exchange and introduction of the lithium is possible via a redox reac-
tion in which the vanadium oxide is reduced and iodide oxidized. The lithium
ions are mobile in between the layers, and this results in good ionic conductivi-
ty in the composite material.

A final, really unexpected example of a zeolite-like material is the cluster
compound Cu,eSe;5(PPh;);, which forms trigonal prismatically shaped tri-
phenylphosphonium coated copper selenide clusters of 4 nm length and a
thickness of about 2 nm [109]. This material crystallizes in a most amazing
structure where the cluster molecules arrange in a way that they form uni-
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dimensional channels in the hexagonal crystals along the crystallographic c-axis
(Fig. 12). These channels are normally filled with the solvent molecules from the
crystallization which is tetrahydrofuran, but upon drying the organic molecules
can be removed without destruction of the material. Sorptive properties are not
known so far, but they might be similar to the adsorption behavior of MCM-41
type materials. Future research will show whether this is just a singular example
or whether other clusters with appropriate geometry tend to crystallize in open
structures.

While this material lies rather in the pore size range of the ordered meso-
porous oxides, structures which are described as “skeletal” by biologists might
form ordered pore systems on an even larger-size scale. These structures often
form the solid backbones of marine algae or other organisms which live in
marine environments. Fore several years Mann’s group has been researching the
biomimetic growth of inorganic materials. Mesoporous or macroporous arago-
nite in coral-like arrangements can be obtained from microemulsions of oil,
supersaturated calcium bicarbonate solutions and surfactant [110]. The pore
sizes of these hollow aggregates can be controlled by the relative concentration
of water and oil over the size of the emulsion droplets which seem to be embed-
ded by the rapidly crystallizing aragonite. These porous calcite arrangements
can be obtained as small spheres of approximately 1 pm diameter or they can be
deposited on metal substrates. Even hollow spheres can be produced by cover-
ing uniform polystyrene spheres with the microemulsions with subsequent

Fig. 12. Hexagonal arrangement of cluster molecules of Cu,,Se;;(PPh;);,. View in direction of
the channels
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removal of the emulsion phase after aragonite crystallization and finally dis-
solving the polystyrene sphere in an appropriate organic solvent.

This could be a totally new route to produce light-weight ceramics, catalytic
supports or membranes on the basis of these cellular frameworks, provided that
this technique is applicable to other materials than calcium carbonate.

6
Conclusions

We have presented a wide variety of zeolite-like materials which can be obtained
by various synthetic techniques. Many of the resulting solids are not porous so
far because the guest species included in these structures have not been remov-
ed. For other materials it is not known, whether they have structural porosity,
since sorption analysis, which belongs to the standard tools of zeolite scientists,
is not routinely being used by solid-state chemists working on the non-conven-
tional zeolite-like compounds. If contacts between the different communities
intensified, much progress could certainly be made in the future.

The compounds described here enrich the world of advanced materials and
are suitable for many special applications. Yet there is one great obstacle in the
synthesis of these compounds that has still not been overcome: All the ap-
proaches for the synthesis are mainly based on a combination of practical
knowledge, good estimations, chemical intuition and synthetic luck. However, a
deep understanding of the processes that lead to the desired open frameworks,
is still lacking [111]. What is often called a “designed material” is frequently
the result of years of synthetic efforts, screening synthesis conditions and
characterizing the products. Together with the suitable application it might
seem as if the final material has been designed, even if it was not. We certainly
do not want to underrate the achievements of the chemists who were able to
make this large variety of materials available. However, the future challenges for
materials scientists working in this field will be the development of models to
understand the underlying chemical pathways leading to the formation of such
materials which will then eventually lead to the a priori design of materials that
are suitable for the desired application.
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1

Introduction

Pillared Clays (PILCs) are an interesting class of 2-dimensional microporous
materials. Due to their high surface area and permanent porosity they are very
attractive solids for adsorption and catalysis purposes. Since their porosity can
be localized in the larger micropore region, these substrates form a bridge
between the microporous zeolites on one hand and the inorganic meso- and
macroporous solids (e.g. silica, alumina) on the other. The history of PILCs
started in 1955, but the first extensive studies appeared only around 1980.
During this pioneering work, mainly organic cations and organometal pillars
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were used. Now, the inorganic polyoxycations are of greatest interest because of
their high thermal stability. By changing the nature and, hence, the size of the
pillars, different pore-sizes are obtained. In this way, it becomes possible to tune
the porosity. This porosity combined with the properties of both pillar and host
are very important for certain applications, such as selective gas adsorptions,
catalytic reactions, etc.

In this review on the principle of pillaring, various layered structures with
different pillaring species will be discussed.

2
The Principle of Pillaring

Although clays are very useful for many applications in the field of catalysis,
adsorption and ion exchange, they have one main disadvantage: their lack of
permanent porosity. Smectites swell upon hydration, but upon severe dehydra-
tion (heating) the layers collapse and the interlayer surface becomes no longer
accessible for chemical processes.

To avoid this problem, researchers found a way to prop open the clay layers by
the introduction of stable pillars in the interlayer region. By doing so, a high pore
volume is created. The pillared interlayered clay (PILC) maintains its porosity
during the hydration or dehydration process. The idea is schematically re-
presented in Fig. 1.

The principle of pillaring can be traced back to the early work of Barrer and
McLeod, wherein they showed that permanent porosity in montmorillonite
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Fig. 1. Hydration-dehydration behavior of a clay and a pillared clay
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could be introduced by replacing the interlayer alkali metal ions with tetraalkyl-
ammonium ions [1]. During the oil crisis (1973), these pillared solids caught the
attention of catalysis researchers since they had pores with the appropriate size
for cracking. In spite of their thermal instability, other pioneers like Brindley
and Sempels [2] and Vaughan et al. [3] started to develop the inorganic pillared
clays. The first fundamental study on an inorganic PILC appeared in the late
1970s. These types of PILCs are still of great interest since they are stable up to
temperatures exceeding 773 K.

The concept of pillaring is very straightforward and consists of two main
steps: first, the interlamellar small cations are exchanged for other, bulky ions. A
second or calcination step converts the inorganic polyoxycation precursors into
rigid, stable metal oxide pillars, tightly bonded to the clay layers (Fig. 2).

It has become clear that both the parent clay and the pillars must possess
several properties in order to allow the pillaring process to be successful. The
clay should have a moderate cation exchange capacity (CEC) to obtain the best
swelling and alkali or alkaline earth ions in the interlayer space which can easily

Na-CLAY PILLARING
) SOLUTION
a'@"a"a"s“’ FF== O
e '&“@'g"
EXCHANGE

REACTION

A

PILLARED CLAY

L

Fig. 2. The principle of pillaring



268 P.Cool - E.F. Vansant

be exchanged. From this point of view, smectites are the ideal host. The pillaring
cation requires a high positive charge and must be dissolvable in the polar
solvent used to swell the clay.

Nowadays, the pillaring of clays is a well established technique in the pre-
paration of new porous solids. It is an easy and controllable way to introduce
porosity in a rather inexpensive substrate. A variety of pillaring species is avail-
able, all with specific sizes and compositions. In this way, it is possible to prepare
PILCs with different interlayer free spacings which determine the pore size. The
interpillar distance can be tuned by varying the charge of both host and pillars.

Depending on the final purpose of the material, the appropriate pillar can be
chosen. This flexibility in the PILC synthesis is one of the main advantages com-
pared to other porous substrates, such as zeolites, which have one definite pore
size. The technique not only focuses on clays, but other layered structures serve
as host materials as well. Examples are layered double hydroxides (anionic
clays), metal(IV)- phosphates and phosphonates, layered silicic acids, etc. [4, 5].

3
The Variety of Pillaring Species

A brief overview of the different well known pillaring species is given in Table 1.

The organic cations were the first pillaring species under investigation. Inter-
calation of alkylammonium and dialkylammonium ions of various chain length
by Barrer resulted in interlayer distances of 2.2-4.0 A [1]. Surface areas (SA) of
up to 300 m?*/g (CH;NHY) and micropore volumes of 0.098 cm®/g (*NH,
(CH,),NH?) were observed. Although the cations become easily intercalated
between the layers, these organo-PILCs have some disadvantages. There is no
strong interaction between the amine pillars and the clay sheets so that they
remain exchangeable for other cations. Second, their thermal stability is limited
to about 523 K.

Other species, like organometals, were used for pillaring in an attempt to
increase the thermal stability and to introduce catalytically active elements into
the PILC. Examples are the use of tris(ethylene-diamine)cobalt(III) or shortly
Co(en)3*, M(2,2-bipyridine)-complexes and M(o-phenanthroline)-complexes.
However, these pillared materials continue to be thermally unstable (above
350-450 °C) due to the presence of C-C bonds. The first stable pillars were ob-
tained by the intercalation of organo-metal complex precursors, e.g., tris
(acetylacetonato)silicon(IV) or Si(acac)3* and the Fe(III)-acetato complex Fe;O
(CH;CO0)4(CH;COOH) - 2H,0*. The in-situ hydrolysis of the Si-precursor and
the intercalation of partially hydrolyzed Fe-complexes followed by a thermal
treatment lead to stable oxide pillars. The interlayer free spacing (IFS) of the
Si-PILC was approximately 3 A with a surface area of 200 m?/g. Due to the fast
and uncontrollable hydrolysis of the Fe(III)-acetato precursor, broad pore-size
distributions (PSD) with basal spacings between 6 and 10 A were found, com-
bined with a low porosity. Up to 773 K, the pillared solids remained unaffected.

Metal cluster complexes were proposed to introduce mainly transition metals
between the clay layers. Niobium, tantalum and molybdenum chlorides were
exchanged on the clay surface and oxidized at 513 K under vacuum to transform
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Table 1. Overview of the most common pillaring species

Class Examples Ref.
Organic cations alkylammonium, [6]
dialkylammonium [7]
DABCO (8]
Organometallic cations Co(en)3* [9]
M(2,2-bipyridine)-complexes [10]
M(o-phenanthroline)-complexes [11]
Si(acac)3* [12]
Fe;0(OCOCH;);CH;COOH* [13-16]
Metal Clusters NbCl, Ta,Cliy, MogClg* [17]
Polyoxycations Al;;0,(0OH),,(H,0)75 [18-20]
Zr,(OH)4(H,0) [21-23]
(Ti0)5(OH) [21,24]
Cr,(OH)@n-m-+ [25,26]
Hydrolyzed Fe-salts [27,28]
Oxide Sols TiO,-, Ti0,-Si0, sol [21,29,30]
Si,Al,04(OH)g or imogolite [31]
Mixed Oxide Pillars Fe/Al [32]
Fe/Cr, Fe/Zr [33]
La/Al [34]
GaAl,,0,(0H),,(H,0) 7 [35]
Cr/Al (36]
LaNiO, [37]

into the metal-oxide form. An advantage here is the well known size of the com-
plexes (no polymerization), but low surface areas resulted. Intercalation of
M,ClY gave a surface area of only 64 m?/g.

The direct intercalation of metal oxide sols (DIMOS) according to Pinnavaia
is a good technique to achieve stable oxide pillars [31]. Aqueous oxide sols with
uniform particle sizes of 20-80 A can be used to create mesoporous pillared
clays. The materials are also called supergallery PILCs, a term covering all sub-
strates with an interlayer distance substantially larger than the thickness of the
host layers. Ti-sol prepared from Ti-alkoxides results in Ti-PILCs with interlayer
free spacings of 13 A and surface areas of 300 m?%/g.

Mixed sols of Si0,-TiO, create interlayer free spacings of 25-35 A. The pore
size is, however, not of the same dimension, the spherical sol particles pack
irregularly between the layers and form pores of non-uniform size in the micro-
porous range. A schematic representation of this mixed supergallery PILC is
given in Fig. 3.

Using template molecules like OTMA (octadecyltrimethylammonium) orients
the sol particles, and large pores (30-40 A) will be formed (see Fig. 4). Ex-
tremely high surface areas and pore volumes amounting to 600 m?/g and
0.8 cm®/g, respectively, are created.

A sol solution containing a tubular aluminum silicate called imogolite or
Si,Al;04(OH); gives interlayer distances of about 34 A and a surface area of
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TiO, O SiO, clay layer

Fig. 3. Mixed SiO,-TiO, PILC

exch. cations  @ZZ2 OTMA O SiO,/TiO, sol clay layer

Fig. 4. SiO,-TiO, pillared clay synthesized using OTMA as template

460 m?/g. Both the intra- and intertubular channels contribute to the final
micropore volume. The structure of these Tubular Silicates Layered Silicates
(TSLS) is presented in Fig. 5.

By far the most popular and most useful for pillaring are the polyoxycations.
They are synthesized by a controlled hydrolysis of metal salts to give complexes
with the desired properties for pillaring: high charge, bulky character, and con-
vertable to stable oxide pillars upon heating. Table 2 gives an overview of the
most common PILCs together with their characteristics. Figure 6 shows some
typical pillaring precursors.

Among them, only the Al-PILC exhibits a narrow pore size distribution [16].
The hydrolysis is the most easy to control, and the pillar dimensions are not very
sensitive to differences in the hydrolysis conditions. Interlayer free spacings
between 7 and 10 A are always obtained.

The Zr-tetramers polymerize to form sheets which link together to form a
3-dimensional polymerized pillar. The height of this pillar is determined by the
number of constituting sheets, depending on the hydrolysis conditions. Careful
control of the polymerization reaction should result in PILCs with different
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Fig. 5. Front view of a tubular imogolite-PILC

Table 2. Properties of pillared clays intercalated with polyoxycation pillars

Pillar species Surface area (m?/g) Interlayer free spacing (A)
AlLO; 200-400 7-10

710, 200-300 4-14

Cr,0, +300 +12

Fe,05 100-300 + 15+ mesopores

TiO, +300 + 14-18 + mesopores

basal spacings, but in most cases broad pore size distributions (PSD) are ob-
tained [16]. The formation of this pillar precursor will be discussed in more
detail.

Pillaring with hydrolyzed Cr-polyoxycations [Cr,(OH),,]®*™* was first
reported by Yamanaka and Brindley [38]. The obtained IFS of 16.8 A collapsed
at temperatures above 473 K. Tzou and Pinnavaia succeeded in the synthesis of
a more stable PILC, with a surface area of 350 m?/g and an interlayer free spacing
of 11.7 A even after heat activation at 773 K [26]. Both the basal spacing and the
surface area strongly depend on the hydrolysis and the calcination conditions.

Iron salts, e.g. Fe(IlI)nitrate, chloride or perchlorate, polymerize rapidly in
the presence of Na,COj; to form large molecules of very low charge. As a result of
this low charge, many Fe-pillars need to be intercalated to neutralize the nega-
tive charge density on the clay sheets. The stuffing of the interlayer region with
pillars explains the rather low surface area and microporosity of these solids.
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Fig. 6. Illustration of some pillaring precursors for AI-PILC (A), Zr-PILC (B), Ti-PILC (C) and
Fe-PILC (D)

TiCl, or Ti-alkoxides rapidly hydrolyze in HCI and polymerize to a sol which
results in large polynuclear species with the formula [TiO(OH),],. Broad pore
size distributions with a maximum interlayer free spacing of 30 A and surface
areas up to 300 m?/g have been reported.

Mixed oxide pillared clays are a new form of pillared clays. They can be ob-
tained by a combined hydrolysis of metal salts: La/Al, Al/Fe, Fe/Cr, Fe/Zr, Cr/Al
Another route is the synthesis of complexes containing different metal cations:
GaAl,,-Keggin structures or binary oxides. These mixed pillared clays will have
other, more specific catalytic and adsorption properties, while the size and
charge of the pillaring species can be changed. The main drawback of these
pillared materials is the characterization of the pillars.
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As an example, Heylen et al. showed that the incorporation of chromium in
iron oxide pillars has a positive effect on the adsorption affinity for cyclo-
hexane, CCl, (P,,=4.7 % 10° Pa), and CO, (P.,=4.7 x 10* Pa) at 273 K [33]. An
improvement of the selectivity as well as the capacity was noticed for the mixed
Fe/Cr-PILC in comparison to the parent Fe-PILC.

It becomes clear that a broad pore size range can be covered by the different
polyoxycations, though the pore size distribution of PILCs is not uniform as is
the case for zeolites. One must keep in mind that careful control of the hydrolysis
conditions is necessary in order to obtain the narrowest pore size distribution.
Variations in the pillar composition (size, charge, etc.) due to hydrolysis pheno-
mena result in variations of both the slit width and the interpillar distance.

3.1
The Al-Pillaring Precursor

In the literature [39], four different methods are known for preparing Al-pil-
laring solutions:

1. hydrolysis of Al**-salts (usually AICl;) with NaOH,

2. hydrolysis of Al**-salts (usually AlCl;) with Na,CO; (CO%™ reacts with H;O*
to form OH ions and CO, gas),

3. electrolysis of AlICl;, and

4. dissolution of Al metal in HCI (with liberation of H,).

Route 1 is a well established technique and most often utilized in order to pre-
pare fresh Al-solutions on a laboratory scale. On the industrial scale, route 4 is
preferred for the preparation of hydrolyzed Al-solutions, such as Locron L
(Hoechst) and Chlorhydrol (Reheis Chemical Co.). These stock solutions are
very concentrated and need to be diluted prior to pillaring. The commercially
available Locron L can be used as an alternative to preparation method 1.

The pillaring specie of interest formed in this way is the Al**-oligomer
[Al;304(0H),4, «(H,0),, _]7~0* (briefly Al,;) or Keggin ion [40]. Its structure is
described as a prolate spheroid, consisting of one central AlO, tetrahedron
surrounded by twelve octahedra of aluminum hydroxide. The three edge-
sharing octahedra have free corners that are occupied by oxygen, bridging
hydroxy groups, or bridging water molecules. Each octahedral Al** ion is at an
equal distance from its neighbors. A representation of this Keggin structure is
given in Fig. 7. The Al,; dimensions were proposed by Clearfield and Roberts to
be 9.5 and 7 A, for the long and the short axis of the spheroid, respectively [41].

Besides Al; several other species might be present in the pillaring solution,
depending on the preparation conditions: [AI(OH),(H,0)s_,]® ®* monomers,
[AL(OH),(H,0);_,]¢~* dimers and also higher polymeric forms (Al,,) [42].
The most critical parameters which determine the composition of the Al-pil-
laring solution and which need to be closely controlled are the temperature,
the aluminum concentration, the degree of hydrolysis OH/AL the pH and the
aging time. A distribution curve of the various Al** species vs the pH and the
OH/AI ratio for a solution of AICl; hydrolyzed with NaOH is given in Fig. 8
(42, 43].
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Fig. 7. Schematic representation of the Al-Keggin ion (Al,;)
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Fig. 8. Distribution curve of the various Al** species present in the AICl; solution hydrolyzed
with NaOH
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Fig. 9. Influence of the pH on the charge of the Al,; Keggin ion

At OH/AI <1, the monomeric forms are dominant, while for 1.5<OH/Al
<2.3, Al;; becomes the main species in solution. By a further increase of the
hydrolysis degree the formation of polymers is promoted. It must be said that
the distribution curve is also dependent on the preparation method. For the
commercial Al; solution, the percentage of Al; is more or less constant over a
wider range (1< OH/Al <2.5), but never exceeds 40 % of the relative occurrence,
regardless of the hydrolysis degree.

As the OH/Al ratio is directly related to the pH of the solution, the acidity is also
a very important factor to obtain good control of the charge of the Al,; polyoxy-
cations. Vaughan was the first to report a charge variation with the pH [44]. The
curve in Fig. 9 shows this charge dependence on the pH of the solution utilized.

Though, in the original formula, the Keggin ion carries a charge of +7, the
decrease in this charge with increasing basicity can be described as a sequence
of deprotonation steps:

Al,;0,(0H),,(H,0),,/*+H,0 — Al;50,(0H),5(H,0),$* + H;0"— —

Even after intercalation between the clay sheets, the hydrolysis of Keggin ions
proceeds, and the degree of hydrolysis depends on the type of host [45, 46].

It is worth mentioning that the Keggin polyoxycations can be separated from
the pillaring solution to obtain a pure Al,; solution. The cations are precipitated
as the sulfate salt, and subsequently the crystals are dissolved with Ba(NO;),.
The final solution contains only the Al-Keggin complexes, as evidenced by
27Al-NMR spectroscopy [47].

3.2
The Zr-Pillaring Precursor

Compared to the Al-pillaring, the Zr-pillaring of clays is less investigated and
documented in the literature. Despite the many experiments, the nature of the
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zirconium solutions, especially the polymerized species on hydrolytic polymer-
ization, remain unclear, and the clay intercalates derived from these species are
not definitely identified. Zirconium oxychloride solutions are usually employed
as pillaring solution. In these studies the starting material is ZrOCl,- 8H,0. Al-
though the solution chemistry of Zr is complex, it is known that the zirconyl ion
is present as a tetrameric cation with the general formula [Zr,(OH)s (H,0)c]®*
[48, 23]. A representation of this type of pillaring precursor has been given
previously in Fig. 6. The four Zr-ions are located at the corners of a slightly
distorted square and are linked together by OH bridges above and below the
plane of the square.

When dissolved in water, a rapid polymerization of the tetramers occurs.
Clearfield suggested the following sequence of events during the aging or hydro-
lysis process of Zr-pillaring solutions [49]:

[Zr,(OH)g(H,0),6]** — [Zr,(OH)g, ,(H,0) 16 5] G ¥*+x H* (1)
— Zr(OH),- xH,0 (2)
— Zr0, (3)

The solution becomes highly acidic due to hydrolysis of the tetramers, as depic-
ted in Eq. (1). Subsequent polymerization results in the formation of colloidal
zirconia in which the particles are crystallized in the monoclinic phase, Egs. (2)
and (3).

The hydrolysis and polymerization reactions starting from the tetrameric
Zr-cation, as given in Eq. (1), are believed to occur in the following way: As a first
step, rapid hydrolysis leads to cationic species with the formula [Zr,
(OH),4(H,0),,]**. Here, two of the Zr-ions have a single positive charge, and the
other two are neutral. Figure 10 shows one corner of a tetramer undergoing this
hydrolysis reaction.

Upon aging of the solution, larger species are formed, which are believed to
be due to an olation reaction, in which a neutral site on one tetramer reacts with
a singly charged site on another tetramer. This results in the formation of large
»rafts“ or two-dimensional hydroxy polymers [23]. The olation reaction is
depicted in Fig. 11. The tetramers are joined by hydroxy bridges (or -ol bridges)
to form edge-to-edge bonding.

Three-dimensional polymerization proceeds by oxolation between the two-
dimensional layers: the layers are joined by oxo (-O-) bridges to form face-to-

Fig. 10. Hydrolysis reaction of Zr,(OH)(H,0)$¢. Only one corner of the tetramer undergoing
the reaction is shown
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Fig. 11. The olation reaction. The solid lined squares indicate the original tetrameric units,and
the dashed lines denote new ol bridges

face bonding with elimination of water by condensation of hydroxyl groups
(Fig. 12a).In this face-face bonding, the tetramer layers stack together in such a
way that the fluorite-type lattice of tetragonal ZrO, can be formed, as illustrated
in Fig. 12b. When the three-dimensional assembly approaches the size of 12-24
tetramers, precipitation occurs of crystallites with a size of 30 A. Then, on pro-
longed refluxing, crystal growth and crystal perfection with transformation to
the monoclinic form take place.

As in the case of the Al-pillaring precursor, several experimental parameters
are known to affect the degree of polymerization in the solution here as well [48]:

Influence of the pH. An increasing pH favors the hydrolysis reaction, and this in
turn leads to an increase in the polymerization degree. One must note the pre-
cipitation of Zr(OH), at a pH of 3.

Influence of the concentration. The concentration of the zirconyl chloride solu-
tion affects the degree of polymerization in as much as it affects the pH of the
solution. A solution of lower concentration will have a higher pH, and so the
degree of polymerization will be higher.

Influence of temperature and time. Heating leads to an enhanced polymeriza-
tion, as demonstrated by Clearfield and Vaughan, simply due to an increase in
the rate of hydrolysis with temperature [50]. Increasing the aging time has a
similar effect.
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The major specie present in the Zr-pillaring solution at room temperature
is the zirconium tetramer. Its dimensions are 8.9 A in width and length and
5.8 A in thickness. Ohtsuka et al. reported that the intercalation leads to pro-
ducts with an interlayer free spacing (IFS) of ca. 7 A [23]. Aging or refluxing
the Zr-solution leads to pillared solids with higher interlayer spacings. The
polynuclear specie with the upper limit of size before precipitation, which can
be formed in zirconium oxychloride solutions, consists of 12 tetramers. Here,
three two-dimensional layers, each composed of four tetramers, are linked.
The thickness has been calculated as follows (assuming 2.5 A as the oxygen
anion diameter): 3x5.8 A-2x2.5A=12.4 A. In the literature, interlayer
spacings after pillaring ranging from 4 to 14 A have been reported, depending
on the preparation conditions [22, 38, 51, 52]. Broad pore size distributions
exist, since the fast hydrolysis and polymerization reactions are very difficult
to control.

4
The Preparation of Pillared Interlayered Clays

The general synthesis procedure, as depicted in Fig. 13, consists of four main
steps:

1. Purification and saturation of the clay into the Na*-form,

2. Preparation of the pillaring solution,

3. Exchange reaction between the interlayer Na*-ions and the polyoxycations
present in the pillaring solution, and

4. Calcination with formation of a stable PILC.
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Fig. 13. General preparation procedure for pillared interlayered clays

4.1
The Parent Clays

The parent clays are usually in the Na*-form when applied as basic substrates for
pillaring. As discussed earlier, Na* as the charge balancing ion allows the best
hydration which, in turn, facilitates the intercalation of the pillaring precursors.
For the natural clays, a size fraction <2 pm is small enough to obtain a homo-
geneous swelling. Since plates of this size still tend to orient in a face-to-face
stacking, natural clays need to be refined, purified and saturated with sodium
prior to use. The fraction >2 pm containing all the clay impurities, can be sepa-
rated by centrifugation.
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The natural smectite hectorite, when obtained from the Clay Repository of
the Clay Minerals Society, still contains a lot of carbonate impurities. In order
to eliminate these impurities, hectorite has to be pretreated with a sodium
acetate/acetic acid buffer of pH 4 [53]. In this way, all carbonates are trans-
formed into H,CO;, whereupon H,0 and CO, (liberated from the solution) are
formed. Subsequent exchange in a NaCl solution and removal of the excess
chloride give Na*-hectorite. The synthetic laponite, supplied by Laporte In-
organics, is already in the Na*-form and free of any impurity.

4.2
The Pillaring Solutions

Pillaring solutions of Al and Zr have been prepared. In the method of Lahav
et al., 0.2 M AICl; is hydrolyzed with 0.2 M NaOH, leading to an OH/Al ratio of
2.33 and a pH of 4 [54]. The final concentration of the Al-solution is 0.07 M. The
aging process is performed under reflux conditions for 24 h. An alternative and
less complicated synthesis simply includes the dilution of the commercially
available Locron L solution. This highly concentrated Al-solution (4.6 M) is
diluted with demineralized water to obtain the same concentration, OH/Al and
pH as in the first method.

For the Zr-pillaring solution 0.1 M ZrOCl,- 8H,0 is used. The aging process
is also performed under reflux. The pH of the final solution is close to 1,i.e. very
acidic due to polymerization.

4.3
The lon Exchange Reaction

The intercalation is performed by adding the clay, as a powder or in suspen-
sion, to the pillaring solution. The mechanism is based on the ion exchange
process between the interlayer Na* ions and the Al- or Zr-pillaring precursors.
The total amount of pillars added can be changed by varying the amount of
aluminum or zirconium per mass of clay. These amounts are always in excess
of the CEC of the clay used. Now, the amount of pillar precursors, which be-
comes intercalated, depends on the CEC of the clay and the charge of the pillar.
However, the real situation is more complex. The presence of other species
with different charge in the solution will interfere with the stoichiometric
exchange of the Na*-ions by the Al-Keggin ions or the Zr-tetramers. Besides,
as mentioned previously, a further hydrolysis of intercalated polyoxycations
occurs upon exchange on the clay, leading to different charges. Usually, 1 -2%
clay suspensions in water are employed to pre-swell the clay, which facilitates
subsequent intercalation. However, Molinard clearly proved that highly
porous, homogeneously intercalated clays can be prepared using the clay as a
powder [18]. In this way, the handling of large quantities of water is avoided,
which is more economic.
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4.4
The Washing and Drying Procedure

After the ion exchange reaction, the pillared clay is separated from the solution
by centrifugation and washed with demineralized water to remove the excess
pillaring solution and Cl -ions. Very importantly, washing seems to improve the
quality of the prepared PILC. It promotes a homogeneous distribution of the
pillars between the layers, creating larger interlayer spacings (from 12 A without
washing to approximately 18 A after washing for the AI-PILC) [45, 55, 56]. Still at
this stage, hydrolysis and pH variations determine the nature and charge of the
intercalated species.

Drying is also a critical parameter in the preparation of PILCs. Slow drying
(or air-drying) allows the clay layers to settle down in an ordered, parallel way
(face-to-face stacking). This favors the microporosity and crystallinity of the
final PILC. Fast techniques, like freeze-drying, fix the random orientation of
pillared clay plates or aggregates to form a card-house structure. This structure
also exists for the laponite clay. PILCs dried in this way exhibit a larger meso-
porosity, but are less crystalline.

4.5
The Calcination Step

A calcination step at 573-773 K in air converts the Al- and Zr-polyoxycation
precursors into rigid alumina and zirconia oxide pillars. This heating process is
necessary to obtain a stable PILC with a permanent microporosity, not subject
to swelling or hydrolysis phenomena. During calcination, dehydration and
dehydroxylation reactions of the charged pillar precursors occur to give neutral
oxide particles. The equilibrium in electrical balance is maintained by the release
of protons during the conversion at elevated temperature:

[Al,;0,(0OH),,(H,0),,]”* — 6.5 AL,0,+20.5 H,0 + 7 H*
[Zr,(OH)s(H,0),¢]** — 4 ZrO,+ 16 H,0 + 8 H*

Since all conditions for the Hofmann-Klemen effect are fulfilled, the liberated
protons will migrate into the empty octahedral positions of dioctahedral clays.
Some problems are encountered for this type of clays, since a large part of the
CEC is now lost. When the trioctahedral hectorite and laponite serve as host for
pillaring, the problem of proton migration can be avoided. The protons remain
present in the interlayer region of the PILCs and are still available for further ion
exchange.

Pinnavaia et al. described the bonding of the pillars to the hectorite clay
sheets, upon calcination, as a layer cross-linking mechanism [57]. %Si and Al
MAS-NMR data on Al-pillared smectite clays indicated the existence of two
mechanisms for the linking of the pillars to the clay sheets. It was shown that the
layer composition of the host clay plays a very important role in determining the
layer reactivity upon heating.

In the case of natural fluorohectorite and beidellite structurally significant
transformations were detected during the calcination. For beidellite, in which
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the isomorphic substitution took place in the tetrahedral layer, a covalent bond
between Al** or Si** from the T-layer and AI** from the pillar was proposed [58].
The protons released during calcination are able to migrate to the negative
charges located in the T-sheet. A subsequent proton attack causes the formation
of Si-OH silanol groups and protonated Si-(OH)-Al bridges. Now, a reaction
with the pillars is possible and leads to Sig,y-O-Aly,, or Aly,-O-Al,y,, bonds.
From %Al and #Si MAS-NMR experiments, the latter mechanism was found to
be more likely. This model of cross-linking to the pillars induces the inversion of
the AlO, clay units.

At that time, Plee et al. stated that the layer reactivity is solely related to the
origin of the layer charge,and only occurs in case of tetrahedrally charged smec-
tites [58]. Later, however, Pinnavaia et al. proved that the mechanism of cross-
linking was also possible for the octahedrally substituted fluorohectorite clay
[57]. F present in the former clay, was found to be responsible for the labiliza-
tion of the Si-O bonds of the tetrahedral layer (40). This promotes the linking
between the host layers and the pillars to form Si,,-O-Aly,, covalent bonds by
an inversion of the SiO,-tetrahedrons. This mechanism of cross-linking for
fluorohectorite is represented in Fig. 14.

This model of covalent oxygen cross-linking of the tetrahedral clay layer and
the pillars does not hold for other types of clay. *Si and Al MAS NMR studies

Al-sites on
Keggin-like
aggregates

Inverted SiO,
tetrahedra

Host Layer

Fig. 14. The cross-linking of fluorohectorite with alumina pillars
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showed that pillared montmorillonite and laponite retained their layer con-
stitution after calcination, so a different bonding must be assumed. The clay
layers are unreactive and pillaring presumably involves van der Waals interac-
tions or, more likely, simple dative bond formation between the layer oxygens
and coordinatively unsaturated sites on the Al-pillars.

5
Modification of Pillared Clays

In order to achieve a porous material with the appropriate properties for
adsorption and separation purposes, additional modifications of pillared clays
are sometimes necessary. These applications require a high adsorption capacity,a
high selectivity towards certain gas molecules,a high adsorption strength or other
properties. The modifications can be performed either during the synthesis or
after the synthesis. A short discussion of the different modification techniques
will be given below.

One way to increase the porosity of pillared clays is the pre-adsorption of
template molecules prior to the ion exchange with the pillaring precursors.
n-Alkylammonium ions are pre-exchanged on the Na*-clay in an amount which
is lower than the CEC. As a result, the pillar density decreases since part of the
interlayer space is occupied by the template. During calcination, the organic
template molecules are removed, and a homogeneous distribution of pillars
results.

Heylen et al. reported a surface area and a micropore volume which was 2.5
times higher for an Fe-PILC synthesized with butylammonium as template, in
comparison to the unmodified Fe-PILC [27]. An important increase in the
adsorption capacity towards N,, O, and CO at 194 K (P.,=4.5x 10* Pa) has
been observed after the modification. Adsorption capacities of 0.23 mmol/g,
0.17 mmol/g and 0.30 mmol/g for, respectively, N,, O, and CO were reached for
the modified BuA-Fe-PILC. When compared to the adsorption on the un-
modified Fe-PILC, the following capacities were obtained: 0.00 mmol/gN,,
0.03 mmol/g O, and 0.27 mmol/g CO. Also, it is proven that ammonium tem-
plates can be used to optimize the Zr-pillaring of laponite leading to enhanced
pore volumes and surface areas.

A control of the porosity might still be possible by a secondary modification
of the PILC with carbon. Adsorption of polymers, like polyvinylalcohol (PVA)
and hydrocarbons (toluene), followed by a carbonization in an inert atmos-
phere, leads to C-deposition on the porous PILC-structure, influencing the
adsorption properties. The aim of this technique is the achievement of pore-size
narrowing to such an extent that PILCs with molecular sieving properties are
obtained.

The coke deposition on Ti- and Al-PILC was investigated by Maes and
Vansant [59, 60]. The reported techniques were in fact unsuccessful in achieving
a controlled pore size modification, but the obtained results can function as a
basis for further investigations and optimization. The pillared clay layers were
found to be too rigid, preventing the bulky PVA molecules to penetrate the
pores. Therefore, PVA adsorption mainly takes place on the external surface of
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the clay layers. Subsequent carbonization converts the PVA molecules to a
carbon coating which results in pore-blocking effects. In this way, a complete
pore-blocking is reached for Al-PILC. This phenomenon is not so effective for
the Ti-pillared clay, due to the existence of an external TiO,-phase creating
defects in the carbon coating. A narrowing of the PSD for the latter PILC was
found, without achieving a controlled pore-narrowing. Toluene is able to enter
the Ti-PILC pores and can be situated at the acid sites which are responsible for
cracking and coking reactions upon heating. The irregular deposition of coke
reduces the micropore volume (pore-filling effect) without leading to a control-
led narrowing. In case of the smaller pore-sized Al-PILC, deposition of coke
occurs at the slit-pore entrances where pore-entrance narrowing and blocking
take place.

The incorporation of metals into the pillars, when performed during the
synthesis, results in the formation of mixed oxide-pillars (examples are given in
Table 1). In this way specific adsorption sites are created in the PILC, exerting a
positive influence on the adsorption capacity and selectivity towards gases [33].

A secondary ion modification involves the direct exchange in the PILC of
both cations and anions from an alkaline or acidified salt solution, respectively.
This is possible because of the amphoteric character of the hydroxy groups,
present on the pillars and on the clay layer edges. At low pH, the -OH groups pro-
tonate and act as anion exchangers, while at high pH, they deprotonate and
become cation exchangers.

Molinard pointed out that the ions introduced can serve as specific adsorpti-
on sites and that this type of modification allows fine-tuning of the PILC sub-
strate for certain gas adsorption applications [18]. By introducing Sr** in
Al-PILC, the gas adsorption isotherms at 273 Kand 5 x 10* Pa equilibrium pres-
sure showed that the N, capacity doubled from 0.06 mmol/g on Al-PILC to 0.12
mmol/g on Sr-Al-PILC. The amount of cations in the PILC influences the
adsorption properties. A higher cation loading results in a lower capacity but a
higher N,/O, selectivity on Ca-Al-PILC, as was proven by adsorption measure-
ments. For the anion exchanged Cl-Al-PILC, more O, than N, was adsorbed
(0.09 mmol/g and 0.07 mmol/g, respectively) at 273 K and 5x 10* Pa. This
affinity for O, should result from a specific interaction with the Cl -ions. The
CO, capacity decreased in comparison with the unmodified substrate from 0.5
mmol/g on Al-PILC to 0.2 mmol/g on CI-AI-PILC at 273 K and 0.5 bar. After
modification with other anions, like F~ and PO? , the same effect was observed.

6
Pillared Clay vs Delaminated Clay: Structure and Applications

When the lateral dimensions of the clay layers are small (< 0.05 pm) and the lay-
er morphology is lath-like, the flocculation of smectite clays by polyoxycations
can lead to delaminated aggregates [45, 61]. Under these conditions, the pre-
viously discussed “card-house” structure has been proposed for delaminated
clays. It differs dramatically from the well-ordered F-to-F lamellar structures
formed by pillared clays when the layer size is large (< 2pm) and pancake-like
in morphology. Schematic drawings of the pillared and delaminated clay
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Fig. 15. Face-to-face pillared clay (left) and delaminated clay (right). The circled regions in-
dicate the contribution of microporosity

structures are given in Fig. 15. Delaminated structures are favored by the small
particle size fraction of the synthetic laponite. The more commonly observed
lamellar structures are typified by pillared derivatives of the natural minerals
hectorite, montmorillonite, beidellite and others. Delaminated laponite is formed
when it is pillared with Al,;-Keggin ions. This delaminated clay structure has a
high surface area and is mainly mesoporous.

The different porosity characteristics of delaminated clays compared to pil-
lared clays will influence their catalytic and adsorption properties.

Occelli et al. determined the gas oil cracking ability of a delaminated Al-lapo-
nite and found some distinct advantages for this type of material over pillared
clays [62]. The activity of the mesoporous delaminated catalyst for gas oil
cracking was shown to be higher than for PILC and similar to the activity of an
amorphous silica-alumina catalyst. However, its selectivity more nearly re-
sembles the one of a typical commercial zeolite-promoted fluidized catalytic
cracking (FCC) catalyst or a pillared clay. This suggests the existence of F-to-F
stacked clay sheets, generating microporosity besides the large mesoporosity in
the card-house structure. Due to their much greater mesoporosity, the desorp-
tion of high-molecular-weight hydrocarbons is favored, which would be
retained as coke in the PILC structure. The enhanced mesoporosity can be an
advantage in catalytic reaction systems where mass transfer is an important
kinetic consideration. Also in gas adsorption applications, the diffusion of gases
into the pores will be facilitated. However, delaminated clays lack the molecular
sieving properties of well-ordered microporous pillared clays.

Also for other applications, including the adsorption of large sized environ-
mental toxicants (e.g. chlorophenols), delaminated clays seem to be very appro-
priate adsorbents [63]. Al-delaminated laponite (ADL) is more effective in
adsorbing pentachlorophenol (PCP) than the Al-pillared montmorillonite
(APM). So delamination facilitates the adsorption process. The binding of PCP
onto the substrate is attributed to interactions between the PCP molecule and



286 P. Cool - E.E. Vansant

the immobilized Al,O; species. Now, the greater adsorption capacity observed
for ADL relative to APM arises from the greater dispersion and availability of the
Al-oxide aggregates in the clay having a delaminated structure.

7
Other Applications of Pillared Clays

The main applications of PILCs are situated in the field of catalysis and adsorp-
tion. The acidity of PILCs is a very important feature in controlling catalytic
reactions [64, 65a, 65b]. Pillared clays exhibit Lewis (L) as well as Brensted (B)
acid sites, and the ratio L/B is depending on the type of clay. The pillars are the
major sources of Lewis acidity while the structural OH-groups of the clay con-
tribute to the Bronsted acidity. For those clays containing 3-codrdinated Al**
substituted for Si** in the T-layer, the AI** is a Lewis acid site. Also codrdinative-
ly unsaturated Al** located at the edges of the O-sheet is a Lewis acid, however,
upon hydration the sites are converted into an octahedrally co6rdinated Al with
Brensted acidity. Most structural Brensted acid sites are located therefore at the
edges of the clay sheets. The high L/B ratio of a delaminated pillared laponite
compared to a pillared clay confirms an alumina-covered card-house structure.

In the literature, the performance of several acid-catalyzed reactions on PILC
have been reported, of which some will be mentioned below [66]:

- Cumene cracking was carried out as a test reaction for Brensted acidity.

- Propylene oligomerization is catalyzed by Lewis sites on Al-pillared mont-
morillonite.

- The disproportionation of trimethylbenzene is a possible route to produce
durene (1,2,4,5-tetramethylbenzene). PILCs have been reported to be
catalysts for this reaction, and the shape selective effect was discovered in this
reaction from the product distribution with durene being the major product.
This disproportionation reaction is catalyzed by the PILC Lewis sites, while
the isomerization of trimethylbenzene (side reaction) is well correlated to the
Bronsted acidity.

The commercial separation of air into N, and O,, an industrially very important
process, is achieved by either cryogenic distillation or pressure swing adsorp-
tion (PSA). The use of pillared clays forms an interesting alternative for the
carbon molecular sieves and zeolites currently applied as adsorbents in PSA
techniques. Both the capacity and the selectivity towards air components are
very important features in gas adsorption applications.
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