Crystallisation Of High-Silica Zeolites
Under Ultrapure Conditions

by

James R. D. Nee (CChem, MRSC)

A thesis presented for the degree of
Doctor of Philosophy
University of Edinburgh
1993

t

For my darling Kim...

and for Barrie.

Barrie M. Lowe (the late)
I am very proud to have known and worked for Barrie Lowe. From the very
first time we met I knew that he was quite unique. His enthusiasm and kindness
were second to none. Despite difficult circumstances, he always made time for his
students. That was typical of Barrie. Although I only knew him for two years, he
made a dramatic impact on my life and I will be forever grateful.
Barrie Lowe was the most remarkable man I have ever met.

Abstract
The work described in this thesis is concerned with the crystallisation of highsilica zeolites under ultrapure conditions, that is, where rigorous attempts were
made to ensure the purity of reaction mixtures and the cleanliness of reaction
vessels themselves. By carrying out reactions in the absence of a particular species,
information can be gained as to their role in zeolite crystallisations.
Two specific systems were examined: organic-free and alkali-free. Organic-free
reactions were carried out predominantly in the potassium system. It was found
that one particular composition (the Scavenging Reaction) was extremely sensitive
to traces of seed and organic impurities. The use of this reaction to distinguish

between true ZSM-5 structure-directing agents and void fillers is discussed as is
its use to establish the cleanliness of a reaction vessel. Several other potential
applications are described. Moreover, the work carried out in the organic-free
potassium system has allowed further hypotheses to be developed on the role of
sodium in the crystallisation of inorganic Na-ZSM-5 and, indeed, allows the authenticity of Na-ZSM-5 itself to be questioned. For completeness, a small number
of crystallisations were carried out in the organic-free sodium system.
The crystallisation of high-silica zeolites in the absence of alkali metal impurities, where the quaternary ammonium hydroxide serves as the base and source
of charge balancing cations, have been carried out. The effect of adding TMA+
cations to these reactions is described, where the most notable effect is on the
crystallisation rate of TPA-ZSM-5.
The use of diols as synthesis modifiers in alkali-free crystallisations is described.
Their effect on the crystallisation rate and crystal size distribution is discussed and
speculation made as to their role in these reactions.
Finally, work has been carried out to investigate the role of alkali metal and
TMA cation impurities in the synthesis of TPA-ZSM-5. The possibility that an
increase in the alkali metal content of the reaction mixture may affect the crystallisation mechanism is discussed. Measurement of the alkali metal content of the
solution phase during crystallisation shows that this can be used to monitor the

progress of the reaction in a similar way to pH measurements. It is possible, however, that such measurements may also give important mechanistic information.
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Chapter 1

Introduction
1.1 General Introduction
Zeolites are an important class of crystalline aluminosilicate materials, whose
unique properties have made them valuable in a number of industrial applications, including catalysis, ion exchange and sorption processes. They derive their
name from the Greek: Zecin - to boil and Lithos - stone. This was based on an
observation made by the Swedish mineralogist Cronstedt [1] in 1756, where the
mineral now known as stilbite appeared to boil on heating. This ready removal
of water demonstrates one of the fundamental properties of zeolites, reversible
dehydration.
Zeolites are ubiquitous in nature and are found in a number of environments
where there is a ready supply of silicon, aluminium and mineralising agents, such
as alkali and alkaline earth metal salts. The pH of the crystallising mixture is
typically above pH 9 and is often pH 11-13.
Natural zeolites fall into two main classes:
igneous zeolites - these usually consist of large well defined crystals, sometimes
several centimetres in length, which are formed by the action of alkaline solutions
in cavities and vugs in basalt. Deposits are quite well scattered. which makes
industrial exploitation uneconomic.
sedimentary zeolites - these comprise of aggregates of very small crystals with
often ill-defined morphology. Deposits are large and localised which make their
recovery for industrial application commercially viable.

1
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Sedimentary zeolites are mainly found in two environments:
saline, alkaline, non-marine systems, eg. erionite and chabazite, and
freshwater marine systems, eg. philipsite and clinoptilolite.
It wasn't until the discovery of large deposits of sedimentary zeolites [2] that they
were recognised as being common minerals. Substantial deposits of philipsite and
clinoptilolite were discovered in the bed of the Pacific Ocean by the Challenger
Expedition in 1873-76 [2]. The first crystallisation of a zeolite (levynite) was reported by St Claire Deville
in 1862 [3]. Other early claims are reported and have been discussed by Breck
[4]. These early syntheses predated the discovery of sedimentary zeolites and
consequently synthesis conditions were based on contemporary ideas on how the
igneous zeolites were thought to have formed, i.e. high temperatures, in excess of
623 K and correspondingly high pressures. Furthermore, the composition of the
reaction mixture was often very close to the stoichiometry of the mineral being
synthesised.
Most of the early identification and characterisation methods were based on
appearance and the effect that these materials had on light. Thus it was not until
the advent of X-ray diffraction that zeolites could be reliably identified. Early
claims to have synthesised new materials cannot therefore be substantiated, although the synthesis of levynite by Deville [3] is recognised. A review of syntheses
carried out before 1937 is given by Morey and Ingerson [5].
It wasn't until the late 1930's that Richard M. Barrer carried out the first systematic studies into zeolite crystallisations. Barrer was the first to synthesise novel
zeolites (P and Q) [6], which have no natural counterpart. Even then, however,
he used very high temperatures and pressure, which resulted in the formation of
relatively dense phases of little commercial value. Barrer is considered the pioneer
of zeolite science; it was his early work that stimulated much interest in zeolites,
both of industrialists and academics. Much of Barrer's early work is documented
in two series of articles published in the Journal of the Chemical Society, entitled

Hydrothermal Chemistry of Silicates, Parts 1-22 and Chemistry of Soil Minerals,
Parts 1-14.
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A major breakthrough in zeolite synthesis was reported in 1956 when Milton and coworkers [7] at Union Carbide announced that novel zeolite structures
could be synthesised under relatively mild conditions, which resembled those under which sedimentary zeolites are formed, using reactive starting materials. The
discovery of the novel zeolites, A [8], X [9], and Y [10], led to their introduction
by Union Carbide as industrial sorbents in 1954. However, it was the application
of zeolites X and Y in 1959 [11] as hydrocarbon conversion catalysts, that led to
zeolites being recognised as commercially important materials. This gel synthesis
method has yielded a large number of synthetic zeolites (both novel and some found
in nature) as well as analogous crystalline framework structures which contain elements other than silicon and aluminium. The most notable of these are the aluminophosphates [12]. Others include the silicoaluminophosphates (SAPO), metalloaluminophosphates (MeAP 0), metallosilicoaluminophosphates (MeAPS 0) and
the non-metallosilicoaluminophosphates (El AP SO). Structures containing framework atoms other than silicon, aluminium and oxygen and which show zeolitic
properties are best referred to as zeotypes [13].
There are currently 54 natural zeolites known and well over 150 synthetic ones,
many of which have no natural counterpart. A large number of these synthetic
zeolites are not as yet fully characterised.

1.2 Definition and Nomenclature
Zeolites consist of 3-dimensional networks of [A104

] 5

and [SiO4 tetrahedra
] 4

(primary building units) which link via corner oxygen atoms to four others, as
illustrated in Figure 1-1. This results in very open frameworks which contain well
defined channels and cavities. The incorporation of aluminium into the framework
results in a net negative charge which is usually balanced by cations of group I or
II. These are located in the channels and cavities together with water molecules
and, because of their high degree of' mobility, are easily ion exchanged. One of
the fundamental properties of zeolites, as mentioned earlier, is the easy reversible

Ll

Figure 1-1: The sodalite unit showing the tetrahedral arrangement of Si and Al
atoms (top) together with the framework diagram representation (bottom); the Si
and Al atoms are located at the vertices and the oxygen atoms he along the lines
joining these
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removal of water and other small molecules, which gives rise to their ability to act
as sorbents. The framework silicon and aluminium atoms are commonly known
as T-atoms (T = tetrahedral) and the rings of oxygen atoms that prescribe a pore
opening are known as oxygen windows (Figure 1-2).

Zeolites and zeotypes are members of a family of materials known as molecu-

lar sieves, a term first coined by McBain [14] in 1932 to describe materials that
could separate molecules on the basis of size and shape. The zeotypic molecular sieves such as the metalloaluminophosphates, aluminophosphates and nonaluminometallosilicates often exhibit properties similar to those of zeolites and it
is not uncommon to find these properties being described as zeolitic [15]. This has
led to much controversy and therefore the need for a specific definition of the term
zeolite. Well before the discovery of zeotypes, Smith [16] defined a zeolite as;
"an aluminosilicate with a framework structure enclosing cavities occupied by large
ions and water molecules, both of which have considerable freedom of movement,
permitting ion exchange and reversible dehydration".
This definition is based on framework composition and, to some extent, the properties and structure of the material. Thus, in accordance with this definition, the
all-silica analogues, non- aluminometallosilicates, aluminophosphates, etc., are not
classed as zeolites. On the other hand, Liebau [15] defines zeolites as:
"tectosilicates that contain tunnels or larger polyhedral cavities interconnected
by windows large enough to allow ready diffusion of the polyatomic guest species
through the crystal".
This definition is based only on the structure and properties of the framework
silicate and does not take into account the framework composition. Thus, this
definition could allow the pure silica polymorphs to be, incorrectly, described as
zeolites. The definition put forward by Smith is perhaps the one that defines
zeolites most adequately. A review of this subject is given by Smith [17]. A
classification [18] based purely on chemical composition is shown in Figure 1-3.
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Figure 1-2: An 8-oxygen (or 8 T-atom) window prescribes the entrance to the
large polyhedral cavity found in the synthetic zeolite A

Figure 1-3: Classification of molecular sieves based on chemical composition,
taken from Szostak [18]
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1.2.1 Structure and Classification
There are a number of ways of classifying zeolites other than that outlined above.
These are primarily based on structure rather than framework composition. Smith
[16] was the first to classify zeolites according to similar structural features. However, the most widely accepted method of describing and classifying framework
topologies is the use of secondary building units, (SBU's), proposed by Meier [19].
This classification was based on the observation that all zeolite frameworks could
be built up from one or more sub-units composed of small groups of linked alumina and silica tetrahedra (primary building units). Meier's classification placed
zeolites in one of seven groups (later extended to nine) each named after one
representative member, based on SBU's or larger polyhedral building units.
Meier reported eight SBU's which have now been extended to sixteen [20]
(Figure 1-4). They show the silicon, aluminium and oxygen atom positions relative
to each other but not the charge-compensating cations or water molecules. Each
vertex represents a tetrahedrally coordinated silicon or aluminium atom (T-atom)
and the lines joining these represent the oxygen atoms. Sometimes it is easier to
describe zeolite frameworks in terms of larger polyhedral building units such as
the sodalite unit (also known as the truncated octahedron or 8 cage). Examples
of polyhedral building units are shown in Figure 1-5. The sodalite unit can be
used to describe the structures of zeolites X, Y (the synthetic analogues of the rare
natural zeolite faujasite) and A (Figure 1-6). It can be seen that these frameworks
can also be described in terms of single 6-ring, single 4-ring, double 6-ring or double
4-ring SBU's. The use of SBU's is not restricted to zeolites but can be applied to
all three dimensional silicate frameworks [21].
Each framework structure has been given a unique three letter code by the
IUPAC Commission on Zeolite Nomenclature. For example, the high-silica zeolite
ZSM-5 (a Mobil zeolite) has been given the structure classification MFI. The
zeolites ZK-20, LZ-132 and NU-3 have similar topologies to the natural zeolite
Levynite. Consequently, the structure classification is LEV.
Although species similar to these SBU's have been identified in silicate and
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aluminosilicate solutions there is no evidence for their direct participation in either
nucleation or growth.
Other ways of describing zeolite framework. topologies on the basis of building
units are outlined in a number of notable texts [4,18,22]. Recently, van Koningsveld
proposed the use of tertiary building units (TBU) to fully describe the framework
topologies of more diverse structures [23].
As well as classifications based on structural sub-units that describe the framework, zeolites can be classified on the basis of their properties; this, of course, is
inherently linked to their structure and composition. For example, all zeolites contain intracrystalline water which, because it can penetrate into the channels and
cavities of the zeolite, can be used to give a measure of the total intracrystalline
pore volume. Thus, zeolites can be classed according to pore volume. Similarly,
the size of the pore opening can be used, where they are classed as small, medium
or large pore. Zeolites (and other microporous materials) can also be classified
according to framework density. This is essentially a measure of the openness of a
structure and is measured in terms of the number of T-atoms per 1000

A.

Such

a classification, however, gives no indication as to the accessibility of the pore or
channel system unlike those based on sorption properties [24,25,26,27].
Zeolites can be classed simply in terms of the framework Si/Al ratio either as
low, medium or high-silica zeolites [11]. In this classification, Flanigen defines highsilica zeolites as having a Si/Al ratio greater than 150. It is further suggested that
high-silica zeolites "should be susceptible to synthesis over a wide compositional
range" [28].
The composition of a zeolite can be represented by the empirical formula
M21O .Al2 03 .xSiO2 Y11

2°'

where M = exchangeable cation and n = cation valency. Since Al-O-Al linkages
are excluded [29], x must be greater than or equal to two. This is known as
Lowenstein's rule and explains why, for example, the maximum substitution of
silicon by aluminium in these structures is 50 %.
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The size and accessibility of the channels and cavities are crucial to the application of zeolites. The channel system can be either 1-, 2-, or 3-dimensional;
this is an important criterion in selecting a zeolite for a particular use, especially
in catalysis. Window size, and hence the molecular sieving properties, can be
altered by simply changing the number or nature of the charge balancing cation.
For example, by increasing the Si/Al ratio of the zeolite, fewer charge balancing
cations are required and therefore the number restricting access into the pores will
be reduced. Alternatively, the pore openings can be effectively enlarged by replacing monovalent cations with smaller, divalent ones since only half the number
are required to balance the framework. Not only does this lead to a change in
the degree of hydration of the zeolite, but their is a small change in the unit cell
parameters.
The number of molecular, sieve frameworks that have been successfully synthesised is extremely small when one considers that computer simulations predict
that several million frameworks are theoretically possible. Barrer [30] reflected
that;
"The art of synthesising molecular sieves has developed more quickly than the
chemical science which would properly account for their formation.....
Clearly then, the large discoveries that are undoubtedly yet to be made will only
be achieved once the mechanism by which molecular sieves crystallise is fully elucidated. Only then will the synthesis of molecular sieves designed for specific
applications be realised.

1.3 Properties and Applications
1.3.1 Introduction
The free movement of occluded charge balancing cations accounts for the ability of
zeolites to undergo ion exchange and the well characterised channels and cavities
allow for ready shape selective sorption of small molecules. The presence of both
Bronsted and Lewis acid sites in the framework give rise to their catalytic activity.

14
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The combination of these acid sites and the well characterised pore system accounts
for their ability to behave as shape selective catalysts. The three processes; ion
exchange, sorption and catalysis account for the majority of industrial applications.
Although there are many zeolites, both natural and synthetic, relatively few are
actually used commercially [31]. Since ion exchange, sorption and catalysis do not
form the major part of this thesis, they will only be described briefly.

1.3.2 Ion Exchange
Ion exchange applications are essentially restricted to aluminous zeolites, where
there is a large number of exchangeable charge balancing cations. High-silica
zeolites clearly have a limited, or negligible, ion-exchange ability and ion exchange
is usually limited to H exchange with alkali of alkaline earth metal cations in the
as-synthesised material.
Ion exchange is often carried out in order to modify the molecular sieving
or catalytic properties of a zeolite. Thus, charge balancing cations located near
the channel or cavity openings, which can severely effect the molecular sieving
properties by restricting the effective window size, can be replaced by smaller
cations, thus effectively opening the access to the pore system.
For catalytic applications, the zeolite must be in the acid form (H+-form).
Since zeolites are often synthesised in the presence of alkali or alkaline earth metal
cations, the as-synthesised zeolite must be ion exchanged in one of two ways:
1 M), or

direct contact with a dilute acid, usually hydrochloric

ion exchange with ammonium cations then calcine to remove ammonia:

Na—Z+NH t

NH—Z+Na

NH t —Z---H—Z+NH3

1

The latter process is preferred for aluminous zeolites since the acid can leach
aluminium from the framework leaving hydroxyl nests (Figure 1-7). This route
has the added advantage for zeolites which contain occluded organic material,
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as the organic species will be removed along with the ammonia in one single
calcination step. The removal of aluminium can also occur on excessive washing
of the product.
Complete exchange is rarely achieved despite using large excesses of exchanging cation, since there will be a number of cations in non-exchangeable parts of
the zeolite framework. Furthermore zeolites can show a preference for cations
depending on the cation size and the - anion framework charge. This leads to a
phenomenon known as ion sieving, which is common in zeolite ion exchange [32].
As ion exchangers, aluminous zeolites are use extensively in the detergent industry. Of particular importance is the aluminous synthetic zeolite A which is
used in washing powders as a replacement for environmentally damaging polyphosphates. Their role is simply to reduce water hardness by removing calcium and
magnesium cations from the wash water [33,34]. Another important application is
in the treatment of nuclear effluents where, most often, the natural zeolite clinoptilolite is used to remove 131 Cs and "Sr from pond water [35,36,37]. Clinoptilolite
is also used to remove ammonia and ammonium ions from aqueous effluents [35,

36].

1.3.3 Molecular Sieving and Sorption
McBain [14], as has already been mentioned, first coined the phrase molecular

sieve. The high degree of selectivity afforded by zeolites in molecular separation
processes was later demonstrated by Barrer [38,39].
In order to function as a molecular sieve, water and other occluded molecules
must firstly be removed in order to clear the pores and channels. The size and
shape of the windows giving access to the channel system is usually modified for
a particular separation process by ion exchange, as mentioned in the previous
section.
A number of factors can affect the molecular sieving properties, including temperature and framework composition. Zeolite frameworks are not rigid and it
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Figure 1-7: Formation of hydroxyl nests
has been shown that a variation in the amplitude of the lattice vibration of 10 20 pm is observed when the temperature is increased from 80 K to 300 K [40,41].
The temperature dependence of molecular sieving has been demonstrated in the
separation of oxygen, argon and nitrogen using zeolite A [41].
The hydrophilic aluminous zeolites prefer polar molecules, whilst the hydrophobic siliceous zeolites and all-silica molecular sieves prefer non-polar, organic molecules.
The aluminous zeolites strongly sorb water molecules to such an extent that the
potassium form of zeolite A is often used as a dehydrating agent for organic solvents.
Industrially, there are a number of separation processes involving zeolites.
These include the separation of linear hydrocarbons from branched ones using
the calcium form of zeolite A [42], and the separation of para-xylene from the
ortho and meta isomers for use in the synthesis of terephthalic acid, the starting
material in the manufacture of polyester, using either the potassium or barium
forms of zeolite Y [43,44]. All-silica molecular sieves can be used to remove traces
of organics from aqueous effluents [45].
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1.3.4 Catalysis
The most important application of zeolites in industry is undoubtedly in catalysis,
where savings to oil companies are estimated to have run into billions of dollars.
The use of zeolites in catalytic processes began in the late 1950's, when the synthetic zeolite Y was used as an isomerisation catalyst. More important however,
was the introduction in 1962 of zeolite X as a potent hydrocarbon cracking catalyst
These superseded the then traditional amorphous aluminosilicate catalysts,
offering several orders of magnitude more activity at relatively low temperatures
This discovery led the Mobil Oil Corporation to initiate an extensive research
program which has essentially been the foundation for the continued research into
zeolite synthesis and application.
The properties of zeolites which make them excellent catalysts are:
large internal surface area,
well defined pore structure which can be modified to give desired products based
on shape selectivity, and
presence of a large number of both Bronsted and Lewis acid sites. The combination of (i) and (ii) leads to an important process known as shape selective
catalysis [48]. Three types of selectivity have been identified [49]. These are:
reactant selectivity - molecules with dimensions larger than the pore openings
will not enter the crystal structure and reach the acid sites for reaction, eg. butanol dehydration [50],
product selectivity - this is based on the rate of diffusion of products from the
active sites, eg. in the alkylation of toluene to para-xylene over H-ZSM-5, the para
isomer diffuses much more rapidly out of the zeolite than the other isomers thus
appearing as the major product, and
restricted transition state selectivity - in this case, the volume available at
the active site governs the size of the product intermediate. For example, in the
transalkylation of meta-xylene, the least bulky transition state leads to the formation of the 1, 2, 4-trimethyl benzene and toluene.
As was mentioned in the previous section, in order to function as a catalyst,
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the zeolite must be in the protonated form (11+-form). For high-silica zeolites,
this is usually achieved by direct contact with acid or an initial exchange step
with ammonium cations followed by calcination as described earlier.
Zeolites contain two types of acid sites. The presence of charge balancing
protons leads to Bronsted acidity (proton-donor acidity) whereas the presence
of electron deficient framework aluminium gives rise to Lewis acidity (electronacceptor acidity).
The principle requirements of a good catalyst are:
high activity,
good selectivity and conversion, and
long lifetime.
The lifetime of a catalyst is significantly reduced on coking. This results from
the degradation of organics within the pore system and a subsequent build-up
of carbon. Deactivation of the catalyst in this way is most significant in more
open frameworks and in materials with low dimensionality (eg. EU-1, ZSM-12).
However, with materials such as ZSM-5, the two sets of intersecting channels,
which result in a three-dimensional channel system, make it is less susceptible to
deactivation by coking.
The synthetic high-silica zeolite ZSM-5 is used in a number of catalytic applications (Table 1-1). The smaller pore openings (cf. X and Y) offer increased
selectivity, particularly with small molecules such as methanol. Indeed, the conversion of methanol to gasoline [51,52] is a. commercially important process and
a plant was set up in New Zealand in 1985 specifically for this process [53]. The
application of ZSM-5 as a shape-selective catalyst has been reviewed by Derouane
[54].
Recent developments have been made in the use of zeolites in the production
of fine chemicals and this should provide fruitful ground for further research [55].
The number of research papers and patents on the use of zeolites in catalysis is
quite phenomenal and certainly makes up the bulk of the current literature. There
are a number of good review articles detailing the catalytic application of zeolites
in catalysis [56,57,58,59,60,61].
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Table 1-1: Some industrial applications of ZSM-5°
Process

Product

Dewaxing

Low pour point lubes

Benzene alkylation

Styrene

Xylene isomerisation

Para-xylene

aReference [31]

1.4 Synthesis
1.4.1 Introduction
The are a number of notable books [4,13,18,22] and review articles, eg. [62,63,64,
65] covering the synthesis of zeolites. Since this thesis is concerned only with the
synthesis of high-silica zeolites and all-silica molecular sieves, aluminous zeolites
and zeotypes will only be discussed where it is felt necessary for completeness.
This is particularly appropriate in the next section which summarises the development of molecular sieve synthesis following the discovery of Milton's gel synthesis
method.
Zeolites are usually crystallised from aqueous gels under hydrothermal conditions. The essential ingredients in any zeolite synthesis are silica, alumina, a
mineraliser (usually an inorganic base), water and in the case of siliceous zeolites,
an organic reagent. In the case of the all-silica polymorphs, aluminium is obviously not included in the reaction mixture. The gels are heated in the temperature
range 373 - 473 K under hydrothermal autogeneous pressure until crystallisation
is complete. The solid phase is separated from the mother liquor by filtration or
centrifugation, washed with copious amounts of water (usually until the pH of the
washings is pH 8 - 9), and finally thoroughly dried before characterisation.
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Zeolites are metastable phases and when in contact with the mother liquor
transform in time to thermodynamically more dense phases, eg. quartz. Thus,
during synthesis, samples must be taken regularly in order to monitor the crystallisation and the reaction terminated well before the appearance of less desirable
phases. Once the solid is isolated from the mother liquor, however, it can remain
unchanged indefinitely provided it is kept in a suitable environment.

1.4.2 Development of High-Silica Zeolite Synthesis
It was soon recognised that in the synthesis of aluminous zeolites a relationship
existed between the inorganic cation used in the synthesis gel and the nature of the
zeolite obtained. For example, it was found that sodium ions frequently led to the
formation of sodalite, gmelinite, cancrinite and faujasite-type materials whereas
chabazite types were favoured by the presence of potassium ions [62,66]. This
led to the so-called templating theory (discussed in detail in section 1.4.8) which
suggested that the inorganic cation was able to promote the crystallisation of certain zeolite structures. It was this that led to the introduction of organic reagents
into the synthesis recipe; the idea was that large organic molecules would create
larger channels and cavities and generate new zeolite frameworks. Furthermore,
there was a need to synthesise more siliceous materials, particularly for catalytic
applications, since aluminous zeolites have relatively low thermal stability and
poor resistance to acidic environments commonly encountered in catalysis. Thus
to improve their performance under these conditions it was recognised that more
siliceous zeolites would be required.
The first crystallisations of gels containing an organic component were carred out in the early 1960's [67,68]. A number of methyl-substituted ammonium
compounds were examined in aluminous reaction mixtures. Those containing the
tetramethylammonium (TMA) species were found to be the most successful. The
result was the crystallisation of zeolite N-A (N = nitrogenous) and faujasite-type
zeolites, having a slightly increased Si/Al ratio (described in the early days as
siliceous).

It is interesting to note that this was also the first attempt at an
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alkali-free synthesis, i. e.no alkali metal was deliberately added to the synthesis
gel. However, it was discovered that the products contained substantial amounts
of sodium which had presumably dissolved from the glass reaction vessel. Furthermore, the silica sol used in these experiments often contained a small amount of
sodium hydroxide as a stabiliser. It was subsequently shown that zeolite A would
not in fact crystallise unless there was a trace of sodium present to nucleate the
crystallisation and that the rate of crystallisation was dependent on the amount
of sodium present [69]. This report is an excellent illustration of the effect of
impurities in zeolite crystallisations.
Other siliceous zeolites crystallised from gels containing TMA cations include
ZK-4 [70] (Si0 2 /Al2 03 = 2 - 4) and Alpha [71] (Si02 /A12 03 = 4 - 6), both of
which are siliceous versions of zeolite A. Many framework structures have since
been prepared using TMA, usually in combination with alkali metal cations [63].
These are predominantly very aluminous zeolites (Si0 2 /A12 03 < 10) although one
report claimed a Si0 2 /A12 03 ratio for mordenite of around 20 [72].
Following the success of TMA in zeolite crystallisations a number of other
organic materials were investigated. One of the earliest, tetraethylammonium
(TEA) hydroxide was used to crystallise what is now recognised as the first true
high-silica zeolite, Beta [73], with Si0 2 /A12 03 ratios of up to 100 being reported.
Over several hundred different organic materials have been used in zeolite syntheses in one form or another but by far the most successful are the quaternary
ammonium compounds. Perhaps the most widely known of these is the tetrapropylammonium (TPA) species which is used to synthesise the industrially important
high-silica zeolite ZSM-5, first reported by Argauer and Landolt in 1972 [74]. This
was followed in 1973 with the synthesis of ZSM-11 in the presence of tetrabutylammonium (TBA) cations and tetrabutylphosphonium (TBP) cations [75].
ZSM-5 and ZSM-11 are structurally very similar (Figure 1-8). ZSM-5 consists
of two intersecting channel systems, one sinusoidal of near circular cross-section
and the other straight with elliptical cross-section. In ZSM-11, however, both
channel systems are straight and of elliptical cross-section.
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Figure 1-8: Diagrammatic representation of the channel structure of zeolites
ZSM-5 (top) and ZSM-11 (bottom)
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Since these structures are very similar, it is not unusual to crystallise ZSM5/11 intergrowths [76]. In fact it is reported [77] that it is difficult to obtain
a completely phase pure ZSM-11 product. Jacobs and Martens have claim that
once they have used a reaction vessel to crystallise ZSM-5, they are unable to
obtain ZSM-11 from subsequent reactions, despite thorough cleaning [77]. As is to
be expected from the structural similarity, ZSM-5 and ZSM-11 give very similar
powder X-ray diffraction patterns. These materials are in fact end members of the - pentasil family of molecular sieves [78].
Examples of other zeolites formed in the presence of organic reagents can be
found in the review by Lok et al. [63]. It is notable that most of these were synthesised in the presence of alkali metal cations. Furthermore, synthesis conditions
are rather more demanding than those encountered with aluminous zeolites (eg.
423 - 473 K for several days).
The synthesis of ultra high-silica zeolites and pure silica molecular sieves were
reported in the late 1970's [45,79,80,81]. The aluminium-free analogue of ZSM-5,
silicalite was patented in 1977 [45]. This caused much controversy as Mobil, who
had the patent on ZSM-5, considered Union Carbide's silicalite to be an ultra
high-silica ZSM-5 and therefore violated their patent rights [82]. Mobil claim a
Si/Al ratio from 10 to 4000 while Union Carbide claim that silicalite contains
no framework aluminium. However, Rees [83] points out that silicalite always
contains aluminium (which Union Carbide claims is an impurity) and this has
been shown to be part of the framework in tetrahedral sites [84]. With this in
mind its hardly surprising that there is a tendency for inventors to attempt to
secure proprietary rights for the composition or on the synthesis of compounds
which were, at the time of filing, insufficiently characterised' [85].
This dispute not only demonstrates the commercial importance of zeolite
molecular sieves but also highlights once again the importance of impurities (in
this case aluminium) in zeolite synthesis. It has been suggested that materials
containing only adventitious amounts of aluminium should be considered as defect silicas [83].
Since TPA and TBA are used to synthesise ZSM-5 and ZSM-11 in gels con-
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taming aluminium, then it comes as no surprise that, following the discovery that
silicalite could be synthesised from aluminium-free TPA gels, TBA should be used
to crystallise the aluminium-free analogue of ZSM-11, subsequently named silicalite II [81]. Other all-silica materials include ZSM-22 [86], silica-ferrierite [87],
and silica-ZSM-48 [88]. There are also a number of other all-silica materials, for
example ZSM-39 [89]. These are termed clathrasils since, although they contain
relatively large cavities, the windows are too small to let occluded species pass
through [15,90,91].
In 1982 a new class of microporous crystalline materials were reported, the aluminophosphates [12]. These have been followed by a whole host of other framework
compositions, eg. the titanosilicates [92]1, most of which use an organic reagent
as an essential component of the synthesis gel.

1.4.3 Crystallisation Kinetics
The production of crystals from an aluminosilicate gel takes place in two stages;
nucleation and growth. The kinetics of zeolite crystallisations has been studied
intensely. Briefly, during the nucleation stage nuclei may form and disappear until
they reach a critical size at which point they are capable of supporting spontaneous
crystal growth [93]. Growth is thought to take place by condensation polymerisation at the crystal surface with the elimination of water between the hydroxyl
groups at the crystal surface and those on the unit being added. However, only
those units with the correct size and geometry can be added [64,94]. The number
of nuclei that form depends on the degree of supersaturation of the reaction mixture. At high levels of supersaturation, many nuclei are formed and consequently
a large number small crystals are obtained. At low levels, a small number of large
crystals are obtained. Crystal size can be controlled to a large extent by modifying the crystallisation conditions, eg. temperature, pH, which affects the degree of

'The importance of their work on titanosilicates was recognised at the 9 Meeting
of the IZC in Montreal, where the Bellussi group received the prestigious Breck Award
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Figure 1-9: Characteristic s - shaped curve illustrating the crystallisation process
depolymerisation of silicate and aluminosilicate species in solution and hence the
level of supersaturation.
The nucleation and growth periods are readily seen in plots of the extent of
crystal growth versus time (Figure 1-9). These sigmoid or s - shaped curves are
characteristic of zeolite crystallisations. The reciprocal of the time taken to the
onset of crystallisation (i.e. up to the first point of inflexion on the crystallisation
curve) can be used to give a measure of the nucleation rate and the steepness of
the slope used to give an indication of the growth rate. The nucleation time can
be reduced considerably by the addition of seed material, where growth may occur
immediately.
Crystal growth is usually followed by X-ray powder diffraction (XRPD) (Chapter 2). The crystallisation curve is obtained from measurement of the degree of
crystallinity of the sample, i.e. mass of zeolite, as a function of time. However, it
is claimed that the methods used to measure the mass of zeolite produced during
a crystallisation are not sufficiently sensitive to allow details of the crystallisation
kinetics or activation energies to be reliably determined [95].
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Figure 1-10: Change in sample appearance on crystallisation
Other methods used to follow the progress of a crystallisation include, infrared
spectroscopy (IR) [67] and solution pH [96]. Zeolite crystallisations can also be
followed visually as illustrated in Figure 1-10. As crystallisation proceeds, the
denser crystals separate from the gel and settle out on standing. It is important
to point out that this separation does not occur in all zeolite crystallisat ions. The
kinetics of nucleation and growth are affected by variables such as temperature,
composition, source of reagents, as well as history dependent factors such as gel
aging, nature of the reaction vessel, and the order in which reagents are mixed
[97,98,99,100] These will be discussed briefly in the following sections.

Effect of temperature

An increase in temperature reduces the nucleation time and increases the growth
rate, which generally results in the formation of larger crystals. At high tempera-
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tures zeolites may transform into denser phases. This occurs because zeolites are
metastable and readily recrystallise to thermodynamically more stable phases, provided the composition of the mother liquor is suitable. These transformations are
described by Ostwald's law. Specifically, since nucleation is kinetically controlled,
the zeolite that crystallises first is usually the least stable thermodynamically. This
will recrystallise repeatedly until the system reaches minimum entropy and the
most thermodynamically stable phase is obtained. Careful control of temperature
can reduce or prevent the formation of unwanted phases. These transformations.
are clearly also dependent on reaction time. Synthesis of high-silica zeolites carried out in the absence of an organic reagent are more likely to over-run to denser
phases. Those in which an organic reagent is included in the synthesis gel do
not easily over-run since the organic guest stabilises the porous framework [101].
For example, in the synthesis of ZSM-5 from a gel containing TPA cations, the
TPA stabilises the metastable ZSM-5 phase sufficiently that crystallisation to the
dense phase quartz is suppressed [102]. The ready interaction between quaternary
ammonium cations and the silica surface effectively hinders access of OH - ions to
the surface, which reduces silica solubility [103].
Since the solubility of aluminosilicate species is dependent on temperature, the
composition of the solution phase can vary quite markedly. Often, if reactions are
to be run at high temperature, the alkalinity of the system is reduced in order
to maintain the conditions necessary to crystallise the desired zeolite.

i. e.the

base level is reduced to decrease the reactivity of the system. This is one of the
many examples of the interplay between the various parameters governing zeolite
crystallisations. As well as altering the crystallisation kinetics, a change in reaction
temperature for a given composition can alter the nature of the zeolite crystallised
[104,105], affect crystal morphology, or even prevent crystallisation [106]. Several
studies on the effect of temperature on zeolite crystallisations have allowed the
calculation of apparent activation energies for both nucleation and growth [97,
107,108].
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Table 1-2: Effect of composition on zeolite crystallisations
Mole Ratio

Primary Influence

Si 02 /Al2 03

Framework composition

H2 0/Si02

Rate, crystallisation mechanism

0H/Si0 2

Silicate molecular weight,

=

-

OH- concentration

-

S

Mb/Si0 2

Structure, cation distribution

Rc/Si0 2

Structure, framework aluminium content

aTaken from reference [109]
bM = inorganic cation(s)
CR

= organic additive(s)

Effect of gel composition
The type of zeolite crystallised depends primarily on the composition of the starting gel. The effects of the various reaction components on the nature of the zeolite
crystallised and the crystallisation kinetics [109] are shown in Table 1-2. These
will be outlined in the following sections:
a) Si0 2 /A12 03
This determines the framework composition. For example, ZSM-5 can be synthesised with a wide range of framework Si0 2 /A12 03 ratios from 11 to infinity
(silicalite), depending primarily on the aluminium content of the reaction gel.
However, it is not uncommon in zeolite synthesis to obtain a number of zeolitic
and/or non-zeolitic phases on changing the Si0 2/Al2 03 ratio in the starting gel.
A good example of this was shown by Araya and Lowe [110]. They found that the
type of the zeolite obtained could be changed by merely increasing the aluminium
content of the starting gel under otherwise identical synthesis conditions. Unlike
ZSM-5, the crystallisation fields of other high-silica zeolites, for example zeolite
Beta, can be quite narrow indeed.
The Si/Al ratio of the product zeolite is always less than that of the starting
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gel since dissolved silica is always present in the mother liquor. Very little, if any,
aluminium remains in solution.
The crystallisation rate can be increased by increasing the Si/Al ratio of the
synthesis gel. This is attributed to the fact that the incorporation of aluminium is a
disruptive process, since the resulting Al-O bond is longer than a Si-O bond which
is energetically less favourable. Indeed it has been suggested that in the synthesis of
ZSM-5, a silicalite-type material crystallises initially and is subsequently replaced
by the aluminium-containing ZSM-5 [111].
b) OH/Si0 2
Anincrease in the alkalinity of the reaction composition has a similar effect to that
of changing the synthesis temperature. An increase in alkalinity leads to several
effects:
A decrease in the Si0 2 /A1 2 03 ratio of the crystalline product since more silica
will remain in solution. This can result in the crystallisation of a different zeolite
[112].
A decrease in the nucleation time since a greater concentration of reactants
will be in solution, resulting in more nuclei being formed as a result of collision
nucleation. This will also result in smaller crystals being obtained.
An increase in the rate of crystal growth since more nutrients are available in
the solution phase for transport to the surface of the growing crystal.
A modification in crystal morphology [113].
Inherently linked with the alkalinity of a reaction system is the yield of solid
recovered. At high pH values the solution can retain much dissolved unreacted
silicate species and consequently the yield will be reduced. Furthermore, since
zeolites are metastable, they can redissolve and recrystallise other, usually more
dense phases. Phase purity can often be controlled by careful adjustment of pH
[114].
The source of hydroxide ions is usually an alkali or alkaline earth metal hydroxide, although a large number of organic bases have been used where they often
serve as both the mineraliser and structure director [115]. The incorporation of
silica into the framework leads to an increase in the free base level of the system.
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This accounts for the increase in pH observed at the onset of crystallisation [96,
116].
c) H2 0/Si0 2

Since the base concentration of a gel changes with the water content, it is not surprising that, all things being equal, an increase in the H 2 0/Si0 2 ratio reduces the
nucleation and crystallisation rates. Water plays an important role in hydrolysing
silicate bonds, allowing other connectivities as well as providing a medium for
transport of nutrients to the growing crystal.
In aluminous systems the water is thought to play an important role in cornbination with the inorganic cation in determining the nature of the zeolite crystallised, where it is thought to act as a void filler [117]. In the case of high-silica
zeolite synthesis, water can also have an important structure directing role. In
systems containing pyrrolidine as the organic structure director, under otherwise
identical conditions, an increase in the water content leads to the formation of
different zeolitic phases [118].

Effect of the source of Si0 2 and A1203

There is a wide range of both silica and alumina sources. The most commonly
used silica sources include CAB-0-SIL M-5 (fumed silica), water glass, Ludox,
and silica gel. Aluminium is frequently added as sodium aluminate or as other
soluble salts. The choice can be crucial in determining the nature of the product
crystallised.
Silicates can be classed as either active or inactive [99,119]. The former indude hydrated silicates while the latter include colloidal silicas. Which source is
used for a particular synthesis, can determine which zeolite, if any, finally crystallises [99,119]. Furthermore, differences in particle size and consequently rates
of dissolution in the alkaline medium, can influence both the rate of nucleation
and growth. For example, gels containing silica with a high proportion of silicate monomer will crystallise faster than gels in which the silica is predominantly
polymeric. Mostowicz and Sand have shown that the nature of the silica source
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has a marked effect on the crystallisation kinetics of ZSM-5 [120]. Although pH
plays a significant role in depolymerisation of silicate species, the surface area and
structure of the amorphous silica are also important [121].
Alternative alumina and silica sources include other zeolites [122,123] and
meta-kaolin [31]. In studying zeolite crystallisations, there are advantages in eliminating as far as possible affects due to silica and alumina sources, or at least
controlling them in a -reproducible manner. In EdliiburghCAB-O-SIL M.-5 and
aluminium wire are usually used. These are high purity materials which afford
good reproducibility in zeolite syntheses. Tetraethylorthosilicate is an alternative
reproducible source of silica.

Effect of gel preparation, pre-treatment and other history dependent
factors

Perhaps one of the most disconcerting features of zeolite synthesis is the fact that
even a change in the way in which a gel is prepared can affect the type of zeolite
obtained. Thus great care must be taken to ensure that gels are prepared in exactly
the same way, particularly when carrying out systematic studies. The order of
mixing [124] and the extent of mixing [125] have been shown to be important
factors in determining the nature of the zeolite that crystallises. Whittam [125]
illustrates this in the synthesis of faujasite from mixtures which were thoroughly
homogenised and ones which were not. In the former, a high yield of zeolite
was obtained while in the latter the yield was poor and contaminated with other
zeolitic phases [125].
Although gels are usually charged into the reaction vessel soon after preparation, occasionally quiescent aging of the gel can be useful. This can be carried
out at any temperature but usually well below the synthesis temperature. It has
been suggested that gel aging allows an equilibrium to be established between the
heterogeneous gel and the solution phase [109]. Products with different crystallite
size can be obtained by varying the period and temperature of aging [126].
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Stirring the reaction mixture during the synthesis can have a dramatic effect
on the crystallisation rate [127] as well as affecting the outcome of a crystallisation.
It has been reported [128] that the crystallisation rate can be increased by up to
three times that of the corresponding unstirred system. The nature of the zeolite
obtained can also be changed by stirring the reaction mixture. Freund [99] found
that the phase purity of zeolite X depended on the extent to which the reaction
mixture was stirred. Furthermore, he found that the nature of the reaction vessel
could also affect the crystallisation.

1.4.4 Crystallisation Mechanism
Introduction
Despite the complexity of zeolite crystallisations, great strides have been made
in understanding the underlying mechanisms. Two have been proposed. These
involve crystallisation in the solid phase, via a solid-solid hydrogel transformation
from the amorphous to crystalline phase, or from the solution phase. The second
of these is the most widely accepted mechanism. Both will be outlined in the
following sections.

Solid phase transformation
The direct transformation of the amorphous gel into a crystalline product without
participation of the solution phase has been claimed in several studies [129,130,
131]. Breck [132] describes a study of the synthesis of zeolite X carried out by
Khatami and Flanigen where, despite separation of the gel solid from the solution
phase at the end of the induction period, the solid continued to crystallise zeolite
X over several weeks under ambient conditions. However, the solid phase still
contained about 20 % water and it is likely that this may have promoted the
crystallisation.
McNicol et al. [130] studied the crystallisation of a number of zeolites, which
included A, X, and P, using luminescence and Raman spectroscopy. They found
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that traces of Fe3+, substituted for A13+ in the gel, occupied a tetrahedral environment. They found no evidence for the presence of soluble aluminosilicate anions
in the solution phase and concluded that crystallisation must therefore occur via
a solid phase transformation mechanism.
Derouane [131] crystallised ZSM-5 via both a solid phase transformation mechanism and a solution phase mechanism, depending primarily on the gel chemistry.
They suggest that the - constant Si/Al ratio of the solid phase during crystallisation is indicative of a solid phase transformation mechanism. Indeed, work carried
out by von Ballmoos has shown that the presence of aluminium zoning is related
to the synthesis mechanism [133,134]. In the case of crystallisation via a solid
phase transformation, the aluminium concentration should not vary throughout
the crystal.

Solution phase mechanism
Evidence for crystallisations via a solution phase mechanism has been widely reported [97,98,100,111,135,136,137,138]. These include crystallisations from clear
solutions [136,138]. Kerr [135], as early as 1966, proposed that the presence of
nutrients in the solution phase was vital for crystal growth. He suggested that
once the zeolite nucleated the equilibrium would be disturbed in such a way that
the gel would dissolve in order to provide nutrients to the growing crystal. Kerr
demonstrated this by circulating sodium hydroxide through an amorphous aluminosilicate and then over zeolite A seed. All of the aluminosilicate was found to
have been transported by the hydroxide and converted to zeolite A onto the seeds.
Clearly, the equilibrium between the aluminosilicate in the solid and liquid phases
was disturbed by the removal of nutrients from the liquid phase by the growing
zeolite A crystals. To re-establish the equilibrium, more solid aluminosilicate
dissolves in the hydroxide and this process continues until the supply of nutrients
is exhausted.

'The aluminium concentration in the crystal can vary across its cross-section
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1.4.5 Species in Solution
The nature of the silicate, aluminate and aluminosilicate species in. solution has
been widely studied [103,119,121,137,139,140,141,142,143] and will be briefly described here.
The nature of the species in solution will vary markedly depending on a number of factors, including the silica and alumina source, the synthesis temperature,
the nature of the cation, and the solution pH. Alkaline conditions are essential
in zeolite crystallisations because it is only under these conditions that tetrahedrally coordinated aluminium, as Al(OH) 4 ions, can exist. However, in sodium
aluminate solutions, which contain a sufficiently large concentration of Na 2 0, this
ion dehydrates to give species such as A10 2 [144]. At near neutral pH dimeric
anions may form. Under acidic conditions, octahedrally coordinated aluminium
dominates, i.e.A1(H20)r.
The silicate anion distribution is particularly sensitive to silicate concentration,
solution pH and the nature of the organic or inorganic cation in the solution.
At moderately high pH values, the solution phase can contain a whole range
of oligomeric and polymeric anions. Only at very high values (pH > 11) are
monomeric silicate anions abundant, together with lesser amounts of oligomeric
anions [142]. The size of the inorganic or organic cation in solution can influence
the silicate anion distribution. McCormick et al. have shown that for small silicate
anions, ion pairing decreases with increasing cation size [142]. Thus with larger
anions, such as the double four-ring (D4R) anion (Figure 1-11), a larger cation
is preferred, eg TMA, which may be due to stabilisation by ion-pairing effects.
Casci [143] has shown that, for aqueous silicate solutions of identical concentration
at room temperature, the anion distribution is markedly different for solutions that
contained TMA cations than for other tetraalkylammonium cations or alkali metal
cations. It was also suggested that these differences may be due to the stabilisation
of certain anions by ion-pairing [94]. Aqueous solutions of tetraalkylammonium
(TAA) silicates show a smaller range of silicate anions in comparison with those
of the alkali metal cations. In the case of TMA cations, the high concentration of

J1Aa)JILL L.

.LALL L.L L1L(L(JjA

R
0
Si -

OR

0
RO

1

1v

I

Si —.OR

Si LO
v_
0
0
0
8

S/

1

0

80

if = Si (CMI

I

0

Si -----

V

0

i" - 0R
-

0
8

Figure 1-11: Double four-ring silicate anion trapped by the addition of Si(CH 4

)3

D4R's commonly found may be due to the "ordering of water and silicate anions
by the TMA cations" [142]. Aiello and coworkers [145] have recently studied the
influence of the nature of the cation on the properties of aluminosilicate gels and
shown that sodium ions can stabilise aluminosilicate structural sub-units inside
the gel matrix

Although there is much evidence [146,147,148,149] to support the presence of
silicate species in solution that resemble SBU's (eg.the D4R), there is none to
suggest that these are the actual growth units or the precursors of zeolite nuclei.
Furthermore, not all the SBU's have been observed in silicate solutions. For example, there is no evidence that the 5-1 SBU exists in solution despite the fact
that many zeolite frameworks can be built from it (mordenite, ferrierite, ZSM-5).
On the other hand, there is evidence that the double five-ring (D5R) unit (not an
SBU) exists in solution [146,147,150] and van Santen and coworkers have shown
that for a given OH/SiO 2 ratio the predominant species in solution is the D5R
silicate [147]. They suggest a mechanism by which ZSM-5 forms from this precursor which involves initial ring opening by hydrolysis, followed by condensationpolymerisation (Figure 1-12). A similar mechanism was proposed by Groenen and
coworkers [146].
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Figure 1-12: Formation of the ZSM-5 chain structure from the D5R unit, proposed by van Santen et al. [147]
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1.4.6 Alkali-Free Synthesis of High-Silica Zeolites
One of the major drawbacks of conventional zeolite preparation, i.e. from systems
that contain both alkali metal and organic cations, is that once crystallised (and
following calcination to remove occluded organic material), the zeolite must be ion
exchanged to give the H+-form. Bibby and coworkers [151] and Dwyer and Chu
[152] overcame this problem by using ammonium cations instead of alkali metal
cations in the synthesis of ZSM-5 and ZSM-11. The as-synthesised products are
then easily converted from the ammoniated form into the H-form by a single
calcination step, the ammonia being driven off along with any occluded organic
material.
There have since been a number of investigations into the synthesis of highsilica zeolites as well as all-silica molecular sieves in the absence of alkali metal
cations [106,115,153,154,155,156,157,158,159,160] several of these [115,155,158]
amines were used as an alternative to the quaternary ammonium salts to synthesise the MFI framework. It has been reported that amines provide good buffering
and pH control [155] during the crystallisation and that the lower pH values result
in increased yields [116]. An added bonus is that they are much cheaper than
quaternary ammonium compounds. Alkali metal-free systems which contain an
amine together with a structure directing organic species have also been reported
[106,115].
In most of the alkali-free systems from which ZSM-5 has been crystallised,
ammonium hydroxide was used as the source of base or mineraliser. However,
it has been shown that ZSM-5 can be crystallised from aluminosilicate gels in
which tetrapropylammonium (TPA) hydroxide functions both as the mineraliser
and template, as well as balancing the framework charge [153,154]. This is in
contrast to an early report [107] which concluded that ZSM-5 could not be made
in the absence of alkali metal cations despite the presence of TPA. It should be
noted that Bibby and coworkers [151] also could not crystallise ZSM-5 from gels
containing TPAOH alone.
Many reports of alkali metal-free syntheses [153,154,155,156,157,159,160] do
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not give information on the purity of the reagents used in the crystallisations.
For example, it is widely known that quaternary ammonium hydroxides can contain a substantial amount of alkali metal impurity, particularly potassium [161].
Therefore, it is quite possible that many of these crystallisations may have been
contaminated with alkali metal cations. This would have certainly affected the
crystallisation kinetics, the product crystal size distribution and crystal morphology. One can only speculate as to whether the presence of these impurities may
have affected the outcome of the crystallisation.

1.4.7 Organic-Free Synthesis of High-Silica Zeolites
The crystallisation of high-silica zeolites from inorganic gels offers several advantages. Most notable, is the obvious reduction in production costs, as the organic
component is usually the most expensive. Coupled with this is the elimination of
the calcination step, the expensive process by which the occluded organic material is removed by thermal oxidative degradation at temperatures usually well in
excess of 773 K. Finally, the need to handle potentially toxic materials is avoided.
The number of high-silica zeolites synthesised in the absence of organic reagents,
however, is at present rather restricted eg.ZSM-5, ZSM-22-type and ferrierite-type
materials. Furthermore the composition range (Si/Al, OH/Si) over which these
zeolites can be synthesised is greatly reduced. For example, in the case of ZSM-5,
the most notable of the high-silica zeolites that can be crystallised in the absence
of organic reagents, the composition range over which it can be synthesised from
inorganic gels is restricted to Si0 2 /A12 0 3 = 40 - 100 and Na2 0/Si02 = 0.1 - 0.2
[162].
Crystallisations from organic-free reaction mixtures tend to be slower and more
likely to over-run to denser phases, than corresponding reactions in which an organic reagent is present [102]. Furthermore, it is thought that these crystallisations
are sensitive to impurities such is traces of organic or seed material which may be
present in the reaction vessel [163].

Chapter 1. Introduction

39

The work described in this section and in the previous section highlights the
practical importance of carrying out crystallisations from alkali-free and organicfree reaction mixtures. These crystallisations, however, can also allow the role
of the alkali metal cation and organic species be established to a large extent.
It has already been mentioned that impurities may affect these crystallisations
and so one cannot be entirely sure whether the observed effect may be due to
the presence of these impurities rather than, say, any structure directing effect
of the organic template. Thus it is thought that only by working under carefully
controlled conditions where impurities are excluded, can the true role of these
species be confidently predicted.

1.4.8 The Role of Inorganic Cations in Zeolite Crystallisations - the "Templating Theory"
It is generally recognised that cations can exert either a structure breaking (eg.
Ca 2+) or structure forming (eg. N a + , TMA+) effect on the structure of liquid
water and it is believed that this also occurs in aqueous gels. Furthermore, it is
found that certain structural units in crystalline zeolites appear to be associated
with certain (hydrated) cations [62]. In consequence, it was suggested that these
hydrated cations act as templates about which the crystalline framework forms.
This concept has become known as the templating theory of zeolite crystallisation
and is backed by substantial experimental evidence.
The formation of a number of zeolite structures were found to have a strong
cation specificity, eg. systems that contained sodium cations favoured the crystallisation of among others, sodalite hydrates, faujasites, and zeolite A, whereas
potassium systems favoured chabazite types. In the case of high-silica zeolites the
role of inorganic cations as templates is not as clear cut, since the same zeolite
can be crystallised in the presence of a number of inorganic cations. There is no
doubt, however, that inorganic cations can affect crystal morphology as well as
the crystallisation kinetics, eg. [164,165,166].
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Szostak [167] lists the important roles of inorganic cations. These are:
- Structure-direction
- Balancing framework charge
- Morphology
- Crystal purity
- Yield

1.4.9 The Role of Organic Reagents - Template or Void
Filler ?
The reasons for using organic species in the synthesis have already been discussed.
The addition of an organic reagent to a reaction mixture can cause one of three
effects [168]:
a different zeolite is obtained,
a zeolite crystallises where a reaction mixture would otherwise remain amorphous, and
the same zeolite is obtained as in the absence of the organic species, but there
is a change in the Si/Al ratio of the final product.
According to Rollmann [168]:, i) and ii) represent true templating effects.
The most obvious result of introducing organic reagents to the synthesis gel is
that the product Si/Al ratio is usually increased. In the case of charged organic
templates, the increase in Si/Al arises because fewer charge-balancing cations can
be accommodated in the framework void space; this limits the anionic framework
charge and hence fewer aluminium atoms are incorporated into the framework.
The addition of an organic reagent can also result in the formation of more perfectly formed crystals with greatly reduced stacking faults [169] and intergrowths
[170] which can be detrimental to zeolite applications.
That a number of novel high-silica zeolite frameworks have been obtained by
changing the organic component of the gel has led to the idea that there is a
specific relationship between the framework and the organic species. This is usually referred to as templating. Several hundred organic species have been tested
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as potential templates for new frameworks but of these, relatively few have been
successful.
The role of organic molecules as templates is debatable and the use of the term
template is often misleading. Indeed, only in a very few cases does the organic
species appear to behave as a true template [171,172], i.e.where the channels or
cavities bear some relation to the shape and size of the organic molecule. The best
example is TPA-ZSM-5 in which the TPA appears to fit snuggly in the channel
system; the nitrogen center sits at the center of the channel intersection with
the propyl groups extended into the channels. The TPA cation is too large to
enter the zeolite through the 10-member ring windows of the channel system after
crystallisation, therefore the framework must have been built around the organic
molecule. Further evidence for the templating role of TPA in the synthesis of
ZSM-5 comes from thermal analysis data, where it was shown that there are four
TPA cations per unit cell, the maximum that can be accommodated by the ZSM-5
framework [131]. The use of hexamethonium cations in the synthesis of the highsilica zeolite EU-i [173] and propellane quaternary ammonium compounds in the
synthesis of SSZ-26 [174] are other examples of templating agents. In aluminous
systems, a. templating role has been used to describe the action of quaternary
ammonium polymers on the synthesis of fault-free gmelinite and mordenite [169].
The actual mechanism by which the organic directs the zeolite structure has
been the subject of much debate and is still not well understood. One thought is
that the organic forms water icebergs around itself. These are then partially and
then fully displaced by aluminosilicate anions of various configurations until the
organic molecule is totally encapsulated [175]. Flanigen [62] suggests that in some
cases the organic "plays a limited role in directing structure but more generally
provides a source of hydroxyl ions and stabilises the formation of sol-like aluminosilicate species" [62]. The organic molecule can have a profound effect on the gel
chemistry of aqueous silica solutions, eg. organic bases increase the solubility of
aluminate and silicate species [176] which will influence the crystallisation kinetics.
A number of studies have investigated the role of organic molecules in zeolite
crystallisation. For example, van der Gaag et al. [177] investigated the effect
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of replacing TPA with a number of organic reagents in the synthesis of ZSM-5.
They found that the range of gel Si/Al ratios over which they were effective varied
markedly and listed them in order of increasing potency, eg. alcohols < amines <
TPA. It should be noted that it is possible that the compositions studied would
have given ZSM-5 even in the absence of these organic reagents and the role of
the alcohols as structure directors is certainly debatable. In another investigation,
Araya and Lowe [178] tested a number of organic reagents in a gel composition
that would have given ZSM-5 even in their absence. They concluded that TPA
is a true structure director, while piperazine and 1,6-hexanediamine have limited
directing ability. 1,6-hexanediol, on the other hand, had no directing ability and
therefore should be considered as a hydrophobic void filler rather than a structure
director [178]. In the latter case, the organic stabilises the zeolite structure without
having directed it's formation. Indeed Araya and Lowe [178] suggest that many of
the organic species that lead to the formation of ZSM-5 are probably void fillers
rather than true structure directing templates. This will be demonstrated in the
work described in this thesis (Chapter 4).
As well as the range of gel Si/Al ratios over which an organic species is effective,
a test of a good template is that small changes in its structure should render it
ineffective. This has been demonstrated by Casci [179] and Valyocsik [180], who
examined the effect of small changes in template chain length.
In a recent study by Gies and Marler [91], 61 organic species were examined in
aluminium-free reaction mixtures. They found that in the majority of cases the
organic species was a good fit for the particular pore system.
Although the concept of the organic template is simple and attractive, there
are an overwhelming number of cases in which it ig inapplicable. In some cases the
composition of the gel and hence the structure crystallised determines whether the
organic acts as a template. For example, TPA is used to prepare the aluminosilicate ZSM-5 and the aluminophosphate A1PO 4-5, both of which have completely
different channel architecture. Clearly, the use of the term template to describe
the action of the organic species in the A1PO 4-5 case would be inappropriate. In
the synthesis of LOSOD [176] (an aluminous zeolite) from reaction mixtures that
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contained bulky organic molecules, no organic was found occluded in the crystalline product. It was concluded that the organic base served only to increase the
base content of the reaction mixture [176] and did not therefore act as a template.
Suzuki et al. prepared several zeolites in the presence of pyrrolidine [118]. No obvious relationship between the geometry of the organic molecule and the type of
zeolite framework crystallised was observed. However, these reactions were carried
out in the presence of substantial amounts of sodium ions and it is conceivable
that the pyrrolidine simply behaved as a void filler in some (or all) of the products
they obtained.
Lok et al. [63] have listed a number of organic materials used in the synthesis
of high-silica zeolites. What is clear from this list is that:
one organic species can direct the formation of more than one framework and
these can have very different pore systems, eg. ZSM-5 and A1PO 4-5 (described
above), and
a specific zeolite framework can be made by the incorporation of organic species
which are geometrically different. Thus there is sufficient evidence to discount
a lock and key theory to describe .the action of many organic species in zeolite
crystallisations.
The role of organic and inorganic cations has recently been reviewed in a paper
by Gilson [181].
It is clear that there are very few good examples in which the action of the organic can be described as a template. However, there is little doubt that they can
determine the outcome of a crystallisation. Thus it is believed that they would be
best described as structure directors rather than templates. The organic species
can have other important functions in the reaction mixture [182]. It can:
act as a structure-directing agent or template,
modify the gel chemistry where it can promote the formation of more siliceous
products,
interact chemically with other components of the gel, where they may buffer
the pH of the system,
modify the gelling process, solubility of the aluminosilicate species, aging char-
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acteristics, transport and thermal properties, and crystallisation time, and
v)act as a void filler.

1.4.10 Competitive and synergistic effects between inorganic and organic cations
Since many zeolite syntheses are carried out using- gels that contain both an inorganic cation and an organic reagent, there are likely to be competitive and synergistic effects between these species. These will significantly affect the crystallisation
kinetics and as well as the composition of the product zeolite. For example, TPA
cations have been shown to compete with sodium cations for charge compensation
of silicate and aluminosilicate framework units [183] in the synthesis of ZSM-5. In
the presence of sodium ions, the rate of crystallisation of TPA-ZSM-5 is enhanced
[184] which demonstrates synergism between the organic and inorganic cations.
In the absence of sodium cations the crystallisation is extremely slow. Synergistic
effects have also be demonstrated in the synthesis of ZSM-39 [185].
Another example of synergism arises in the synthesis of NU-10, where the addition of sodium salts increased the crystallisation rate of gels that contained
tetraethylenepentamine [186]. These workers also found that the addition of
sodium chloride to compositions that gave a mixture of NU- 10 and ZSM-5, favoured
the formation of NU-10. This leads one to question whether the sodium ion is actually a true ZSM-5 structure-directing agent, as has been proposed by Tianyou
and coworkers [187].
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1.5 This Work
1.5.1 Introduction
In the search for new high-silica zeolites most workers have taken the view that
success lies in the choice of organic template. Reaction mixtures typically used to
examine new organic templates have compositions closely related to that which
give inorganic Na-ZSM-5. Not surprisingly, the product most frequently found is
ZSM-5. Furthermore, a careful examination of results may well show that in many
instances the product obtained is the one that would have formed in the absence
of the organic template and that it has done no more than stabilise the product
against dissolution.
In most cases sodium hydroxide has been used as the base and some workers
have even used additional sodium salts. The presence of such large quantities of
sodium ions may well mask any structure directing effect of the organic template.
It could be that trace quantities (impurity levels) of sodium impurities could promote the formation of ZSM-5 or other common high-silica zeolites.
Many zeolite syntheses, including crystallisations from organic-free and alkalifree systems, are carried out using impure reagents and complete analyses are
rarely available. Consequently, it is difficult to establish from published work
whether impurities affect the course of the crystallisation or the nature of the
zeolite crystallised.
The chief aim of the present work, therefore, was to investigate the influence
of impurity species in the synthesis of high-silica zeolites.
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1.5.2 Impurities
Introduction
An impurity may be defined as any species adventitiously present in the ideal
composition in uncontrolled amounts. The nature of the zeolite synthesis is such
that impurities in the reaction mixture can accumulate in the product zeolite
and so must Influence the crystallisation process in öthëwayFof example, the
incorporation of these impurities may occur systematically with some taken up
earlier in the crystallisation than others. The later ones are likely to accumulate
in the crystal surface. Surface ion-exchange will be an important factor here.
It may well be that certain impurities influence the crystallisation mechanism
even to the extent of determining which crystal structure is formed. Furthermore,
they may act catalytically, i.e. without themselves becoming incorporated in the
product.
A good example of an impurity influencing the nature of the product obtained
is given by Freund [99]. He found that under certain circumstances, Na-X would
crystallise only from gels prepared from silica sources which contained an aluminium impurity (the so-called active silica sources). This occurred despite the
large amount of aluminium used to prepare the gel.

Zeolite impurities
For a crystallographically pure zeolite impurities can be of the following types:
i) framework impurities. Isomorphous replacement of framework T-atoms occurs
readily and is common in natural and synthetic zeolites. The element most likely
to be introduced in this way is iron, which may come from the steel autoclave
vessel or from impure reagents. The iron replaces some of the aluminium in the
framework, leading to longer T-O distances [188] and a less stable framework.
Some impurity framework T-atoms are easily leached out, resulting in the formation of hydroxyl nests (Figure 1-7). In the synthesis of all silica-molecular sieves,
such as silicalite, the framework can readily take up aluminium impurities. These
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generally originate from the use of impure reagents (discussed below).

inorganic cation impurities. The most important of these are the cations of the
alkali and alkaline earth groups. Transition metal cations are more likely to be
incorporated into the zeolite framework or to be trapped in the channels as insoluble oxides/ hydroxides. It is possible that cation impurities could become trapped
during the synthesis in sites from which they cannot be removed by ion exchange.
This would undoubtedly have an effect on the zeolitic properties. In the case of
aluminous zeolites where there is a strong correlation between the inorganic cation
and the nature of the zeolite obtained, the effects of such impurities are likely to
be very significant. This study, however, is only concerned with siliceous zeolites.
void filler impurities. Amines and quaternary ammonium ions usually occupy
the void space in the as-synthesised zeolite as has already been described. They
are incorporated during the synthesis but in hot alkaline conditions the quaternaries can degrade and the breakdown products may also be incorporated into the
growing zeolite. For example, in the synthesis of zeolite Beta with tetraethylammonium (TEA) cations, the maximum practical synthesis temperature is 413 K,
due to the breakdown of the quaternary via Hoffman degradation:
(C2 H5 )4 N + OH- - (C 2 H5 )3 N + CH2

= CH2 + H2 O

On occasion this can affect the course of the crystallisation giving products not
characteristic of the original template.

Reagent impurities
The inorganic reagents used in zeolite synthesis are rarely pure and often rich in
elements that can readily be incorporated into the zeolite. For example, commercial silicas and silicates often contain significant amounts of iron and aluminium
impurities. The purest form of silica available is the quartz used in the electronics
industry. However, this and other forms of quartz are not sufficiently reactive for
routine zeolite synthesis [147] and it is essential to use amorphous silicas or soluble silicas. As has already been mentioned (section 1.4.3) the nature of the silica

Chapter 1. Introduction

48

source is known to affect the rate of crystallisation and the morphology of the
product zeolite. It is therefore essential to use a standard, reproducible and pure
form of silica. For the present study it was decided to use a fumed silica (CAB0-SIL M-5) which is extremely pure and has a high surface area (high reactivity).
The main impurity, water, was determined for each batch by thermogravimetric
analysis.
There are a number of sources of aluminium but for this study it was decided
to use Analar aluminium wire. Impurities originating from the aluminium wire are
likely to be insignificant, especially when one takes into account the small amounts
used in a typical high-silica zeolite gel composition.
The inorganic bases can contain a large number of impurities. Wherever possible Aristar materials were used.
Many researchers have paid little attention to the purity of the organic reagent.
There is some justification for this in that in many cases the most serious contaminants are unavoidable decomposition products. However, in a number of studies, in
particular those carried out in apparently alkali-free systems, a quaternary ammonium hydroxide has been used as the mineraliser. These are usually contaminated
with a significant amount of alkali metal cations [161] which undoubtedly affect
the crystallisation kinetics and the product zeolite composition.
Some of the silica and alumina sources used in typical zeolite syntheses are
summarised in Table 1-3 together with the most significant impurities [189].

1.5.3 Influence of seeding
Incomplete removal of a crystalline product from the reaction vessel can have
a marked effect on the overall rate of crystallisation of the subsequent reaction.
Seeds provide a ready made surface on which deposition can occur, leading to a
reduction in the period prior to nucleation and as a result a reduction in the overall
crystallisation time. The nature of the product zeolite can be different from that
of the seed. Seeding is particularly important in organic-free reactions.
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Table 1-3: Reagents used in zeolite syntheses together with their main impurities
Reagent

Source

Impurity

Tetramethylorthosilicate

Merck

Na, Ca

Tetraethylorthosilicate

"

Al

Na2 SiO3 .9H2 0

'N' Philadelphia

/ ppm

Silicon compounds

< 0.5

Quartz Co

< 0.2
Al < 200
Fe < 120

CAB-O-SIL M-5

BDH

Al

Aerosil-200

Degussa

Water glass
Fumed Silica

< 10

Colloidal Silica
DuPont de Nemours

Al < 500

Sodium aluminate

BDH

Fe

Pseudoboehemite

Vista

Ti <40

A1(OH)3

Merck

Fe

A12 03

Baker

Fe < 0.01

Ludox-AS-40

Aluminium compounds

3

Reference [189]

<

4

<3

Chapter 1. Introduction

50

It would be impossible to study the effect of all impurities in zeolite crystallisations in such a short time. Therefore it was decided to limit the study to
crystallisations of high-silica zeolites in two systems; the organic-free and alkalifree systems. It was argued that in the former, the most important impurities
would be seed and/or traces of organic impurities and in the latter, seed and/or
traces of alkali metal cations.

1.5.4 Structure of this thesis
This thesis is divided into two main sections. The first, Chapters 3 and 4, deals
with cryst allisat ions of high-silica zeolites in the potassium system under carefully
controlled conditions and in the absence of organic reagents. This section also
reports on the ability of trace levels of seed and organic impurities to promote
ZSM-5 crystallisation within the template-free concentration range. It is not known
whether such impurities affect the outcome of a zeolite crystallisation.
For completeness, several crystallisations were carried out in the inorganic
sodium system. The results are shown in the Appendix.
In Chapters 5 and 6 an investigation of the reverse system is described, i.e.
alkali-free crystallisations. The study of zeolite synthesis under ultrapure 3 conditions has not been previously reported. As was explained earlier, many of the
reagents used in zeolite syntheses are substantially contaminated with impurities.
Reactions carried out under ultrapure, alkali-free conditions enabled the effect of
weak templates to be examined.
The results obtained from the work in alkali-free and organic-free systems may
give more mechanistic information that may further clarify the role of inorganic
and organic cations in zeolite crystallisations. Furthermore, it will be possible to
study in more detail the synergistic effects between inorganic and organic species

'Conditions in which impurities are excluded as far as is reasonably practicable
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and more importantly, synergism between different organic species in the absence
of alkali metal cations. It is believed that the latter has not been widely reported.
In Chapter 7, the influence of small cations (Na, K, and TMA+) on the
crystallisation of TPA-ZSM-5 is reported. In this work, speculation is made as to
the role of these cations on the crystallisation mechanism.

2

r

/

Chapter 2

Experimental and Analytical Methods
2.1 Experimental
2.1.1 Materials
The reagents used in this work are given in Table 2-1 together with the concentration of sodium and potassium impurities. A number of organic substances were
used in small quantities in the work described in Chapter 4. These are shown
in Tables 2-2 and 2-3. The alkali metal content was not determined for these
materials. The water content of the fumed silica was determined for each batch
by thermogravimetric analysis and was always found to be less than 2 %. No
account of this water impurity was made when calculating reaction compositions.
Ultrapure water (18 MR) was obtained from the department (courtesy of Dr. S.K.
Chapman) and used in all stages of the gel preparation. Distilled water was only
used when crystallisations from impure reagents were examined.
All quaternary ammonium hydroxides were standardised with 0.1 M hydrochloric acid using a pH meter to determine the end point. Alkali-free solutions of
tetrapropylammonium hydroxide and nonamethonium hydroxide were prepared
by ion exchange of the bromides with silver(I)oxide (A9 2 0) in the presence of ultrapure water as follows:
A calculated amount of the bromide was weighed into a polypropylene bottle and
sufficient water added so that a 2 M solution of the hydroxide would result follow ing ion exchange. A slight excess of the stoichiometric amount of A9 2 0 was added
to the bromide solution and the bottle capped. This was placed on a shaker for
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Reagent

Grade

Conc/ mg 1_I
i, K
< 40 zr
500C
50a

Source

INa

(JAB-p-Sib M-5
Potassium hydroxide (KOH)
Sodium hydroxide (NaOH)
Aluminium (wire)
Tetramethylammonium hydroxide (TMAOH.5H 2 0)
Tetraethylammonium hydroxide (TEAOH)
Tetrapropylammonium hydroxide (TPAOH)
Tetrabutylammonium hydroxide (TBAOH)
(TBAOH30H 2 0)
(TBAOH')
Benzyltrimethylamrnonium hydroxide (BzTMAOH)
Dibenzyldimethylammoniurn hydroxide' (DBzDMAOH)
Cct.ylLriitietliylaiiitnoniuin hyclroxi(lcC (CcTMAOH)
Diethylpyrrolidinium hydroxidec (DEP)
Methyl-n-pentylpiperidinium hydroxidec (MPP)
Nonamethonium hydroxide' (Nona(OH)2)
Hexamethonium bromide (HexBr 2 )
1,6-Hexanediamine (1,6-HXDM)
1,6-Hexanediol (1,6-HXDL)
2,3-Dimethyl-2,3-butanediol (2,3-DMBD)
2,4-Dimethyl-2,4-pentanediol (2,4-DMPD)
2,5-Dimethyl-2,5-hexanediol (2,5-DMHD)
Silver (I) oxide

Aristar
Aristar
Analarb
99 %
Pract
HPLC
Pract
Purum
Special
Pract
Pururn
HPLC
Pract

-

BJJ1-I
BDH
BDII
BDH
Aldrich
Fluka
SACHEM
Fluka
Fluka
SACHEM
Fluka
Fluka
SACHEM
Fluka

-

-

Fluka
Aldrich
Aldrich
Aldrich
98 %
Fluka
> 98 %
Aldrich
97 %
Purum > 99 % I Fluka
Pururn >99 %
99 %

I

< 1

< 1

670
<1
300
250
38
240
1
<1
600
40
3000
2
10
5
nd
nd
nd
nd
nd
nd

4100
<1
5750
570
2
8500
< 1
2
6300
n dd
210
2
nd
nd
nd
nd
nd
nd
nd
nd

-

-

—
(D
to

CD
CD
rI)
Ca

CD

C-.-

0
CD
CD

C-.-

CD

p
0

I-.

'1

(D
Cs)
to

aTaken from suppliers specification, bF e circa 80 mg kg 1 , ' Prepared by ion exchange of the halide (made by previous students in the Department) with A9 2 0,
dnd = non detected, eSupplied by ICI C&P Ltd. (ex-Lancaster synthesis)
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Table 2-2: Other purum grade organic substances used in the present study;

supplied by Fluka
Reagent

Tetramethylammonium bromide (TMABr)
Tetraethylammonium bromide (TEABr) =
Tetrapropylammonium bromide (TPABr)
Tetrabutylammonium bromide (TBABr)
Tetrapentylammonium bromide (TPeABr)
Tetrahexylammonium bromide (THexABr)
Tetraheptylammonium bromide (THepABr)
Benzyltrimethylammonium bromide (BzTMABr)
Benzyltriethylammonium bromide (BzTEABr)
1 ,4-Diazobicyclo[2,2,2]octane (DABCO)
Tri-n-propylamine
n-Propylamine
Tetraethylenepentamine

Table 2-3: Reagents supplied by BDH
Reagent

Piperidine
Piperazine
1 ,2-Ethylenediamine
Triethylenetetramine
Glycerol
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2 hours, then left to stand overnight at 298 K. The solution was carefully filtered
through a 0.8 am membrane filter and a further small amount of silver oxide added
to the filtrate. The solution was again shaken and allowed to stand overnight before finally filtering it through a 0.2 zm membrane filter. The resulting hydroxide
solution was standardised using 0.1 M hydrochloric acid and the alkali metal content determined by flame photometry (Section 2.2.6). The exchange efficiency was
approximately 97 % (TPA) and 89 % (Nona), based on the bromide!
A number of other, potentially interesting quaternary ammonium halides were
available and these too were ion exchanged using A9 2 0 and standardised as above.
Since there was very little of each quaternary ammonium salt available, it was
difficult to carry out the ion exchange effectively. Consequently the exchange
efficiencies (based on the halide) were rather low and typically of the order of 40
%. The alkali metal content of each of the hydroxides is shown in Table 2-1.

2.1.2 Gel Preparation
Since the aim of this work was to investigate crystallisations under ultrapure conditions, it was important to, not only use the most pure reagents available, but
also to try and eliminate impurities arising from equipment used to prepare the
gel. Thus for this work, new equipment was bought and care taken to ensure that
equipment was used for appropriate reaction mixtures.. This included a variety
of polypropylene bottles and beakers as well as a collection of hand-held electric
blenders, none of which were available to any other worker in the laboratory. Thus
equipment used to prepare organic-free gels were kept apart from those used to
prepare alkali-free gels. It must be noted, however, that only one blender was
available at the start of this work and it was not until this was found to be a
major problem (Chapter 4) that more were purchased.
For all the potassium reactions (except Scavenging Reaction mixtures prepared
later on in this work) and much of the alkali-free work, each reaction mixture was
prepared in a new polypropylene bottle. However, it was found that polypropylene
beakers could be repeatedly used providing they were thoroughly cleaned and
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only used for appropriate reaction mixtures. Thus a separate beaker was used for
Scavenging Reaction gels, tetrapropylammonium gels, tetraethylammonium gels,
etc. After gel preparation all equipment was washed thoroughly with hot tap water
followed by distilled water and finally ultrapure water. Beakers and blenders were
also washed with ultrapure water just before gel preparation.
Gloves were worn at all times during the gel preparation. Although this is
standard practice in any good laboratory, disposable gloves were even worn when
handling the aluminium wire as a further step to limit contamination.
Care was taken to avoid contamination from zeolite dust in the laboratory
area. Bench surfaces were regularly wiped down with a damp cloth well before
the gel was prepared and charged into the autoclave.
Every attempt was made to carry out the reactions reproducibly and a note
taken of even minor changes in the methodology.

Organic-free gels
Fumed silica was weighed into a new polypropylene bottle, A, and ultrapure water
added with blending to form a slurry. Aluminium wire was added to a 50 %
(wt/wt) solution of potassium hydroxide in beaker B and the solution maintained
at about 318 K for several hours until the aluminium had completely dissolved.
To minimise losses through evaporation, a PTFE cover-plate was placed over the
beaker. 'In later reactions small polypropylene bottles were used instead of the
beaker and cover plate. Once cooled, the clear aluminate solution was added to
the silica slurry in bottle A and the contents thoroughly mixed using a hand-held
blender. The remaining water was finally added to give the desired weight of gel
(usually 400 g) and blending continued for a further 5 minutes.

Alkali-free gels
The procedure was much the same as described above. The quaternary ammonium hydroxide solution was weighed into a polypropylene bottle and aluminium
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wire added (if required). The use of bottles in this way, reduced the possibility of
CO 2 contamination of the hydroxide. Solid quaternaries were dissolved in ultrapure water before addition of the aluminium. Dissolution of the aluminium wire
usually took at least 24 hours for most of the hydroxides, however, tetrapropylammonium hydroxide took longer (usually 3 days). When more than one quaternary
ammonium hydroxide was used, the aluminium wire was dissolved in a mixture
of the two and when gels were prepared with a quaternary ammonium hydroxide
and an amine or quaternary ammonium halide, the aluminium wire was dissolved
only in the hydroxide solution. The amine or quaternary ammonium halide was
dissolved in ultrapure water if necessary and added to the aluminosilicate reaction
mixture.

2.1.3 Stirred Reaction Vessels
Autoclaves
Four 500 cm stainless-steel autoclaves (designed by Baskerville and Lindsay Ltd.,
Manchester), designated A, B, C and D were used throughout the present study
(Figure 2-1). These were essentially identical except that the vessels had slight
differences in the shape of the base and stirrers as shown in Figure 2-2. Autoclave
A was constructed from stainless-steel and inconel (nickel-based alloy) and autoclaves B, C, and D from stainless-steel only. All four autoclaves were stirred by
magnetically driven paddle stirrers, which throughout this work were set at 300
rpm via a dial on each of the control units. The stirrer speed was regularly checked
during runs using an RS Model TM 2011 optical hand held tachometer and was
found to drift by no more than

+1-

5 rpm. The external heaters were controlled

by Guilton-West MC36 temperature controllers and the reaction mixture temperature monitored by a thermocouple located in the thermocouple housing, which
penetrated the reaction mixture (Figure 2-3). A second thermocouple located
in the same housing served as the activator for the temperature trip. This was
usually set 20 K above the reaction temperature. The temperature of the reaction
mixture was set using the analogue meter on the control unit and checked during
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Figure 2-1: 500 cm' stainless-steel autoclaves (designed by Baskerville and Lindsay Ltd., Manchester)
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Figure 2-2: Schematic of stirrer paddle and vessel geometry; left, vessels A and
C, and right, vessels B and D
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Figure 2-3: Close up of dip-tube (A), thermocouple housing (B) and stirrer
paddle (C)
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each run with a Comark digital thermometer 5000. The difference in the temperature between the analogue and digital readings never exceeded 2 K and was very
often better than 1 K. All four autoclaves were fitted with pressure gauges which
featured a pressure trip. This was activated if the pressure exceeded the pre-set
value, at which point the heater was automatically switched off. The autoclaves
took about 60 minutes to heat up to 423 K, and the time t 0 (i.e. the starting
time) was taken as the time at which the autoclave was switched on.
Each autoclave was fitted with a dip-tube which allowed samples to be taken
during the course of the reaction without disturbing either the stirring or heating. To avoid residual material trapped in the dip-tube from contaminating the
following sample, the first few cm of sample were discarded. The sample size was
usually 8 - 10 cm3

.

Low temperature vessels
Although the control over impurities was less than in other systems, stirred reactions (160 rpm) were carried out at 368 K using a purpose built rig (Figures 2-4
and 2-5). This consisted of four 1 litre stainless-steel reaction vessels each fitted
with a flanged, glass 1 multiport lid. The broad lip at the top of the vessel was
grooved to accommodate a Viton 0-ring and a tensioned spring clip used to ensure
an effective seal. A PTFE stirrer gland was fitted into the centre port of the lid to
accommodate the stirrer. Small motors were used to drive the stirrers at a rate of
160

+1-

2 rpm. Occasionally motors had to be replaced during a run because of

overheating. This usually only took about 10 minutes and it is thought that the
effect on crystallisation at such low temperatures would not be significant.
Since the operating temperature was close to 373 K, it was decided to include
a reflux condenser in the experimental set up. Thus, if any of the reactions were to
overheat due to failure of the thermostat, there would be no build up of pressure.
Thermostatting was carried out using a specially built control unit (designed and

'A probable source of impurities
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Figure 2-4: Rig used for stirred, low temperature reactions
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Figure 2-5: Close-up of reaction vessel and stirrer
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built by personnel in the electronic workshop). This consisted of an on/off switch
for each of the stirrers, a water cut-off trip (this switched off the entire rig if the
flow of water to the condenser dropped below 3 1 min 1 ), a working-temperature
thermocouple and an over-temperature trip. The working temperature was set
using the analogue meter fitted to the control unit. The circuit diagram is shown
in Figure 2-6.
The reaction vessels were heated by means of heating tapes and a hot plate.
Rather than build a separate thermostatting control unit for each reaction vessel,
it was decided to just use one and connect a multiblock to the output side of
the control unit. Thus, in effect, the thermostatting of the four reaction vessels
was controlled by thermostatting only one of them. Although this did not allow
flexibility in that the four reaction vessels could not be run at vastly different
temperatures, it worked remarkably well. The largest temperature difference between any two reactions was no more than 5 K and variation in the temperature
throughout any one reaction was no more than 2 K (determined using the digital
thermometer described above). It was felt that, since detailed kinetic studies were
not required for reactions carried out in these vessels, such conditions were acceptable. Samples ('.' 8 cm') were collected (with the stirrer switched off) through
either of the other two ports using a 5 mm (i.d.) glass tube fitted to a pipette
filler. Since the vessel lid was made of glass it was likely that these reactions would
have contained significantly higher levels of impurities than those carried out in
any of the other reaction vessels. However, the experimental set-up was such that
this was difficult to avoid. It was thought that, since these low temperature crystallisations were particularly slow, turning the stirrer off during sampling would
have little effect on the outcome of the reaction.

Parr bombs
Reactions carried out in Parr bombs were stirred using a magnetic stirrer / hot
plate. The bomb was placed in a specially constructed steel collar (Figure 2-7) to
improve thermal contact. The temperature was controlled by an over-temperature
control unit (designed and built by personnel in the electronic workshop) linked by

Figure 2-6: Circuit diagram for the low temperature rig
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Figure 2-7: Schematic of stirred Parr bomb reactions

a thermocouple to the reaction vessel. One of the major drawbacks with this set
up is that the magnetic stirrer/hot plate is not designed for continuous use for long
periods and consequently it was not unusual to find that the stirrer had stopped
during a reaction. When this happened the reaction was allowed to continue in
the static mode and a note taken. It must be stressed that one could never be
entirely sure if the reaction was being stirred, even if the magnetic stirrer was seen
to be working. Consequently, results of reactions carried out in stirred Parr bombs
should be treated with caution.
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2.1.4 Static Reaction Vessels
Static reactions at temperatures above 373 K were carried out in 125 cm' teflonlined Parr bombs, 30 cm PTFE-lined bombs (designed in Edinburgh) and small,
teflon-lined tubes (TOM reaction vessels [190] capacity approximately 1.5 g).
These tubes were used primarily because they allowed a large number of reactions to be carried out with a limited amount of reaction mixture. The reaction
vessels used for static reactions are shown in Figure 2-8.
Low temperature crystallisations (368 K) were carried out in 10 cm polypropy lene bottles, which were put into larger bottles containing water to reduce the risk
of leakage. This bottle was topped up from time to time with water at 368 K.
All static reactions were carried out in pre-heated ovens set at the desired
temperature. At the end of each reaction the bomb was allowed to cool naturally
to room temperature.

2.1.5 Tests for Leakage
Before switching the 500 cm autoclave on, the vessel was pressure-tested so that
leaks could be detected. This entailed pressurising the reaction vessel, through
the high-pressure inlet, with air or nitrogen to about 12x10 5 N m 2 and leaving
,

for about 15 minutes. Any major leaks were easily detected and remedial action
taken.
Mass balancing was used for all reactions to check that material had not been
lost during the crystallisation as a result of leakage. Specifically, this involved
weighing all material sampled (including waste material collected between samples) together with the final contents of the autoclave and comparing this with
the original weight of gel charged to the autoclave. For reactions carried out in
the 500 cm autoclaves, results are reported only for those reactions which lost no
more than 5 % by weight of the original charge. However, due to the nature of the
experimental set-up, a larger tolerance had to be accepted for the low temperature
stirred reactions. Thus a weight loss of up to 10 % was deemed acceptable. The
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Figure 2-8: Reaction vessels used for static reactions carried out above 373 K,
a) 30 cm' bomb and b) TOM reaction vessel: (Parr bomb not shown)
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weight loss due to leakage form the Parr bombs and the 30 cm' bombs was always
< 1 %. The extent of leakage from the TOM reaction vessels was not determined,
although it is certain that for many of the reactions carried out at 453 K, it may
have been substantial.

2.1.6 Reaction Number
The sample numbering system for reactions carried out in the 500 cm' autoclaves
is as follows:
The letter proceeding the number identifies the autoclave in which the reaction
was carried out and the number simply corresponds to the reaction number. Thus,
AlO is reaction 10 carried out in autoclave A (not the 1 01h reaction carried out in
autoclave A).
Low temperature stirred reactions are similarly numbered except that the reaction vessel (A, B, C, D) is preceded by 95 to denote a low temperature reaction.
Thus reaction number 95A11 is low temperature reaction 11, carried out in vessel
A. Reactions carried out in Parr bombs were given the prefix P to the reaction
number, eg. P56 denotes reaction number 56 carried out in the Parr bomb. Reactions carried out in the 30 cm' Edinburgh bombs were given the prefix S, eg. S222
is static reaction number 222. Reactions carried out in TOM vessels were given
the prefix T, followed by the reaction number, eg. T3 denotes reaction number 3
carried out in a TOM reaction vessel.

2.1.7 Cleaning of Reaction Vessels
Autoclaves
The reaction vessel was thoroughly washed with tap water and any visible material
carefully removed using a fine tungsten carbide paper (P600 grade), with the
minimum of force. The dip-tube, stirrer and thermocouple housing were also
cleaned with the tungsten carbide paper and rinsed with distilled water. The
autoclave was then charged with a 4 % (wt/wt) solution of Aristar potassium
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hydroxide and heated to 373 K (at which point the autoclave was set to trip). Hot
hydroxide solution was passed through the sample delivery tube to remove any
trapped material. Once the autoclave had cooled, the contents were discharged
and the vessel washed with copious amounts of tap water followed by distilled
water. The dip-tube, stirrer and thermocouple housing were also washed with
distilled water, before cleaning the vessel at 453 K with distilled water overnight.
The autoclave was again allowed to cool and the cleaning procedure repeated with
ultrapure water at 453 K, each time releasing some of the contents through the
dip tube. This was repeated until the alkali metal content of the washings was
< 1 mg 1 -1 . Although this appears to be particularly extreme for the organicfree reactions (since alkali metal cations would be added to the reaction vessel
anyway), it was argued that a standard method of cleaning would form a good
base on which to carry out the present study, irrespective of the system under
investigation.
It was subsequently discovered (Chapter 4) however, that, although this pro
cedure satisfactorily reduced alkali metal impurities to a minimum, it was not
sufficient to remove seed material. Thus the cleaning procedure was modified as
follows:
The dip-tube was dismantled and any solid material in the dip-tube 'well' (see Figure 4-3, Chapter 4) washed away with plenty of distilled water. The dip-tube was
then reconnected and a potassium hydroxide wash carried out at 373 K (3 times
in succession) as described above. The water washes were repeated as described
above. This cleaning procedure was shown by the Scavenging Reaction test to be
effective at removing seed impurities (Chapter 4).

Low temperature reaction vessels
Reaction vessels and stirrers were cleaned with tungsten carbide paper and thoroughly rinsed with tap water. They were then washed with a hot 4 % (wt/wt)
solution of potassium hydroxide (333 K) overnight, rinsed with tap water, scoured
again with the tungsten carbide paper and finally rinsed with copious amounts of
distilled water. All glassware was washed with tap water and then distilled water.

Chapter 2. Experimental and Analytical Methods

71

Static reaction vessels
The 30 cm3 PTFE-lined bombs and the Parr bombs were cleaned for at least 48
hours at 423 K with the potassium hydroxide solution and thoroughly rinsed with
tap water, distilled water then ultrapure water. The vessels were then cleaned
with ultrapure water at 423 K until the alkali metal content of the washings was
< 1 mg 1_1. This method of cleaning was shown by the Scavenging Reaction test
to be effective at removing traces of seed impurity.
The teflon tube and end caps of each TOM reaction vessel could simply be
replaced after each reaction. However, only one set of reactions were carried out.

2.1.8 Separation of the Solid and Liquid Phase
The solid phase was separated by filtration, thoroughly washed with distilled water
until the pH of the washings was between 8 and 9, and dried overnight. Since
the products obtained from many of the single quaternary crystallisations were
composed of tiny crystallites, separation of the solid from the liquid phase had to
be carried out using either a 0.2 ym membrane filter or by centrifugation. It was
particularly difficult to adequately wash solids following centrifugation. These had
to be resuspended in ultrapure water and centrifuged a total of three times before
finally decanting the washings. The wet solid was then dried at 393 K.
A description of sample preparation and characterisation is given in the following section.

2.2 Analytical Methods
2.2.1 Introduction
The problem with many zeolite crystallisations is that the size of crystals obtained
tend to be in the region 0.1 - 5 tm and are thus too small to allow full structural
elucidation by single crystal analysis. However, much structural and compositional
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information can be gained from X-ray powder diffraction in combination with other
analytical techniques, such as thermal gravimetric analysis, magic angle spinning
NMR, infrared spectroscopy, etc.
In this section only a brief account is given of the principles of each analytical
technique. There is a large number of standard textbooks and review articles
which give more detailed information.

2.2.2 X-ray Powder Diffraction
X-ray powder diffraction (XRPD) is by far the most widely used analytical technique in the identification and characterisation of crystalline molecular sieves. It
is used predominantly as the initial means of identifying crystalline materials;
each will generate a unique X-ray diffraction pattern based on the arrangement
of atomic planes in the crystal. These finger prints allow rapid identification of a
material, providing a pattern already exists in the literature. Von Bailmoos and
Higgins [191] have published a collection of simulated powder patterns for most
of the known zeolite and zeotype structures. Great care, however, must be taken
when examining XRPD patterns, particularly if no match can be found in the
literature since the presence of more than one crystalline phase in the unknown
sample can lead to misinterpretation.
Although this technique can be used to give a measure of crystallinity, it can
only do so if there is another phase present. This is useful when following the
crystallisation of a zeolite from an amorphous gel, since there will always be two
solid phases present, amorphous and crystalline until crystallisation is complete.
The use of XRPD is not restricted to the identification of a crystalline material
or indeed determining crystallinity. The technique has been used in a number of
studies, for example to monitor the orthorhombic to monoclinic phase transformation in zeolite ZSM-5 [192] and to estimate the Si0 2 /A12 03 ratio in ZSM-5
[193,194] and the synthetic faujasites [129]. Other useful information can be obtained from XRPD studies. The crystal class and unit cell parameters can often
be obtained and in certain cases the space group can be determined.
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The XRPD pattern can change markedly on post synthesis treatment. For
example, ion exchange, de-alumination and calcination can not only modify peak
intensities but also peak positions. XRPD is also sensitive to crystal size and
morphology. In the former, small crystals tend to cause peak broadening. In
its extreme, crystals of unit cell dimension are so much broadened that they are
effectively not detected [195]. Crystals with a particularly large length to aspect
ratio can give preferred orientation effects, where diffraction at certain angles
occurs with unusually high intensity.

Principles
The wavelength of the X-radiation is of the same order of magnitude as the distances between scattering centres in a crystalline material; this results in diffraction
of the X-rays and is described mathematically by the Bragg equation:

nA = 2d.sinO
where:
A = the wavelength of the incident X-rays

o

= angle of incidence of the X-rays to the plane

d = distance between atomic planes
n = the reflection order, an integer

When this equation is satisfied, constructive interference occurs amongst the
scattered X-rays, resulting in peaks in the plot of intensity against diffraction
angle, 20.

Analysis and instrumentation
Samples were allowed to equilibrate in the X-ray room (humidity> 65 %) overnight
before carefully grinding to a fine powder. The sample was packed into rectangular
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sample holders and the exposed surface carefully pressed fiat, taking care not to
apply a shearing action which could lead to preferred orientation. This can lead to
large errors when calculating crystallinities, particularly when comparing materials
of different morphology. These errors can be minimised by avoiding the use of
orientation-sensitive peaks in crystallinity calculations. For example, in ZSM-5
the peaks at 20 = 23.0, 23.8 and 24.4° are relatively insensitive to the way in
which the powder is packed [196]. In the present study very few samples showed
preferred orientation effects and those that did were ZSM-5. Crystallinites were
therefore calculated using the peaks at the angles mentioned above. Furthermore,
care was taken to use the same weight of sample for each run. Crystallinity was
determined relative to the most crystalline sample. When materials obtained
from different reactions were compared, crystallinities were based on a reference
sample deemed 100 % crystalline. It is estimated that the probable error in the
crystallinity measurement was of the order of

+1-

10 %.

Preferred orientation effects can also be reduced by simply changing the packing procedure. Front loaded samples can reduce these effects significantly. The
sample is packed into the sample holder onto a glass backing plate. The holder is
then placed in the diffractometer so that the X-rays penetrate the sample through
the glass plate. A number of samples were analysed in this way at ICI C & P Ltd.,
Wilton, by Mr. R. Pendlebury.
Diffraction patterns were obtained using a Philips Powder Diffractometer equipped
with an automatic sample changer (type PW117O/02). The goniometer (PW1050/80)
was mounted on a highly stabilised X-ray generator (PW1730/10) which emitted
CUK c, radiation of wavelength 154.18 pm. The scanning rate (motor control unit
PW1390) used was 10 20 / minute with a time constant of 2 s. An AMR focusing
monochromator (AMR 3-202E) was fitted in front of the detector (PW1965/60).
A silicon standard was run before and after each sample batch to allow for
any variations in instrument performance. The reproducibility of the diffraction
technique has been estimated at
different days.

+1-

6.5 % [197] for the same sample analysed on
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Unless otherwise stated, the running conditions were as follows:

Tube voltage

40 kV

Tube current

30

Scanning angle

40 to 4°20

Time constant

2s

Range

4 x 103 counts s 1

Step angle

10

Chart speed

1 cm min -'

m

20[D min - '

2.2.3 Thermal Analysis
Introduction
In the case of high-silica zeolites, thermal analysis has been used predominantly to
investigate the decomposition of occluded organic material. Both qualitative and
quantitative information can be obtained. In the latter, the amount of organic per
unit cell can be calculated and in combination with other techniques can allow
hypotheses to be made about the templating action of these species. Thermal
analysis techniques have also been used to show the presence of crystalline material.
in X-ray amorphous samples [131]. It is further claimed [131] that information can
be obtained on the nature of the crystallisation mechanism.
The major thermal analysis techniques employed in the present study are discussed in the following sections.

Principles
Thermogravimetric analysis (tga)
This technique continuously records the weight of a sample as it is heated from
ambient to typically 1173 K. The resultant thermogram can give both qualitative
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and quantitative information such as the temperature at which a thermal event
takes place and quantifying the weight lost. This allows decomposition pathways
to be evaluated.

Differential thermogravimetric analysis (dtg)
This is simply the differential of the tga weight loss curve, and is recorded as a
peak rather than a step. The derivative is useful in that it occasionally reveals
information that is not readily detectable in the thermogram.

Differential thermal analysis (dta)
Endothermic and exothermic events are recorded. The sample and a reference material (usually alumina) are heated at the same rate and the temperature difference
between the two is measured. In endothermic processes, such as vapourisation and
sublimation, the sample becomes colder than the reference material since thermal
energy is removed. Conversely, in exothermic processes, such as combustion, the
sample becomes hotter due to the liberation of thermal energy. The exotherm is
seen in the thermogram as a peak maximum while the endotherm shows as a peak
minimum.

DTA can. be used quantitatively to determine the energy involved in a particoular process providing suitable calibration is carried out with standard materials
of known thermal behaviour.

Thermal analysis of an as-made organic-containing zeolite will typically show
an endotherm below 473 K (dehydration) and exotherms between 623 K and 873 K
(combustion of organic). The combustion process usually occurs over a range of
temperatures, depending on the location of the organic within the framework and
the extent of its interaction with the framework.

Most samples are examined in flowing air; however, inert atmospheres such
as nitrogen can be used. In this case exotherms will appear as endotherms since
combustion is replaced by pyrolysis.
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2.2.4 Analysis and Instrumentation
Samples were equilibrated over saturated sodium chloride (p/p° = 0.735) overnight
at 278 K. Approximately 15 mg of sample were placed in the platinum sample pan
and suspended from the microbalance. Approximately 15 mg of alumina, which
had been heated to 1173 K at least 3 times, was used as the reference. Runs were
carried out in flowing air and the data collected on a BBC microcomputer [198].
The running conditions were as follows:

Heating rate

10 K min - '

Temperature range

ambient to 1173 K

Air flow

26 cm3 min-1

Chart speed

1 cm hr -1

tga f.s.d.

50%

dta sensitivity

100, 200 or 500 jzV

2.2.5 Electron Microscopy
The resolution afforded by any optical system is limited to half the wavelength
of the light source (typically 0.5 pm) compared to 30 - 40 pm for accelerated
electrons. This greater resolution and depth of field allows detailed surface and
structural analyses to be performed. The two principa( techniques used in this
study were scanning and transmission electron microscopy.

Scanning electron microscopy (SEM)
This technique is used primarily to study crystal morphology, size and size distribution. At lower magnifications (x 7000), the field may contain sufficient crystals
to allow crystal counting to be carried out. From the resulting crystal size distribution analysis, useful mechanistic information can be gained.
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Principles
The surface of the sample is scanned with a very fine high energy electron beam
in a pattern of parallel lines (raster). Low energy secondary electrons are emitted
from atoms at the surface, while some incident electrons are reflected (flat surfaces
will reflect more radiation than crevices and so appear as bright images). Both the
secondary and reflected electrons are collected in the detector, where the signal is
amplified and displayed on a cathode ray tube (CRT)-screen which synchronously
scans with the incident beam. Magnification is achieved by varying the ratio between the dimensions of the region of the sample scanned and those of its image
on the CRT display. Resolution is increased by narrowing the electron beam and
increasing the acceleration voltage. One problem with SEM, however, is the build
up of electrons on the surface of a non-conducting sample. This charging causes
gross image distortion and can damage the sample. A conductive layer (usually
gold) is coated on the sample as a thin layer (' 0.01 jm) in order to minimise
charge build up. The gold coating also serves to improve the clarity of the image
since it will usually increase secondary electron emission.
Analysis and instrumentation
A small amount of ground sample was suspended in a small amount of acetone
and transferred onto an aluminium stub using a Pasteur pipette. The acetone was
allowed to evaporate, leaving behind a white residue on the stub. The samples
were then gold coated in an argon atmosphere before placing into the vacuum
chamber of the microscope for analysis.

Scanning electron photomicrographs were obtained using a Cambridge Instruments Stereoscan 250 scanning electron microscope located in the Faculty's SEM
unit. Gold coating, film processing and instrument calibration and set-up were
carried out by Mr. John Findlay of the Faculty of Science SEM Unit. A number
of photomicrographs presented in this work were prepared by Mr. John Findlay.

A small number of samples were analysed by Mr. R. Pendlebury at IC! C &
P Ltd., Wilton.
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Transmission electron microscopy (TEM)
Unlike SEM, TEM uses an illumination source, a tungsten filament. The filament
emits electrons when heated which are accelerated by means of electric fields down
a column under vacuum. Magnification and focusing are achieved by a series of
electromagnetic lenses. The image is essentially a magnified shadow formed by
areas of differing electron transparency and absorption in the sample. The image
is viewed on a fluorescent screen which can be removed to permit exposure to
photographic plates. TEM offers the advantage of higher magnifications than
SEM allowing more detailed structural analyses to be performed. However, the
technique requires a considerable amount of expertise in order to get the best
results.
TEM analysis was only carried out on samples which contained crystals that
were too small to be examined by SEM. This work was carried out by personnel
at ICI C & P Ltd., Wilton.

2.2.6 Atomic Emission Spectroscopy (AES)
Introduction
There are a number of emission techniques including plasma and flame methods.
The essential difference between these methods is the atomisation temperature.
With flame methods, samples are atomised at temperatures of 2000 - 3500 K
whereas with inductively coupled argon plasma (ICP), temperatures as high as
6000 - 8000 K are used. The higher temperature allows heavy elements and refractory materials to be analysed with greater sensitivity.
The instrument most commonly used for the analysis of alkali metal cations is
the flame photometer. This provides a simple to use, convenient and fast method
of analysis. In this study, Na and K analyses were determined in the solution phase
of samples collected during crystallisations, particularly those from the alkali-free
reactions. Autoclave washings were also analysed by flame photometry for alkali
metal content to check the cleanliness of the reaction vessel.
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Si, Al, Na, K, and occasionally Fe were determined in crystalline samples by
ICP and flame AES at ICI C & P Ltd., Wilton, by Ms. Irene Brown. The detection
limit for sodium and potassium was given as 0.003 % (wt).

Principles

In AES the flame or plasma acts as a source of radiation. The sample is presented
as a solution and is drawn into the flame (or plasma) through a capillary tube,
where it is atomised. The metallic constituents are reduced to gaseous atoms
which emit characteristic radiation with wavelengths in the UV, visible and near JR
regions of the electromagnetic spectrum. These arise from electronic transitions of
the outer electrons. At these high temperatures, however, considerable ionisation
can occur which can interfere with the analyte signal. This can be suppressed by
adding materials such as caesium salts to the sample.

Analysis and instrumentation

The solution phase was analysed without any pre-treatment for sodium and potassium using a Corning type 410 digital flame photometer. Calibration standards
were prepared from stock solutions of the alkali metal chlorides and the instrument
calibrated. Samples were analysed at random and aspirated for at least twenty
seconds or until a steady reading was displayed. Water was aspirated between
samples to ensure that no cross contamination occurred. The detection limit for
both sodium and potassium was approximately 0.15 mg 1_i.
The solid phase (' 100 mg) was dissolved in hydrochloric and hydrofluoric
acids and once dissolved, diluted with deionised water (100 cm3). All samples
were prepared and analysed by Ms. I. Brown at ICI C & P Ltd., Wilton.
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2.2.7 pH
Introduction
The use of pH to follow the crystallisation of high-silica zeolites was first described
by Casci and Lowe [96]. The time at which crystallisation occurs was found to
be accompanied by a significant change in the pH, which was attributed to a
combination of occlusion of the organic component and incorporation of silica
units into the framework. On crystallisation, there is a sharp reduction in the
amount of silica in the solution phase, which increases the amount of free base in
the system. This is accompanied by a sharp rise in pH. It has also been suggested
that pH can be used to give a measure of template strength [116]; the most effective
templates give a more stable crystalline product which is consequently less soluble,
giving rise to a larger pH rise.
The technique is very simple and reasonably accurate and compares favourably
with other techniques used to follow the crystallisation process. However, in aluminous systems, where the pH used for crystallisations is very high, this method
cannot be used with any confidence.

Analysis and instrumentation
pH measurements were taken according to the method described by Casci and
Lowe [96] using a Philips type PW9422 digital pH meter fitted with an EIL type
1 180/200/BNC/UKP combination electrode. The meter was calibrated before
analysing samples using buffer solutions of pH 7 and 9.2. Samples were allowed
to cool for at least 24 hours prior to analysis or, more usually, analysed in batches
after the termination of the reaction. Measurements were made on unfiltered
samples and a reading taken after 10 minutes. The electrode was rinsed thoroughly
with distilled water and wiped dry with a tissue between samples. Crystallisation
curves could then be constructed from plots of pH versus synthesis time, if required.
In the standardisation of quaternary ammonium hydroxide solutions, pH measurements were used to determine the end point of the titration.
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2.2.8 CHN Analysis
A large proportion of this study involved the synthesis of high-silica zeolites in
the presence of more than one organic component, all of which could possibly be
occluded in the framework. A relatively simple way to determine the nature of the
occluded species is to use CHN analysis. This gives a measure of the amount of
carbon, hydrogen and nitrogen by weight (%) in the sample. Thus, C/N and C/H
ratios can be used to establish whether or not more than one organic is present
and also estimate the proportion of each species.
Analyses were carried out by personnel in the department of Chemistry.

2.2.9 Optical Microscopy (OM)
OM can be used as a first means of establishing whether crystallisation has occurred. However, crystal size is limited to > 5 sum. In most conventional zeolite
syntheses this is not a problem, however, in this work crystal sizes were very often
much smaller than this, which meant that the technique was not widely used.

Analysis and instrumentation
Samples were placed on a glass microscope slide, a drop of water added and a
cover-slip placed over the top. The microscope used was a Vickers model M41
Photoplan fitted with a splitter to allow photographs to be taken.

2.2.10

13 C MASNMR

A number of samples obtained from mixed quaternary and quaternary/amine systems were analysed by Ms. B. Gore at the Department of Chemistry, UMIST,
Manchester. Samples were pressed into a zirconium rotar and analysed using
cross polarisation. With this technique, some of the proton signal is transferred
to enhance the weak

' 3

C signal.
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2.2.11 Catalysis

One sample was subjected to catalytic examination under the supervision of Dr.
I.S. Lake at ICI C&P Ltd., Wilton. The sample was pelletted and sieved to obtain
particles within the range 0.5 - 1 mm. The sample 0.2 g) was transferred
to a clean stainless-steel tube, which contained a plug of glass wool and glass
beads. This served to raise and support the sample bed. More glass beads were
added on top of the sample and the tube plugged with more glass wool before
securing it into the heating bock. The sample was calcined overnight to remove
any volatile impurities before starting the run. The test reaction used was the
disproportionation of ethylbenzene [199,200] (see Chapter 5).

2.2.12 Sorption

The sample was pelletted to a size of about 1 mm and calcined in an oven at
773 K to remove any occluded organic material. After calcination the sample
was allowed to cool in a desiccator and transferred immediately onto the balance.
The apparatus was evacuated and the sample heated to remove any sorbed water.
Before the sorption process was started, the sample was again calcined to ensure
that the voids were free of any water or organic species. The sorbate used in
these studies was n-heptane. This was freeze-pump-thawed before use to remove
any air in the system (measured using the pirani gauge). The sample was then
exposed to the sorbate and the uptake and pressure recorded. From the uptake
versus pressure data, an alpha plot was constructed to enable calculation of the
surface area and micropore volume of the sample. The alpha plot is simply a plot
of uptake versus a modified pressure and relies on the measurement of an isotherm
on a reference sample of known surface area and same surface composition as the
unknown sample. A full description of this technique is outwith the scope of the
present work. The method is described in detail by Sing [201].
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2.2.13 X-ray Fluorescence Spectroscopy
Several samples were prepared by Mr. G.D. Cruickshank and analysed by personnel at the Department of Geology. Sample preparation involved calcining the
sample at 1273 K for one hour, mixing approximately 1 g of sample with a lithium
borate flux and heating for 20 minutes at 1373 K in a platinum crucible. Once
cooled, the mixture was reweighed and more flux added to make up for any loss of
volatile components from the flux. Finally, the mixture is heated over a Bunsen
burner and the liquid poured into a graphite mould. The resultant glass disc was
cooled slowly then removed from the mould for analysis.

Chapter 3

Organic-Free Syntheses: The Potassium
System
3.1 Introduction
There have been many investigations into the crystallisation of high-silica zeolites
from organic-free reaction mixtures [63,128,147,163 1 178,202,203,204,205,206,207,
208,209,210,211,212]. Most of these have been carried out at relatively high temperatures with sodium aluminosilicate gels and the chief zeolitic products are NaZSM-5 and mordenite [63,128,147,163,178,202,203,204,205,206,207,208]. However,
there have been far fewer investigations into the synthesis of high-silica zeolites
from aluminosilicate gels in which potassium is the only cation in the reaction
mixture [209,210,211,212].
The most notable investigations were carried out by two research groups; Na8tro et al. [209,210,211] and Bellussi et al. [212]. The results reported by these
groups, however, are rather conflicting. Nastro et al. reported that they were
unable to crystallise ZSM-5 in their static systems unless considerable amounts of
sodium ions were also present. They found it difficult to obtain reproducibility in
their systems and did not pursue the formation of minor non-reproducible phases
[209]. They concluded that ZSM-5 could not be obtained in the absence of sodium
ions [209,210] and that it should be considered sensu stricto a sodium zeolite [210].
In contrast, Bellussi et al. [212] have reported the crystallisation of K-ZSM-5 in
the monocationic potassium system over a limited range of reaction compositions
using two different silica sources. Both groups used relatively high temperatures
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(463 K [209,210,211] and 448 K [212]) which encourage the formation of dense
over-run products eg. quartz. This may have made it difficult to detect early zeolitic products. In neither of these studies is sufficient information given to allow
one to determine whether other factors, such as the purity of the reagents used or
the nature and history of the reaction vessels, may have affected the outcome of
the crystallisations. Furthermore, one group [209] used static systems while the
other group [212] employed "shaker autoclaves", both of which are thought to be
less reproducible than stirred systems, especially for large volumes.
The limited and contradictory information available on the potassium system
made this an ideal system to investigate the influence of impurities on the course
of zeolite crystallisations. It was believed that sodium would be one of the most
important of these, in view of its ability to promote the crystallisation of ZSM-5.
Therefore, great care was taken to reduce sodium impurities to a minimum.
At the outset of this work it was considered that, while a number of impurities
may be present in a reaction, the most difficult to analyse for, yet most likely to
have a significant effect on the outcome of a crystallisation, were traces of organic
or seed material. Although the laboratory area was frequently cleaned, it is likely
that the work environment contained small amounts of microscopic zeolite dust
from many years efforts. Indeed, itis believed that this situation may be typical of
many zeolite laboratories, both academic and industrial. Despite this, great care
was taken to avoid such effects and apparently adventitious results were subjected
to thorough investigation.
The 500 cm stainless-steel autoclaves used in the present study had been used
on a number of occasions to crystallise ZSM-5, both with and without an organic
structure directing agent present. Thus before any work started, each autoclave
was thoroughly cleaned with potassium hydroxide solution. Indeed, an important
objective of this work was to find a method of cleaning together with a possible
test reaction that would ensure that the reaction vessel was free from any organic
material or seed impurity. The subsequent investigation of the inorganic potassium
system under carefully controlled conditions, led to the discovery of such a test
reaction, the Scavenging Reaction, which was found to be, among other things, a
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sensitive detector of organic and seed material. This remarkable reaction will be
discussed in Chapter 4.
In the present study, crystallisations were carried out from stirred reaction
mixtures. A lower temperature (423 K) than has been used previously [209,210,
211,212] was employed to ensure that metastable zeolitic phases would be observed
before any product over-run. It was thought that such an investigation under
tilt rapure conditions would allow for the conflicting results reported in the studies
described above to be resolved.

3.2 Experimental
Reaction mixtures based on the composition:
y K2 0 x A12 03 60 Si0 2 3000 H2 0,
where 5 < y < 20 and 0 < x < 2, were prepared as described in Chapter 2.
Crystallisations were carried out at 423 K in stirred autoclaves (300 rpm) and
reactions terminated after 7 days, unless otherwise stated. Samples were taken
during the course of each reaction and processed as described in Chapter 2.

3.2.1 Effect of Gel Aging
The composition:
10 K2 0 1 A12 03 60 Si02 3000 1120,
was aged at 368 K for different times to establish if such pre-treatment would
affect the outcome of the crystallisation.
Gels were prepared in 1 litre polypropylene bottles and placed in a pre-heated
oven at 368 K with the lids slightly loose to avoid any build up of pressure as
the gel was heated. After 10 minutes the lids were tightened and the bottles left
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in the oven for several weeks. The bottles were weighed weekly and any weight
loss made up by adding pre-heated ultrapure water. This generally amounted to
a weekly addition of about 10 cm 3 .

3.2.2 Effect of Sodium Cations
Since ZSM-5 has been shown [143] to crystallise readily from the composition:
10 Na2 0 1 A1 2 03 60 Si0 2 3000 H 2 0,
it was argued that if sodium cations were effective ZSM-5 structure directors, an
increase in the amount of sodium in the corresponding potassium composition
would promote the crystallisation of ZSM-5. Thus, the composition:
(lO-y) K 2 0 y Na2 0 x A12 03 60 Si02 3000 H20,
where y = 1 and 3, and x = 0.667 and 1, was investigated under the reaction
conditions described above.
Gels were prepared as described in Chapter 2, with the exception that the
aluminium wire was dissolved in a mixture of the two hydroxides. Another handheld blender was used for these reactions to avoid cross contamination.

3.3 Results and Discussion
The products obtained from the system

y 1(20 x A12 03 60 Si02 3000 1120,
where 5 < y < 20 and 0 < x < 2, crystallised for 7 days in stirred (300 rpm)
autoclaves at 423 K are shown in Figure 3-1. Details of the reactions are given
in Table 3-1 and are further summarised in Table 3-2. The sodium concentration
(mg l') in the liquid phase of samples collected during the reaction was found to
be approximately equal to y/2, where:
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k

and it is thought that such low levels would not affect the outcome of the crystallisations. Indeed the [K/Na] ratio in the reaction mixture was always > 1000.
For most compositions, crystallisation did not occur readily and the samples obtained were amorphous or contaminated with a substantial amount of amorphous
material. At the lowest base levels (OH/Si0 2 = 0.10) and highest alumina content (Al/Si0 2 = 0.067) investigated, the mixture remained amorphous even after
8 weeks at 423 K whereas at the highest base level investigated (OH/Si0 2 = 0.60),
a mixture with the same high alumina content gave the feldspar microcline and
zeolite K-H [213], thus resembling an aluminous reaction mixture. Although zeolite K-H was present in substantial quantities after 3 days of reaction, none was
detected after 6 days (Figure 3-2).
Many of the compositions gave an unknown material (designated Ui) which
although crystalline, was thermally unstable (Figure 3-3). It was always contaminated with amorphous material and for OH/Si0 2 = 0.27 - 0.31, kenyaite was also
present.
Examination of Ui by SEM shows that it has a platey morphology and is likely
to be a layer-lattice material (Figure 3-4). The X-ray powder diffraction pattern
shows some similarities to kenyaite, a layered silicate material. The diffraction
data for Ui and kenyaite are shown in Table 3-3. It is possible that this material
is a collapsed form of kenyaite, which would perhaps account for the absence of the
initial high basal spacing line at 1970 pm. SEM coupled with energy dispersive Xray analysis' (SEM/EDX) showed Ui to have a Si0 2 /A12 03 ratio of approximately
40. Thus Ui is an aluminosilicate material, unlike kenyaite which is essentially all
silica.
Only one aluminium-free composition (OH/Si02 = 0.5) was investigated (B37).
This gave a mixture of quartz, cristobalite and the potassium silicate KHSi 2 0 5
[214].

'Courtesy of ICI C & P Ltd., Wilton
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Table 3-1: Reaction mixture compositions and products at 423 K
Run
No
A15
B32
B33
B52
A157
A8
B17
A9
13134
A153
B133
A174
13138
1337
A41
B42
B27
A36
AlOd
B13
A25
A155
All
Al2
A130
B125
A161
13135
B29
B24
B31

Molar C omp ositi on Run
Products'
K2
0
x
A12
03
Time
(h)
y
0767
122
5
NU-10 + Am
164
NU-10+Cr+Am
168
5
1
NU-10+Cr+Am
2
167
5
-Am
2
1339
5
Am
10
161
0.333
Ken + U1'+ Am
10
0.667
166
Ken + Ui + Am
1
10
166
Ken + Ui + Am
2
10
163
Am
12.5
0.5
162
Am
13
0.667
161
Am
13
1
161
Am
13.5
0.333
164
Ken + Ui + Am
I4
0.6
157
Am
15
0
147
KHSi2 O5 + a - Quartz + Cr
15
0.1
167
Ken + Am
15
0.2
167
Ken + Am
15
0.333
162
Ken + Ui + ZSM-5 + Am
15
0.5
140
ZSM-5 + Am
171
ZSM-5 + Cr + Am
15
0.667
90
ZSM-5 + Am
15
0.667
167
Am
15
0.667
167
Am
15
0.8
94
Am
15
1
163
U1+Am
15
2
162
Ul+Am
17
0.667
161
Am
17
0.8
149
Am
17
1.5
166
Ui + Am
18.5
0.333
88
Am
20
0.667
169
Ui + Am
1
20
96
Ul+Am
167
Ui + Microcline + Am
20
2
Microcline + zeolite K-H
78
147
Microcline

aComposjtjofl : y K2 0 x A12 03 60 Si02 3000 H2 0
bK ey: Am = Amorphous; Cr = Cristobalite; Ken = Kenyaite

°U1 = Unidentified material, a potassium silicate probably related to kenyaite
dReaction probably contaminated with a trace of seed or organic material (see
text)
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Figure 3-2: XRPD patterns for products crystallised at 423 K from the composition
20 K2 0 2 A12 03 60 Si02 3000 1120 (B31) at t = 72 h (top) and t = 147 h (bottom)
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Figure 3-3: X-ray diffraction patterns of Ui (sample All), as-synthesised (top)
and after heating to 1173 K (bottom)
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Figure 3-4: SEM photomicrograph of Ui (sample All) showing the platey morphology commonly found with kenyaite (Bar = 15 tim)
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Table 3-3: X-ray diffraction data for Ui (sample All) and kenyaite
Kenyait e a

Ui (sample All)
d

a

/ pm'
-

lOOI/Lc

d

/ pm

lOOI/L,

-

1970

100

994

17

995

50

=

-

778

2

692

19

662

6

-

-

564

8

514

12

497

35

458

14

469

30

-

-

447

6

395

10

375

6

368

38

364

20

-

-

353

20

344

100

343

85

-

-

332

45

320

55

293

37

293

14

276

34

283

12

263

13

265

4

-

-

252

4

248

4

238

11

242

6

230

12

234

8

Reference [215]

'Only d values within 30 pm are shown on the same line
cRelative intensity / % (i.e. relative to the most intense peak)
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The only high-silica zeolites formed were K-NU-10 and K-ZSM-5. Unlike previous workers [209,210,211,212] noferrierite or mordenite was detected; this may
have been due to the lower temperature used in this study, together with the very
low concentration of sodium ion impurities in the reaction mixtures. The K-NU-10
was formed at low base levels (OH/Si0 2 < 0.14) as reported in earlier work [165,
2161 and was contaminated with cristobalite (samples A15 and B32), even when
the crystallisation was repeated at a lower temperature (A28, 403 K). Examination
of sample A15 by SEM showed the typical needle-like morphology (Figure 3-5) of
NU-10. The fact that other workers [209,210,211,212] did not crystallise NU-10 in
their potassium systems can be attributed to the higher temperatures used in their
studies. X-ray diffraction data for sample A15 is given in Table 3-4. K-ZSM-5
was found to crystallise over a very narrow range of base levels (OH/Si0 2 = 0.48
- 0.49), somewhat higher than the optimum base levels (0.25 - 0.39) [217] for the
crystallisation of Na-ZSM-5.
It is noteworthy that NU-10 and ZSM-5 form at similar Si02 /A12 03 ratios and
whether one or the other forms depends primarily on the OH/Si0 2 ratio, i.e. the
more open structure requires a higher base level, which gives a higher degree of
aluminosilicate depolymerisation.
One problem encountered at high base levels was that reactions that gave KZSM-5 separated into solid and liquid phases early in the reaction (< 3 days) and
the solid collected on the wall of the vessel and stirrer shaft at the liquid surface.
This effect was most pronounced for the gel composition:

15 K2 0 0.667 A12 03 60 SiO2 3000 1120
(the Scavenging Reaction - see Chapter 4) which was found to behave in an apparently irreproducible fashion. The first time the crystallisation of this composition
was attempted (AlO), the product obtained was very unusual, comprising of freeflowing sphere-like particles (Figure 3-6).
This was a most unexpected finding made more exciting by the discovery that
spheres contained small amounts of ZSM-5 ('--' 17 %).

Several attempts were
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Figure 3-5: SEM photomicrograph of sample A15, showing crystals with needie-like morphology, commonly found with NU-10 together with traces of cristobalite (Bar = 3 m)
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Table 3-4: X-ray diffraction data for samples A15 and NU-10 [218]
Sample A15" ,1

'

(H, Na)NU-10

d / pm

100I/LC

d / pm

10011jd

1098

76

1095

m- s

876

14

880

w-m

703

12

699

w-m

544

11

541

w

438

80

438

vs

368

100

369

vs

664

76

363

vs

347

35

348

rn - s

334

13

336

w

252

33

253

rn

244

14

244

w

'Crystallised from the composition: 5 K 2 00.667 A1 2 03 60 Si0 2 3000 H2 0
bProduc t also gave a major peak due to cristobalite at d = 411 pm
'Relative intensity / % (i.e. relative to the most intense peak)
'Key:
w = weak (I/I,, in the range 0 - 20)

rn = medium (I/I, in the range 21 - 40)
s = strong (I/I,, in the range 41 - 60)
vs = very strong (I/I,, > 60)

99

100
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Figure 3-6: SEM photomicrographs of the unusual sphere-like particles obtained
from the composition 15 K 2 0 0.667 A1 2 03 60 Si02 3000 H 2 0 (AlO) (Bar = 50
jrn)
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made to repeat the synthesis (eg. reaction nos. B13, A25). However, neither
spheres nor ZSM-5 was obtained, the solid and liquid phases simply separated,
with the amorphous solid accumulating around the rim of the vessel and stirrer
shaft as already described. It was subsequently discovered that this composition
would crystallise ZSM-5 only in the presence of certain impurities. This finding
prompted a more detailed investigation, which, because of its importance, will be
discussed in the following chapter. The motivation for this investigation was the
possibility that this composition could be used as a sensitive detector for traces of
organic impurities and seed material.
The range of compositions that give K-ZSM-5 was restricted to OH/Si0 2

=

0.48 - 0.49 and a narrow range of Al/Si0 2 ratios (0.011 < Al/Si0 2 < 0.017),
and even for these the 6-day product was contaminated with cristobalite and
much amorphous material. At lower alumina levels the only crystalline phase
obtained was the layered-silicate, kenyaite. The possibility that the reactions other
than the Scavenging Reaction which crystallised ZSM-5 may have been seeded was
investigated and will be described in the next chapter.
The amount of solid (amorphous + crystalline) recovered were somewhat lower
than obtained in typical sodium systems and, not surprisingly, decreased as the
base content of the reaction mixture was increased. Approximate yields based on
the amount of silica and alumina used and the solid recovered were 50% (y = 5),

40% (y = 10), 30% (y = 15), and 20% (y = 20).

3.3.1 Effect of Gel Aging
The results of gel aging are shown in Table 3-5. No significant change in the
crystallisation kinetics or the nature of the product obtained was observed for the
gel composition:
10 K2 0 1 A1203 60 Si02 3000 H2 0,
aged for up to 3 weeks at 368 K. The product obtained was invariably the unknown
phase Ui and kenyaite, contaminated with much amorphous material. Perhaps the
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Table 3-5: Effect of gel aging at 368 K on the composition 10 K 2 0 1 A12 03 60
Si0 2 3000 1120
Run

Time Aged

Run

No

/d

Time /h

B17

0

166

Products

Kenyaite

+
B18

7

163

B19

B20

14

21

UP

Amorphous

Kenyaite

+

+
+

Ui

Amorphous

+

163

Kenyaite

163

+ Amorphous
Kenyaite + Ui
+ Amorphous

Ui

aUnkflowfl phase (see Table 3-1)

most notable observation was the separation of the amorphous gel into solid and
liquid phases during the aging process. This probably occurs in the same way as
the stirred reactions mentioned above. Phase separation is not uncommon in alkali
metal aluminosilicate reaction mixtures [219]. Indeed, it has been shown that, in
sodium aluminosilicate systems at high base levels, the range of compositions over
which solutions can be obtained free of any gel solid is considerably smaller than for
quaternary ammonium aluminosilicate reaction mixtures [220]. Clearly the effect
of aluminium on the solubility of silica [103] is also of considerable importance.
Phase separation will be discussed in more detail in Chapter 4.
The composition 15 K 2 0 0.5 A12 03 60 Si0 2 3000 H2 0 (A36) which was found
to crystallise K-ZSM-5 (contaminated with amorphous material) was also aged
at 368 K for several weeks. Again the gel phase separated on aging. However,
crystallisation of this aged gel (A48) did not give ZSM-5. Instead, a mixture of
kenyaite, tridymite, and quartz was obtained which was contaminated with much
amorphous material. Clearly, aging this reaction mixture alters the character of

Chapter 3. Organic-Free Syntheses: The Potassium System

103

the gel sufficiently to suppress the crystallisation of K-ZSM-5 and promote the
crystallisation of dense silicate phases. Thus the gel can no longer nucleate ZSM5. Alternatively, if the crystallisation of K-ZSM-5 observed with the non-aged gel
(A36) had been caused by undetected impurities, eg. seeds (see Chapter 4), then
it may be that, following aging, the gel is unable to promote growth of ZSM-5 and
in effect loses its ability to detect seed impurities. The effect of aging inorganic
sodium gels was investigated for completeness. The results are summarised in the
Appendix.

3.3.2 Effect of Sodium Cations
The results of reactions carried out with the composition:
(10-x) K 2 0 x (Na2 0) 1 A12 03 60SiO 2 3000H2 0
are given in Table 3-6. All compositions failed to crystallise anything other than
kenyaite, Ui, quartz or cristobalite.
The fact that ZSM-5 did not crystallise readily in the potassium system despite
fairly large additions of sodium cations, suggests a number of possibilities:
The success of the sodium system depends not only on the base level and the
Si02 / A12 03 ratio of the gel, but also that a substantial amount of the base is
provided by sodium. This implies that the sodium is required in a fax greater
excess than needed to merely occupy the ZSM-5 channel system.
The structure directing ability of sodium is masked or inhibited by the presence
of potassium cations.
Competition between the cations for aluminosilicate species alters the distribution of these species in the reaction mixture, compared to the corresponding
monocationic gels, thus inhibiting the nucleation of ZSM-5.
Sodium cations do not nucleate ZSM-5 in the absence of an organic structure
directing agent.
When sodium cations are included in the potassium reaction mixture there is a
significant change in the appearance of the gel. Thus a change in gel chemistry
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Table 3-6: Effect of sodium cations
Run

Molar Composition

Run

Products

No

Na2 0

K2 0

A12 03

Si0 2

H2 0

Time / h

A57

1

9

1

60

3000

72

Kenyaite + Quartz

242

Quartz + Cristobalite
Kenyaite + Quartz

A62

3

7

1

60

3000

91

A68

1

9

0.667

60

3000

141

Quartz + Cristobailte
Kenyaite + Ui°

A69

3

7

0.667

60

3000

146

Kenyaite + Ui

237

aUnknown phase (see Table 3-1)
would adequately account for the results in Table 3-6. However, while these results may not be unexpected, it does raise the question as to the ability of sodium
cations to act as a structure directing agent for ZSM-5. This will be discussed
further in Chapter 4.

3.4 Conclusions
The conditions used here to study the potassium system are those which by analogy
with the sodium system are perhaps the most likely to give high-silica zeolites. It
is clear from the results described above that in the absence of organic species the
potassium system is considerably less favourable to the formation of high-silica
zeolites than the corresponding sodium system. Even the addition of substantial
amounts of sodium cations to certain gels faileddirect the crystallisation to ZSM-5.
Quiescent aging of the reaction mixture was also found to be ineffective. Indeed,
the composition:
15 K2 0 0.5 A12 03 60 Si02 3000 H2 0,
(A36) which was found to crystallise K-ZSM-5, failed to crystallise ZSM-5 from
the aged gel (A48).
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Many crystallisations have been carried out with reaction mixtures that contain
an organic structure directing agent as well as substantial amounts of sodium
cations. Given that ZSM-5 crystallises readily from the inorganic sodium system,
it is not surprising that ZSM-5 is the product most frequently obtained. Thus,
it can be argued that, since the potassium system does not favour the formation
of ZSM-5, this may be a better system in which to examine organic structure
directing agents.
The very small range of compositions over which K-ZSM-5 can be crystallised
is consistent with the results reported by Bellussi et al. [212], although the product was obtained at much higher base levels and was contaminated with much
amorphous material.
The discovery that the composition:
15 K2 0 0.667 A1 2 03 60 Si0 2 3000 H2 0,
(the Scavenging Reaction) would crystallise ZSM-5 only in the presence of seed
or organic impurities suggests that the two compositions from which ZSM-5 was
crystallised (1327 and A36) may also have been seeded. That these appeared to
crystallise more readily than the Scavenging Reaction may simply be due to a
difference in sensitivity to these impurities. Thus it is quite possible that the
crystallisations reported by Bellussi et al. [212] may also have been caused by
undetected impurities. It is also possible that similar effects may have gone undetected in the Nastro studies [209,210,211], where the formation of ZSM-5 may
have been missed due to the high reaction temperatures used.

Chapter 4

The Scavenging Reaction
4.1 Introduction
It was mentioned in Chapter 3 that the composition:
15 K2 0 0.667 A1 2 03 60 Si0 2 3000 1120,
was found to behave in an apparently irreproducible fashion. As can be seen from
the phase diagram (Figure 3-1) this composition does not normally crystallise.
However, the first time this reaction was carried out, the solid phase formed spherelike particles which were found to contain a small amount of ZSM-5 (AlO). When
this run was repeated only hard amorphous lumps were obtained; this suggested
that the crystallisation of ZSM-5 was possibly initiated by a trace of some impurity;
probably organic or seed material in the the reaction vessel. Furthermore, it was
thought that, in the case of contamination by organic impurities, it should be
possible to remove (scavenge) these last traces by repeated attempts to crystallise
the gel and thus obtain a completely organic-free reaction vessel; an important
objective of this study.
An investigation to establish whether or not the Scavenging Reaction would
only crystallise ZSM-5 and, therefore, be sensitive only to those organics that
promote its crystallisation, allowed further ideas on the role of organics in the
synthesis of high-silica zeolites, particularly ZSM-5 to be developed.
This chapter then, describes the detailed investigation carried out with the
Scavenging Reaction, which resulted in the discovery of several novel applications.
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Perhaps most significant, were results that allowed hypotheses to be made about
the crystallisation of ZSM-5 from inorganic reaction mixtures, in particular, the
ability of sodium cations to direct ZSM-5.
One of the problems encountered in the potassium system (Chapter 3) was the
separation of the solid and liquid phases early in the reaction (< 3 days). This
effect was most pronounced for the Scavenging Reaction. Thus, the chapter begins
with an account of the attempts made to overcome the phase separation problem.

4.2 Experimental
4.2.1 Phase Separation
Several attempts were made to overcome the problem of phase separation:
Reaction A26
Potassium hydroxide was dissolved in ultrapure water ('-. 17 g). Approximately
half of this was added to the silica/water slurry and the other half used to dissolve
the aluminium wire. The silica/water/hydroxide slurry was thoroughly mixed,
placed in a 500 cm' stainless-steel autoclave and heated to 423 K, at which point
the heater was set to trip. The mixture was allowed to cool naturally to room
temperature before dismantling the autoclave and adding the alumina/hydroxide
solution. The resulting gel was thoroughly mixed using a hand-held blender before
re-assembling the autoclave and continuing the synthesis (423 K).
Reaction A35
The gel was prepared as described in Chapter 2 and placed in a water bath at
298 K for 7 days. The now virtually clear liquid was heated, at atmospheric pressure to boiling point with occasional blending. This process was continued for
about 1 hour until the liquid had become quite turbid (appearance similar to that
of a thin wall paper paste). Hot ultrapure water was added to make up for the
small weight loss. With the temperature of the mixture at 343 K, the autoclave
was assembled and the reaction continued at 423 K.

Chapter 4. The Scavenging Reaction

108

3) Reaction B46

The gel was prepared as described in Chapter 2 and charged to a 500 cm 3 stainlesssteel autoclave. The gel was heated to 338 K and stirred at 300 rpm. After 24
hours the autoclave was dismantled and the contents transferred to a polypropylene beaker where it was subjected to ultrasonic treatment for several minutes to
break up the few gelatinous lumps that had formed. The autoclave was reassembled and heated at 363 K for 65 hours then dismantled once more. The contents
were again placed in a clean polypropylene beaker and thoroughly blended for 5
minutes. The autoclave was reassembled and heated at 393 K for 24 hours followed by 25 hours at 403 K. Following this last heating step, the autoclave had
to be dismantled again. However, this was because of a blockage in the dip-tube
which could not be cleared with the high-pressure air line. The autoclave was
reassembled and the reaction continued at the synthesis temperature of 423 K.

4.2.2 Procedure for Stirred Reactions
Gels were prepared as described in Chapter 2. Reactions were carried out at 423 K
in 500 cm 3 , 1000 cm stainless-steel autoclaves (Baskerville and Lindsay Ltd.) and
125 cm3 PTFE-lined Parr type 4748 bombs (Parr Instrument Company, Illinois,
USA). A full description of these reaction vessels is given in Chapter 2. The
amount of gel charged into these vessels was approximately 400, 700 and 50 g
respectively.

4.2.3 Procedure for Static Reactions; Determination of

Detection Limits
To test a large number of impurities in the Scavenging Reaction it was necessary
to use a range of small reaction vessels. Although these did not allow the reaction
to be agitated, preliminary tests showed that ZSM-5 would crystallise provided an
impurity was present.
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The gel (400 g) was prepared as described in Chapter 2. A calculated amount
of impurity (either an organic compound or zeolite seed) was carefully weighed
into a small glass sample bottle and then transferred to a 30 cm 3 PTFE-lined
stainless-steel bomb. Any material remaining in the sample bottle was washed
into the bomb with gel using a Pasteur pipette. The bomb was then charged with
sufficient gel (.-. 20 g) to give the desired concentration of impurity (mg kg -',
based on the weight of impurity and gel) and placed in a pre-heated oven at 423 K
for 6 days.

Preparation of gels with larger amounts of organic material
Crystallisation of the compositions:
15 K2 0 20(Q) 0.667 A1 2 03 60 Si0 2 3000 1120
and
5 K2 0 10(Q) 2 A12 03 60 Si02 3000 H2 0,
where Q = organic reagent, was investigated for a number of organic materials.
Gels were prepared as follows:
Fumed silica was weighed into a polypropylene bottle (150 cm. 3) and sufficient
ultrapure water added to make a slurry, solution A. The bottle was sealed and
vigorously shaken for a few seconds. Aluminium wire was added to another
polypropylene bottle which contained a 50 % (wt/wt) solution of potassium hy droxide, solution B. Solution B was added to solution A as the contents vigorously
shaken for 2 minutes. The organic component was carefully weighed into a plastic
sample vial (10 cm 3) and dissolved in the minimum of ultrapure water. The contents of the vial were then added to the bottle containing the aluminosilicate gel,
together with the remaining water to give the desired weight of gel (50 g). The
reaction mixture was vigorously shaken for 5 minutes to ensure thorough mixing.
The gels were also tumbled for a further 20 minutes before transfer to the 30 cm
PTFE-lined bombs. Reactions were carried out at 423 K without agitation for 6
days.
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Effect of sodium impurities
Several crystallisations were carried out under the reaction conditions described
above to test the effect of increasing sodium concentration in the Scavenging Reaction.

Reaction mixtures were prepared as described in Chapter 2 with the

exception that the aluminium wire was dissolved in a solution of a mixture of
potassium and sodium hydroxides and no organic reagent was used. -

4.3 Results and Discussion
4.3.1 Phase Separation
Attempts to prevent the phase separation of the composition:
15 K2 0 0.667 A12 03 60 Si02 3000 1120
by altering the mixing/heating of the gel (A26, A35, and B46) were completely
unsuccessful (Table 4-1). All reactions phase separated and no crystalline material
was obtained.
The solution phase silicon and aluminium concentrations were determined by
atomic absorption spectrophotometry 1 for a number of samples taken during another series of stirred reactions (Table 4-2). These results show that the aluminium
concentration in the solution phase decreased dramatically within the first day of
the reaction, from about 600 mg 1 in the initial gel to <5 mg 1_i, and thereafter
decreased slowly until the solution phase was virtually aluminium-free (Figure
4-1).

'Courtesy of the Department's analytical group
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Table 4-1: Effect of modifying the gel preparation and / or synthesis conditions
of the Scavenging Reaction
Run

Reaction Mo dification Run

No
A26

Aluminate added to

Phase

Products

Time/ h

Separation

162

Yes

Amorphous

233

Yes

Amorphous

257

Yes

Amorphous

silica / hydroxide, which
had been heated to 423 K
A35

Gel aged at 298 K (7 d)
then heated to about
373 K until turbid

B46

Stepwise heating and
cooling with regular
blending of the gel

a

All reactions ultimately carried out at 423 K
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Table 4-2: Change in solution phase silica and alumina concentrations during
synthesis of the Scavenging Reaction
Run

Run

No
A25 a

A163'

A172c

a

/ mg 1'

Time (h)

Conc
10 4 Si

0

4.98

91.20

530

29

3.34

3.35

9600

54

2.66

4.03

6350

73

4.46

3.02

14230

96

3.18

2.86

10710

120

5.28

2.95

17240

0

2.74

98.10

270

28

2.82

2.20

12350

48

2.74

1.82

14500

120

2.44

1.51

15560

139

2.58

0.95

26160

0

2.64

99.00

260

1

4.52

7.97

5460

21

3.34

2.14

15030

45

3.16

2.33

13060

65

4.80

2.41

19180

87

4.38

1.10

38350

109

3.72

0.50

71660

143

2.84

0.50

54710

Si/Al

Al

Final product was amorphous

bGe l contained 25 mg kg- ' TPA-ZSM-5 seed; ZSM-5 spheres obtained
'Gel contained 25 mg kg - ' TPABr; ZSM-5 spheres obtained
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Figure 4-1: Change in the solution phase aluminium concentration with synthesis time
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It should be recalled that a number of observations were made when working
with this reaction mixture. The as-made gel:
separated into a solid and liquid phase when heated to 423 K in stirred autoclaves
separated into a solid and liquid phase when heated at 368 K in non-agitated
polypropylene bottles (aging experiments)
Furthermore it was found that the gel became virtually transparent on standing
at room temperature (298 K). When this was heated to boiling point, a thin,
translucent paste was formed.
A similar argument to that used to account for phase separation in the aging
experiments (Chapter 3) can be used to account for that in the stirred reactions.
On standing at room temperature, the unreacted gel dissolves, the extent of which
will depend not only on the base level, but also the Si0 2 /A1203 ratio in the reaction
mixture. On heating, more gel dissolves, making it almost transparent. During
this time, however, numerous polymerisation and depolymerisation processes take
place, which results in a constant change in the solution phase chemistry. As more
aluminosilicate oligomers are formed, there is a reduction in the solubility of the
silica which ultimately leads to precipitation of virtually all the aluminosilicate
species, leaving a solution phase composed almost entirely of silicate material (Table 4-2). It was also observed, with both static and stirred reactions, that the
solid aluminosilicate phase had a tendency to exclude water. This suggests that it
has a high degree of hydrophobic character, which would further suggest that the
surface of the solid is composed predominantly of silica. It is also possible that
much of this hydrophobicity is due to replacement of silanol protons with potassium
cations. This restricts the ability of the gel to hydrogen-bond to the surrounding water. The relatively weak potassium hydration shell would favour strong
interaction between the potassium cation and the aluminosilicate framework, eg.:
K (H 2 O) + AS - (1120) m

4KAS + (n + m) 11 2 0,

where AS = amorphous aluminosilicate phase.
This explanation would account for the aggregation of the solid phase on the stirrer
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shaft and the wall of the reaction vessel at the liquid surface. The precipitation of
the potassium aluminosilicate phase, thus starves the solution phase of nutrients
may otherwise lead to the rapid crystallisation of a zeolitic phase. Indeed, it could
well be that the tendency to phase separate makes crystallisation difficult in the
potassium system.
That the corresponding aluminium-free reaction (B37) did not phase separate, =
clearly suggests that phase separation is linked to the aluminium content of the
reaction mixture as well as the free-base level. These results, highlight the effect
of aluminium on the solubility of silica.

4.3.2 Discovery of the Scavenging Reaction
It was thought that reaction AlO which gave ZSM-5 in the form of free-flowing
spheres may have been contaminated with a trace of TPAOH, which nucleated

ZSM-5. At the time this reaction was carried out, only one blender was available
and this had recently been used to mix a gel that contained TPAOH. Although
the blender was thoroughly cleaned, it was believed possible that it may have
still contained a trace of TPA. To test this, an exact repeat of reaction AlO was
carried out. The gel was mixed using a blender that had just been used to prepare a TPA-gel. Again the blender was thoroughly washed before preparing the
organic-free gel. The repeat reaction (A45) proved to be quite successful in that
a fine free-flowing material was obtained. The particles were much smaller than
those obtained from AlO, however, they contained substantially more ZSM-5. Differential thermal analysis (dta) of sample A45 showed a very small exotherm at
approximately 673 K, which suggests the presence of organic material (Figure 42). As a result of this finding a new blender was bought for exclusive use in the
preparation of potassium gels. It should be stressed that it is extremely unlikely
that any of the other early potassium reaction mixtures were contaminated in this
way, since only two gels were prepared that contained any organic component (C16
contained TPAOH and C23 contained TBAOH) during this period.
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Figure 4-2: Thermal analysis profiles for sample A45 (t = 72 h), which suggest
the presence of an organic species, probably TPA
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These results led to the idea that the gel could perhaps be used as a scavenger
of organic impurities, such that repeated crystallisations would reduce the organic
impurity in the reaction vessel until it was effectively organic-free. As an added
bonus, it was thought that the initial crystalline products would be in the form
of spheres (it must be remembered that in the absence of organic impurities the
system should not crystallise 2 ).
To-further test whether traces of organic material in the reaction vessel could
indeed be scavenged by the gel and initiate the formation of ZSM-5, a series
of reactions were carried out in autoclave C. This autoclave had been cleaned
with potassium hydroxide (4 % wt/wt) and water (see Chapter 2), following a
reaction which had involved the use of tetrapropylammonium hydroxide (TPAOH)
to synthesise TPA-ZSM-5. Despite the cleaning procedure used, it was considered
very likely that the vessel and/or ancillary parts were contaminated with traces
of TPA. On scavenging the vessel with the gel composition:
15 K2 0 0.667 A12 0 3 60 Si02 3000 1120
(C54, 423 K, 7 d, stirred (300 rpm)),a fine 'fluffy' powder was obtained, which
on analysis by X-ray powder diffraction was shown to be predominantly ZSM-5
together with some cristobalite. Although it was thought that the crystallisation
was initiated by traces of TPA, analysis of the product by TGA did not detect
any organic material. Thus, the possibility of seeding could not be discounted.
Reactions C56 (4 d), C58 (6 d), C61 (7 d), C64 (8 d), and C65 (6 d) (Table 4-3)
were then carried out in succession. These reactions were exactly the same as run
C54 except for the reaction time. Before each run the autoclave was cleaned with
4 % (wt/wt) aristar potassium hydroxide heated to 373 K followed by ultrapure
water heated to 453 K. This procedure was carried out twice before C56 and once
before the other reactions.

2

A this point, seeding was thought to be less important, given that the method of

cleaning the autoclaves was considered adequate.
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Table 4-3: Products obtained from the series of Scavenging Reactions carried
out in autoclave C
Run

Run

No

Time /h

ZSM-5 / %b

C54 162

ZSM-5 + Cr + Am

59

C56C

97

ZSM-5 + Am

58

C58'

136

ZSM-5 + Am

58

C61'

161

ZSM-5 + Cr + Am

56

C64

185

ZSM-5 + Cr + Am

53

ZSM-5 + Am

62

C65d
a

P ro ducts a

140

Key: Am = Amorphous; Cr = Cristobalite

'Relative to Na-ZSM-5 standard (100 % ZSM-5)
cFine powder
dSphere4ike particles
Scavenging reaction C56, like C54, produced a fine 'fluffy' powder which was
shown by XRPD to contain a substantial amount of ZSM-5. The subsequent
reactions produced spheres of increasing size (Table 4-4). These too, were found
to contain ZSM-5. The increase in the size of these spheres will be discussed later.
The results in Table 4-3 show that the maximum amount of ZSM-5 obtained
after 6 days is approximately 60 %. On longer reaction times, the ZSM-5 content
decreases as it transforms into the more dense cristobalite phase. Thus it would
appear that the amount of ZSM-5 recovered is probably independent of the amount
of seed at low loadings. Furthermore, whether the reaction is seeded by free crystals
(egs C54 and C56) or those trapped in the sphere-like particles (C58-C65), also has
little effect on the amount recovered.
It was thought that once the autoclave was free of any trace of TPA that the
Scavenging Reaction would simply phase separate and fail to crystallise. However,
even after six Scavenging Reactions, believed to be more than sufficient to remove
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Table 4-4: Size distribution of spheres obtained from Scavenging Reactions carried out in autoclave C

a

/%
250-180 < 180 pm
> 99
< 1
> 99
<1

Size Distribution

Run

Reaction

Description

No

Time

of Product

420-300

300-250

C54

162

Fine powder

C56

97

Fine powder

-

-

C58

136

Spheres

2.5

0.6

8.5

88.4

C61

161

Spheres

0.3

0.4

85.2

14.1

C64

185

Spheres

0.4

2.0

88.1

9.5

C65

140

Spheres

31.2

31.6

21.8

15.1

Based on appearance only

all traces of TPA, fresh gel continued to give ZSM-5. This suggested that the later
crystallisations were initiated by seed material alone.
To prove that seeding would lead to the formation of spheres which contained
K-ZSM-5, the Scavenging Reaction was carried out in autoclave D. This autoclave
had been used exclusively for organic-free Na-ZSM-5 syntheses for many months
and was believed to be completely free of organic material. The autoclave was
deliberately undercleaned and a small amount ZSM-5 could be seen on the stirrer
shaft. It was thought that this would be sufficient to seed the reaction. As
expected, spheres containing ZSM-5 were obtained (D67), confirming that this
phenomenon was indeed the result of seeding (Table 4-5). Furthermore, this
showed that the seed need not contain any occluded organic to be effective.
It was subsequently discovered that in the series of reactions C54 - C65 the diptube in autoclave C (as well as in the other autoclaves) could trap seed material
in the 'well' where the external part of the dip-tube is connected to the autoclave
(Figure 4-3). Consequently, after reaction C65, the dip-tube was disconnected
and the 'well' thoroughly cleaned. The hydroxide/water wash was then carried

ng

Figure 4-3: Schematic of the dip-tube showing the 'well' in which trapped seed
material was found
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LIA

r:

Figure 4-4: SEM photomicrograph showing the presence of a small sphere inside
a larger one (Bar = 40 um)
out three times with the result that on scavenging the autoclave again (C73, 6
d) the gel did not crystallise. It is thought that the increase in the size of the

spheres on subsequent crystallisations (Table 4-4) was simply the result of seeding
by progressively larger crystalline particles trapped in the dip-tube 'well' from
preceding reactions. Thus it is possible that a spheres may act as a large seed for
further crystallisation as suggested in the SEM photomicrograph in Figure 4-4.
The Scavenging Reaction was also carried out in autoclaves A and D. Again
the products obtained were composed of free-flowing sphere-like particles which
contained substantial amounts of ZSM-5 (Table 4-5). Unlike the reactions carried
out in autoclave C, there was no obvious increase in the size of the spheres obtained with subsequent crystallisations and the size of the spheres was considerably
smaller.
Autoclave B, on the other hand, did not give the usual sphere-like material
on any occasion despite careful repetition of the runs described above. ZSM-5containing spheres could not be obtained even from carefully controlled seeded
reactions (Table 4-6). The products obtained from Scavenging Reactions that
did crystallise ZSM-5 were rather lumpy, although careful examination by optical
microscopy showed the presence of a small amount of broken spheres. It seems

122

Chapter 4. The Scavenging Reaction

Table 4-5: Products obtained from the Scavenging Reaction carried out in autoclaves A and D
Products

Run

Run

No

Time /h

A81C

143.5

ZSM-5

A84

142.5

ZSM-5

A85

ZSM-5 / %

+ Am
+ Am

56

142

ZSM-5 + Am

54

A87

91

ZSM-5 + Am

55

A90

188

ZSM-5 + Cr + Am

52

355

Q+Cr+Am

0

D80d

165

ZSM-5 + Cr + Am

50

D86

142

ZSM-5 + Am

46

51

aVery small sphere-like particles (< 120 zm); product perhaps best described as
a coarse powder
bKey: Am = Amorphous; Cr = Cristobalite; Q = Quartz
cFollowe d a TPA-ZSM-5 reaction
dFollowe d an inorganic Na-ZSM-5 reaction
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Table 4-6: Products obtained from seeded Scavenging Reactions carried out in
autoclave B

Run

Run

Seed ConCn.

No

Time / h

/ mg kg-'

B109

136

1°

Amorphous

B115

. 140

14 a

Amorphous

Lumpy powder

B118

140

2C

Amorphous

Lumpy p owder

B141

62

Amorphous

Lumpy p owder

B143

242

12 d
26d

ZSM5e + Cristobalite

Very fine powder1

Products

Texture of
Product

-

Lumpy pow-der b

+ Amorphous
aSpheres containing approximately 17 % ZSM-5 (from reaction AlO)
bsolid settles rapidly in mother liquor
CKZSM5 (<5 m)
dTPAZSM5 (< 0.1 tm)
'Approximately 55 %
tComprised of sphere-like particles, < 20 prn
unlikely that the unusual behaviour of autoclave B could be attributed to a difference in heating/thermostatting or the nature of the vessel surface, since spheres
that contained ZSM-5 were also obtained from two quite different experimental
arrangements; a stirred 1 litre stainless-steel reaction vessel (E128) and a stirred
125 cm' PTFE-lined Parr bomb (P2) (Table 4-7). It remains unclear why autoclave B behaved in a different way to the others, although the presence of broken
spheres may indicate some difference in agitation.
To find out if spheres containing ZSM-5 would only be obtained with the Scavenging Reaction, other compositions in the amorphous region of the phase diagram
(Figure 3-1, Chapter 3) were tested in the presence of ZSM-5 seeds (Table 4-8).
The results show that not only does ZSM-5 fail to crystallise from these seeded
reactions, but also no sphere-like material is obtained.
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Table 4-7: Products obtained from Scavenging Reactions carried out in the 1 litre
stainless-steel autoclave (E) and the PTFE-lined Parr bomb (P)
Run

Run

Products'

ZSM-5 / %

No

Time /h

E128

137

ZSM-5 + Am

38

P2

137

ZSM-5 + Am

68

aVery small sphere-like particles; products perhaps best described as a coarse
powder

Table 4-8: Effect of seeding other compositions in the amorphous region of the
phase diagram with ZSM5a

Run

Molar Composb

Time

Seed Conch

No

y K2 0

x A12 03

/ h

A151'

15

0.667

42

Une

A153

13

0.667

161

A154

17

0.667

A155

15

A166

15i

Productsc

ZSM-5

/ %

/ mg

Product
Texture

ZSM-5+Am1

22

Spheres

26

Cr ± Am

33

LP9

136

26

Am

Tr"

LP

0.800

162

26

Cr + Am

Tr

LP

0.667

139

26

Am

53

Spheres

aTPAZSM5 (< 0.1 m)
bB ased on the composition: y K 2 0 x A1203 60 Si02 3000 H2 0
'Key: Am = Amorphous; Cr = Cristobalite
dReaction carried out at 453 K
eUn = Unknown (seed material already present in the reaction vessel)
'Trace of another phase, possibly ferrierite
LP = Lurnpy powder 'Trace, may be the actual seeds
'Reagent grade KOH (contains approximately 0.5% sodium impurity)
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The Scavenging Reaction was also carried out in non agitated systems in the
presence of seeds (see Table 4-9, section 4.3.4). Although ZSM-5 was found to
crystallise, no spheres were obtained.
Samples C65 and A95 were examined by SEM at ICI C&P Ltd., Wilton, (courtesy of Mr. R. Pendlebury), and are shown in Figures 4-5 and 4-6 respectively.
The photomicrographs clearly show a dense amorphous-looking 'shell' containing
a large number of ZSM-5 crystals with a wide range of sizes. Several micrographs
also show the outer surface of the shell to be covered with ZSM-5 crystals.

4.3.3 Sphere Formation
There appears to be three essential conditions for the formation of the spheres,
the reaction mixture must be stirred,
the gel composition must be that of the Scavenging Reaction mixture (or very
close to it), and
there must be suitable seeds present.
In the absence of seeds the phase separation gives , a lumpy, amorphous solid,
whereas seeds, or organic impurities that lead to the formation of seeds, appear
to assist in the initial separation of the particles of essentially amorphous gel. Indeed, they may act as centres for accretion of amorphous material. Alternatively
[221], the amorphous gel may aid the agglomeration of seed crystals, where it acts
like a glue. Stirring must also be essential for this process as gel particles do not
form in its absence; no doubt vigorous stirring helps break up the amorphous gel
solid. The initial particles are only roughly spherical, but as the reaction proceeds
and the stirring is continued the particles become more spherical, probably as a
consequence of abrasion (and possibly reaggregation). During this stage of the
reaction further crystallisation takes place within the spheres and at their surface.
The ready supply of nutrients at the surface of the particles gives the spheres a
dense crystalline crust, whereas within the spheres the conversion of low density
amorphous gel to the relatively dense zeolite crystals leads to an increase in the
void space. Although these ZSM-5-containing spheres have similarities to prod-
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Figure 4-5: SEM photomicrographs of product C65; A and B show shell plus
contents of particle, C and D show outer surface of shell (Bar = 1 /2m)
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SEM photomicrographs of product A95; A shows the shell plus

contents of particle, B shows aggregates of large and small crystals (Bar = 1 pm)

ucts obtained by pseudomorphic transformation [124,222,223,224] it is thought
that crystallisation occurs via a gel particle intermediate [124] rather than a solid
intermediate [223]. It is clear that since the crystalline phase is in intimate contact
with the amorphous gel phase throughout the crystallisation, heterogeneous [225]
nucleation at the gel surface must be the dominant nucleation mechanism.

The foregoing is only a general description of the way in which the spheres are
thought to form, the exact details will depend on circumstances. For example, a
low seed concentration might be expected to give relatively large spheres (Table
4-4), whereas a large number of very small seeds would be more likely to give a
zeolite-rich powder. The latter case occurs in its extreme form when the presence
of organic impurities initiates crystal growth at a variety of sites within the solid
phase.
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4.3.4 Use of the Scavenging Reaction to Detect Impurities
It was soon recognised from the results of experiments described above that the
Scavenging Reaction was extremely sensitive to traces of organic impurity and seed
material. Furthermore, it was apparent from the literature that a reliable method
to establish the cleanliness of a reaction vessel was not available. This prompted
a study to establish whether or not the Scavenging Reaction was sensitive to any
type of organic or seed impurity.
To determine the sensitivity of the Scavenging Reaction to organic impurities
and traces of seed material, a series of static crystallisations were carried out as
described in Section 4.2.3. As-synthesised materials were used as seeds since this
would be their usual form as impurities in reaction vessels. It should also be noted
that any organic on the surface of the seed crystal is likely to play a part in the
nucleation mechanism. Furthermore, it is thought that the organic material within
the seed stabilises it toward dissolution.
Results of seeding experiments (Table 4-9) showed that the Scavenging Reaction is particularly sensitive to ZSM-5 and ZSM-11 seed crystals. Several zeolitic
materials (NU-10, EU-i and mordenite) were ineffective and the zeolites Beta and
NU - 1 were only effective at relatively high loadings. It can be speculated that that
the effect of NU-1 and Beta could be due to these materials being contaminated
with small amounts of ZSM-5. It should be noted that NU-10 and mordenite contained no occluded organic material and so their stability in the alkaline reaction
mixture may have been important.
Table 4-10 shows the effect of as-synthesised and calcined seed material in the
Scavenging Reaction. Although there was very little difference in the amount of
ZSM-5 obtained when the reaction mixture was seeded with as-synthesised and
calcined ZSM-5 and as-synthesised ZSM-11, comparatively little crystallisation
took place in the presence of calcined ZSM-11. This suggests that calcined ZSM ii seeds may be relatively unstable under the reaction conditions employed.
It is particularly significant that the Scavenging Reaction is especially sensitive
to seeding by ZSM-5-type materials, and that even when seeding is initiated by
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Table 4-9: Sensitivity of the Scavenging Reaction to seed impurities - determination of detection limits'
Impurity 1

'

Impurity Conc

/ mg kg'

5

25

100

250

TPA-ZSM-5

majc

d

-

-

TBA-ZSM-11

maj

-

-

-

TEA-Beta

-

am

mt

mm

TMA-NU-1

-

am

mt

mm

K-NU-10

-

-

am

am

Hexa-EU-1

-

-

am

am

H-Mordenite

-

-

am

Na-Mordenite

-

-

-

am

°Each value based on a minimum of two reactions
6 TMA

= Tetramethylammonium; TEA = Tetraethylammonium; TPA =

Tetrapropylammonium; TBA = Tetrabutylammonium; Hexa = Hexamethonium
'Crystallinity (%): am = amorphous (0%); mt = minute trace (<5%); t = trace
(5 - 10%); min = minor (11 - 30%); med = medium (31 - 60%); maj = major (>
60%)
= not tested
'Based on one reaction
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Table 4-10: Comparison of the amount of ZSM-5 obtained in the presence of
as-synthesised and calcined seed material

Run No

Impurity

Conc'1 of Impurity'

ZSM-5 / %

I_mg_kg'

a

S147

TPA-ZSM-5

25

61

S148

H-ZSM-5

22

68

S149b

TBA-ZSM-11

25

57

S150 1

H-ZSM-11

22

10

Account taken of the weight difference between as-synthesised and calcined seed

'Trace of Kenyaite present

other crystalline materials, the product is always ZSM-5. This suggests that the
Scavenging Reaction supports the growth of ZSM-5 but cannot nucleate it.
The effect of organic impurities is illustrated in Table 4-11. It should be noted
that the impurity levels are in most cases much less than the amounts that would
be used in a typical zeolite synthesis. All the quaternary ammonium compounds
except TMABr gave some ZSM-5, even at the lowest loading (5 mg kg -1 ).
It is noteworthy that the most effective quaternary ammonium salt was tetrahexylammonium bromide (THexABr) and that TPABr, which is recognised as
the ideal template for ZSM-5, was not significantly more effective than TBABr,
TPeABr and THepABr (Tables 4-12 and 4-13). This behaviour cannot be accounted for on a molar basis as for each mixture the molar content of TPABr
is significantly higher than that of THexABr. Simple modelling shows that the
THexA cation fills the ZSM-5 void space about as well as the TPA cation. The
amount of void space filled by the larger cation at low concentrations will be more
than that for the same amount of the smaller TPA cation. This, together with
the higher hydrophobicity of the THexA cation could well explain the observed
behaviour. None of the other organic compounds tested gave detectable quantities
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Table 4-11: Sensitivity of the Scavenging Reaction to organic impurities - determination of detection li m itsa
Impurity'

Impurity Conc'2 / mg kg'
5

25

100

250

1000

10.00

d

-

-

-

mte

1,2-Ethylenediamine

9.84

-

-

-

-

am

Piperidine

6.94

-

-

-

-

am

Glycerol

6.42

-

-

am

am

am

1,6-Hexanediamine

5.09

-

-

mt

mt

t

1,6-Hexanediol

5.00

-

-

am

am

am

Pentaerythritol

4.34

-

-

am

am

am

Tri-n-propylamine

4.13

-

am

-

am

t

Triethylenetetramine

4.04

-

-

-

-

am

Triethanolamine

3.96

-

-

-

-

am

TMABr

3.84

-

am

am

-

am

TEABr

2.81

am

t

t

min

mm

BzTMABr

2.57

-

-

-

-

am

TPABr

2.22

mt

t

t

min

med

BzTEABr

2.17

-

-

-

-

am

TBABr

1.83

am

t

t

minI

mm

TPeABr

1.56

mt

t

t

min

med

THexABr

1.36

mt

t

t

med

maj

THepABr

1.21

mt

t

t

min

med

n-Propylamine

a

104 z c

Each value based on a minimum of two reactions

bKey: TMA = Tetramethylammonium; TEA = Tetraethylammonium; TPA =
Tetrapropylammonium; TBA = Tetrabutylammonium; TPeA = Tetrapentylammonium; THexA = Tetrahexylammonium; THepA = Tetraheptylammonium;
BzTMA = Benzyltrimethylammonium; BzTEA = Benzyltriethylammonium (all
as bromide)
cFor the composition: 15 K 2 0 z (Q) 0.667 A1 2 03 60 Si02 3000 1120 in which Q
represents the organic impurity; the values of z correspond to an impurity level of
1 mg kg- '
d = not tested; eFor key see note C in Table 4-9; / Probably a 5/11 intergrowth
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Table 4-12: Comparison of the amount of ZSM-5 obtained from static Scavenging
Reactions, spiked with increasing amounts of quaternary ammonium bromides (Q)
Qa

TEABr
TPABr

Relative Crystallinity

c

100'

250

1000

0.11

0.31

0.30

0.42

1.00

e
-

TBABr

0.18

0.29

TPeABr

0.22

0.48

THexABr

0.17

0.61

THepABr

0.19

0.26

-

-

-

0.56

°Key: TEABr = Tetraethylammonium bromide; TPABr = Tetrapropylammonium bromide; TBABr = Tetrabutylammonium bromide; TPeABr = Tetrapentylammonium bromide; THexABr = Tetrahexylammonium bromide; THepABr =
Tetraheptylammonium bromide
'Relative to product obtained from gel with 1000 mg kg 1 TPABr
CXRPD analysis carried out by Mr. R. Pendlebury (ICI C & P Ltd., Wilton); the
same weight of sample was examined each time
dConcentration of quaternary ammonium bromide in gel, mg kg 1
= insufficient sample for XRPD

of ZSM-5, this is perhaps surprising as they are all sufficiently small to fit in the
ZSM-5 channel system and several have been claimed to be effective in ZSM-5
synthesis in the sodium system [63]. This suggests that these materials act as void
fillers rather than true structure directors.
A number of authors [18,28,63] have listed the wide range of organic compounds
claimed to support the crystallisation of ZSM-5. Such lists can be rationalised if
the compounds are divided into true structure directors and void fillers. The
results in Table 4-11 clearly demonstrate that the Scavenging Reaction can be
used to distinguish between true structure directors and void fillers. Several of
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Table 4-13: Comparison of the amount of ZSM-5 obtained from stirred crystallisations of the composition 15 K 2 0 0.2(Q) 0.667 A12 03 60 Si02 3000 1120
Run

Qa

No

Crystallinity / %
20 hd 24 h 27 h 44 h

Relative
Crystallinity

D194

TEABr

Am

Am

Am

100

0.78

D197

TPABr

85

84

87

100

0.91

D203

TBABr

-

-

-

100

0.90

D192

TPeABr

90

90

97

100

0.97

D190

THexABr

92

94

100

100

1.00

D195

THepABr

87

87

98

100

0.83

'Key: see Table 4-12
bpi lative to product obtained from reaction D190

CXRPD analysis carried out on the same day and with the same amount of sample
dReaction time, h = hours
'Possibly a ZSM-5/11 intergrowth
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these materials were tested at substantially higher concentrations where the overall
reaction composition was:
15 K2 0 20(Q) 0.667 A120 3 60 Si02 3000 H20,
where Q = organic.
The results in Table 4-14 show that even when tested at higher concentrations
many of the void fillers do not give ZSM-5; the amines which might be considered
as structure directors gave relatively small amounts of ZSM-5.
To test these materials for their ability to act as void fillers, reactions were
carried out on gels which contained a fixed amount of ZSM-5 seed. Although the
amount of ZSM-5 recovered was quite varied (Table 4-15), most products were
found to contain occluded organic material when analysed by tga. However, it
should be noted that the two compounds which were not found in the product
ZSM-5, glycerol and pent aerythritol, are too large to readily enter the void space
after crystallisation. This suggests that void fillers enter the channel system after
crystallisation is complete and play no part in the crystal growth process. If so,
their major contribution is their ability to stabilise the zeolite framework against
dissolution and so prevent over-run.
It is clear from the results presented above that great care must be taken to
exclude seed and organic materials from the reaction mixture. The usual way to
examine new organic templates is to carry out crystallisation in the presence and
absence of the organic in the reaction mixture. Thus any effect on the outcome
of a crystallisation is attributed to the organic species. The effect of seed and/or
other organic impurities, however, does not receive much attention. For example,
it was shown in a study [110] which related the Si0 2 /A12 03 ratio of the reaction
mixture to the type of product obtained, that ZSM-5 crystallised readily from the
composition
10 K2 0 10 HXDM 1 A12 03 60 Si02 3000 H 2 0.
In the absence of HXDM (1,6-hexanediamine) the only phases obtained are the
unknown phase Ui and Kenyaite (reaction B17, Table 4-16). Thus HXDM may
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Table 4-14: Static crystallisations of ZSM-5 from the composition 15 K 2 0 20(Q)
0.667 A12 03 60 Si02 3000 H2 0, where Q = organic, at 423 K for 6 d
qa

Run

Relative
Crystallinity b

No
S222

TPABr

1.00

S230

1,4-Butanediamine

0.14

S227

Tri-n-propylamine

0.08

S231

1,6-Hexanediamine

0.06

S232

Triethylenetetramine

0.01

S228

n-Propylamine

0.04

S223

Piperidine

Am

S224

Piperazine

Am

S225

1,2-Ethylenediamine

Am

S226

Glycerol

Am

S229

1 ,6-Hexanediol

Am

S233

DABCO

Am

"Key: TPABr = tetrapropylammonium bromide;
DABCO = 1,4- Diazobicyclo [2,2,2] octane
bEx presse d

relative to that of reaction S222 (100% ZSM-5)

CXRPD analysis carried out on the same day and with the same amount of sample
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Table 4-15: Relative amounts of ZSM-5 crystallised from the Scavenging Reaction at 423 K for 6 days, in the presence of organic impurities and 25 mg kg'
ZSM5a seed; test for void fillers
Run

Impurity

No

Conc"

Relative ,c

Wgt loss/%

/ mg kg-1

Crystallinity

623-873 K

1.0

0.2

S214

Blank

S209

Triethylenetetramine

1100

1.0

0.9

S210

1,6-Hexanediol

1000

1.0

2.0

S212

Piperidine

1200

1.0

1.8

S206

1,2-Ethylenediamine

1100

0.9

0.5

S211

DABCOd

1000

0.8

0.5

S207

Glycerol

1200

0.7

0.4

S208

Pentaerythritol

1000

0.7

0.1

S213

Morpholine

1050

0.7

0.5

-

aTPAZSM5 (<0.1 pm)
bExpresse d relative to that of the blank reaction S214.
CXRPD analysis carried out on the same day and with the same amount of sample
dDABCO = 1,4-Diazobicyclo[2,2,2]octane
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Table 4-16: Effect of 100 mg kg' TPA-ZSM-5 seed on the crystallisation of 10
K2 0 1 A12 03 60 Si02 3000 1120 at 423 K (300 rpm)
Seeded

Product

ZSM-5 / %

B17

No

U1+ Ken +Am

0

D261

Yes

ZSM-5

73

Run No

be considered a good structure directing agent for ZSM-5. However, on repeating
reaction B17 in the presence of a trace of TPA-ZSM-5 seed (100 mg kg -1 ), a
substantial amount of ZSM-5 was obtained (D261). Thus the role of HXDM as
a true ZSM-5 structure director is questionable. More importantly, this result
demonstrates the effect that a small amount of seed can have on a reaction. Thus
if an organic material with unknown directing ability was being tested for the
first time and similar results were obtained to those described above, then it it is
likely that one would conclude, possibly incorrectly, that the organic had directed
any ZSM-5 obtained, when in fact the presence of traces of impurities may have
directed the crystallisation. It is believed that this may be the case for some of the
materials listed by Lok et al. [63] as ZSM-5 structure directors. It should be added
that in the presence of organic materials such as HXDM, the reaction mixture may
be even more sensitive to seed or organic impurities. The findings of the present
study highlight not only the need to carry out an organic-free crystallisation when
investigating new organic templates, but also the need to investigate the influence
of impurities, particularly seeds, on the outcome of these crystallisations. Only
then can any effect on the outcome of a crystallisation be fully attributed to the
organic species under investigation.

4.3.5 Effect of Gel Aging on Sensitivity to Impurities
Several reactions were carried with gels that had been aged at room temperature
for up to 6 months. It should be recalled that such treatment renders the gel
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Table 4-17: Effect of gel aging on the sensitivity of the Scavenging Reaction;
tested with 250 mg kg' TPABr
Run No

Time Aged / d

Relative

Crystallinity

S93

0

1.0

S192

7

0.6

S193

32

0.7

S194

63

0.6

S195

85

0.6

S196

125

0.7

S197

169

0.7

Expressed relative to that of the blank reaction S93
bXRPD analysis carried out on the same day and with the same amount of sample

virtually transparent. The results (Table 4-17) show that there was a initial
decrease in the sensitivity of the gel toward the organic impurity. However, there
was little difference in sensitivity between gels aged for several days and those
aged for several months. The Scavenging Reaction, therefore, is more effective
when carried out using freshly prepared gel. Although aged gel had been shown
to be sensitive to seed impurity, a similar study was not undertaken for seed
impurities.

4.3.6 Influence of Sodium Cations
At the outset of this work it was believed that sodium might act as a structure
director for ZSM-5 formation and great care was taken to keep the sodium ion
concentration as low as possible. However, when sodium concentrations as high
as 2000 mg kg-1 (NaCl) were tested in the Scavenging Reaction, no ZSM-5 was
formed (Table 4-18). This was a most unexpected finding and raises the question
as to whether sodium actually does template ZSM-5. Indeed, this finding together
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Table 4-18: Effect of sodium' impurities in the Scavenging Reaction

a

Run No

Na / mg kg'

Product

S220

790

Amorphous

S302

7600

Amorphous

Added as NaCl

with the existence of a potassium composition which only gives ZSM-5 in the
presence of minute traces of impurities, suggests that the corresponding sodium
system might be even more sensitive to impurities and that it is these undetected
impurities rather than the sodium ions themselves which direct the formation of
inorganic ZSM-5.
Further reactions were carried out to examine the effect of increasing the
sodium content (added as NaOH) of the Scavenging Reaction. The composition:
(15-x) K 2 0 x Na2 0 0.667 A12 03 60 Si02 3000 H2 0,
where x = 5, 7.5 and 10, was investigated. Not surprisingly perhaps, ZSM-5 was
found to crystallise; in increasing amounts (Table 4-19). However, rather than
contradicting the results described in Table 4-18, it can be argued that as the
amount of Na2 0 is increased in the reaction mixture, so the gel tends to behave
more like the inorganic sodium gel. (It is worth noting that the viscosity of the gel
increases with increasing Na2 0 content so there is a significant change in the gel
chemistry, which cannot be overlooked). Thus it is possible that an increase in the
Na2 0 content of the gel results in an increase in its sensitivity toward impurities.
The possibility that gels may have different sensitivities to impurities led to a
re-examination of the compositions in the potassium system (B27 and A36) that
gave K-ZSM-5 (Chapter 3, Table 3-1). There was now sufficient reason to believe that these crystallisations may have been caused by undetected impurities.
When these reactions were carefully repeated (A75 and A78, Table 4-20 in 500 cm'
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Table 4-19: Products from the crystallisation of the composition (15-x) K 2 0 x
Na2 0 0.667 A12 03 60 Si02 3000 H2 0, where x = 5, 7.5 and 10

a

Run No

x Na2 0

Product

S234

5.0

ZSM-5

S236

7.5

ZSM-5

S235

10.0

ZSM-5

A260a

4.5

+
+
+

Ken

+
+

ZSM-5 /
Am

11

Am

31

Ken+ Am

47

Ken

ZSM-5

+

Am

%

15

Stirred reaction carried out in a 500 cm 3 autoclave

stainless-steel autoclaves, which had been rigorously cleaned and scavenged, ZSM5 was still obtained. However, it is possible that the gels (1327, A36, A75 and A78)
that crystallised ZSM-5 are even more sensitive to impurities than the Scavenging
Reaction and that it may be virtually impossible to get the stainless-steel autoclaves clean enough to prevent possible seeding effects. To obtain even cleaner
conditions for these reactions, 125 cm stirred PTFE-lined Parr bombs were used
at 423 K. These bombs were cleaned and scavenged over a number of weeks and,
following the final Scavenging Reaction, were cleaned with 4% (wt/wt) Aristar
potassium hydroxide at 423 K for a week. The cleaning procedure was carried out
without stirring (although the magnetic stirrer bar was inside the bomb) and the
bombs inverted every day to ensure thorough cleaning. The reactions (P52 and
P53) failed to crystallise ZSM-5 (Table 4-20). This, together with the observation
that the crystallisation of K-ZSM-5 in the stainless-steel autoclaves, suggests that
the alkali metal cations do not nucleate the product. The unidentified material
Ui (Chapter 3) and kenyaite were the only crystalline phases obtained from reactions P52 and P53 and these were contaminated with much amorphous material.
Although it is recognised that the actual experimental set up and gel preparation
was not exactly the same as the original reactions (1327, A35, A75, and A78) it
is believed that this was not a major factor in preventing the formation of KZSM-5. Hence, there is some evidence that organic impurities are essential for the
nucleation of ZSM-5 in the potassium system, seeds promote growth.
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Table 4-20: Products obtained from the crystallisation of the composition 15
K2 0 x A12 03 60 Si02 3000 1120, where x = 0.333 and 0.5

Run

x A12 03

Time / d

No
B27

Run

0.333

162

Reaction

Product'

Vessel

/%

500 cm sstee lb

Ken

+

ZSM-5

ZSM-5

26

+U1+Am
A78

0.333

113

500 cm s-steel

Ken

+

ZSM-5

12

+U1+Am
P52

0.333

141

125 cm' Parr bombc

Ken + Ui + Am

0

A36

0.5

140

500 cm s-steel

ZSM-5 + Am

60

ZSM-5 + Cr + Am

56

171
A75

0.5

140

500 cm s-steel

ZSM-5 + Am

15

P53

0.5

141

125 cm Parr bomb

Ken + Ui + Am

0

°Key: Am = Amorphous, Ken = Kenyaite, Ui = unknown phase (see Chapter 3)
bs .

stee l = stainless-steel, stirred 300 rpm

cpTFline d, stirred on a magnetic stirrer
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4.3.7 NU-10 Scavenging Reaction?
In a manner reminiscent of the Scavenging Reaction described above, the composition:
5 K2 0 2 A12 03 60 Si0 2 3000 H 2 0
did not crystallise even after 8 weeks at 423 K (Chapter 3). It was thought that
this composition might also be sensitive to impurities in the same way as the Scavenging Reaction. Unlike the Scavenging Reaction, however, this composition did
not phase separate and the yield of solid (amorphous) recovered was much higher
(50 % cf. 30 %). Furthermore, the base level is similar to that from which NU-10
crystallised at lower Si/Al ratios. It was argued then, that this composition may
be sensitive to materials that direct NU-10-type structures. Rather than carry
out a detailed systematic study as with the Scavenging Reaction, it was decided
to look at the effect of relatively high levels of impurities. Thus, crystallisations
were carried out at 423 K in 30 cm 3 PTFE-lined bombs with the composition:

5 K2 0 2 A1 2 03 60 Si02 3000 H20,
spiked with 1000 mg kg-1 organic impurity. As well as testing NU-10-type directing agents, a number of other organics were examined (Table 4-21). The
results show that only the organics that readily direct ZSM-5 had any effect
on this composition and the products obtained were, indeed ZSM-5, although
the amount obtained was significantly less than with the Scavenging Reaction.
1 ,6-hexanediamine and tetraethylenepentamine, which are considered particularly
suitable for the crystallisation of NU-10 [112,165,218,226] were ineffective. The
fact that these amines failed to give NU-10 may be attributed to the high level of
aluminium in the system [110]. However, it is more likely, that there was insufficient organic reagent in the reaction mixture. Thus, this composition is not be
suitable as a detector of organic impurities that direct NU-10. This may also be
due in part to the fact that the composition may not lie close enough to the phase
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boundary that divides compositions that readily crystallise NU-10 from those that
do not crystallise at all (Chapter 3, Figure 3-1). In other words, unlike the Scavenging Reaction, this composition does not lie on a compositional knife edge. It
is interesting to note, however, that le Febre et al. [226] found it difficult to reproduce a number of the NU-10 crystallisations reported in the literature. They
found that in many cases, the nature of the reaction vessel was important. On
changing from a stainless-steel reaction vessel to one lined with PTFE, they were
able to crystallise NU-10 readily. Given that such liners may be particularly prone
to memory effects [189], it is quite possible that seed impurities may have affected
the outcome of their crystallisations. Thus, it may be that the crystallisation of
K-NU-10 in the present study, like K-ZSM-5, was caused by undetected impurities
(either seed or organic). To test this, static crystallisations were carried out in 30
cm' PTFE-lined bombs which had been rigorously cleaned and tested with the
Scavenging Reaction. None of the compositions crystallised, even after 17 d at 423
K (Table 4-22). Although only one composition was reacted in both the stirred
and static systems (5 K2 0 1 A12 03 60 SiO2 3000 1120) and that it is recognised
that these crystallisations are not strictly comparable, the results suggest that
seeding cannot be ruled out
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Table 4-21: Products obtained after 6 d from the static crystallisation at 423 K
of the composition 5 K 2 0 2 A1203 60 Si02 3000 H2 0, spiked with 1000 mg kg 1
of organic (Q) impurity

Run

Product

Q

No

aTetr

Sill

1,6-HXDM

Am

S113

TEPA°

Am

S108

TPABr

ZSM-5"

S109

THexABr

ZSM-5'

SilO

HexBr2

Am

S112

TMABr

Am

S114

DABCO

Am

S115

Piperidine

Am

+ Am
+ Am

thy1enepentamine

Table 4-22: Products obtained after 17 d at 423 K from static crystallisatioñ of
the composition 5 K 2 0 x A12 03 60 Si0 2 3000 H2 0
Run No

x A1 2 03

Product

S156

1.00

Amorphous

S157

1.25

Amorphous

S158

1.50

Amorphous
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Conclusions

The composition:
15 K 2 0 0.667 A12 03 60 Si0 2 3000 H2 0
was found to be sensitive to the presence of zeolite seed and organic material and
provided these are suitable it will crystallise ZSM-5 under the specified reaction
conditions. The nature of the seed is particularly important. Those of ZSM-5
and ZSM-11 are especially effective, possibly even at the 100 parts per billion
level. However, seeding by other high-silica zeolites is generally ineffective even at
much higher levels (1000 mg kg'). It should be noted that the detection limit
(or sensitivity) of the gel is likely to vary according to the reaction conditions,
for example agitation of the reaction mixture; choice of temperature; shape and
volume of the reaction vessel, and the source of the reagents. For this reason,
absolute values for the detection limits were not established.
The Scavenging Reaction may have several novel applications. It may be used
to establish the cleanliness of a reaction vessel and in the case of contamination
by certain organic impurities, remove these, leaving the reaction vessel completely
organic-free. This application would be particularly important when working with
inorganic systems. Since the Scavenging Reaction is sensitive only to organic
materials that are able to direct ZSM-5, it can be used to distinguish between
those that are true structure directors and and those that are void fillers, as well
as giving a measure of their potency.
Many organic materials have been used as templates in the search for new
high-silica zeolites and more often than not the product is ZSM-5. The Scavenging
Reaction can be used to screen a potential organic template in order to establish
whether or not it is likely to readily direct ZSM-5. Since very little organic template
is required, such a test could save both time and money. It must be remembered
that seeds and organic impurities must be completely absent if the results of the
test are to be of any value.
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In the presence of certain seed impurities, ZSM-5 crystallises in the form of
sphere-like particles It is unlikely that these particles would have any commercial
application, primarily due to the low yield of material obtained. The attrition
resistance is not known.
The existence of a composition in the potassium system that is extremely
sensitive to seed and organic impurities together with the apparent inability of
relatively high levels of sodium ions to direct the crystallisatioñ to ZSM-5 suggests
that the corresponding sodium system may be even more sensitive and it is these
impurities rather than the sodium ions that direct the crystallisation to ZSM-5.
Furthermore, although it cannot be proved beyond doubt, it may be that this also
applies to the crystallisation of inorganic NU-10.
It is proposed that all work on the synthesis of zeolite molecular sieves should
include an examination of the effect of traces of impurities on the outcome of the
crystallisation for completeness.
Although the Bellussi group [212] carried out some reactions in new reaction
vessels, there is still a distinct possibility that the ZSM-5 they obtained was seeded
either by seed impurity, probably ZSM-5 which may be present as dust in the
laboratory or by traces of organic impurity. Thus it is not sufficient to base the
credibility of results on the use of new reaction vessels. There are many other
ways of introducing impurities into a reaction mixture.
One can only speculate on the identity of the "non-reproducible phases" [209]
reported by the Nastro group. It may well be that the irreproducibility of these
reactions was a result of seeding.

Chapter 5

Alkali-Free Syntheses: Single Quaternary,
Mixed Quaternary, and
Quaternary/Amine Systems
5.1 Introduction
5.1.1 Single Quaternary Systems
The crystallisation of high-silica zeolites in the absence of alkali and alkaline earth
metal cations has already been discussed in Chapter 1 (section 1.4.6). In the
present work, the results of alkali metal-free syntheses will be presented in two
chapters, this chapter will deal with crystallisat ions from single quaternary, mixed
quaternary and quaternary/amine systems and the following chapter (Chapter 6)
will examine the quaternary/diol system. The motivation for the latter study will
be discussed in the appropriate chapter.
This chapter begins with an investigation into the crystallisation of high-silica
zeolites from alkali metal-free, single quaternary reaction mixtures based on the
following composition:
10 Q20 1 A12 03 60 Si02 3000 H20,
where Q = tetramethylammonium (TMA), tetraethylammonium (TEA), tetrapropylammonium (TPA) or tetrabutylammonium (TBA). The aim of this study was to
establish whether high-silica zeolites could be crystallised from systems in which
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the quaternary ammonium hydroxide serves as the structure director, charge balancing cation and mineraliser. Although it has been reported [153,154] that TPAZSM-5 can be obtained from such systems, there are no reports in the open literature of analogous studies in which the quaternary is TMAOH, TEAOH or
TBAOH. Indeed the only reports of crystallisations involving TMA alone are
those which describe the synthesis of TMA-gismondine and TMA-sodalite [227,
228]. Several research groups [229,230,231,232] claim that-alkali metal cations are
essential in order to obtain zeolite Beta from reaction mixtures that contain TEA
as the structure directing agent. The crystallisation of Beta from alkali metal-free
fluoride systems has been reported [233]. However, the product could only be
obtained from seeded (Beta) reaction mixtures. While TBAOH has been used to
synthesise silicalite II from similar alkali metal-free reaction mixtures [81], there
are no reports in the open literature on the synthesis of the aluminium-containing
analogue, TBA-ZSM-11, from gels containing TBAOH alone. Furthermore, it is
not known whether or not TBA-ZSM-11 can be crystallised free of any 5/11 intergrowth from such systems. It should be noted, however, that the presence of
potassium ions is claimed [76] to favour the formation of ZSM-11 as a pure phase.
The effects of changing the Si0 2 /A12 03 in the starting gel was also examined for
a number of these compositions.

Two other quaternary ammonium hydroxides were examined in less detail,
namely nonamethonium hydroxide (Nona(OH) 2) and benzyltrimethylarnmonium
hydroxide (BzTMAOH). It has been reported [234] that nonamethonium cations
can direct crystallisations to give ZSM-5 under certain conditions. However, these
crystallisations were usually carried out in the presence of high concentrations of
sodium ions and it was thought possible that any structure directing effect of the
organic may have been masked by the sodium ions. BzTMA has not been widely
used in high-silica zeolite crystallisations. The only high-silica zeolites that have
been made from gels containing this organic reagent are Theta-3 [235], ZSM-12
[236], and ZSM-58 [237], and the reaction mixtures always contained substantial
amounts of alkali metal cations, which again may have influenced the outcome of
these crystallisations.
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There are no reports in the open literature of alkali-free crystallisations of
reaction mixtures that contain BzTMAOH. It may well be that in the absence of
alkali metal cations this quaternary might direct towards a different phase.
The products obtained from static crystallisations of alkali-free reaction mixtures are also reported for a number of potentially interesting quaternary ammonium hydroxides.
TPAOH has been widely used in the synthesis of ZSM-5. However, TPAOH
can contain substantial amounts of alkali metal cations, particularly potassium,
depending on the grade [161]. Several reactions were, therefore, carried out with
TPAOH of different quality, to investigate the effect of alkali metal impurities on
the crystallisation of TPA-ZSM-5. The results of this work led to a more detailed
examination of the effects of several small cations on the crystallisation kinetics.
The results of this study will be discussed in Chapter 7.

5.1.2 Mixed Quaternary and Quaternary/Amine Systems
Studies on the crystallisation of high-silica zeolites from alkali metal-free mixed
quaternary ammonium hydroxide and quaternary ammonium hydroxide/amine
systems are not well documented. The most notable report is found in the
patent literature [160]. There are, however, several studies of crystallisations from
aluminium-free reaction mixtures that contain more than one organic component
[106,115,158], where materials such as silicalite [106,115,158], ZSM-48 [158], EU19 [106] and the clathrasil ZSM-39 [106] have been crystallised. Therefore, the
effect of TMA cations on the product obtained, crystallisation kinetics, crystal
size, etc., was investigated for a number of mixed quaternary reaction mixtures.
Furthermore, TMA has been used in the synthesis of a large number of crystallographically distinct frameworks [63] and it was thought possible that under certain
conditions, a reaction mixture that contained TMA plus another quaternary ammonium cation or an amine might give an unexpected product. The results of these
crystallisations are discussed together with reactions in which TMA+ is replaced
with BzTMA, a more bulky cation.
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Table 5-1: Sodium and potassium content' of quaternary ammonium hydroxides
Quaternary

a

Supplier

Grade

ConCn. mg 1-1
Na

K

TMAOH 511 2 0

Aldrich

99 %

<1

<1

TEAOH

SACHEM

HPLC

<1

<1

TPAOH

Fluka

Pract

300

5750

TPAOH

Fluka

Purum

250

570

TPAOH

SACHEM

Special

38

2

TBAOH

Fluka

Pract

240

8500

TBAOH 30112 0

Fluka

Purum

1

<1

TBAOH

SACHEM

HPLC

<1

2

BzTMAOH

Fluka

Pract

600

6300

Determined by flame photometry

5.2 Experimental
5.2.1 Materials
The reagents used in this work and the synthesis conditions are described in Chapter 2. The alkali metal content of several quaternary ammonium hydroxides widely
used in this work are further given in Table 5-1. All quaternary ammonium hydroxides were standardised as already described.

5.2.2 Gel Preparation
Reactions were carried out with mixtures of composition:

10 Q20 y A12 03 60 Si02 3000 H20,
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where Q = quaternary ammonium cation and 0 < y < 2. The method of gel
preparation was described in Chapter 2. For static crystallisations in TOM reaction vessels, the gel preparation was as follows:
The quaternary ammonium hydroxide was weighed into a small polypropylene bottle and aluminium wire added (if required). Fumed silica was carefully weighed
into a plastic Sterilin tube (capacity 20 cm') and the hydroxide/alumina added,
quickly followed by the rest of the water so as to give a total weight of gel- of
10 g. The Sterilin tube was capped and vigorously shaken for 5 minutes to ensure
thorough mixing. The contents of the tube were further mixed for 30 minutes
using an automatic tumbler. The gel (r.s 1 g) was transferred to the teflon-lined
TOM using a Pasteur pipette and placed in a pre-heated oven set at the desired
temperature for different times.

5.2.3 Analysis of Products
Procedures for analysing samples were as described in Chapter 2. TEM analysis
was carried out on several samples obtained from single quaternary reactions by
ICI C & P Ltd., Wilton.
Products obtained from mixed quaternary systems, where it was thought that
more than one organic species could be occluded in the framework, were examined
by 13 C MASNMR with cross polarisation at UMIST by Ms. B. Gore. CHN
analyses were also carried out on these products at Edinburgh by members of the
Analytical Group.

5.2.4 Sorption Studies
Surface area and micropore volume were determined at Wilton using sorption
techniques, with n-heptane as the sorbate. Sorptive properties of samples obtained
early on in this research were carried out under the supervision of Dr. S. Maberly
and Mr. I. Milne. Later samples were examined by Mr. I. Milne.
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5.2.5 Catalytic Examination
The TPA-ZSM-5 material crystallised in the absence of alkali metal cations was
calcined at 773 K (12 h) and 1073 K (2 h) for catalytic evaluation. This was carried
out in the catalysis laboratory at ICI C & P Ltd., Wilton under the supervision
of Dr. I. Lake. The test reaction used was the disproportionation of ethylbenzene
which gives diethylbenzene (DEB) and benzene as products: -

Disproportionation

CECH

CH2 CH 3

2
CH2 CH3

Alkylation/dealkylation reactions can also take place:

1'e1ky1ation

CH2 CH3

0

I

+ CH CH2
©

Alkylation

CHCH

CHCH

0

+

CH2 = CR2

k

CH2CH3
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The ratio of benzene/total DEB gives an indication of the reactions taking place.
If, for example, this ratio is> 1 then disproportionation and dealkylation are the
dominant reactions. If the ratio is < 1 then disproportionation and alkylation are
dominant. It is only when the ratio is equal to one that disproportionation occurs
in the absence of alkylation and dealkylation. It was argued that since the crystallisation was carried out in the absence of
any other charge balancing cation, the framework aluminium would have to be located at, or very close to, the channel intersections, where the negative framework
charge can be balanced by the TPA+ cations. Thus, on calcination, the acid sites
associated with the framework aluminium would have a larger effective volume.
This then, could give rise to unusual catalytic behaviour, with a possible change
in the product distribution. Furthermore, the presence of tiny crystals might give
enhanced catalyst performance by virtue of reduced diffusional restraints within
the zeolite framework.

5.3 Results and Discussion
5.3.1 Single Quaternary Reactions
Table 5-2 gives the products obtained from the composition:

10 Q20 1 A1203 60 Si02 3000 H2 0,
where Q = TMA, TEA, TPA, or TBA, crystallised at 423 K (403 K for TEA)
with stirring (300 rpm).
Tables 5-3 and 5-4 give product compositions based on weight percent and
moles of oxide. As expected the alkali metal content of the products was extremely
low.
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Table 5-2: Products obtained from the composition 10 Q20 1 A12 03 60 Si0 2
3000 H2 0
Run

qa

No

aS u pplie d

Cryst

Time / d

tnuc

t 0%

Product

D91

TMAb

20

25

NU-1

B89c

TEA

A

28

Beta

C76

TPA

e

32

ZSM-5

C178

TPA

28

33

ZSM-5

B49

TBA

15

21

ZSM-11

by SACHEM

bS upplie d by Aldrich
'Crystallised at 403 K
dt = 10 d amorphous, t = 18 d 44% Beta
at = 19 d amorphous, t = 25 d 85% ZSM-5

Table 5-3: Percentage composition of products
Composition %

Run

a

Si/Al

Wgt. loss at
b
1173 K

No

Na

K

Al

Si

D91

n dc

nd

1.75

36.6

20.1

16.6

B89

nd

nd

1.82

37.0

19.5

21.1

C76

0.019

0.003

1.35

36.9

13.8

B49

nd

0.009

1.58

36.4

26.3
22•1d

/%

18.9

"Determined by ICP and flame AES
'Determined by tga
cNon detected, detection limit for Na and K = 0.003%
dBelow the theoretical minimum ratio of 31.0 (assuming 3.0 TBA/unit cell,
see text)
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Table 5-4: Molar oxide composition of products and unit cell content for
TPA-ZSM-5 and TBA-ZSM-11
Run

Composition'

Unit Cell Content

No

A12 03

Si0 2

Si0 2

A1203

QbC

H20c

C76

1

52.6

92.5

1.75

3.6

5.4

B49

1

44.2

91.8

2.1(1

3 5e

16.0-

-

.

aAflli metal content negligible
bO cc lude d

organic cation

cDetermine d by tga
dShou ld be 1.5 (see text and Table 5-3)
eslightly higher than the theoretical maximum value of "-i 3.0 [238]
XRPD data for each product are compared with those in the literature in
Tables 5-5, 5-6, 5-7, and 5-8 and the XRPD patterns are shown in Figures 5-1,
5-2, 5-3, and 5-4. Thermal analysis profiles are shown in Figures 5-5, 5-6, 5-7,
and 5-8. SEM photomicrographs of the products are shown in Figure 5-9.

TMA-NU- 1
The composition:
10 (TMA) 2 0 1 A12 03 60 Si02 3000 H 2 0 (D91) 7
crystallised the high-silica zeolite NU-1 in 25 days at 423 K (300 rpm). The SEM
photomicrograph (Figure 5-9) showed no unusual features. The product consisted
of ellipsoidal crystals, ranging from about 0.5 - 3 zm. Thermal analysis (Figure 55 of the product showed three distinct weight losses above 633 K corresponding to
the oxidative decomposition of the occluded organic material. The three exotherms
give some indication as to the location and fit of the TMA in the framework. The
first exotherm may be attributed to removal of non-occluded organic, perhaps from
the surface of the crystals and probably in the form of TMAOH. This would suggest
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Table 5-5: XRPD data for sample D91 (TMA-NU-1)
NU1a

D91
db / pm

100 1/10

d / pm

100 1/Jo

1152

1.4

1133

2.5

896

8.1

880

8.0

832

20

822

661

14

694

2.5

652

12

649

32

625

29

617

55

563

4

561

11

539

7

534

10

447

41

441

46

432

49

428

49

410

49

-

-

405

100

401

100

401

61

395

38

397

55

-

-

391

62

-

-

384

31

383

62

371

18

-

-

356

35

351

35

344

8

342

24

331

19

-

-

327

24

324

11

312

20

308

11

298

15

298

11

294

13

294

5

-

41

aAs..synthesise d NU-1 (Reference [239], Table 3)
bAdditional peaks thought not to be an impurity phase (based on SEM analysis)
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Table 5-6: XRPD data for sample B89 (TEA-Beta)
B89

Beta'

d / pm

100 1/10

d / pm

100 1/10

1144

11

1150

sb

749

1

744

w

667

1

686

mw

414

16

417

m

395

100

398

vs

351.

7

354

w

333

15

333

mw

302

16

303

m

292

6

290

m

268

5

269

w

207

13

208

.

w

°As-synthesised Beta (Reference [73], Table 2)
bKey:

w = weak; m = medium; s = strong; vs = very strong
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Table 5-7: XRPD data for sample C76 (TPA-ZSM-5)
TPAZSM5a

C78
d / pm

100 1/10

d / pm

100 I/I,

1116

11

1113

63

1001

9

1001

29

974

4

971

24

745

4

744

3

636

5

635

16

461

5

460

8

436

8

435

5

426

9

426

3

401

7

400

6

385

100

384

100

383

75

382

79

376

32

375

31

372

41

371

48

365

29

364

40

344

12

343

14

335

10

335

1

331

9

330

10

306

12

304

12

299

15

298

8

298

13

297

9

295

8

294

7

261

7

261

7

249

8

249

2

240

7

241

3

201

19

200

7

200

21

199

9

aReference [191] p. 442S
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Table 5-8: XRPD data for sample B49 (TBA-ZSM-11)
ZSM11a

B49

a

Reference [75]

d / pm

100 1/Jo

d / pm

100 1/1 0

1153

8

1120

27

1010

8

1007

23

439

8

437

9

387

100

386

100
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Figure 5-1: XRPD pattern of TMA-NU-1 (D91)
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Figure 5-2: XRPD pattern of TEA-Beta (B89)
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Figure 5-3: XRPD pattern of TPA-ZSM-5 (C76)
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Figure 5-4: XRPD pattern of TBA-ZSM-11 (B49)
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that the product was not adequately washed. The second and third exotherms
are probably due to occluded organic material. The first may be due to TMA+
associated with silanol groups or present within the framework as the hydroxide.
The exotherm between 900 and 960 K can be attributed to charge balancing
TMA cations which interact strongly with the framework aluminium. Indeed,
XRPD of the organic-free residue showed that it had lost much of its crystallinity.
Even when sample D91 was calcined at 550 K (19 h) then 1073 K (2 h), it was
found by X-ray diffraction to have lost much of its crystallinity. This suggests
that NU-1 is not thermally stable at the relatively high temperatures required to
completely remove the occluded organic material. It may well be that the thermal
energy generated on combustion of the organic, coupled with the strong interaction
between the organic and the framework causes the framework to collapse.

Although NU-1 is reported to have been synthesised from reaction mixtures
of very low sodium content (Example 13 in ref. [239]), its synthesis in the complete absence of alkali metal cations has not been reported.' This is particularly
interesting as the only zeolites that have been made from reaction mixtures that
contain TMA alone are gismondine and TMA-sodalite [227,228], neither of which
are classed as high-silica zeolites. It is also interesting that NU-1 can be obtained
quite readily and reproducibly from alkali-free reaction mixtures in which TMA
is the sole source of cations. It is not possible to comment on the precise role of
TMA in these crystallisations since the structure of NU-1 is not known. However,
it would seem that TMA readily directs NU-1 although, like most zeolite crystallisations, this will depend on other factors such as the Si0 2/A12 03 and OH/Si0 2
ratios in the reaction mixture, as well as reaction temperature. That relatively
large crystals were obtained suggests that alkali metal cations are not essential for
growth.

'Although the NU-1 patent covers the alkali-free synthesis, it gives no examples
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TEA-Beta
In contrast to published work [229,230,231,232] zeolite Beta was found to crystallise in the complete absence of alkali metal cations from the composition:

10 (TEA) 2 0 1 A12 03 60 Si0 2 3000 H 2 0 (B89)
after 28 d at 403 K (stirred at 300 rpm). This finding raises the question as
to the role of alkali metal cations 2 in the synthesis of zeolite Beta. Camblor
and Perez-Pariente [229] suggest that alkali metal cations regulate the aluminium
concentration in the liquid phase during the synthesis and found that the alkali
metal content of the solid phase varies as crystallisation proceeds. They also
found that these cations neutralise only a small amount of the framework charge
and that they occupy positions in the framework which cannot be accessed by the
larger TEA cations. They conclude that alkali metal cations are essential in the
nucleation of zeolite Beta and that it cannot be crystallised in their absence.
In the absence of alkali metal cations, the time taken to the onset of crystallisation of TEA-Beta (1389) was very long, approximately 18 d. Furthermore, the
growth rate was also found to be slow. Since the crystallisation of Beta in the
presence of alkali metal cations [229,230,231,232] is much faster, it is clear that
these cations must promote nucleation.
Examination of the alkali-free TEA-Beta sample (B89) by SEM (Figure 5-9)
showed that the crystals were quite large (up to 1.0 Jim) and with typical cubic
morphology. The size of these crystals is not entirely surprising considering the
slow rate of nucleation. Furthermore, they are comparable in size to those obtained
from reaction mixtures that contained substantial amounts of alkali metal cations
[229,230,231]. Clearly then, growth is much less dependent on their being alkali
metal cations in the reaction mixture. Sample B89 was also found to have a rather

2

1t is generally accepted that in the synthesis of zeolites alkali metal cations can

influence crystallisation kinetics, crystal size and morphology
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wide crystal size distribution (Figure 5-10), which is very similar to that reported
by Camblor and Perez-Pariente (Ref. [229], Figure 6 (e)) for crystallisations with
TEA in the presence of potassium cations. This suggests that potassium does not
significantly affect either the crystal size or size distribution. That an effect was
observed in the presence of sodium and potassium cations [229] is most likely due
to the presence of sodium in the reaction mixture.
-

It is possible that the role of alkali metal cations in the synthesis of = Beta is

catalytic, simply speeding up the nucleation and growth processes, while not being
important in balancing the negative framework charge. This may account for only
7% of the framework charge being neutralised by alkali metal cations [229].
The tga and dta profiles for sample B89 (Figure 5-6) were very similar to those
reported in the literature [231] for Beta crystallised in the presence of alkali metal
cations. Four weight loss events can be seen in Figure 5-6. The first, below 453 K
is due to dehydration, which is an endothermic process. This is followed by three
distinct exotherms which correspond to decomposition of the occluded organic
material. The weight loss between 543 K and 633 K is probably due to TEAOH
species which do not interact strongly with the zeolite framework. The two weight
loss events between 633 K and 1043 K are ascribed to the loss of TEA+ cations,
which interact more strongly with the framework, hence the higher decomposition
temperature. That this occurs in two steps suggests that the TEA+ cations are
located in more than one environment.
One of the most sought after goals in zeolite synthesis is to crystallise each of
the polymorphs that make up zeolite Beta.' Simulated X-ray diffraction patterns
[240] of each polymorph show that the extent of the Beta intergrowth can be
determined by the degree of splitting of the broad peak at 20 = 7.5°. Although
the XRPD pattern for alkali metal-free Beta crystallised in this study (1389) shows
some sign of splitting at this angle (Figure 5-2), no preference was shown for

3

Zeolite Beta is thought to be a 50-50 mixture of tetragonal and monoclinic

polymorphs
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Figure 5-10: Crystal size distribution of zeolite Beta crystallised from the composition 10 (TEA) 2 0 1 A12 03 60 Si02 3000 H2 0 (B89)
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either of the polymorphs. That a 50/50 intergrowth was obtained in the absence
of alkali metal cations, suggests that neither sodium nor potassium influence the
relative amounts of these polymorphs in the crystalline product. Despite this, it is
thought that research into the synthesis of either polymorph may be best carried
out under alkali-free conditions, which would allow nucleation to take place slowly,
thus possibly reducing the chance of crystallising the intergrowth. It may also be
that chiral organic directing agents may be required. -

=

TPA-ZSM-5

The composition:
10 (TPA) 2 0 1 A12 03 60 Si0 2 3000 H 2 0 (C76, C178)
crystallised ZSM-5 after more than 30 days at 423 K (300 rpm). During the synthesis, the pressure in the autoclave was found to increase from 5 to 7 bar which
suggested that the TPAOH had degraded to some extent. Furthermore, a strong
smell of amine was also noted on dismantling the autoclave. The following results
were obtained for CHN analysis of sample C178:

C = 9.36%, N = 2.03%, and H = 0.78%
From this, the C/N and H/C ratios were calculated as 14.0 and 2.6 respectively.
This suggests that although there was a certain amount of organic degradation,
the material occluded in the product is essentially TPAOH and/or TPA. It is
difficult to establish precisely the extent of template degradation and the effect
this may have had on the crystallisation kinetics.
SEM analysis of sample C76 (Figure 5-9) showed it to be composed of aggregates of tiny crystallites (< 0.2 m) which were very difficult to resolve and which

4

1t has been shown [189] that degradation of the quaternary can be extensive in the

early part of the reaction
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showed considerable peak broadening in powder X-ray diffraction (Figure 5-3).
Further examination of the sample by TEM (Figure 5-11) showed the sample to
be composed of cubic crystals about 200 nm across. This is consistent with the
findings made by Ghamami and Sand [154] who obtained sub-micron ZSM-5 crystals from their alkali-free reactions. Clearly, the TPAOH is able to generate so
many nuclei that the reaction mixture becomes depleted of nutrients that would
otherwise be available for crystal growth. Although there was a small amount of
sodium ion impurity in the reaction mixture (r.' 12 mg 1_ 1 it is thought unlikely
)

that this would have initiated the formation of ZSM-5 nuclei. Indeed, even in the
complete absence of alkali metal cations (C258, Chapter 7), TPA-ZSM-5 could
still be obtained. Unlike the Beta case described above, however, growth depends
very much on the presence of alkali metal cations in the reaction mixture. The
influence of alkali metal cations on the crystallisation kinetics of TPA-ZSM-5 will
be discussed later in this chapter and in more detail in Chapter 7.
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Figure 5-11: Transmission electron photomicrographs of sample C76 (Bar = 1 m)
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TBA-ZSM-1 1
The composition:
10 (TBA) 2 0 1 A12 03 60 Si0 2 3000 1120 (1349)
crystallised ZSM-11 after 21 days at 423 K (300 rpm). This is considerably faster
than the corresponding TPA reaction (C76) which took over 30-days to-crystallise.
The difference may be attributed to the degree of pore filling and the ability of
the organic to effectively neutralise the framework charge. Since the TPA cation
is smaller than the TBA cation and the ZSM-5 framework can accommodate 4.0
TPA cations per unit cell, compared to about 3.0 TBA cations per unit cell in
ZSM-11 [238], one would expect TPA-ZSM-5 to accommodate more aluminium in
its framework and thus have a lower Si0 2 /A12 03 ratio than the TBA-ZSM-11 product. However, as can be seen in Table 5-4, the Si0 2/A1 2 03 ratio for TPA-ZSM- 5
was 52.6 compared with 44.2 for TBA-ZSM-11. Thus, based on these results
TPA-ZSM-5 should crystallise faster than TBA-ZSM-11, since the incorporation
of aluminium into the framework can be considered a disruptive process. Careful
examination of the unit cell composition of sample B49, however, shows that there
is apparently too much aluminium in the framework for the TBA+ cations to balance the framework charge. The most likely explanation for this is discrepancy is
an error in the chemical analysis. It is therefore difficult to attribute the difference
in the crystallisation rate on a difference in the Si0 2/Al203 ratio of the product.
It may well be, then that the difference is due to the extent of quaternary ammonium hydroxide degradation under the reaction conditions. Furthermore, there
may be a bias in the composition used to study these crystallisations towards the
formation of ZSM-11.

Effect of changing the Si0 2 /A12 03 in the reaction mixture
Table 5-9 shows the effect of varying the Si0 2 /A12 03 ratio in the composition:
10 Q20 y A12 03 60 Si0 2 3000 H20,
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where Q = TEA, TPA, or TBA and 0 :5 y 15 1.5. As expected, the crystallisation
rate increased as the Si0 2 /A12 03 ratio in the reaction mixture increased, for both
ZSM-5 and ZSM-11. This behaviour is probably due to a decrease in the amount
of free OH - in the system as the amount of aluminium is increased, since more
Al(OH) 4 species are formed which reduces the free base level in the system. Thus
the rate of depolymerisation of the amorphous silica is reduced.
TPA readily directs ZSM-5 over a wide range of Si02/A1203 ratios, howeyer,
even this cation is ineffective in aluminous reaction mixtures. The theoretical
maximum Al/Si ratio of the ZSM-5 framework is 1/11 [177]. Since it seems likely
that most preparations of TPA-ZSM-5 starting with TPAOH are contaminated
with alkali metal cations, it was decided to determine the outcome of this preparation under ultrapure conditions in the presence of relatively large amounts of
aluminium. As has already been mentioned, the maximum number of TPA+
cations per unit cell of 96 T-atoms is 4. Thus the maximum Al/Si ratio that TPA
could sustain is 1/23, corresponding to (TPA) 4 (A102

)4

(Si0 2 ) 92 . The idea was

to try to reach or force the system to go beyond this Al/Si limit using Special
grade TPAOH. 5 It was thought that forcing the system beyond this limit might
crystallise a different product.
The results (Table 5-9) show that TPA-ZSM-5 did not crystallise readily from
reaction mixtures with a Si0 2 /A12 03 ratio of 40/1 (A222). Indeed this crystallisation took over 50 days at 423 K. It should be noted that the Si0 2 /A12 03 ratio of
this reaction mixture is below that which would give a product with a Si0 2/A12 03
ratio of at least 46/1 (i.e. Al/Si = 1/23). This means that even if all the silica were used up in the crystallisation, some aluminium would have to remain in
solution which is very unlikely. Thus the fact that A222 crystallised is surprising. The Si0 2 /A12 03 ratio for A222 was 44.1 (Table 5-10) which is very close to
the theoretical minimum and certainly within experimental error. However, the
XRPD pattern not only contained broad peaks but also suggested the presence
of amorphous material. Thus it is possible that the reaction mixture may have

'Contains 38 mg 1' Na, 2 mg 1_i K

--
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disproportionated. From thermal and chemical analyses the unit cell composition
for sample A222 was calculated as:
(TPA) 4 .0 (A10 2 )4.2 (Si02) 91 . 8 (1120)7.0
Careful analysis of sample A222 by TEM would establish its phase purity
and providing there is no amorphous material present, further analysis should be
carried out to determine -whether -or not the aluminium atoms are located at the
channel intersections.
The crystallisation rate for zeolite Beta was found to decrease as the Si0 2 /Al2 03
ratio increased (Table 5-9). For the reaction mixture with a Si0 2 /Al2 03 ratio of
90 (B94), the product was found to contain only about 28% Beta after 50 days.
This result suggests that it is extremely difficult, if at all possible, to crystallise
aluminium-free Beta from aqueous, alkaline silicate gels and is in agreement with
other workers [231,232].

Effect of alkali metal impurities in the reaction mixture
Two systems were investigated using reagents of different purity (Table 5-1): the
TPA-ZSM-5 system and the TBA-ZSM-11 system. In both systems, the effect of
impurities on the crystallisation kinetics and crystal size was very marked. The
results are shown in Table 5-11 and SEM photomicrographs for the ZSM-5 materials are shown in Figure 5-12. As expected, larger crystals were obtained from
reaction mixtures that contained relatively high levels of alkali metal impurities
which suggests that these cations are more important for crystal growth (as already
mentioned earlier).
Not surprisingly, the Si/Al ratio in the product decreased with an increase
in the alkali metal content of the reaction mixture. This reflects the ease with
which aluminium is incorporated into the framework when cations other than
TPA cations are present in the reaction mixture.
A plot of ln[Na+K] versus the time taken to crystallise TPA-ZSM-5 (Figure
5-13) shows that below Na + K concentrations of approximately 400 mg kg1,
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Table 5-9: Products obtained from the composition 10 Q20 y A1 2 03 60 Si02
3000 H20, where Q

Run

Q

= TEA, TPA, or TBA and 0 < y 1.5
y A12 03

No
B94

Cryst'2 Time/ d
tnuc

TEA

0.667

25

1

-c

0

<

C76

1

C178
A222

B89

Product

t 100%
Beta

+

Amorphous

28

Beta

1

Silicalite

d

32

ZSM-5

1

28

33

ZSM-5

1.5

-e

64

ZSM-5

0

1

2

Silicalite II

A216

0.25

10

12

ZSM-11

B49

1

15

21

D265

A196

* Supplied

TPA

TBA

1

by SACHEM

bt = 50 d 28% Beta
= 10 d amorphous, t = 18 d 44% Beta
dt = 19 d amorphous, t = 25 d 85% ZSM-5
= 35 d amorphous, t = 43 d 60% ZSM-5

1

ZSM-11
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Table 5-10: Percentage composition of products obtained from the composition
10 Q20 y A12 03 60 Si0 2 3000 H2 0, where Q = TPA, or TBA and 0 :5 y :!~_ 1.5

Run

Compositiona / %

No

Na

K

Al

Si

C76

0.019

0.003

1.35

36.9

26.3

A222b

n dc

nd

1.60

36.8

22.1

A196'

0.004

nd

nd

34.7

> 600

A216

nd

nd

0.31

35.1

109.8

B49 I

nd

10.009 1 1.58 1 36.4 1 22. 1 1

aDetermjfle d be ICP and flame AES
bDetermine d by XRF
cNone detected
dFe
'

=

See

Si/Al

52 mg kg- '

Table 5-3 and text
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Table 5-11: Effect of Na and K impurities on the crystallisation of the composition 10 Q20 1 A=1203 60 Si0 2 3000 H2 0, where Q = TPA orTBA
Run'

Quaternary

No

Cryst' Time/ d

Product

Si/Al

ZSM-5

20.8

ZSM-5

25.1
26.3

tnuc

C16b

TPAOHC

C47

TPAOHd

<1
e

C76

TPAOH1

-g

32

ZSM-5

C178

TPAOH 1

28

33

ZSM-5

D264b

TBAOHC

2

3

ZSM-11

C23b

TBAOHd

13

18

ZSM-11

TBAOHh

15

21

ZSM-11

B49'

I

<1
-

aProduc t filtered through 0.2 jm filter, or centrifuged
'Product filtered through Whatman No. 1 filter paper
cFlu h pract grade
d Fluka purum grade

et = 25 d amorphous, t = 32 d 100% ZSM-5
1 SACHEM Special grade

= 19 d amorphous, t = 25 d 85% ZSM-5
'SACHEM HPLC grade

-

-

-

-
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Figure 5-12: Scanning electron photomicrographs of TPA-ZSM-5; A) C16, B)
C47, and C) C76 (Bar = 5, 1, and 1 zm respectively)
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Figure 5-13: Plot of ln[Na + K] versus crystallisation time / d for TPA-ZSM-5
crystallised in the presence of TPAOH of different quality

there is little effect on the time taken to crystallise ZSM-5. This suggests that:
Even in the presence of low concentrations of alkali metal cations there are
insufficient to promote the crystallisation of ZSM-5. The competition for aluminosilicate species will be very much in favour of TPA+ cations and few growth
species will be provided by the alkali metal cations.
There may be two crystallisation mechanisms in operation, one in which the
alkali metal cation plays a significant role (predominantly in crystal growth) at
levels above about 400 mg kg' and the other, below this level, in which it appears
to have very little effect. This is by far the most interesting possibility.
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A detailed investigation was therefore carried out into the effect of low levels of
alkali metal cations on the crystallisation kinetics in the TPA-ZSM-5 system. The
aim of this work was to establish whether or not two crystallisation mechanisms
operated in this system (which essentially depend on the level of alkali metal
impurity) and thus allow further speculation as to the role played by these cations
in the synthesis of TPA-ZSM-5. This work is described in Chapter 7.
Careful examination of the XRPD data for the products obtained from the
composition:
10 (TBA) 2 0 1 A12 03 60 Si0 2 3000 1120,
C23, B49, and D264 showed no significant differences from data reported in the literature for ZSM-11, which suggests that the products are all pure ZSM-11 phases,
with no apparent intergrowth. As expected, the diffraction patterns contained
fewer diffraction lines than that given by ZSM-5 due to the higher symmetry of
ZSM-11. The most significant differences in the XRPD patterns of ZSM-11 and
ZSM-5 are:
the absence of peaks at 9.06° and 24.4° 29, and
splitting of the peak at 45° 29.
None of the products (C23, B49, D264) gave diffraction peaks at 9.06° or 24.4 0
29 despite large amounts of alkali metal cation impurities (D264). Although the
diffraction patterns of products C23 and B49 contained broad peaks (due to the
presence of small crystals) it is thought unlikely that the 9.06° 29 peak was masked
by the relatively intense peak at 8.8° 20. This is reinforced by the absence of the
9.06° 20 peak from the diffraction pattern of product D264 which contained narrow,
well defined peaks. Close inspection of the peak at 45° 29 showed no splitting in
any of the diffraction patterns, which further suggests that the products C23, B49
and D264 are intergrowth-free ZSM-11 phases. Clearly the presence of sodium
impurities does not appear to shift the crystallisation towards ZSM-5. This is
probably because the amount of potassium in these reactions was substantially
larger and possibly masked any effect by the sodium cations. Indeed, it has been
reported that potassium promotes the formation of intergrowth-free ZSM-11 [76].
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It must be stressed that these results are by no means conclusive and indeed
the use of X-ray powder diffraction data to study ZSM-5/11 intergrowths is very
difficult and imprecise. For example, Jablonski et al. [76] used the peak at 45 0 20
for mechanical mixtures of the two zeolites in order to quantify the extent of ZSM5/11 intergrowths in products they crystallised. Even for mixtures that contained
up to 50% ZSM-5, it was difficult to detect any splitting of this peak.
Despite the relatively small size of the crystals obtained from the alkali-free
crystallisations (C23, B49), it would be of interest to establish as far as possible
whether these products are indeed pure ZSM-11. This would best be achieved
with the use of electron diffraction with lattice imaging [241].
It should be noted that in all of the TBA-ZSM-11 reactions carried out in the
present study, traces of magadiite were found in samples taken before crystallisation. However, no magadiite could be detected by XRPD once crystallisation of
the ZSM-11 had started. It is difficult to account for this observation, particularly in the alkali-free reactions, but it may be that just a few parts per million of
alkali metal cations are required to generate a little magadiite. It is noteworthy
that magadiite was a common phase encountered by Jablonski et al. [76] in their
crystallisations, although they used significantly larger amounts of alkali metal
cations.

5.3.2 Surface Area of C76
The micropore volume and surface area of sample C76 (TPA-ZSM-5) were determined as described in Chapter 2. The adsoption/desorption isotherm of n-heptane
at 298 K (Figure 5-14) showed good reversibility up to p/p° = 0.7. From extrapolation of the alpha plot the micropore volume and external surface area were
calculated as 0.15 cm 9 1 and 130 m2 9 1 respectively. The surface area is typical of materials composed of very small crystals and the micropore volume is
what would normally be expected of ZSM-5. Thus the product showed no unusual
features in this respect.

Figure 5-14: Adsoption/desorption isotherm of n-heptane at 298 K over ZSM-5
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5.3.3 Catalytic Evaluation of C76
Figure 5-15 shows the conversion (%) versus time (h) for sample C76. The steps in
these plots are simply changes in the feed rate. The important points to note are
the actual percent conversion for a given feed rate and the stability of the catalyst
(shown by the gradient). Figure 5-16 shows the plot of activity (corrected at
673K) versus time (h). The activity essentially gives a measure of the rate of
conversion. The results shown in both plots show the ZSM-5 product synthesised
in this work to be more stable than typical ZSM-5 catalysts, however, it showed
low selectivity for the para-DEB isomer due to the. small size of the crystals.
Reasonable selectivity was only obtained at very high feed rates.
It is difficult to establish from these results, however, the effect that the aluminium distribution had on the behaviour of the catalyst. This was probably due
to the very small size of the crystals. It may well be that such a study would be
best carried out with larger crystals.

5.3.4 Other Single Quaternary Reactions
The products obtained from stirred reaction mixtures that contained nonamethonium hydroxide (Nona(OH)2)' or benzyltrimethylammonium hydroxide (BzTMAOH) 7
are shown in Table 5-12. Nonamethonium hydroxide crystallised silicalite (D251, 2
d) and ZSM-5 (A248, 14 d) in the absence and presence of aluminium respectively.
The ZSM-5 product was found to be contaminated with amorphous material. Although a phase other than the MFI type was not obtained under alkali-free conditions, it is believed that further studies under these conditions may well lead to the
formation of another zeolite phase. The product obtained from the composition:
10 (BzTMA) 2 0 1 A1203 60 Si02 3000 H20 (D160, 61 d)

'Prepared by ion exchange of the bromide with silver oxide
7

Pract grade

Figure 5-15: Plot of conversion (%) (ethylbenzene to diethylbenzene) versus

time (h) for ZSM-5 (sample C76)
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Figure 5-16: Plot of activity (at 673 K) versus time (h) for ZSM-5 (sample C76)

90

A
C 80
I
I
V
70
I
Y
60
4
0
0 50
D
E
6 40
C

30
0

10

20

30

40

50

TIME MRS)
RNTEMP ••A
TEMP (DEGC) A - 350 8 - 375
ACTIVATION ENERGY - 120 kJ/MOLE

60

70

80

Chapter 5. Alkali-Free Syntheses: Single Quaternary, etc. Systems

191

Table 5-12: Products obtained from the composition 10 Q20 y A1 2 03 60 Si02
3000 H2 0, where Q = Nona(OH) 2 or BzTMAOH and 0 < y < 1

Run

Q

No

y

Run

Run

-

Temp /K

Time /d

Product

D160

BzTMAOH

1

423

61

A248

Nona(OH) 2

1

453

14

+ ZSM-48
ZSM-5 + Amorphous

D251

Nona(OH) 2

0

453

1.5

Silicalite

ZSM-39

contained ZSM-39 plus a small amount of ZSM-48. However, simple modelling
shows that the BzTMA cation is too large to fit into the ZSM-39 cavities. It is
likely, therefore, that the product was nucleated by organic species derived from
the degradation of BzTMAOH. The presence of large amounts of alkali metal
cation impurities may also account for the crystallisation of ZSM-39. BzTMAOH
shows some promise in that it does not readily direct any molecular sieve under
the conditions used in this study. More importantly, it does not give ZSM-5. It is
possible that the presence of substantial amounts of alkali metal cation impurities
in the reaction mixtures may have masked any weak structure directing ability
of this organic. Furthermore, it is possible that the compositions studied were
not appropriate for the formation of zeolitic phases in the presence of BzTMAOH.
Thus, a more systematic study of BzTMAOH under carefully controlled alkali-free
conditions should be undertaken. Such a study could well lead to the discovery of
potentially interesting phases.

Table 5-13 shows the products obtained from static crystallisations of the
composition:

10 Q20 y A12 03 60 Si02 3000 H20,
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where Q = quaternary ammonium hydroxide and 0 <y < 1, carried out in TOM
reaction vessels at 423 and 453 K.

The crystalline phases obtained from these static reactions were EU-2 (T2,
T19, T20), EU-4 (T3, T4, T13-T15), ZSM-5/silicalite (T5-T8, T17, T18) and
Beta (T9). None of the results were particularly surprising. The quaternaries
with long alkyl groups favoured the formation of ZSM-5-type materials Beta
was obtained from the reaction mixture that contained dibenzyldimethylammonium cations, however, no crystalline phase was obtained from the corresponding aluminium-free reactions (Til, T12). EU-4 was obtained in the presence of
propyltrimethylammonium cations from aluminium and aluminium-free reaction
mixtures, which is consistent with the work reported by Casci et al. [242]. That
diethylpyrrolidinium promotes the crystallisation of EU-4 may not be entirely unexpected since it is claimed that EU-4 is related to the ZSM-23 family of zeolites
[242] and pyrrolidine is reported to direct the formation of ZSM-23 [243].

With the exception of the reactions involving cetyltrimethylammonium hydroxide, which was found to be heavily contaminated with alkali metal cations,
the results support earlier findings that alkali metal cations may not be required
in the synthesis of a large number, if not all, high-silica zeolites.

XRPD data and patterns for sample T3 and a reference sample of EU-4 are
shown in Table 5-14 and Figure 5-17 respectively. Thermogravimetric analysis
showed a weight loss of approximately 4% and examination of the residue suggested
that all the organic had not been removed. This is in accordance with Ca.sci [143],
who found that the removal of the occluded organic species became more difficult
as the Si0 2 /A12 03 ratio of EU-4 increased.

8

Prepared by ion exchange of the bromide with A920
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Table 5-13: Products obtained from the composition 10 Q20 y A1 2 03 60 Si02
3000 H 2 0, where Q = quaternary ammonium cation and 0 <y < 1

Run

qa

y Run

No

Run

Temp /K

Time /d

Product6

Ti

DEP

1

453

14

Quartz, tr

T2

DEP

1

- 423

47

EU-2,maj

T3

DEP

0

453

14

EU-4, maj

T4

DEP

0

423

47

EU-4, maj

T5

MPP

1

453

14

ZSM-5, mm

T6

MPP

1

423

47

ZSM-5, mm

T7

MPP

0

453

14

ZSM5c, maj

T8

MPP

0

423

47

ZSM5c, maj

T9

DBzDMA

1

453

14

Beta, mm

T10

DBzDMA

1

423

47

Amorphou

Til

DBzDMA

0

453

14

Amorphous

T12

DBzDMA

0

423

47

Amorphous

T13

PTMA

1

453

14

EU-4, mm

T14

PTMA

1

423

47

EU-4, mm

T15

PTMA

0

453

14

EU-4, maj

+ EU-2, tr
+ Cristob, tr
T16

PTMA

0

423

47

EU-4, mm

T17

CeTMA

1

453

14

ZSM-5, mm

T18

CeTMA

1

423

47

ZSM-5, mm

T19

CeTMA

0

453

14

EU-2, maj

T20

CeTMA

0

423

47

EU-2, maj

'Key: DEP = Diethylpyrrolidinium; MPP = Methyl-n-pentylpiperidinium;
DBzDMA = Dibenzyldimethylamrnonium; PTMA = Propyltrimethylammonium;
CeTMA = Cetyltrimethylammonium
6 Key:

tr = trace; min = minor; maj = major

cp ro bably silicalite
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Table 5-14: XRPD data for the product obtained from the composition 10
(DEP) 2 0 60 Si02 3000 1120 (T3), crystallised without agitation at 453K
EU4a

T3
d / pm

100 1/1 0

d / pm

100 1/10

1078

8

1110

vsb

903

20

920

w-vs

738

6

762

m

676

3

687

m

615

1

629

m

591

2

598

w-m

455

64

463

vs

443

27

447

w-s

428

100

429

vs

393

34

398

vs

372

22

380

w

369

19

368

s

353

21

358

w-s

340

8

342

m

330

33

332

s

324

35

327

s-vs

320

14

323

m

310

7

311

w

aReference [143]; data for the as-synthesised material
bK ey: w = weak; m = medium; s = strong; vs = very strong

Figure 5-17: XRPD patterns of T3 (top) and EU-4 (bottom)

U
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5.3.5 Mixed Quaternary Reactions
Reactions containing TMA
The products obtained from the composition:
9 QO 1 (TMA) 2 0 1 A12 03 60 Si02 3000 H20,
where Q = TEA, TPA, and TBA, crystallised at 423 K with stirring (300 rpm)
are shown in Table 5-15.
All compositions gave products that would have crystallised in the absence
of TMA. However, the presence of TMA in the reaction mixture did affect the
crystallisation kinetics, although to different extents. The most notable result
in Table 5-15 was the increase in the rate of crystallisation of ZSM-5 from the
composition:
10 Q20 1 A12 03 60 Si02 3000 H2 0,
where Q = 9 (TPA) 2 0 + 1 (TMA)2 0 (D77, A129). The product was obtained
in less than 4 days and was easily filtered through Whatman No. 1 filter paper.
This is a remarkable result when one considers that the corresponding TMA-free
composition:
10 (TPA) 2 0 1 A12 03 60 Si02 3000 H2 0 (C76, C178),
crystallised sub-micron TPA-ZSM-5 in over 30 days at the same reaction temperature. Clearly then, in the alkali-free system, the TMA cation not only has a
dramatic effect on the crystallisation kinetics but it also encourages the growth
of larger crystals. Although the dramatic effect on crystallisation kinetics is not
widely reported in either the open or patent literature, the effect of TMA on crystal size is widely reported in the presence [244,245,246,247] and absence [160] of
alkali metal cations.
In a similar study by Rossin and Davis [248], where reactions were carried out
in the presence of low and high concentrations of sodium cations, TMA was found
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Table 5-15: Products obtained from the composition (10-x) QzO x (TMA) 2 0
1 A12 03 60 Si02 3000 H 2 0(423 K, 300 rpm)
Cryst' Time/ d

Run

x

No

- tnuc

Product

Yield'

t%

/ %
-

-

Amorphous

28

Beta

59

1.5

3.5

ZSM-5

66

0

-f

32

ZSM-5

54

TBA

1

14

17

ZSM-11

52

TBA

0

15

21

ZSM-11

57

D107c,d

TEA

1

B89C

TEA

0

A129

TPA

1

C76

TPA

A105
B49

C

'Supplied by SACHEM
b

Based on Si0 2 + A12 03

'Reaction carried out at 403 K
dApproximately 25% of autoclave contents lost during reaction, t
phous

et = 10 d amorphous, t = 18 d 44% Beta
= 19 d amorphous, t = 25 d 85% ZSM-5

= 25 d amor-
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to have little effect on the crystallisation kinetics in their systems. It is possible
that even the presence of low amounts of sodium ions would have masked any
effect that the TMA cation may have had on the crystallisation kinetics.
It is particularly surprising that, given the structural similarity of ZSM-11 and
ZSM-5, the presence of TMA in the corresponding TBA reaction, i.e.
9 (TBA)20 1 (TMA) 2 0 1 A12 03 60 Si02 3000 H2 0 (A105),
did not significantly affect the crystallisation kinetics of TBA-ZSM-11. This composition was found to crystallise ZSM-11 in 17 days, only 4 days faster than the
corresponding TMA-free reaction (1349). The difference between the crystallisation rates for A129 and A105, may simply be due to the degree of pore filling.
Thus, it is likely that more void space will be occupied by TMA and TPA cations
in ZSM-5 than TMA + TBA cations in ZSM-11. However, it should be noted that
neither CHN nor 13 C MASNMR analyses were carried out on these samples so it
is difficult to establish whether or not TMA was actually incorporated into the
ZSM-11 framework.
As can be seen from Table 5-16, the composition range over which the TMA
cation was effective in the TPA system is quite narrow. Although there was a
marked change in the crystallisation kinetics, the most significant effect of varying
the TPA/TMA ratio in the reaction mixture, while keeping the OH/Si02 and
Si02 /Al2 03 ratios constant, was the change in the nature and yield of the product
obtained. As the proportion of TPA in the reaction mixture was decreased (with
a corresponding increase in TMA), not surprisingly the product obtained shifted
from pure TPA-ZSM-5 to pure TMA-NU-1, with mixtures of the two crystalline
phases obtained with intermediate ratios. With the exception of the compositions:
9 (TPA) 2 0 1 (TMA) 2 0 1 A1203 60 Si02 3000 H2 0 (A129)

and
8.5 (TPA) 2 0 1.5 (TMA) 2 0 1 A12 03 60 Si02 3000 H2 0 (A126),
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Table 5-16: Crystallisation of the composition (10-x) (TPA) 2 0 x (TMA) 2 0
1 A12 03 60 Si02 3000 H 2 0(423 K, 300 rpm)
Run
No

x

Cryst

- tnuc

C76

0

C106

0.5

A129

1

A126

1.5

Time / d

Product

t 0%

Yielda

Si/Al

/%
26.3

32

ZSM-5

54

12

15

ZSM-5

51

1.5

3.5

ZSM-5

4

7

ZSM-5

66
37C

16 . ld

- 23.0

+ Amorphous
D96

9.5

<4

9

ZSM-5 + NU-1

54

-

D91

10

20

25

NU-1

48

-

aB ase d on Si0 2 + A1203
bt = 19 d amorphous, t = 25 d 85% ZSM-5
cTotal solid recovered contained about 78% of fully crystallised ZSM-5
dS ample may have contained some amorphous material
eTot al solid recovered, ZSM-5 major phase

the amount of solid material recovered was reasonably constant, approximately
50% (based on Si0 2 + A1 2 03 ). The amount of solid recovered from reaction A129
was considerably higher (66%) which suggests this composition is close to that
which would give the maximum amount of ZSM-5. In contrast, a small reduction
in the TPA/TMA ratio from 9/1 (A129) to 8.5/1 (A126) dramatically reduced the
yield. Furthermore, the product was also found to be contaminated with much
amorphous material (A126).
SEM photomicrographs of the products obtained from reaction mixtures in
which the ratio of TPA/TMA was 10/0 (C76), 9/1 (A129) and 8.5/1.5 (A126) are
shown in Figure 5-18. The increase in crystal size with decreasing TPA/TMA ratio
is clear but what is striking is the unusual morphology of A126. These marrowbone
shape crystals were found to be contaminated with amorphous material as well as
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a second, possibly crystalline phase (probably quartz). This product also showed
unusual behaviour on thermal analysis. After drying for 4 hours at 393 K, the
product was equilibrated over a saturated solution of sodium chloride before tga.
An enormous weight loss 45%) was recorded below 473 K which suggested that
the product contained a substantial amount of water. The analysis was repeated
on a sample that had been dried for 2 days at 393 K. This time, however, the
weight loss due to water was much smaller (' 4%). The discrepancy in these
results is difficult to account for but could be linked to the unusual morphology
of the crystals (eg. the outer sheath of the marrowbone might restrict the ready
removal of water).
It is not known whether this unusual morphology offers any catalytic advantages over conventional ZSM-5 materials. Sorption studies were carried out to
determine the surface area and micropore volume of sample A126. The results of
these studies will be discussed later. The chemical composition of the sheath and
core was not determined.
The precise role of the TMA cation in the mixed quaternary systems described
above is open to debate. It is thought that, in the TPA-ZSM-5 system, it might
play a role similar to that of the sodium cation in view of their similar size. In
the absence of TMA, the alkali-free TPA system clearly struggles to make ZSM-5
(C76). This is undoubtedly due to the presence of large amounts of aluminium
in the reaction mixture. As has already been mentioned, since TPA+ cations are
the only ones available to balance the framework charge, the aluminium must
be located at or very close to the channel intersections, on the basis that TPA+
cations occupy the channel intersections. Thus the incorporation of aluminium
into the framework is very precise and much less random than in systems where
other, usually smaller, charge balancing cations are present. Clearly then, the
presence of a small amount of TMA+ cations enables a more random distribution
of aluminium in the product. Thus there role is similar to that of alkali metal

9

lonic radius = 720 pm, 730 pm, and 690 pm for Na (hydrated), TMA (hydrated)

and TMA (anhydrous) respectively [62]
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Figure 5-18: SEM photomicrographs of A) C76, B) A129, and C) A126 (Bar =
1, 5, and 10 4um respectively)
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cations. Unlike sodium and potassium, however, TMA+ cations may replace some
of the occluded TPA cations. Thus TMA is thought to hold an intermediate
position between sodium and potassium cations and TPA cations in promoting
the crystallisation of ZSM-5. It should be recalled from Chapter 4, however,
that it is believed that TMA cannot nucleate ZSM-5. Evidence for the occlusion
of TMA together with TPA comes from 13 C MASNMR analysis (Table 5-17).
Furthermore, CHN analysis (Table 5-18) strongly suggests that TMA cations may
actually replace some of the occluded TPA cations and it is possible that some
will occupy the channel intersections.
It is estimated from the C/N data that the framework can accommodate over
50% of the occluded organic material as TMA (A126). The increase in the crystallisation kinetics may also, therefore, be attributed to the ease with which the
ZSM-5 channel system is filled with both TMA and TPA cations as opposed to
TPA cations alone. Indeed, this may also account for the slight increase in the rate
of TBA-ZSM-11 crystallisation, although as was mentioned earlier, it is not clear
whether TMA is occluded in the ZSM-11 framework. That TMAOH was unable
to improve the crystallisation kinetics of Beta may be attributed to similarities
between TMA+ and TEA+ cations for aluminosilicate species. Furthermore, it is
likely that both the gel chemistry and the structure of the resultant crystalline
phase are important in determining whether synergistic or competitive effects are
dominant.
The results in Table 5-16 also show that, as the TMA content of the reaction
mixture increases from 0 to 1.5, the Si/Al ratio of the product decreases, i.e. the
product becomes more aluminous. This again implies that TMA is readily occluded in the framework to neutralise the negative charge. What is interesting
is that the structure appears willing to sacrifice some of the stabilisation energy
gained from complete pore filling by TPA cations in order to accommodate more
framework aluminium. It can be seen from Table 5-18 that, although the total weight of occluded organic in the product decreases as the ratio TPA/TMA
decreases, the total number of moles of organic remains almost constant. This
implies that there is a reduction in the amount of void space occupied by organic
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Table 5-17:

' 3

C MASNMR data for the products crystallised in the presence of

TMA, TMA + TPA, and TPA
Chemical Shift (6) / ppm

Run No

TPA/TMA

B228

0/10

-

57.4

-

-

-

C158

10/0

61.6

-

15.8

11.0

10.3

A129

9/1

62.8

56.3

16.4

11.2

10.1

A126

8.5/1.5

62.9

56.7

16.4

11.2

1

10.2

material. This may account for the decrease in crystallisation kinetics and yield of
ZSM-5 when the ratio TPA/TMA in the reaction mixture is decreased. In the case
of sample A 126, it would appear that there is only 1 TPA cation per unit cell (i.e.
1 per four channel intersections, Table 5-19). This may account for the very poor
product yield and unusual morphology. This probably represents the minimum
number of TPA cations per unit cell that the system is prepared to tolerate in the
presence of relatively large amounts of TMA+ cations. Beyond this, the system
will disproportionate and crystallise both ZSM-5 and NU-1.
That TPA-ZSM-5 crystallises in the absence of TMA cations (C76, C178)
clearly demonstrates that these cations are not required for nucleation. However,
TMA cations certainly promote crystal growth.
The effect of the Si0 2 /A12 03 ratio of the reaction mixture on the crystallisation
rate was examined for the compositions:
9 (TPA) 2 0 1 (TMA) 2 0 y A12 03 60 Si02 3000 H 2 0
and
8.5 (TPA) 2 0 1.5 (TMA) 2 0 y A1 2 03 60 Si0 2 3000 H 2 0,
where 0 <y <2.
In all the compositions studied only ZSM-5 or silicalite was obtained (Tables 5-20
and 5-21).
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Table 5-18: Change in the amount of occluded organic with TPA/TMA ratio in

the reaction mixture

Run

TPA/TMA

C/N

Organic weight loss / %
TMA

No

°

TPA

°

TPA+/TMA+

Moles of
O rgan ic

Total

C76

10/0

14.0

-

10.20

10.2

-

0.05

C106

9.5/0.5

10.8

1.53

8.67

10.20

5.7

0.05

A129

9/1

10.0

2.35

7.05

9.4

3.0

0.07

A126

8.5/1.5

7.8

3.15

2.85

6.0

0.9

0.06

aCalculate d from C/N data as follows:

1/ = 12x + 4(1 - x)
Rearranging and simplifying:
y -4
8
where x = fraction of TPA and y = C/N ratio.
Then for a total organic weight loss, w, the weight loss due to TPA+, z is:
-4
fy 8
bB ase d on relative amounts of TMA and TPA
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Table 5-19: Unit cell composition
Unit Cell Composition

Run
No

Si0 2

A1 2 03

C76

92.5

1.75

A129

92.0

2.0

A126 a

90.4

2.8

TMA

TPA

H2 0

3.6

5.4

2.1

2.6

4.5

2.6

0.9

13.3

-

aThe large difference between the number of Al atoms and TMA + TPA may be
due to the fact that the sample contained some amorphous phase, which may be
Al-rich

As with the single quaternary system, an increase in the Si0 2 /A12 03 ratio in
the reaction mixture resulted in an increase in the crystallisation rate. Not surprisingly, the C/N ratio decreased as the Si0 2 /A1 2 03 ratio in the reaction mixture
decreased, since more TMA is required to balance the framework charge and so
more is occluded in the framework at the expense of TPA cations. Furthermore,
products crystallised from reaction mixtures that contained a higher proportion
of TMA, i.e. TPA/TMA = 8.5/1.5 (A126, A212) compared with TPA/TMA =
9/1 (A129, A126), were more aluminous.
It can be seen from a comparison of the results in Tables 5-20 and 5-21 that
for a slight decrease in the TPA/TMA ratio, for a given Si0 2 /A12 03 ratio in the
reaction mixture, the growth rate is not significantly affected. However, the time
taken to the onset of crystallisation varied markedly. Reaction mixtures with
Si0 2 /Al2 03 ratios > 60 crystallised faster with a TPA/TMA ratio of 9/1 (A202,
A129) compared to those with a ratio of 8.5/1.5 (A204, A126). On reducing the
Si0 2 /A1203 ratio below 60, there was a change-over in these trends. Thus, as the
Si0 2 /A12 03 ratio in the reaction mixture decreased, those with a TPA/TMA ratio
of 8.5/1.5 crystallised faster than those with a ratio of 9/1 (eg. A212 compared
with A206). This can be attributed to the availability of the TMA cation for
neutralisation of the framework. Both systems clearly have a lower Si02/A1203
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Table 5-20: Effect of Si0 2 /A1 2 03 ratio on the crystallisation of ZSM-5 from the
composition 9 (TPA) 2 0 1 (TMA) 2 0 y A1 2 03 60 Si0 2 3000 H 2 0
Run

y

No

Cryst' Time / d
tnuc

t1

Yield°

S1/Alprød

C/N

%

A202

0

5 '

13 h

52

> 600C

10.4

A129

1.0

1.5

3.5

66

23.0

10.0

A206

1.5

18

22

65

18.3

8.0

-

-

-

-

-

D137 2.0

aBase d on Si02 + A12 03
'Hours
CAluminium not detected (detection limit = 0.05%)
dt = 60 d amorphous

threshold from which ZSM-5 can crystallise. Below a Si0 2 /A12 03 ratio of 30,
neither system crystallised and it is likely that even a further increase in the TMA
content of the reaction mixture would not promote the crystallisation of ZSM-5,
without the co-crystallisation of another phase (probably NU-1).
For both systems where y = 0 (A202, A204) and y = 1.5 (A206, A212), the
amount of crystalline material recovered was fairly similar. However, when y =
1 (A129, A126) the yields were substantially different, as has already been mentioned. It should be noted however that the XRPD pattern for sample A212 was
very poor, consisting of very broad ill-defined peaks. It is quite possible, then,
that this sample may have contained amorphous material which was not readily
seen in the XRPD pattern. Clearly, unlike the 9 TPA/1 TMA system, the product
yield from the 8.5/1.5 system is particularly sensitive to the Si0 2 /A12 03 ratio in
the reaction mixture.
It is likely that the effect of TMA on the crystallisation kinetics of TPA-ZSM5 would have gone undetected if alkali-free reagents had not been used. This is
supported by the fact that the composition:
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Table 5-21: Effect of Si0 2 /A12 03 ratio on the crystallisation of ZSM-5 from the
composition 8.5 (TPA) 2 0 1.5 (TMA) 2 0 y A12 03 60 Si02 3000 H 2 0
Run

y

No

Cryst

Time / d

Yielda

Si/Aipro d

C/N

tnuc

t 100%

11 hb

19 h

57

>600c

10.4

A204

0

A126

1.0

4

7

37 d

16.1

7.8

A212e

1.5

4

9

60

16.5

8.7

A2531

2.0

-

-

-

-

-

°Based on Si0 2 + A1203
'Hours
cAluminium not detected (detection limit = 0.05%)
dTo ta l

solid recovered contained about 78% of fully crystallised ZSM-5

'May contain amorphous material (see text)
= 33 d amorphous
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Table 5-22: Crystallisation of the composition 8.5 (TPA) 2 0 1.5 (TMA) 2 0 1
A12 03 60 Si02 3000 H2 0 using Pract grade and Special grade TPAOH

Run

Cryst' Time/ d

TPAOH

No
D211

Pract

A126

Special

tnuc

t1

tgrowth

0.3

7

6.7

4

7

3

Yield'

Si/Al

C/N

61

24.7

9.4

16.1

9.4

aTota l solid recovered contained about 78% of fully crystallised ZSM-5

10 (TPA) 2 0 1 A1 2 03 60 Si0 2 3000 H 2 0 (C16) 1
crystallised TPA-ZSM-5 in less than 1 day when Pract grade TPAOH (approximately 6 g 1 K) was used. Crystallisation of the composition:
8.5 (TPA) 2 0 1.5 (TMA) 2 0 1 A12 03 60 Si0 2 3000 H2 0 (A126),
was repeated using Pract grade TPAOH to establish whether or not the unusual
marrowbone morphology would be retained in the presence of alkali metal cation
impurities. The product obtained from this reaction (D211) crystallised in roughly
the same time as that from the corresponding alkali-free reaction (A126) (Table
5-22). However, the time taken to the onset of crystallisation was much shorter,
which suggests that alkali metal cations are more effective than TMA cations in
promoting nucleation. What is rather surprising, is the difference in the growth
rates. In contrast to what would normally be expected, crystal growth appeared
to be inhibited by the presence of both alkali metal cations and TMA cations.
However, this may be rationalised if competition between the alkali metal cations
and TMA cations is considered. These cations will compete, together with TPA
cations, for aluminosilicate species. This, coupled with the possibility that in
the presence of alkali metal cations TMA cations become ineffective for ZSM-5
growth and instead favours the crystallisation of another phase, may account for
the difference observed in the growth rates. That no other phase is observed is
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probably due to the very fast crystallisation kinetics for ZSM-5. The fact that the
alkali-free reaction mixture (A126) disproportiona.tes, may also be an important
factor since the effective composition from which the ZSM-5 crystallises will be
very different from the overall starting composition. Indeed it may well be that
reactions D211 and A126 are not strictly comparable.
The results of CHN analyses show that less TMA is occluded in the ZSM-5
framework when alkali metal cations are present which demonstrates a preference
for the smaller alkali metal cations to balance the framework charge. Thermogravimetric analysis also showed a larger weight loss for the alkali-free product (A126).
However, the product obtained in the presence of alkali metal cations (D211) has
a higher Si/Al ratio than the corresponding alkali-free product (A126). Although
this is difficult to account for adequately, it may be that because the TMA cation
can replace some of the TPA cations in the ZSM-5 framework, many more TMA
cations can be accommodated. Alkali metal cations, on the other hand, do not
replace the TPA cation and so the number of sodium cations per unit cell is more
restricted. Alternatively, sample A126 may have contained a small amount of
amorphous material rich in aluminium.
Unlike the corresponding alkali-free reaction (A126), no amorphous material
was obtained from the reaction that contained alkali metal impurities (D211).
Furthermore, the yield of TMA/TPA-ZSM-5 obtained was increased significantly.
On analysis by XRPD, the product showed preferred orientation effects which suggested that the crystal morphology had changed from the marrowbone morphology
to one with a large length/aspect ratio. Indeed, examination of the product (D211)
by SEM (Figure 5-19) showed that the marrowbone morphology had not been retained when alkali metal impurities were present in the reaction mixture. The
photomicrograph shows large rectangular crystals covered with a large number of
very small crystals, which suggests that during the crystallisation a second nucleation event occurred at the surface of the larger crystals. Unfortunately, due to
charging effects, the quality of the micrograph is rather poor. A number of others
were taken, however, these too were poor in quality.
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Figure 5-19: SEM photomicrograph of sample D211 (Bar = 5 jum)

The surface area and micropore volume were determined for samples crystallised from the composition:

8.5 (TPA) 2 0 1.5 (TMA) 2 0 y A1 2 03 60 Si0 2 3000 H2 0

where y = 0 (A204), 1 (A126), and 1.5 (A212). These were compared to sample
D211 described above. The results (Table 5-23) show that both the surface area
and micropore volume are much reduced for the marrowbone product (A126).
This suggests that it will probably make a poor catalyst or sorbent. The values
for A204 (aluminium-free) and D211 (Si/Al = 24.7) were very similar. It has
already been mentioned that the XRPD pattern for A212 contained very broad
peaks which suggested the presence of tiny crystals. This is borne out by the
surface area measurement which was substantially higher than that for any of the
other samples.
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Table 5-23: Surface area and micropore volume values for samples crystallised
from the composition 8.5 (TPA) 2 0 1.5 (TMA) 20 y A12 03 60 Si0 2 3000 H 2 0
Run

y

No

a

BET Area

/ m2 9 1

Micropore Vol

/

Cm

91

A204

0

379

0.147

A126 a

1

302

• 0.089

D211 6

1

365

0.137

A212

1.5

497

0.129

Marrowbone morphology

bCrystallise d using Pract grade TPAOH
Other mixed quaternary and quaternary/amine systems
The crystallisation of other high-silica zeolites from alkali-free reaction mixtures
was investigated using TMA011 10 as the base and relatively inexpensive quaternary halides or amines as the organic structure directing agent. Table 5-24 shows
the products obtained from the composition:
10 (TMA) 2 0 10 R y A1 2 03 60 Si0 2 3000 H 2 0,
where R = hexamethonium bromide (HexBr 2 ), nonamethonium bromide (NonaBr 2 ),
or 1,6-hexanediamine (HXDM) and 0 < y < 2, crystallised in stirred autoclaves
at 423 K and 453 K. The products obtained were generally those that would have
crystallised in the absence of TMA (i.e. with NaOH as the base).
Perhaps the most interesting results were those obtained with HexBr 2 (D179)
and NonaBr2 (13225) which gave EU-i (10 d, 453 K) and ZSM-5/NU-1 (9-11 d,
453 K) respectively. Although the preparation of EU-i in the absence of alkali
metal cations has been reported in the open literature [156], it is believed that

10

1t was believed that this would have the least structure directing ability
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Table 5-24: Products obtained from the composition 10 (TMA) 2 0 10 Q y A12 03
60 Si0 2 3000 H2 0, where R = organic and 0 < y < 2, crystallised at 423 K (300
rpm)
Run

qa

No

y Cryst' Time/ d
t10
-

Product

Yield'

C/N

C136

HexBr2

1

25

31

EU-i

52

5.4

D179C

HexBr2

1

< 10

< 10

EU-i

-

B225

NonaBr2c

1

6-7

9

ZSM-5

72
67d

8

ii

+NU-1

49

D237

HXDM

0

-

16

ZSM-48

54

-

D231

HXDM

2

4

6

NU-1

66

4.0

aKey: HexBr2 = Hexamethonium bromide, NonaBr 2 = nonamethonium bromide,
and HXDM = 1,6-Hexanediamine
bB e d on Si0 2 + A12 03
cReaction carried out at 453 K
dTot a l yield (ZSM-5 + NU-1)
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Table 5-25: 13C MASNMR data for EU-i crystallised in the presence of TMAOH
or BzTMAOH
Run No

Chemical Shift (8) / ppm

B228°

-

57.4

-

-

-

GC7 1

67.6

-

54.3

-

23.5

C136C

67.8

-

54.4

53.5

24.9

D226

67.0

-

54.4

-

23.3

"NU-1 crystallised in the presence of TMAOH
bEU..i reference sample, crystallised in the presence of HexBr 2
CEU4 crystallised in the presence of TMAOH + HexBr 2
dEU1 crystallised in the presence of BzTMAOH + HexBr 2

this is the first time such a crystallisation has been carried out in the presence of
TMAOH. The amount of EU-i obtained was over 70% (based on Si0 2 + A12 03 ),
which compares favourably to the corresponding reaction in which TMAOH is
replaced by NaOH [143]. Both 13 C MASNMR (Table 5-25) and CHN analyses
(Table 5-24) suggest that TMA may not be occluded in the EU-i framework.
It has already been mentioned that reaction mixtures that contain NonaBr 2
can give ZSM-5. However, the presence of NU-1 in the product (13225) suggests
that not only is NonaBr 2 a weak structure director, it is not a particularly good
ZSM-5 structure directing agent. The crystallisation. of ZSM-48 (D237) and NU-1
(D231) shows that HXDM has limited structure directing ability.
Benzyltrimethylammonium (BzTMA) has already been shown to crystallise
ZSM-39 (D160) but only after 60 days. Thus it has limited structure directing
ability under the reaction conditions employed in this study. This made it an appropriate choice to replace the TMAOH in the reactions just described. The idea
was that the presence of another bulky organic might lead to the crystallisation
of a new phase.
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Products obtained from the composition 10 (BzTMA) 20 10 Q

Table 5-26:

y A1 2 03 60 Si02 3000 H 2 0, where Q = organic, crystallised at 453 K (300 rpm)
Run

y Cryst Time/ d
- tnuc
tcj %

Q

No

Product

Yield-

C/N

D227

HexBr 2

0

1

2

EU-2

75

6.5

D226

HexBr2

1

3

5

EU-i

83

6.0

D2396

HXDM

1

-

-

ZSM-48 + Am

-

-

'Based on Si0 2 + A12 03
'Reaction carried out at 423 K

The products obtained from stirred (300 rpm) crystallisations at 423 K and 453
K of the composition:
10 (BzTMA) 2 0 10 Q y A1 2 03 60 Si0 2 3000 1120,

where Q = hexamethonium bromide (HexBr 2 ) or 1,6-hexanediamine (HXDM) and
y = 0 or 1, are shown in Table 5-26.
As with the TMA system, no new phase was obtained. However, what is striking is the improvement in the yield of EU-i from 72% (D179) to 83% (D226).
However, this may be attributed to the presence of large amounts of alkali metal
cation impurities in the BzTMAOH solution (Pract grade) used. The C/N ratio
suggests that no BzTMA+ is occluded in the framework. This was confirmed by
13

MASNMR (Table 5-25). Thus it would appear that BzTMAOH acts only as

the source of hydroxide ions, perhaps in the same way as neopentyltrimethylammonium species used in the synthesis of LOSOD [176].
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5.4 Conclusions
The overwhelming finding of this work is that all the common high-silica zeolites
can be synthesised from monocationic, alkali-free reaction mixtures and it is likely
that many more, if not all, high-silica zeolites can be made under such conditions.
The crystallisation of zeolite Beta under alkali metal-free conditions has not
been previously reported. Furthermore, since it is possible that the natural
analogue of Beta exists, namely Tschernichite [249], this may be another rare
example" of a natural zeolite having been crystallised as a high-silica material in
the absence of alkali metal cations.
It would appear that alkali metal cations are not required for the crystallisation
of high-silica zeolites, although they may influence crystallisation kinetics. Possibly with the exception of Beta, alkali metal cations are more important in crystal
growth. The role of alkali metal cations will be discussed further in Chapter 7.
The products obtained from systems in which some of the structure directing
quaternary is replaced by TMA cations are the same as those obtained in the
absence of TMA. Not only does the presence of TMA affect the crystallisation
kinetics, particularly in TPA/TMA-ZSM-5 systems, it can also modify crystal
morphology and yield. The combination of TMAOH with quaternary halides
offers another alkali-free route to many high-silica zeolites.
Further work on alkali metal-free systems that include Nona(OH) 2 or BzTMAOH stand a good chance of crystallising something more interesting.

"Alkali-free ferrierite may be the only other

Chapter 6

Alkali Metal-Free Syntheses:
Quaternary/Diol System
6.1 Introduction
In the previous chapter, it was shown that TMAOH could be used as the mmeraliser in alkali metal-free reaction mixtures that contained an additional quaternary ammonium salt, without influencing the nature of the product obtained.
This illustrates the relatively weak competitive nature of TMA cations in reaction
mixtures that contain more than one quaternary ammonium compound. This,
together with the fact that TMA can be used to crystallise a wide variety of
products (usually in conjunction with alkali metal cations) [63], suggests that the
TMA cation may be considered a weak structure director. TMAOH was therefore selected for the study of weak or non-specific structure directing agents. It
was reasoned that the effects of these organics in many of the reactions reported
in the literature may have been masked by the presence of impurities, particularly alkali metal cations (Chapter 4). Diols were selected for this study on
the basis that they are considered weak structure directors, have a wide range
of shapes (Figure 6-1), have good solubility under the reaction conditions used,
and are not particularly hazardous. Specifically, the diols investigated were 2,3dimethyl-2,3-butanediol (2 ,3-DMBD), 2,4-dimethyl-2,4-pentanediol (2,4-DMPD),
2,5-dimethyl-2,5-hexanediol (2,5-DMHD) and 1 ,6-hexanediol (1 ,6-HXDL).
A number of other quaternary/diol reactions were also carried out. Success
with the Beta synthesis led to an investigation of its synthesis from TEA/diol
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reaction mixtures at low temperature. Both stirred and static reactions were
carried out.

6.2 Experimental
Gel preparation and synthesis conditions were as described in Chapter 2. Diols
were dissolved in hot water (except 2,4-DMPD which is a liquid), then added to
the aluminosilicate gel before adding the remaining water. Reactions were carried
out at 423 K in stirred 500 cm autoclaves and at 368 K in 10 cm polypropylene
bottles (without agitation) and in 1 litre stainless-steel vessels (stirred at 160 rpm).
Samples were processed as described in Chapter 2.

6.3 Results and Discussion
8.3.1 TMA/Diol System
The composition:

10 (TMA) 2 0 20 Diol 1 A12 03 60 Si0 2 3000 H20,

where Diol = 2,3-DMBD, 2,4-DMPD, 2,5-DMHD and 1,6-HXDL, crystallised
TMA-NU-1 at 423 K (300 rpm) irrespective of the nature of the diol (Table 6-1).
Even reaction mixtures that contained large amounts of diol (Table 6-2) failed to
crystallise anything other than TMA-NU-1.
These results suggest that the diols examined in this study have limited, if
any, structure directing ability. This remark probably extends to all diols and
possibly alcohols since the interactions between neutral organic molecules with
charged aluminosilicate species are much weaker than those that involve charged
organic (or inorganic) cations. The crystallisation of TMA-NU-1 from reaction

(4uaternary/lJiol iystem
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2,3-dimethyl-2,3-butanediol (2,3-DMBD)

2,4-dimethyl-2,4-pentanediOl (2,4-DMPD)

2,5-dimethyl-2,5-hexanediol (2,5-DMHD)

p •

I I

•

I

0

1 ,6-tiexanediol (1,6-HXDL)

.=c
O=OH

Figure 6-1: Schematic of the diols used in this investigation
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Table 6-1: Crystallisation of TMA-NU-1 from the composition 10 (TMA) 2 0
20 Diol 1 A12 03 60 Si0 2 3000 H2 0 at 423 K (300 rpm)
Run

Dio la

Cryst

No

Time / d

C/Nb

Yieldc / %

Si/Al

tnuc

D91

None

21

25

-

53

20.1

A99

1,6-HXDL

27

35

3.0

48

23.1'

C100

2,3-DMBD

23

32

3.2

45

B233

2,4-DMPD

19

28

2.8

53

-

DiOl

2,5-DMHD

< 7

< 7

3.6

58

21.3 d

D266

2,5-DMHD

3

6

-

-

-

13228

2,5-DMHD

5

7.5

-

-

-

*Key: 1 ,6-HXDL = 1 ,6-Hexanediol; 2,3-DMBD = 2,3-Dimethyl-2,3-butanediol;
2,4-DMPD = 2,4-Dimethylpentanediol; 2 ,5-DMHD = 2,5-Dimethyihexanediol
bC / N for TMA

= 4.0

cBase d on Si02 + A12 03
dDetermine d by XRF
'Composition 10 (TMA) 2 0 20 (2,5-DMHD) 2 A1 2 03 60 Si02 3000 H20
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Effect of increasing 2,5-DMHD content on the crystallisation of

TMA-NU-1
X

Run

Cryst' Time / d

Product

Yieldc / %

No

-

tnuc

t 100%

D91

0

21

25

NU-1

53

D132

10

11

15

NU-1

53

D266

20

3

6

NU-1

58

C104

50

8

12

NU-1

62

A120 0

200

9

13

NU-1

61

aB ase d on the composition 10 (TMA) 2 0 x (2,5-DMHD) 1 A1203 60 Si02 3000
H2 0
'Based on Si0 2

+ A12 03

cOn cooling, the diol crystallised in the mother liquor
mixtures that contained high levels of diol, suggests that it may be possible to
obtain TMA-NU-1 from non-aqueous reaction mixtures.
Two major effects can be noted from Table 6-1:
2,5-DMHD significantly reduced the overall crystallisation time and improved
the yield of TMA-NU-1 (DiOl, D266), and
all the other diols increased the overall crystallisation time (by as much as 10
days for 1,6-HXDL (A99)) and reduced the product yield.
The extent to which diols affect the crystallisation of alkali metal-free TMA-NU-1
is illustrated in plots of crystallisation (%) (determined by XRPD) versus reaction
time (Figure 6-2).
It is clear from the results in Tables 6-1 and 6-2 that nucleation of TMA-NU-1
was promoted by the presence of 2,5-DMHD in the reaction mixture. However,
there appeared to be little effect on the rate of crystal growth, even with large
amounts of the diol (Table 6-2). This is consistent with the observation that the
smallest crystals were obtained from reaction mixtures that contained this diol. In

110

I!JD91
A99
o C100
o 0266
o B233
91

100
90
80
0
0-

MWTIJ

4.0

- 60
Cl)
1-4

U

50
40
30
20
10

0

10

20
t/d

30

40

Figure 6-2: Crystallisation (%) versus reaction time (d) for the composition
10 (TMA) 2 0 20 Diol 1 A1 2 03 60 Si0 2 3000 H2 0, crystallised at 423 K (300 rpm)
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contrast, the other diols had a less marked effect on nucleation. Only 2,4-DMPD
improved it, but only marginally, while the others increased the time to nucleation.
Furthermore, these diols were found to inhibit the growth rate (Table 6-1).
At higher aluminium concentrations (B228), the crystallisation kinetics for
TMA-NU-1 crystallised in the presence of 2,5-DMHD were not significantly affected. This suggests that the effect of 2,5-DMHD is not dependent of the aluminium content of the reaction mixture. - - SEM photomicrographs are shown in Figures 6-3, 6-4, 6-5, 6-6, and 6-7. All
samples contained a mixture of small ellipsoidal and larger, rounded crystals of
variable quality. Crystal size distribution (CSD) plots, based on a minimum of
400 crystals counted in three SEM fields (Figures 6-8, 6-9, 6-10, 6-11, and 6-12),
show that the CSD varied widely depending on the nature of the diol. This was
very narrow for sample DiOl but considerably wider for the others. Furthermore,
the CSD for this sample showed no signs of a bimodal distribution, unlike the
others, including the sample crystallised from the diol-free reaction (D91). This
suggests that in the reaction involving 2,5-DMHD, there was only one nucleation
event (i.e. no subsequent nucleation). Although the average size of the crystals
for sample C100 (2,3-DMHD) differed markedly from sample D91 (diol-free), there
were similarities in the size distribution profiles. This may reflect the fact that
2,3-DMBD did not significantly affect the nucleation kinetics.
With the exception of the sample obtained from the 2,5-DMHD reaction mixture (DiOl), all the diols increased the average crystal size compared to that of
the diol-free sample (D91) (Table 6-3). Particularly large crystals were obtained
in the presence of 2,4-DMPD. These observations are generally in accordance with
results reported for the crystallisation of aluminous zeolites from reaction mixtures
that contained an alkanolamine [250,251,252]. The average crystal size of sample
DiOl, however, was less than half that of the corresponding sample obtained from
the diol-free reaction (D91). A similar effect on crystal size has been reported
in the patent literature [253], where submicron crystals of ZSM-22 and ZSM-23
were obtained from reaction mixtures that contained, in addition to the organic
structure directing agent, an alcohol or diol having 1-6 carbon atoms. However,
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Figure 6-3: SEM photomicrograph of D91 (diol-free)

;

;±c

'

Figure 6-4: SEM photomicrograph of A99 (1,6-HXDL)
(Bar = 10 um)
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Figure 6-5: SEM photomicrograph of C100 (2,3-DMBD)

Figure 6-6: SEM photomicrograph of B233 (2,4-DMPD)
(Bar = 10 itm)
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Figure 6-7: SEM photomicrograph of DiOl (2,5-DMHD)
(Bar = 1 pm)
there is no mention of any change in the crystallisation rate or, indeed, speculation
as to the role of the alcohols/diols in these crystallisations.
Since 2,5-DMHD improved the crystallisation rate considerably, it was decided
to carry out further studies with this diol. The results in Table 6-2 show that
there was an optimum diol concentration at which the effect on the crystallisation
kinetics was most pronounced. This is further illustrated in Figure 6-13. It is
noteworthy that for 2,5-DMHD, the addition of more than 50 moles (C104) to
the reaction mixture resulted in relatively little change in either the nucleation
or crystallisation kinetics compared with those of lower diol content. However,
even at these high loadings, the crystallisation rate was faster than the diol-free
reaction (D91). If interaction of the diol with silicate/aluminosilicate species in
either the solution or solid phase is an important mechanism in promoting the nucleation of TMA-NU-1, then the limiting factor may well be the amount of these
species available in the system. Thus, as the amount of diol is increased, there may
be an increase in the number of diol-silicate/aluminosilicate interactions. There
will come a point, however, when these species become saturated and any further addition of diol will be ineffective. Alternatively, at high diol concentrations,
crystallisations are effectively being carried out from a less-aqueous reaction mix-
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Figure 6-8: Crystal size distribution for D91 (diol-free)
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Figure 6-9: Crystal size distribution for A99 (1,6-HXDL)
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Figure 6-10: Crystal size distribution for C100 (2,3-DMBD)
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Figure 6-11: Crystal size distribution for B233 (2,4-DMPD)
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Figure 6-12: Crystal size distribution for DiOl (2,5-DMHD)
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Table 8-3: Average crystal size for TMA-NU-1 samples obtained from diol- and
diol-free reaction mixtures
Run No

Dio la

Average Crystal
Size / pm

D91

None

1.24

A99

1,6HXDLb

1.30

dUO

2,3-DMBD

1.50

B233

2,4-DMPD

2.48

DiOl

2,5-DMHD

0.49

aB ase d on the composition:

10 (TMA)20 20 (Diol) 1 A1 2 03 60 Si02 3000 1120
bKey :

see Table 6-1

ture. In other words, the gel chemistry is shifted from an aqueous to an organic
solvent-based system.
CSD plots for products obtained from compositions with increasing 2,5-DMHD
content (Figure 6-14) show that as the amount of diol was increased, the distribution became more bimodal and the average crystal size increased (Table 6-4,
Figure 6-15). At particularly high diol concentrations (A120, 200 (2,5-DMHD))
both the crystal size distribution and average crystal size were similar to those of
the diol-free sample (D91). This may be close to the maximum amount of 2,5DMHD in the reaction mixture from which the largest crystals can be obtained
from these systems, i.e. a further increase in diol content would not increase the
average crystal size. Furthermore, it was found that for sample A120, the diol
crystallised in the mother liquor as it cooled.
The XRPD patterns for TMA-NU-1 crystallised in the presence of diols were
typical of that for the product obtained from the diol-free reaction and showed
no unusual features. No significant peak broadening was observed, even with the
sample that contained particularly small crystals (DiOl).
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Figure 6-13: Effect of 2,5-DMHD content in the reaction mixture on the crystallisation of NU-1
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Figure 6-14: Crystal size distribution of TMA-NU-1 crystallised from the composition 10 (TMA) 2 0 x (2,5-DMHD) 1 A1 203 60 Si0 2 3000 1120, where A) x =
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Figure 6-15: Effect of 2,5-DMHD concentration on the average crystal size for
TMA-NU-1
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Table 6-4: Effect of diol concentration on the average crystal size for TMA-NU-1
Run No

Xa

Average Crystal
Size / jim

D91

0

1.24

DiOl

20

0.49

C104

50

0.85

A120

200

1.20

'Based on the composition 10 (TMA) 2 0 x (2,5-DMHD) 1 A1 2 03 60 Si0 2 3000
H20
6 Key:

see Table 6-1

Careful examination of thermal analysis profiles showed that the presence of
diol could not be readily detected. In general, the shape of the profiles were similar
to that of the diol-free reaction. However, the shape of the dta profile for sample
DiOl (2,5-DMHD) was quite different, in that the exotherm above 670 K was
much more well defined (Figure 6-16). This is probably due to the fact that the
crystals were much smaller than those of other samples, which would allow the
removal of the occluded TMA species to take place more easily. Although it was
difficult to establish the presence of diol in any of the samples from the tga profiles,
careful examination of the thermal analysis data (Table 6-5) showed that, not only
was the total weight loss of each sample virtually identical to that of the diol-free
sample (D91), but the weight losses above and below 670 K were also very similar;
that is, the occluded material was lost in a very similar manner. The results show
an average total weight loss of about 16.7% of which approximately 2.3% was due
to water loss (< 670 K) and 14.4% was due to removal of TMA (>670 K). These
results strongly suggest that the diols were not occluded in TMA-NU-1. This
was confirmed by CHN analysis (Table 6-1). Furthermore, 13C MASNMR spectra
showed only one major peak at about 57.4 ppm, which is the signal due to TMA.
The spectrum for sample DiOl contained a very small peak at about, 82 ppm.
However, it is thought that this peak was not due to the presence of diol. This

Juaternary/L)io1 5ystem

+18

A

+12

+8
OTA
0

—

If.

273

453

633

813

993

Temperature I K

Figure 6-16: dta profiles for A) DiOl and B) D91 (diol-free)
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Table 6-5: Thermal analysis data for TMA-NU-1 obtained in the presence and
absence of diol
Weight loss / %b
< 623 K 623-1173 K Total

Run No

Diola

D91

None

1.7

14.9

16.6

A99

1,6HXDLc

=1.8

14.7

16:5

C100

2,3-DMBD

2.1

14.6

16.7

B233

2,4-DMPD

1.8

14.9

16.7

D101

2,5-DMHD

2.0

14.9

16.9

B228

2,5-DMHD

3.5

13.6

17.1

aB ased on the composition 10 (TMA) 2 0 20 (Diol) 1 A1 2 03 60 Si02 3000 H2 0
bDetermine d by tga
'Key: see Table 6-1
d2 A1203

is based on the fact that in the corresponding spectrum for a Beta sample, which
was also found to crystallise much faster in the presence of 2,5-DMHD (Alil, see
later), no peak was observed at this chemical shift.

Although none of the diols were detected in any of the final crystalline products,
it was thought that they might be present in samples taken before the onset of
crystallisation, i.e. associated with the amorphous solid phase. Furthermore, it
was thought that such a study might help to establish the role of the diol in these
crystallisations. However, the thermal analysis profiles, and in particular the dta
profiles of these intermediate samples, did not show anything that would allow
any hypotheses to be made and it is difficult to establish the extent, if any, of the
interaction between the amorphous silica and the diol. Furthermore, it is highly
likely that the diol may have been removed from the amorphous solid when the
samples were washed.
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Table 6-6: Change in pH during the crystallisation of TMA-NU-1 from diol- and
diol-free reaction mixtures
Run

pH

No

Initial

Final

Increase

D91

12.28

12.49

0.21

A99

12.12

12.41

0.27

C100

12.47

12.79

0.32

B233

12.68

12.86

0.18

DiOl

12.23

12.50

0.27

D266

12.80

13.12

0.32

The pH values of the initial gel and the mother liquor of the sample deemed
to be 100% TMA-NU-1 are shown for each reaction in Table 6-6. Generally, the
change in pH on crystallisation was much the same for each reaction, irrespective
of whether a diol was present or not. Furthermore, the initial pH values were
similar, which suggests that there is no change in the basicity of the system when
diols are included in the reaction mixture. Thus it is may be assumed that the
presence of diols does not significantly increase the solubility of silica. If it did,
then the crystallisation rate may be expected to have increased irrespective of the
nature of the diol. This is consistent with work reported on the crystallisation of
Na-ZSM-5 in the presence of 1,6-HXDL [178].
A plot of the time taken to crystallise NU-1 versus the number of carbon atoms
in the structurally related diols (i.e. 2,3-DMBD, 2,4-DMPD and 2,5-DMHD) (Figure 6-17) shows that the crystallisation rate increases with carbon number. This
together with the effect on the average crystal size discussed earlier, may be related
to the hydrophobicity of the diol. The difference in crystallisation rates found with
reaction mixtures that contained empirically equivalent, but structurally different
diols, i.e. A99 (1,6-HXDL, C 611 14 02 ) and C100 (2,3-DMBD, C 611140 2

)

(

Table

6-1), further suggests that the geometry of the diol may be important in promot-
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ing crystallisation. This is consistent with the possibility that interaction of the
diol with silicate/aluminosilicate species may be important in the stabilisation of
nuclei which subsequently leads to rapid nucleation.

6.3.2 Other Quaternary/Diol Systems
The products obtained from the composition:
10 Q20 20 (2,5-DMHD) 1 A12 03 60 Si0 2 3000 H2 0,
where Q = TEA, TPA, and TBA, are given in Table 6-7.
The results show that 2,5-DMHD had little effect on the crystallisation rate of
TPA-ZSM-5 (D123) and TBA-ZSM-11 (A181). However, the overall crystallisation
time for zeolite Beta (Alil) was reduced significantly (by 17 d). 1
As with the TMA-NU-1 system, no diol was found to be occluded in the Beta
framework (or any of the other frameworks), (Table 6-7, Figure 6-18). This was
confirmed by ' 3 C MASNMR; the spectrum contained two major peaks at 52.3 and
6.5 ppm due to TEA. An increase in the amount of 2,5-DMHD in the reaction
mixture also reduced the time taken to crystallise Beta (Table 6-8). The results
of chemical analyses (Table 6-8) suggest that as the amount of diol was increased
in the reaction mixture, the Si/Al ratio of the product increased. However, at the
highest diol concentration (Alli), there appears to be an abrupt decrease in this
ratio, to that of the product obtained from the diol-free reaction (1389). If this is
a genuine trend, then the effect may be due to a change in gel chemistry coupled
with the reluctance of the Beta system to readily crystallise a siliceous product.
However, there is insufficient data on which to draw any firm conclusions and it
is likely that the spread of these values is within experimental error. The results
in Table 6-9 show that there was very little difference in the change in pH on
crystallisation for any of the reactions.

'This may make the synthesis of alkali-free Beta a more commercially viable option.
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Figure 6-17: Plot of the number of carbon atoms in the diol versus crystallisation
time for TMA-NU-1
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Table 8-7:

Products obtained from the reaction composition: 10

Q20

x (2,5-DMHD) 1 A1 2 03 60SiO 2 3000 H 2 0, where Q= TEA, TPA, and TBA
Run

qa

No

x

Cryst

Time/ d

Product

-

tntc

tl00 %

67c

11

Beta

7.4

28

Beta

-

Allib

TEA

20

B89'

TEA

0

D123

TPA

20

25-26

31

ZSM-5

C178

TPA

0

28

32

ZSM-5

-

A181

TBA

20

Magadiit&

-

>

-

19

+
B49
aKey:

C/N

TBA

0

15

21

Amorphous

ZSM-11

-

TEA = Tetraethylammonium; TPA = Tetrapropylammonium; TBA =

Tetrabutylammonium
'Reaction carried out at 403 K
It = 5 d amorphous; t = 8 d 47 % Beta
dc/N for TEA = 8.0
et = 10 d amorphous; t = 18 d 44 % Beta
1 Reaction terminated after 19 d

9Trace
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Figure 6-18: Thermal analysis profiles for sample A 11
In contrast to the TMA-NU-1 system, however, the presence of 2,5-DMHD
also affected the crystal growth rate, as shown by the change in slope of the
crystallisation curve with the diol content of the reaction mixture (Figure 6-19).
This may be due in part to a difference in the solubility of the diol at the reaction
temperatures used in these systems (i.e. TMA-NU-1, 423 K and 403 K, TEABeta). A change in solubility will naturally affect the gel chemistry.
Comparison of the dta profiles (Figure 6-20) and data (Table 6-10) of the
products obtained in the presence (Alil) and absence (1389) of 2,5-DMHD shows
that in the former, the exotherm usually seen at 607 K was increased to 633 K.
This exotherm is probably associated with the degradation of TEAOH species.
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Table 6-8: Effect of increasing 2,5-DMHD content on the crystallisation of
TEA-Beta
Run No

xa

B89

0

B200

5

B209
Alli

/ d t 100% / d

Si / Al

Yield' / %

-

28

19.5

10

19

22.0

53

10

10

19

24.1

54

20

67d

11

20.3

67

C

57

aB ased on the composition 10 (TEA) 2 0 x (2,5-DMHD) 1 A1 203 60 Si02 3000 H2 0
bB ased on Si0 2 + A12 03

= 10 d amorphous; t = 18 d 44 % Beta
dt = 5 d amorphous; t = 8 d 47 % Beta

Table 6-9: Effect of 2,5-DMHD on the change in pH during the crystallisation
of TEA-Beta
Run

Xa

No

pH
Initial

Final

Increase

B89

0

11.78

11.98

0.20

B200

5

12.63

12.80

0.17

B209

10

12.71

12.82

0.11

Aill

20

11.97

12.11

0.14

aB ased on the composition 10 (TEA) 2 0 x (2,5-DMHD) 1 A1203 60 Si02 3000 H20
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Figure 6-19:

Crystallisation curves for the composition 10 (TEA) 2 0 x

(2,5-DMHD) 1 A12 03 60 Si02 3000 H2 0 (403 K, 300 rpm), where x = 0 (o),
10 (, and 20 (
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Table 6-10: Thermal analysis data for samples B89 and Aill
Run
No

Decomposition temperature' / K
3rd Exo
1 Exob 2nd Exo

Weight loss / %

< 543 K

> 543 K

Total

1389b

607

710

885

6.5

14.3

20.8

Alil

633

710

885

6.0

14.4

20.4

'Temperature at the exotherm maximum
bExo Exotherm
cDio l free reaction
The relatively large shift in this decomposition temperature cannot, however, be
attributed to a change in crystal size, since examination of the product by SEM
showed that the crystals were similar in size to those obtained from the diol-free
reaction. It may be argued that a change in the Si/Al distribution within the
crystal could account for the shift in the TEAOH decomposition temperature.
Thus, an aluminium rich surface may increase framework-TEAOH interactions,
although how the diol would influence the aluminium distribution is not clear.

6.3.3 Low Temperature Beta Syntheses
Table 6-11 shows the reaction compositions and products obtained from static
reactions carried out at 368 K. Although the crystallisations were very slow, the
effect of introducing a diol into the reaction mixture can still be seen. The crystallisation rate for reactions that contained a diol were fairly similar and all were
slightly faster than the corresponding diol-free reaction. This suggests that under
these reaction conditions, the nature of the diol is not important. Although this
is in contrast to the trend found in the TMA-NU-1 system (Table 6-1), it should
be remembered that completely different synthesis conditions were used in these
reactions. It is likely that under comparable conditions (i.e. stirred, higher temperature), the nature of the diol could influence the crystallisation kinetics. The
apparent ineffectiveness of 2,5-DMHD in these low temperature static crystallisa-
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Figure 6-20: dta profiles for B89 (diol-free) (top) and Aill (2,5-DMHD) (bottom)
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Table 6-11: Effect of diols on the crystallisation of Beta from the composition
10 (TEA) 2 0 10 (Diol) 1 A12 03 60 Si02 3000 1120 at 368 K without agitation
Run

Beta / %b

Dio la

No

61d

bid

122d
34

S39

None

9

-

S6

2,3-DMBD

5

24

- 26

S4

2,5-DMHD

6

28

30

S7

1,6-HXDL

5

27

34

'Key: see Table 6-1
bB ased on Alil (100 % Beta)
tions was probably due to the fact that they were carried out at a temperature
very close to the melting point of this diol (363 K), where the solubility would be
low.
As with the stirred system at 403 K, the rate of crystallisation of Beta varied
with the amount of 2,5-DMHD in the reaction mixture (Table 6-12). The optimum
composition found in the static system at 368 K was:
10 (TEA) 2 0 5 (2,5-DMHD) 1 A1 2 03 60 Si02 3000 1120 (S5).
It is likely that low concentrations of diol are more effective in these low temperature crystallisations because of the difficulties in mobilising the diol.
The results of low temperature, stirred (160 rpm) reactions (Table 6-13) show
that Beta did not crystallise readily from reaction mixtures that contained both
TEAOH and 2,5-DMHD, even in the presence of seed material (Beta). Although
this appears disconcerting, it should be remembered that the synthesis was carried
out close to the melting point of the diol. 2 Bearing in mind that in the corresponding crystallisation at 403 K (Alli, stirred at 300 rpm), Beta crystallised in only

2

Melting point = 363 K
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Table 6-12: Effect of 2,5-DMHD content in the reaction mixture on the crystallisation of TEA-Beta at 368 K
Run

Beta / %b

Xa

No

61d

101 122d

S39

0

9

-

34

S5

5

12

30

46

S4

10

6

28

30

S3

20

9

28

34

'Based on the composition 10 (TEA) 2 0 x (2,5-DMHD) 1 A1203 60 Si0 2 3000 1120
'Based on Alli (100 % Beta)
11 days, it is reasonable to predict that the crystallisation of alkali metal-free Beta
at temperatures close to 373 K within a reasonable time period may be achieved.

6.3.4 Role of Diols in Alkali-Free Systems
The role of the diols in these reactions is difficult to rationalise. The increase
in crystal size found in the TMA-NU-1 system in the presence of 1,6-HXDL,
2,3-DMBD, and 2,4-DMPD suggests that there may be interactions between the
diol and silicate/aluminosilicate species in either the solution of gel phase as was
mentioned earlier. In a study on the crystallisation of the aluminous zeolite A,
large crystals were obtained in the presence of triethanolamine [252,254,255]. It
was shown that triethanolamine could chelate aluminate species in solution and
thus reduce the solubility of these species and so the reactivity of the system.
However, such a chelation mechanism can be ruled out on the basis that 2,5-DMHD
increased the crystallisation rate of both TMA-NU-1 and TEA-Beta. The increase
in the crystallisation rate of Beta could certainly not involve the formation of
aluminate-diol complexes, since it can only crystallise in the presence of relatively
large amounts of aluminium.
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Table 6-13: Amount of Beta crystallised from stirred reactions (160 rpm) at 368
K from the composition:10 (TEA) 2 0 5 (2,5-DMHD) 1 A1 2 03 60 Si02 3000 H2 0
Run No

Run Time / d

95A13

30

Beta / %°
ndb

95B14C

30

nd

95D17'

39

9

°Based on Alli (100 % Beta)
bnd = non detected (based on XRPD)
cBase d on the composition:10 (TEA) 2 0 10 TEABr 5 (2,5-DMHD) 1 A1 203 60 Si02
3000 H2 0
dCon t aine d 5 % Beta seed (Alli)

It is notable that 2,5-DMHD is only effective in systems that do not favour
the formation of all-silica molecular sieves, i.e. only the crystallisation rates of
Beta and NU-1 were significantly increased and neither of these can be obtained
from aluminium-free reaction mixtures, unlike ZSM-5 and ZSM-11, the crystallisation rates of which were unaffected by the presence of diol. It is clear from
these observations that the diol may interact with species that are involved in the
nucleation process. Thus, as was mentioned in Chapter 5, it has been suggested
[111] that in the synthesis of ZSM-5, aluminium-free nuclei form (i.e. silicalite
precursors) initially and that aluminium is only incorporated during the growth
process. It can be envisaged then that the diol does not interact strongly with,
and stabilise these silicate precursors. On the other hand, since the crystallisation
of Beta and NU-1 requires aluminium in the reaction mixture, nuclei must contain aluminium. Thus the diol may interact favourably with, and stabilise these
aluminosilicate precursors. The interaction of aluminosilicate species and the diol
may indeed involve chelation. Clearly such interactions would depend on the geometry, hydrophobicity, and solubility of the diol. Furthermore, these interactions
may in fact modify the solubility of the aluminosilicate species themselves, which
would account for the increase in the crystallisation rate. In addition, the diol
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may modify the silicate/aluminosilicate distribution in the system. For example,
a system that favours nucleation may change to one that favours crystal growth,
depending on whether or not a diol is present in the reaction mixture. That the
diols are not occluded in the crystalline product suggests that they do not have a
void filling role.
Clearly, more work is required in this area to establish the precise role of diols
in the crystallisation of high-silica zeolites. It is suggested that such work should
involve 27A1, 29Si, and 13C MASNMR analysis of aluminate, silicate, and TMA
species respectively in the presence and absence of diol.

6.3.5 Effect of Alkali Metal Cations on Diol/Quaternary
Reactions
The effect of alkali metal cations on the crystallisation rate of TMA-NU-1 in the
presence and absence of 2,5-DMHD is shown in Table 6-14. As expected, in the
absence of diol (A245), the time taken to crystallise TMA-NU-1 was reduced significantly compared to that of the corresponding alkali-free reaction (D91). Furthermore, the yield was also improved significantly, probably due to the more
efficient use of nutrients in the reaction mixture. Comparison of reactions DiOl
and A243 show that, in the presence of 2,5-DMHD and potassium cations, the
time taken to crystallise TMA-NU-1 was increased. Furthermore, there was also
• slight decrease in the product yield. The effect on the crystallisation rate was
• most unexpected result but may be rationalised on the basis of differences in
gel chemistry. Thus, in the absence of the diol, potassium cations readily interact
with aluminosilicate species and are able to promote the nucleation and growth
of TMA-NU-1. The increase in the crystallisation time observed when both 2,5DMHD and potassium cations were present (A243) may be attributed to the effect
of increasing the hydrophobicity of the system, which could inhibit the interaction
between potassium ions and aluminosilicate species or suppress any synergism
between K+ and TMA+ cations in solution.
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Table 6-14: Effect of alkali metal cations on the crystallisation of TMA-NU-1

Run

TMAOH

No

xI

Cryst' Time/ d

Yield / %

- tnuc

D91

Grade
> 99%0

0

21

25

53

DiOl

>99%

20

3

6

58

D266

>99%

20

3

6

-

A245

Practd

0

9

11

70

A243

Pract

20

9

14

54

t o

"Based on the composition 10 (TMA) 2 0 x (2,5-DMHD) 1 A1 203 60 Si0 2 3000
H2 0
'Based on Si0 2 + A12 03
cSupplie d by Aldrich
dSupplie d by Fluka
Thermal analysis (Table 6-15) showed similar weight losses due to dehydration
and organic decomposition for samples D91 (K-free + diol.free), DiOl (K-free
+ diol), and A245 (K + diol-free). A smaller organic weight loss was found for
sample A243 (K + diol). The results suggest that the presence of a diol modifies
the relative amount of K+ and TMA+ cations occluded in the product.

i.e. in

the presence of both potassium cations and diol, less TMA is occluded in the
framework. This may imply an interaction between the diol and TMA species.
Table 6-16 shows the change in pH on crystallisation of TMA-NU-1 from reaction mixtures that contained diol and alkali metal cations. The largest pH
change was found with reactions that contained alkali metal cations, irrespective
of whether any diol was present, which illustrates the effectiveness of potassium
over 2,5-DMHD in modifying silica solubility. The crystallisation rate of Beta from
reaction mixtures that contained 2,5-DMHD (Table 6-17) was also reduced in the
presence of alkali metal cations, in this case sodium cations.
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Table 6-15: Thermal analysis data for TMA-NU-1 samples crystallised from gels
that contained alkali metal impurities, with and without 2,5-DMHD
Run

Xa

Decomposition Tempb / K

i

No

Exoc

2nd Exo

D91d

0

751

906

D10ld

20

751

895

A2456

0

762

917

A243e

-

20

916

3rd

Exo

<

952

673

Wgt loss / %
K 673-1173 K

Total

2.1

14.4

16.6

2.2

14.7 -

169

963

2.2

14.7

16.9

967

1.8

13.9

15.7

aB e d on the composition 10 (TMA) 2 0 x (2,5-DMHD) 1 A1 2 03 60 Si02 3000
H2 0
bTemperature at the exotherm maximum

CExo

= exotherm

dAlkali free reaction mixture
eConta ifle d substantial alkali metal impurities
'Three small peaks at 733, 761, and 803 K

Table 6-16: Effect of alkali metal impurities on the change in pH during the

crystallisation of TMA-NU-1 from diol and diol-free gels
Run

x°

No

pH
Initial

Final

Increase

D91b

0

12.28

12.49

0.21

D101b

20

12.23

12.50

0.27

A245C

0

12.34

12.92

0.58

A2430

20

12.56

13.19

0.63

aB e d on the composition 10 (TMA) 2 0 x (2,5-DMHD) 1 A1 2 03 60 Si0 2 3000
H20
6 Al1califr

reaction mixture

'Contained substantial alkali metal impurities
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Table 6-17: Effect of alkali metal cations on the crystallisation of TEA-Beta in
the presence of 2,5-DMHD
Run No

x NaBra

/ d

t1% / d

Beta /

%

Aill

0

7

11

100

B219

5

24

-

mtb+Am

aBase d on the composition 10 (TEA) 2 0 20 (2,5-DMHD) x NaBr 1 A1 2 03 60 Si0 2
3000 H2 0
bmt = minute trace (< 5

%)

6.4 Conclusions
The crystallisation rates for the high-silica zeolites NU-1 and Beta were improved
significantly by the addition of 2,5-DMHD to the alkali-free reaction mixtures. The
presence of relatively large amounts of alkali metal cations (in particular potassium) together with the diol, however, resulted in longer crystallisation times. It
is possible that the ability of potassium cations to interact with aluminosilicate
species in solution is disrupted by the presence of 2,5-DMHD in the reaction mixture. This may extend to modifying the water structure of the hydrated cation
and may account for the poor growth rates observed in systems that contained
both diol and alkali metal cations.
The diols were found to modify crystal size distribution and average crystal
size, although they had little, if any, affect on crystal morphology. The precise
role of the diols in these crystallisations is not known, though it is thought that
hydrophobicity, geometry, and solubility are important criteria for their ability to
interact with, and stabilise aluminosilicate species during nucleation. The use of
inexpensive synthesis modifiers such as diols requires further investigation, not
least to establish their role in these crystallisations. It is likely that the crystallisation of other high-silica zeolites can be improved by the addition of diols or
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similar synthesis modifiers, although this might be restricted to those that cannot
be crystallised in the absence of aluminium.
The'ability to crystallise Beta relatively quickly from alkali metal-free reaction mixtures that contained 2,5-DMHD, coupled with the fact that the diol is
extremely cheap, may make its synthesis more commercially viable. Furthermore,
the use of this diol may allow a reduction in the amount of TEA used in the reaction mixture. The effect of 2,4-DMPD in alkali-free Beta crystallisations would be
especially worth investigating to establish whether large crystals can be obtained,
as was found in the corresponding TMA-NU-1 system.

Chapter 7

Effect of Alkali Metal Cations on the
Crystallisation of ZSM-5
7.1 Introduction
The crystallisation of ZSM-5 from organic-free and alkali-free reaction mixtures
was described in Chapters 3 and 5 respectively and the ability of sodium cations,
and indeed potassium cations, to act as structure-directing agents for ZSM-5 was
questioned in Chapter 4. The work described in this chapter follows on from the
study of TPA-ZSM-5 crystallisations from reaction mixtures that contained alkali
metal impurities. The results in Chapter 5, (section 5.3.1) suggested that below a
certain impurity level, the effect of alkali metal cations on the crystallisation time
was not significant. This suggested that there may be more than one crystallisation
mechanism in operation which depended primarily on the alkali metal content of
the reaction mixture.
A number of crystallisations are reported in which different levels of sodium
and potassium impurities were added to the reaction mixture. In view of the effect
of TMA cations on the crystallisation of alkali metal-free TPA-ZSM-5 (Chapter
5), reactions were also carried out with different levels of TMA impurities.
It must be stressed at this point that due to the length of time taken to carry
out many of these crystallisations and the difficulty in precisely locating the time
at which crystallisation started, detailed kinetic studies were not possible.
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7.2 Experimental
Reaction mixtures and synthesis conditions were as described in Chapter 2. The
bromide (Na, K or TMA) was dissolved in a small amount of ultrapure water
and added to the reaction mixture before adding the remaining water required to
bring the weight of gel to 400g. In order to minimise possible autoclave effects,
crystallisations were carried out in one autoclave (autoclave C) only.

7.2.1 Analysis of Products
The solid phase was examined by thermal analysis, XRPD, and TEM (by ICI
C&P Ltd., Wilton). As well as measuring the sample pH, the alkali metal content
of the solution phase was determined as described in Chapter 2.

7.3 Results and Discussion
Tables 7-1, 7-2, and 7-3, give the results of crystallisations of the composition:

10 (TPA) 20 1 A12 03 60 Si0 2 3000 H2 0,
in the presence of Na, K, and TMA impurities, respectively. It was very difficult to
establish the nucleation times very accurately, however, the crystallisation times
are accurate to

+1- 1 day.

As expected, the time taken to crystallise TPA-ZSM-5 decreased with an increase in the impurity level of the reaction mixture. Furthermore, there was also
an increase in crystal size, based on the degree of difficulty in separating the solid
and liquid phases. In general, the growth rate in the presence ofTMA cations
was much better than for either of the alkali metal cations. This is not totally
surprising as it should be recalled from Chapter 5 that TMA cations were found
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to dramatically accelerate the crystallisation of alkali-free TPA-ZSM-5. Furthermore, since they may replace TPA+ cations at the channel intersections, it was
concluded that they may hold an intermediate position between sodium and TPA
cations in terms of their ability to promote the crystallisation of ZSM-5.
The effect of varying the amount of Na, K and TMA impurities in the reaction mixture on the crystallisation time is shown in Figure 7-1. The correlation
was similar to that reported in Chapter 5 (section 5.3.1) for the crystallisation
of TPA-ZSM-5 from reaction mixtures that contained TPAOH of different alkali
metal content. The curves show that the crystallisation time was affected to different extents which depended on the concentration of the impurity. At very high
concentrations (> 2 (M 2 0), where M = Na, K or TMA) there was very little effect
on the time taken to crystallise TPA-ZSM-5. Indeed it is likely that an increase
from 2 to 10 moles would not improve the crystallisation time by more than a day.
Similarly, at very low levels (< 0.5 (M2 0)) a change in the impurity concentration
had relatively little effect on the crystallisation time. Between these two extremes
(0.5 - 2 (M2 0)), the crystallisation time was very sensitive to the impurity content of the reaction mixture. Not only do these results suggest a possible change
in crystallisation mechanism with alkali or TMA cation content of the reaction
mixture, they also strongly suggest that TPA-ZSM-5 will crystallise in the complete absence of alkali metal cations. Indeed, run no. C257, which contained no
detectable alkali metal impurity, crystallised TPA-ZSM-5.
Table 7-4 shows the difference in crystallisation times for a given amount of
Na2 0, K2 0, and (TMA) 2 0. At levels < 0.5, there was little difference in the
crystallisation times, which suggests that at these levels, the nature of the cation
impurity is not important. However, above this level, each cation improved the
crystallisation rate to different extents. This probably reflects the difference in
competition between each of these cations with TPA+ cations for aluminosilicate
species as well as the difference in the distribution of these species. At a level of
1.0, TMA cations appeared to be the most effective and potassium was the better
of the two alkali metals examined. That TMA is more effective in promoting
the crystallisation of ZSM-5 at these levels, may be related to the fact that, in
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Table 7-1: Effect of Na impurities (added as NaBra) on the crystallisation of
-

TPA-ZSM.5, at 423 K, 300 rpm
Run
No

Na in ge lb
mg kg' 103 mol 1-1

x Na20c

--

Cryst' Time / d
t 100
tnuc

Si/Al

C257

0d

0

0

30

33

-

C76

12e

1.3

0.02

-f

32

-

C178

12e

1.3

0.02

30

33

26.4

C148

78

2.9

0.09

31

-

C158

367

15.4

0.48

27

26.4

C110'

755

32.3

1.00

25
-'

16

-

C144

1936

83.7

2.58

1.5

2

23.1

°Contained 149 mg kg' KBr
blnc ludes

contribution from SACHEM TPAOH

cB ge d on the composition 10 (TPA) 2 0 x Na20 1 A12 03 60 Si02 3000 H2 0
dTPAOH prepared from TPABr + A9 2 0
'Impurity from SACHEM TPAOH 1t

= 19 d amorphous, t = 25 d 85 % ZSM-5

= 23 d amorphous, t = 29 d 96 % ZSM-5
h10 (TPA) 2 0 2 NaBr 1 A1 2 03 60 Si02 3000 H20, contained slightly less TPAOH
than the other reactions
it

= 10 d amorphous, t = 14 d 90 % ZSM-5
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Table 7-2: Effect of K impurities (added as KBra) on the crystallisation of
TPA-ZSM-5, at 423 K, 300 rpm

Run

K

x K20c

in gel'

No

mg kg 1

C257

0d

0

C232

113

C234

103 mol 1

Crysttm Time / d
tnuc

t 0 %

0

30

33

2.9

0.09

26

30

287

7.3

0.23

28

31

C240

603

15.4

0.48

24

27

C249

1257

32.1

0.99

56e

7

C247

3272

83.7

2.58

0.5

1

'Contained 136 mg kg- ' NaBr
'Negligible contribution from SACHEM TPAOH
cB e d on the composition 10 (TPA) 2 0 x K20 1 A12 03 60 Si02 3000 H2 0
dTPAOH prepared from TPABr + A9 2 0
et = 4 d amorphous, t = 6.8 d 100 % ZSM-5
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Table 7-3: Effect of TMA impurities (added as TMABr) on the crystallisation
of TPA-ZSM-5, at 423 K, 300 rpm
Run

TMA in gel

No

mg kg'

C250

213

2.9

C191

544

C207b

x (TMA)20a

103 mol 1

Cryst' Time / d
tnuc

tØo%

0.09

33

35

7.3

0.23

29

30

1168

15.7

0.49

24C

30

C221

1587

21.4

0.66

-

C215

1842

24.8

0.77

6

7

C186

2405

32.4

1.00

2

3

aBased on the composition 10 (TPA) 2 0 x (TMA) 2 0 1 A12 03 60 Si02 3000 1120
bComparison with run no. C106 (9.5 (TPA) 2 0 0.5 (TMA) 2 0 1 A1203 60 Si0 2
3000 1120, Chapter 5) suggests this to be a rogue result
ct

= 22 d amorphous, t = 24 d 85 % ZSM-5, t = 28 d 93 % ZSM-5

9

8

7

6

4

3

2

1

o
0

10

20

30

40

t(100%)/d

Figure 7-1: Effect of Na, K, and TMA on the crystallisation of TPA-ZSM-5
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Table 7-4: Comparison of crystallisation times for TPA-ZSM-5 in the presence
of increasing amounts of Na 2 0, K 2 0, and (TMA) 2 0
Crystallisation Time / d

/ mol

0.09

0.23

0.48

1.00

2.58

Na2 0

31

-

27

16 a

2

K2 0

30

31 -

27

7

- 1

(TMA) 2 0

35

30

-

3

-

X

"Reaction CilO (see Table 7-1)

addition to balancing some of the framework charge, it can stabilise the framework
to some extent by virtue of its hydrophobic methyl groups. TMA was not tested
at higher concentrations since it had already been shown (Chapter 5) that the
co-crystallisation of NU-1 would be favoured.
The results of detailed examination of the thermal analysis' data are shown in
Tables 7-5 and 7-6. The total amount of organic material occluded in the product
was found to decrease as the amount of alkali metal increased. At the same time,
the proportion of the organic in the form TPA remained constant at about 94%.
This, together with the decrease in the amount of TPA+ cations may be accounted
for by an increase in competition between alkali metal cations and TPA+ cations
for silicate and aluminosilicate species, at impurity levels above 0.5 M2 0. Thus,
significantly more of the framework charge will be balanced by alkali metal cations
above this level.
The organic weight loss for amorphous samples, collected before the onset of
crystallisation, was determined for the sodium samples only. This weight loss
was significantly less than that of their crystalline counterparts. Furthermore,

'Thermal analysis was not carried out for TMA/TPA samples, since it would be
difficult to establish the extent to which TMA was occluded at particularly low levels
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Table 7-5: Detailed thermal analysis data for TPA-ZSM-5 crystallised in the
presence of sodium
Run No

Wgt loss (%) Over Temp Range (K)
<623

623-683

683-873

H2 0

TPAOH

C178

1.6-

0.6

10.2

1.6-

C148

2.0

0.5

10.0

1.4

0.95

C158

1.8

0.8

9.9

1.3

0.93

CilO

2.1

0.6

9.6

2.0

0.94

C144

2.3

0.7

9.7

1.3

0.93

TPA

873-1173

TPA+±TPAOH

SiOHa
-

0.94

°Loss of silanol OH [256]

the amount of occluded organic material was found to decrease when the sodium
content of the reaction mixture was increased (Table 7-7), although the proportion
of organic as TPA increased slightly. This reflects the ability of sodium cations
to interact more effectively with the 'aluminium rich' amorphous gel phase.
A plot of organic weight loss between 623 and 683 K against the amount of
crystalline material present (Figure 7-2), suggested the presence of X-ray amorphous crystallites [131] in samples taken before crystallisation could be detected by
XRPD. This plot is similar to that obtained by Derouane et al. [131] for crystallisations from their synthesis method B, where they claim that their crystallisations
occurred via a solid gel phase transformation mechanism [166]. It is unlikely, however, that these crystallisations would proceed in the absence of a solution phase,
thus this mechanism may be better described as a solution mediated solid phase
transformation. Alternatively, it may be described as a solid hydrogel-dominated
mechanism, where nucleation takes place in the bulk of the gel phase. The fact
that the products obtained in the present study, from low alkali metal reaction
mixtures, were in the form of aggregates of tiny crystals (Chapter 5, Figure 5-11),
further suggests that such a mechanism operates in these reactions.
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Table 7-6: Detailed thermal analysis data for TPA-ZSM-5 crystallised in the
presence of potassium
Run No

Wgt Loss (%) Over Temp Range / K

< 623

623-683

H2 0

TPAOH

C232

1.8

0.4

9.9

1.4

0.96

C234

2.5

0.5

9.8

1.7

0.95

C240

2.7

0.6

9.4

1.7

0.94

C249

2.4

0.4

9.3

1.7

0.96

C247

1.9

1.0

8.8

0.8

0.90

683-873

TPA

873-1173

TPA++TPAOH

sioHa

aLoss of silanol OH [256]

Table 7-7: Effect of increasing sodium content on the relative amounts of TPAOH
and TPA+ occluded in the amorphous precursor

Run No

Natoja t
103 mol 1'

Wgt loss (%) Over Temp Range (K)
<623

823-683

H2 0

TPAOH

683-873

TPA++TPAOH

TPA

C178

1.3

8.7

3.4

4.3

0.56

C148

2.9

9.2

2.0

5.1

0.72

C158

15.4

8.7

2.4

3.8

0.61

CilO

32.3

7.0

1.6

3.3

0.67

C144

83.7

7.1

0.9

2.0

0.69

13
-tJ-C144
-J-C158
-O-C178
+-C148

1F

-

11

C'

10

C
-

7

5

0 10 20 30 40 50 60 70 80 90 100
Crystallinity

0/
/0

Figure 7-2: Correlation between organic weight loss (%) and X-ray crystallinity
(%) for TPA-ZSM-5 crystallised in the presence of sodium
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Table 7-8: Change in solution pH and sodium concentration
Run

a

pH

K/mg1 1

No

Initial'

FinaV

Increase

Initial'

Finalb

Increase

C76

11.64

12.56

0.92

3

4

1

C178

11.92

12.97

1.05

5

13C

C148

12.25

12.97

0.72

26

64

C158

12.28

12.97

0.69

122

285

163

CilO

12.24

12.93

0.69

218

610

392

C144

11.53

12.36

0.83

1150

1538

388

-

-

38

Calculated as the mean of several samples collected before the onset on crystalli-

sation
bValue for sample deemed 100% ZSM-5
cHigher than theoretical amount, therefore possible contamination
At the onset of crystallisation, as well as the normal increase in pH, there was
a large increase in the solution phase alkali metal content (Tables 7-8 (sodium)
and 74 (potassium)). Not surprisingly, as the amount of alkali in the reaction
mixture was increased, greater differences were found for the alkali contents before
and after crystallisation.
The distribution of sodium and potassium cations between the solid and liquid
phases of amorphous samples taken before the onset of crystallisation and the final
crystalline product are given in Tables 7-10 and 7-11 respectively, where they are
compared to values for the unreacted gel. The proportion of alkali metal cations
in the unreacted gel solid was found to decrease as the total alkali content of the
reaction mixture (C76-C144 and C232-247) increased, irrespective of the nature
of the alkali, although the solid gel contained almost 2-3 times more potassium
than sodium for a given loading in the respective reaction mixtures. Thus, the
solution phase is more depleted of cations than in the corresponding sodium system. That the solution phase is more depleted in potassium cations may not be
totally unexpected, given the behaviour of these cations in aluminosilicate reac-
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Table 7-9: Change in solution pH and potassium concentration
Run

pH

K/mg1 1

Initiala

Final'

Increase

Initialo

Final"

Increase

C232

12.01

12.71

0.68

4

28

24

C234

12.12

12.84

0.72

10

130

120

£240

12.38

13.21

0.83

36

358

322

C249

12.52

13.51

0.99

248

798

550

-

-

No

C247

-

13.33

1976

-

a Calculated as the mean of several samples collected before the onset on crystallisation
"Value for sample deemed 100% ZSM-5

tion mixtures where they have a tendency to promote phase separation (Chapters
3 and 4). The difference in the alkali metal distribution between the solid gel and
solution phases for both sodium and potassium cations may account for the difference in their ability to promote the crystallisation of high-silica zeolites. Indeed,
this argument could account for the difference in sensitivity of inorganic sodium
and potassium reaction mixtures toward seed or organic impurities (Chapter 4),
where the cation content of the solution phase may be one of the most important
factors.
A similar but less obvious trend was found with samples taken during the reaction, before the onset of crystallisation. The amorphous solids from the potassium
reactions contained significantly more potassium cations than those which contamed sodium in the corresponding sodium reactions. Indeed, at levels < 0.5
K2 0, virtually all the potassium was found in the amorphous solid phase. In general, the rise in the potassium content of the amorphous solid during the synthesis
was similar to that found with sodium on a molar basis and was found to be essentially independent of the initial alkali metal content of the reaction mixture, above
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Table 7-10: Sodium distribution between solid and liquid phases during synthesis
Run
No

Na 0 1
103 mol l

Ge la

Sodium Distribution / %
Amor. Sampleb Crys. S ample c

LdSL

S

L

S

C76

1.3

42

58

25

75

33

67

C148

2.9

64

36

33

-67

82

18

C158

15.4

90

10

33

67

78

22

CilO

32.3

82

18

29

71

81

19

C144

83.7

.92

8

59

41

79

21

°Unreacted
6 Calculated

as the mean of several amorphous samples collected before the onset

on crystallisation
cValue for sample deemed 100% ZSM-5
dKey: L = liquid phase, S = solid phase
0.5 (M2 0). Below this value, the increase was much lower and probably reflects
limited competition for silicate and aluminosilicate species.
As mentioned earlier, at the onset of crystallisation there was a large increase
in the solution phase alkali metal content for both sodium and potassium. Clearly,
a large proportion of the alkali metal is tied up with the solid aluminosilicate gel
in the early stages of the reaction. On crystallisation, many of these cations are
displaced as T-O-T bonds are formed. For levels between 0.5 and 1.0 mol, this was
essentially independent of the nature of the alkali metal. However, at particularly
low levels, the increase in the potassium concentration of the solution phase was
less marked which suggests that more potassium was retained in the crystalline
phase than sodium in the corresponding reactions.
Figure 7-3 shows that measurement of the solution phase alkali metal content
can be used to monitor the progress of a reaction in the same way as pH and XRPD
measurements. Indeed, similar profiles were obtained for all reactions carried
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Table 7-11: Potassium distribution between solid and liquid phases during synthesis
Run
No

a

Kto tai

iO mol I

Potassium Distribution / %
Gel'
Amor. Sample Crys. Sample'
LdSL

S

L

S

C232

2.9

34

66

4

96

25

75

C234

7.3

64

36

3

97

45

54

C240

15.4

64

36

6

94

59

41

C249

32.1

70

30

20

80

63

37

C247

83.7

79

21

-

-

60

40

Unreacted

bCalculate d as the mean of several amorphous samples collected before the onset
on crystallisation
'Value for sample deemed 100% ZSM-5
dKey: L = liquid phase, S = solid phase
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out in this investigation. It should also be mentioned that in the 'alkali-free"
TMA/TPA reactions, a similar change in the solution phase sodium content was
observed on crystallisation. This suggests that these impurities were involved in
the crystallisation to some extent and their effect, therefore, cannot be neglected.
It is thought, however, that any effect would be trivial compared to that of the
TMA cations. Since the TMA content of the solution phase was not determined,
it is difficult to establish the relative contributions of TMA and sodium in these crystallisations.
There is insufficient evidence to draw any firm conclusions on the relevance of
the magnitude of the increase in the solution phase alkali metal content, eg.whether
this is related to silica solubility or product stability [116].
In general, the proportion of the alkali metal found in the final mother liquor
(and thus the crystalline solid phase) was independent of the concentration of
the alkali in the reaction mixture. However, there was a marked dependence on
the nature of the alkali metal cation. The proportion of sodium cations in the
crystalline product was about 20% compared to about 40% for potassium. This
implies that potassium cations may compete more favourably than sodium cations
with TPA+ for silicate and aluminosilicate species, or alternatively, potassium
cations may be more selective towards the formation of ZSM-5 as has been claimed
in work by Erdem and Sand [107].
The change in alkali metal content of the solution and solid phases during
synthesis is shown schematically in Figures 7-4 and 7-5. Although these are
grossly over simplified, they give a good visual impression of the change in the
distribution of alkali metal cations between the solid and solution phases during
synthesis. One may speculate from Figure 7-4 that these illustrate a change
in crystallisation mechanism, in that at high sodium concentrations, the sodium
profiles for the solid and liquid phases do not intersect. Thus, plots of alkali
metal content of the solid and solution phases as a function of crystallisation time

2

TPAOH contained 38 mg l' Na

Figure 7-3: Comparison of the change in the solution phase alkali metal content
with pH and XRPD measurements during crystallisation
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which do not intersect could be interpreted as illustrating crystallisation via one
particular crystallisation mechanism, eg.

a solution phase mechanism. Those

that do intersect could illustrate crystallisation via a different mechanism, eg. a
gel dominated mechanism. Again, this is pure speculation, and without more
experimental data and analysis, it is difficult to establish whether or not a change
in the alkali metal content (or indeed TMA content) of the reaction mixture is
indeed related to the crystallisation mechanism.
Figures 7-6 and 7-7 show how the alkali metal content of the unreacted gel,
amorphous and crystalline solids varies as a function of the alkali metal content of
the reaction mixture. These plots show a point of inflection at about 0.5 (M 2 0),
which may possibly be close to a threshold value, above which the crystallisation occurs predominantly in the solution phase (solution dominated mechanism)
and below which it occurs predominantly in the solid gel phase (gel dominated
mechanism).

-

It is obviously not possible to comment on the distribution of TMA cations
between the solid and liquid phase during reaction primarily because of lack of
experimental results.
Much of the above cannot be adequately substantiated for lack of experimental
data. It may simply be that the change in the crystallisation time with alkali metal
(or TMA) content shown if Figure 7-1 can be explained in terms of competition
between cations for silicate and aluminosilicate species as well as perhaps synergistic effects. Thus at relatively high concentrations of alkali (or TMA), where
the crystallisation takes less than 3 days, there are sufficient cations to compete
favourably with TPA cations and form appropriate growth species. Although
nucleation is clearly promoted by these cations, it is believed that they do not
themselves nucleate the product. It is apparent that these small cations favour
growth. At intermediate alkali concentrations, where the effect on the crystallisation time is significant, competition between cations swings in favour of TPA+.
Thus nucleation competes favourably with crystal growth with the result that
smaller crystals are obtained. Finally at the lowest alkali concentrations, where
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Figure 7-4: Schematic representation of the change in sodium concentration in
both the solid and liquid phases during reaction
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the effect on the crystallisation time is minimal, nucleation dominates and since
there are very few growth species available, extremely small crystals are obtained.
Although much of the above cannot be proved beyond doubt, there is sufficient
evidence to suggest that the measurement of the alkali metal content in either the
solution or, preferably, solid phase may give important information with regard
to the crystallisation mechanism and to the possible roles of these cations. It
is interesting to note that Derouane et al. [131] reported that for a solid--phase
transformation mechanism, both the Si/Al and Al/Na ratios remained constant
until nearly 100% crystallinity, at which point they both increased. This suggests
that, in their studies, the sodium content of the gel phase decreased rapidly on
crystallisation, as in the present work. Thus, based on their results for a solution phase mechanism, the sodium content of the solution phase should decrease
steadily during the course of the crystallisation. Thus it may well be possible to
establish the crystallisation mechanism by simply measuring the solution phase
alkali metal content. This is certainly an area that requires further investigation.
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7.4 Conclusions
On the basis of thermal analysis and measurements of the alkali metal cation
distribution in the reaction mixture, it is believed that the crystallisation of TPAZSM-5 from the composition:
10 (TPA) 2 0 x M2 0 1 A12 0 3 60 Si0 2 3000 1120,
where x < 0.5, crystallises at 423 K (300 rpm) predominantly via a gel dominated
crystallisation mechanism. Above this threshold, it is thought that this mechanism
may shift in favour of a solution phase mechanism. A change in the crystallisation
mechanism with alkali metal content of the reaction mixture may account for
the effects of very high and low levels of cation impurities on the crystallisation
kinetics. While this is certainly an attractive hypothesis, the effects may simply be
attributed to a difference in competition between these cations and TPA cations
for silicate and aluminosilicate species in the reaction mixture.
The role of alkali metal cations in these crystallisations is thought to be primarily in crystal growth, although they may promote nucleation by helping to
stabilise nuclei.
Analysis of the solution phase for alkali metal content provides yet another
method with which to follow the progress of a reaction and detect the onset of
crystallisation. However, it is thought that this method may not be readily applicable to crystallisations from inorganic reaction mixtures, or others in which the
alkali metal content is very high, since the change in the solution phase content on
crystallisation may not be readily detected. Although analysis by flame photometry can be rather laborious, it is believed that the use of Ion-Selective Electrodes
would make measurements quick and easy, as with pH measurements. Unlike pH
measurements, however, information may be gained on the crystallisation mechanism.

Chapter 8

Overall Conclusions and Further Work
8.1 General Comments
The results of the present work show that much can be gained by carrying out
syntheses with reagents of high purity and in systems where great care is taken to
exclude impurities.This has led to a number of important findings, both theoretical and practical. In the former, much has been gained to further help understand
the role of templates and void fillers in the crystallisation of high-silica zeolites.
Furthermore, this work has brought into question the role of sodium cations as a
structure-directing agent in the synthesis of Na-ZSM-5. The discovery that inorganic reaction mixtures can be extremely sensitive to seed or organic impurities is
of practical importance. Thus when carrying out high-silica zeolite crystallisations
with a new organic template, then not only should a 'blank' reaction be carried out
in the absence of the organic (as is usual), but also the 'blank' reaction should be
tested with traces of seed impurity. Only then can any structure directing effect
be truly attributed to the organic species. This has been adequately demonstrated
in the present work for a number of materials thought to be ZSM-5 structure directors. While this certainly applies to the crystallisation of ZSM-5 there is no
reason to suggest that this should not extend to other systems, perhaps even to
zeotypes.
That crystallisations in the absence of alkali metal cations take a very long
time has undoubtedly led to misleading reports, the most notable of which are
those that claim that Beta cannot be crystallised in the absence of alkali metal
cations [229,230,231,232]. The important lesson to learn here is that "As long
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as the synthesis remains amorphous, it's still in with a chance of crystallising
something" [257].

8.2 Organic-Free Syntheses
Investigation of the potassium system showed that high-silica zeolites did not
crystallise readily. Indeed only two such phases were obtained, K-NU-10 and K -.
ZSM - 5, and it was proved that this latter phase could only be obtained from
reaction mixtures that contained seed or organic impurities. It is possible that
this may also apply to NU-10, although there is insufficient evidence to establish
this.
The Scavenging Reaction:
15 K2 0 0.667 A1 2 03 60 Si0 2 3000 1120
was found to be a most interesting and remarkable composition. It was found to
be extremely sensitive to traces of seed material and certain organic impurities.
An interesting side effect was that in the presence of seed material, sphere-like
particles were obtained. It is believed that these were initiated by seeds which
are thought to act as centers for accretion of amorphous material. Crystallisation
then occurred both inside and outside the particle. The shape of the particle owes
much to the phase separation phenomenon as well as collisions in the solution.
It would be interesting to examine this composition in the presence of surfactants, which would reduce phase separation. While this would undoubtedly affect
the formation of spheres, it may also inhibit the ability of the gel to detect impurities. Unfortunately there was insufficient time to explore any possible applications
of these spheres.
Several novel applications have been proposed for the Scavenging Reaction.

The most useful of these is based on its ability to detect minute traces of impurities.
Thus, it can be used to check the cleanliness of reaction vessels and so establish the

Chapter 8. Overall Conclusions and Further Work

281

effectiveness of the cleaning method. This is particularly important if the effects of
seeding is to be avoided in subsequent crystallisations. Furthermore, repeated use
of this reaction can scavenge organic impurities, thus leaving the reaction vessel
completely organic-free. This may be of practical importance where it may be
used in commercial reactors when manufacturers wish to switch from one product
(eg. ZSM-5) to another. This may also be useful in novel zeolite synthesis where
the influence of impurities may be extremely important.
While the above highlights some of the practical applications of the Scavenging
Reaction there are far reaching implications for the study of templates and their
role in high-silica zeolite crystallisations. Perhaps the most important finding was
the ability of the reaction to distinguish between true ZSM-5 structure directors
and void fillers. Thus, the reaction was used to rule out a number of organic
materials previously thought to be ZSM-5 structure directors [63]. The results
of this work suggests that organic materials that promote the crystallisation of
ZSM-5 would be better classified as either structure directors or void fillers.
Probably the most contravertial claim of the present work is that sodium does
not appear to nucleate ZSM-5. There is sufficient evidence on which to base this,
not least of which was the inability of the Scavenging Reaction to crystallise ZSM-5
in the presence of relatively high levels of sodium (added as NaCl) impurity. Only
at very high levels of Na 2 0 (constant base level) was ZSM-5 obtained and this was
contaminated with much amorphous material. It can be argued that aside from
significantly modifying the gel chemistry, the presence of sodium also increases
the sensitivity of the Scavenging Reaction to impurities, since the composition
essentially moves towards that of the inorganic sodium one. Furthermore, the
existence of a composition in the potassium system that is sensitive to organic and
seed impurities also suggests that it is these impurities and not sodium cations that
nucleate ZSM-5 in the corresponding inorganic sodium system. The important
difference between the potassium and sodium systems then, is their sensitivity to
these impurities. While it believed that sodium and potassium do not nucleate
ZSM-5, there is little doubt that they influence the nucleation kinetics. However,
there primary role is in crystal growth.
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Further work is required with the Scavenging Reaction to test the many organic
compounds claimed to direct ZSM-5. Work should also be carried out to establish
whether, or not inorganic compositions analogous to the Scavenging Reaction exist
for other zeolites or indeed zeotypes.
The results of crystallisations carried out in the inorganic sodium system (Appendix), while less spectacular, were nonetheless very interesting. Possibly the
most significant finding was that aging the reaction mixture increased the time
taken to crystallise Na-ZSM-5 (aging was also found to inhibit the crystallisation
of K-ZSM-5). Although this may be rationalised on the basis of a change in gel
chemistry, it is possible that aging affects the ability of the reaction mixture to
detect impurities. Thus while the overall stoichiometry or the reaction mixture
remains unaltered, the solution and solid phase compositions will be very different
from those in the corresponding non-aged reaction mixture. This may affect the
sensitivity of the composition to organic or seed impurities and thus, it will take
much longer for the gel to reorganise and supply the growth units necessary to
facilitate crystallisation.
Since alkali metal cations, particularly sodium, do not appear to nucleate ZSM 5, which is generally recognised as an easy phase to crystallise in the absence of
an organic template, it is thought unlikely that other high-silica zeolites will be
readily obtained from inorganic aluminosilicate reaction mixtures. This does not
rule out, however, the possibility of synthesising other high-silica zeolites from
systems which contain appropriate impurities and can thus still be considered
inorganic reaction mixtures. It is suggested then, that more effort should be
directed at attempting to grow high-silica zeolites, rather than nucleating them,
from seeded inorganic reaction mixtures.
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8.3 Alkali-free syntheses
A number of high-silica zeolites were crystallised from alkali-free reaction mixtures
that contained only the quaternary ammonium hydroxide, which served both as
the structure director and mineraliser. The most notable of these was the crystallisation of Beta, of which there are no reports in the open literature. It was
concluded that although alkali metal cations promote nucleation they are not
required to initiate it. Their primary role, therefore, is in crystal growth, as mentioned in the previous section. Thus it came as no surprise that products obtained
from alkali-free reactions contained extremely small crystals, very often < 0.5 tm.
The growth of Beta, however, did not appear to be significantly affected by the
absence of alkali metal cations in the reaction mixture. Based on these results
it seems likely that one should be able to crystallise all high-silica zeolites from
similar alkali-free reaction mixtures.
The crystallisation of TPA-ZSM-5 took over 30 days in the absence of alkali
metal cations (C257). However, when some of the TPAOH was replaced with
TMAOH the effect on crystallisation rate was remarkable, reducing it to less than
3 days (A129). Concomitant with this was an increase in the crystal size. Further
experimentation showed that there was an optimum amount of TMA at which
the effect was most pronounced. With particularly high levels of TMA, NU-1
co-crystallised. One particular composition (A126), however, crystallised ZSM-5
with a most unusual morphology, which resembled marrowbone dog treats. It is
not known whether this morphology offers any sorptive or catalytic advantages
over conventional materials.
The inclusion of TMA in other alkali-free reaction mixtures that contained a
second quaternary ammonium compound did not affect the crystallisation kinetics
significantly, which was particularly surprising for the TBA-ZSM-11 system, given
its structural similarity to TPA-ZSM-5. Clearly then, the use of TMA to accelerate
crystallisation of high-silica zeolites appears to be quite restricted, unlike inorganic
cations such as sodium.
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That no new materials were crystallised from combinations of TMAOH with
other quaternaries Was hardly surprising since TMA is likely to be a weak structuredirecting species. However, its use as a mineraliser provides a flexible route to the
synthesis of a number of alkali-free, high-silica zeolites from reaction mixtures that
contain, for example, a quaternary halide as the structure director. Furthermore,
it is relatively cheap and readily available. Although similar systems have been
reported for the crystallisation of ZSM-5 using pyrrolidine or ammonium hydroxide as the mineraliser, the use of TMA is more likely to lead to the formation of
a new phase, given that it is a non-specific directing species and has been used
to synthesise a number of zeolites and, more importantly, does not favour the
formation of ZSM-5 in the absence of TPA. Thus the use of the composition:
x (TMA) 2 0 y (Q) z A12 03 60 Si02 3000 H2 0,
where either TMA or Q is in the form of the hydroxide, to examine other quaternary ammonium templates under alkali-free conditions would be worthy of a more
rigorous investigation.
Crystallisation of reaction mixtures that contained TMAOH and a diol did not
give a new phase, which suggests that the diols have limited, if any, structuredirecting ability. However, the use of 2,5-dimethyl-2,5-hexanediol (2,5-DMHD) to
improve the crystallisation kinetics of Beta and NU-1 was an important discovery.
The inclusion of this synthesis modifier in the alkali-free Beta reaction mixture
dramatically reduced the overall crystallisation time. As with the TMA reactions
described above, however, the diol did not improve the crystallisation rate of all the
zeolites examined, the crystallisation of TMA-NU-1 was the only other affected.
Of the diols examined, only 2,5-DMHD was found to improve the crystallisation
rate of Beta and NU-1, although they all modified the crystal size distribution and
average crystal size to different extents. Crystal morphology, however, appeared
to be unaltered. The results generally suggest that nucleation was affected more
than growth. It is thought that a number of factors influence the effectiveness of
a given diol. These include hydrophobicity, geometry, and solubility, all of which
may affect their ability to interact with other species in solution.
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In the presence of alkali metal impurities, the crystallisation of Beta and NU-1
was inhibited when the diol was also present in the reaction mixture. This appears
to be an unusual result but may be due to a modification in the interaction between
the alkali metal cations and aluminosilicate species in solution or solid gel phase.
Further work is required to establish the precise role of diols in these crystallisations. This should include 27A1, 29Si, and 13C MASNMR studies to determine
the nature and extent of the interactions between thediôl and the various Sspecies
in solution. It would also be worthwhile carrying out crystallisations of other
high-silica zeolites in the presence of diols, particularly 2,5-DMHD, to establish
whether or not the diol is only effective for zeolites that cannot crystallise from
all-silica systems.
Investigation of the crystallisation of TPA-ZSM-5 in the presence of controlled
amounts of alkali and TMA impurities showed that at very high and low concentrations, the crystallisation kinetics were not affected significantly. At intermediate
concentrations, however, there was an essentially linear relationship between the
level of impurity and the crystallisation time. The variation in the crystallisation
time with alkali (or TMA) content may be attributed to an increase in competition for silicate and aluminosilicate species, although a change in the crystallisation
mechanism cannot be ruled out. The sudden increase in the solution phase alkali
metal content suggests that many alkali metal cations are initially associated with
the solid gel phase and are then released into the solution phase when T-O-T bonds
are formed on crystallisation. Although it cannot be confirmed, it is thought that
the concentration of alkali metal cations in the reaction mixture may influence
the crystallisation mechanism. Thus, crystallisation from reaction mixtures that
contain substantial amounts of alkali metal cations are thought to proceed via a
solution phase mechanism while those that contain little or no alkali metal proceed
via a gel dominated- or solution mediated, solid phase transformation mechanism.
Furthermore, analysis of the solution phase alkali metal content suggests that it
may be possible to use such measurements to establish the crystallisation mechanism, although much more work is needed in this area.
While the above highlights the theoretical implications of this work, measure-

Chapter 8. Overall Conclusions and Further Work

286

ment of the solution phase alkali metal content has an important practical application. As with pH measurements, the change in alkali metal content of the
solution phase on crystallisation provides yet another method with which to follow
the progress of a reaction. Although the use of flame photometry is not as convenient as pH measurements, Specific Ion Electrodes would allow measurements to
be made quickly and accurately. The clear advantage of such measurements over
pH measurements may come from information gained that might allow determination of the crystallisation mechanism, although as stated above, this area requires
further development.

APPENDIX

Organic-Free Syntheses; Sodium System

Introduction
Several crystallisations were carried out in the inorganic sodium system to allow
comparison with results obtained from the corresponding potassium system. In
particular, the effect of gel aging on the crystallisation of Na-ZSM-5 was examined
in an attempt to further develope the claim that seeding or traces of organic
impurities may be responsible for the crystallisation of Na-ZSM-5 and not the
sodium cations themselves.

Experimental
Materials
Aristar NaOH, CAB-O-SIL M-5, aluminium wire and ultrapure water.

Gel preparation and synthesis conditions
Gels were prepared in the same way as the organic-free potassium reaction mixtures. The batch composition studied, expressed as ratios of oxides was:
10 Na2 0 1 A12 03 60 Si02 3000 H2 0.
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All gels were prepared by weight to give a total of 400 g and reactions carried out
in stirred (300 rpm) 500 cm 3 stainless-steel autoclaves. A series of reactions were
carried out at 383, 403 and 423 K with and without aging. Gels were aged in 1
litre polypropylene bottles in a pre-heated oven set at 368 K for 6 days. The small
amount of water lost through evaporation during this process was replaced with
ultrapure water (368 K) before transferring the gel to the autoclave.

Cleaning of Autoclaves
The autoclaves were cleaned as described in Chapter 2, with the exception that
Aristar NaOH was used instead of KOH.

Results and Discussion
Table A-i shows the results of crystallisations from aged and non-aged reaction
mixtures. As expected the only zeolitic phase obtained at the three temperatures
investigated was ZSM-5 and the crystallisation rate was significantly decreased as
the reaction temperature was decreased. The effect on nucleation was particularly
significant.
SEM photomicrographs (not shown) of the products crystallised at 383, 403,
and 423 K showed that the crystals were generally oval in shape with rather illdefined surfaces. As the crystallisation temperature was increased from 383 K to
423 K, the crystal size increased as expected. It is noteworthy that all the SEM's
showed the presence of a trace of magadiite which was difficult to detect in the
XRPD patterns.
The rate of crystallisation for the aged gels was independent of the aging treatment at all the temperatures investigated, thus at 383, 403 and 423 K the crystallisation took 4, 2 and 1 day respectively (E act = 54 kj mo1 1 ). However the
onset of crystallisation was significantly perturbed by the aging treatment. At 383
K the onset time was reduced from 14 days to 8 days for aging times at 368 K
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Table 8-1: Crystallisation of Na-ZSM-5 from the composition: 10 Na 2 0 1 A12 03
60 Si02 3000 H2 0 with aged and none-aged gels
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of 6 days and 39 days. This is consistent with nucleation in the static system at
368 K at a rate similar to that of the stirred system at 383 K. At higher reaction temperatures static aging increased the time to the onset of crystallisation.
This was a most unexpected result which is difficult to explain satisfactorily. The
383 K experiments indicate that nuclei do form at 368 K, and hence they must
be initially present in the 403 and 423 K experiments. It may be that at higher
temperatures some or all of these nuclei are destroyed or other changes in the gel
during the aging process slow down further nucleation at the higher temperatures.
Alternatively, the gel chemistry may be changed to such an extent that it loses its
ability to detect seed or organic impurities. Unfortunately neither of these explanations is convincing and further work should be carried out to account for these
observations.

Conclusions
Aging the sodium gel at 368 K increased the overall crystallisation time of ZSM-5
at 403 and 423 K. However, the time to the onset of crystallisation is significantly
reduced when the gel is crystallised at 383 K. It is clear that gel aging inhibits
nucleation. While this can be attribute to a change in gel chemistry, the possibility
that the gel loses its ability to detect minute traces of seed or organic impurity, as
in the potassium system (Chapter 5) cannot be ruled out.
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