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Foreword 
The ACS S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

THE FIRST ZEOLITE, STILBITE, W A S D I S C O V E R E D IN 1756 by Baron 
Cronstedt, a Swedish mineralogist. He named these types of minerals 
zeolites from the Greek words zeo (boil) and lithos (stone), because when 
gently heated, the stones evolved water vapor. Because of the 
multiplicity of properties possessed by natural zeolites, it is not 
surprising that extensive attempts at their synthesis began so long ago. In 
fact, efforts to achieve the hydrothermal synthesis of analogs of natural 
zeolites date back to 1845, although the elevated temperatures and 
pressures employed and the lack of proper identification techniques 
precluded a high degree of success for more than a century. The bulk of 
successful work began in the 1940s when X-ray diffraction provided easy 
product identification and R. M. Barrer developed the gel synthesis. This 
approach was based on starting with very reactive components in closed 
systems and employing temperature and crystallization conditions that 
were more typical of the synthesis of organic compounds than of mineral 
formation. Zeolite Synthesis, and the symposium on which it is based, is a 
review of the progress that, to date, has been made toward under
standing the various aspects of this field on a molecular level. 

By 1959, under the leadership of R. M. Milton, the Linde Division of 
Union Carbide had successfully synthesized nearly all the commercially 
important zeolites. The first chapter of this volume is a personal account 
by Milton of how Union Carbide pioneered the synthetic molecular sieve 
zeolite business. In the synthesis area, results have indeed been 
impressive. Of the 35 now-recognized naturally occurring zeolites, 24 
have been duplicated in the laboratory. In the process, more than 200 
new synthetic phases have been discovered, including VPI-5, ZSM-5, 
and ALPO, a new family of molecular sieves. Today, ZSM-5 is 
considered to be one of the most important catalytic materials to be 
found since the cracking properties of faujasite were established in the 
early 1960s by Plank and Rosinsky. Aluminophosphates, such as ALPO, 
SAPO, and MEAPO, equip the chemist with an almost endless supply of 
crystalline molecular sieves with unique composition and structural 
characteristics. Synthesis of VPI-5, the first 18-membered ring molecular 
sieve, suggests that many more new and technologically important 
molecular sieves (some of which exist already as models) await to be 
synthesized. 

xi 
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Until fairly recently, zeolite synthesis has been mainly an empirical 
science in which a large number of experiments were used to 
systematically change synthesis parameters in the hope of obtaining new 
phases and crystal composition. Good luck and the execution of the 
right "mistakes" were thought by many to be essential to the synthesis 
and discovery of new zeolites. This Edisonian approach to zeolite 
synthesis is now being gradually replaced by methods based on the use of 
new characterization techniques that will provide a better understanding 
of gel chemistry, zeolite nucleation, crystal growth, crystallization 
kinetics, and structure-directing phenomena. 

The two founders of zeolite synthesis technology, R. M. Barrer (right) 
and R. M. Milton (left), September 22,1988, Los Angeles, CA (photo by 
Mario L. Occelli). 

A great part of the success of the symposium on zeolite synthesis can 
be attributed to the generous contributions from several industrial 
sponsors and to the support of the Division of Colloid and Surface 
Chemistry of the American Chemical Society and of the International 
Zeolite Association. A special acknowledgment is made to the donors of 
the Petroleum Research Fund, administered by the American Chemical 
Society, for the support provided during the early stages of this project. 

xii 
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We would also like to thank D. E . W. Vaughan, Ε. M. Flanigen, T. 
Inui, D. Bibby, and G. Volyocsik for helping to chair the symposium, 
and to express our gratitude to the many colleagues who acted as 
technical referees. Mario L. Occelli is particularly grateful to Unocal for 
permission to participate in and complete this project, and to G. Smith 
for her invaluable secretarial help. 

Finally, we would like to thank the authors of Zeolite Synthesis for 
the time and effort they gave to presenting their research at the 
symposium and preparing the manuscripts for this book. 

MARIO L. OCCELLI 

Unocal Corporation 
Science and Technology Division 
Brea, CA 92621 

HARRY E. ROBSON 

Department of Chemistry 
Louisiana State University 
Baton Rouge, LA 70803 
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Chapter 1 

Molecular Sieve Science and Technology 
A Historical Perspective 

Robert M. Milton1 

5991 Set-N-Sun Place, Jupiter, FL 33458 

Union Carbide pioneered the synthetic molecular sieve zeolite busi
ness, initiating research in 1948, entering the market in 1954, and 
turning a profit on an annual basis beginning in 1960 with an up
front cost of a little over $7 million. Based on this effort, Union 
Carbide dominated the field of synthetic molecular sieves for many 
years. This state-of-the-art volume on zeolite synthesis represents a 
giant step from 1949, when I first began hydrothermal synthesis 
studies on zeolites at Union Carbide. Although this chapter is not 
intended to provide a thorough, historical perspective, it should 
give readers a view of the atmosphere and the people contributing 
to the initial development of the field of zeolite synthesis. 

The work leading to Union Carbide's success began in 1948 after I had been at 
Linde's Tonawanda Research Laboratory for nearly two years. Management 
asked me to investigate physical adsorption as a potentially useful methodology 
in the purification and separation of air. At that time the only group working 
actively in zeolites was R. M . Barrels group abroad. This introduction 
represents a condensed history of Union Carbide's work on molecular sieve zeol
ites from discovery to commercial success. 

New Zeolite Synthesis Methodology 

In the fall of 1948, I was measuring the adsorption characteristics of numerous 
commercial adsorbents and of the natural zeolite, chabazite. Several uses for 
silica gel in air separation plants were identified. But the more we learned 
about chabazite, the more intrigued I became by its potential as a commercial 
adsorbent as well as its possible use in air purification and separation. I 
envisioned, as others had before me [1-5], major new separation processes based 
on a series of different pore size zeolites. The stumbling blocks were that (1) 
chabazite was the only known zeolite with seemingly practical adsorption 

^ O T E : Retired from Union Carbide Corporation, 39 Old Ridgebury Road, Danbury, CT 06817 

0097-6156/89/0398-0001$06.00/0 
ο 1989 American Chemical Society 
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2 ZEOLITE SYNTHESIS 

characteristics, (2) large deposits of the mineral had never been found, and (3) 
although many had tried, no one had succeeded in synthesizing chabazite [6]. I 
requested and received permission for a limited exploratory zeolite synthesis pro
gram in mid 1949. 

We started hydrothermal syntheses in September 1949, using relatively inso
luble forms of silica and alumina in mildly alkaline solutions (pH 8-11) contain
ing calcium, magnesium, and sodium cations at temperatures of 200°-300 e C . 
Reaction periods varied from a few days to a week. In some experiments there 
was no reaction; in others we made analcime or small pore mordenite. These 
had been made by others under similar conditions and neither was considered a 
commercially useful adsorbent [7, 8]. 

Our first change in synthesis procedures was to repeat some of the earlier 
experiments while applying a hydrostatic pressure of about 2,000 psig. This addi
tional pressure had no apparent effect on zeolite crystallization. 

By October 1949, I started experimenting with crystallization at 100 e C , rea
soning that the higher water content zeolites with larger pore volumes and, 
presumably, larger pore sizes, would be more likely to crystallize at temperatures 
lower than 200°-300 °C. In nature the anhydrous aluminosilicates were formed 
at relatively high temperatures, and the hydrous ones were believed to have been 
formed later as the earth's surface cooled. Not surprisingly, when we first tried 
low temperature synthesis with relatively insoluble silica and alumina in mildly 
alkaline solutions, there was no reaction in reasonable time periods. 

This was solved by using soluble forms of silica and alumina under highly 
alkaline conditions. We dissolved sodium aluminate in water, or dissolved 
alumina trihydrate in hot sodium hydroxide solutions and then mixed the 
aluminate solution with sodium silicate solutions. On mixing a gel usually 
formed. The gel was stirred thoroughly and placed in metal or glass containers, 
which were sealed and immersed in a 100 e C water bath. The results were 
dramatic. Within a few hours, hydrated solid species usually settled out of the 
mother liquor and in most cases these were crystalline zeolites. The relative 
amounts of sodium oxide, alumina, silica, and water in the initial gel were key 
variables in determining what materials were formed. Temperature, gel stirring, 
and gel aging were also important variables. 

Following crystallization, the solid was separated from the mother liquor by 
filtration, washed with distilled water, and air dried in an oven at 100 °C to 
remove loosely bound water. Samples of the dried powder were sent routinely 
to the x-ray laboratory. The fact that we could obtain a strip chart recording of 
the x-ray powder pattern within 30 minutes was an important factor in the pace 
of our work. Adsorption evaluations were facilitated by use of multiple, quartz 
spring, McBain-Bakr balances connected in parallel. As many as 16 adsorbent 
samples could be evaluated simultaneously. 

By year end 1949 we had developed not only a new and widely applicable 
method for synthesizing zeolites but had discovered the A zeolite, the Β zeolite 
later shown to be gismondite, the C zeolite later identified as basic sodalite, and 
a crystalline impurity named X [9-10]. 

I first identified the X zeolite by its x-ray peaks as an impurity in the Β 
zeolite in 1949 at about a 20% concentration. We next saw it in February 1950 
at about a 50% concentration with the Β zeolite when N . R. Mumbach 
brought in the x-ray pattern from his first attempt to scale up the synthesis of 
B. By mid 1950, I had discovered how to routinely make pure zeolite X [11]. 
Chabazite was synthesized in late 1950, and by mid 1951 I had made three new 
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1. M I L T O N Molecular Sieve Science and Technology 3 

zeolites in the potassium-aluminosilicate system [12-14]. Adsorption properties 
of A and X had been determined including the discovery that the pore size 
could be reduced or enlarged by appropriate ion exchange with potassium, cal
cium, or magnesium ions. Both A and X had proven stable at 500 e C . [15,16]. 
By mid 1953 we had made a total of 20 crystalline zeolites, including erionite, 
gmelinite, and 14 with no know natural counterparts [15]. 

Crystal Structure 

In mid 1951 two young scientists joined the laboratory staff, Drs. T. B. Reed, 
a crystallographer, and D. W. Breck, an inorganic chemist. Reed had hoped 
to work with me on molecular sieves. In the applicant interview, I had chal
lenged him to determine the detailed structures of the A and X zeolites from 
powder x-ray data, pore size and volume information, and ion exchange proper
ties. He was assigned, however, to a different project in another group. 

Dr. Breck was assigned to my molecular sieve group. He quickly appreci
ated the value of knowing the crystal structures of A and X if we were to fully 
understand their unique properties. Early in 1952 Reed and Breck decided to 
work together on the A and X structures. Progress was slow. Their studies 
were conducted frequently during lunch hour and in the evenings, since Reed 
had another full time assignment and Breck was busy with continuing zeolite 
synthesis and characterization studies. 

By March 1954 they achieved their final structure for the A zeolite, verifying 
it shortly thereafter with single crystal x-ray data on a 30 micron A crystal that 
Breck and Nancy A. Acara had recently grown [17]. By mid 1954, they also 
completed the structures of X and faujasite [18], with help from single crystal x-
ray data on faujasite. This was completed two to six years before these struc
tures were described by others [19-21]. Interestingly, a manuscript by Breck et 
al. on the synthesis, structure, and properties of X was rejected by the Journal 
of Physical Chemistry in 1958 on the basis of insufficient reader interest. 

These were remarkable accomplishments considering the size of the unit cells 
and the complexity of the structures. I remember posing the problem to Dr. 
Linus Pauling when he visited our laboraory in the mid fifties. Some 25 years 
earlier he had published on the structure of the zeolite natrolite and several 
feldspathoids [22]. He assured me that it was a waste of time to even try to 
determine the detailed structure of zeolites from powder x-ray data. 

X9 Yy Faujasite 

In August 1952 Breck located the powder x-ray data for mineral faujasite and 
realized that it was very similar to that of the X zeolite. We obtained about 50 
mg. of faujasite and studied it carefully. The x-ray pattern was indeed very 
similar to that of X . The adsorption capacity was somewhat lower but similar. 
The silica/alumina ratio was 4.7 compared to 2.5 for X . The cations in faujasite 
were calcium, magnesium, and barium, not sodium as in X . It was clear that X 
and faujasite were isostructural but with different compositions. Further similari
ties and differences could not be studied at that time due to the limited supply 
of faujasite. 

In mid 1954 Breck proposed that it should be possible to synthesize the X 
structure with silica/alumina ratios as high as 4.7, found in faujasite, and possibly 
higher. He further hypothesized that the higher ratio materials, with lower 
aluminum and exchangeable cation content, would be more stable to acid attack 
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4 ZEOLITE SYNTHESIS 

and to heat in the presence of water vapor than the 2.5 ratio X . If true, this 
could be a valuable property as X had limited stability to the high temperature 
burn-off of carbon deposits necessary in regeneration of petroleum cracking 
catalysts and to acid containing gases such as cracker gases. 

N . A. Acara, Brack's synthesis assistant, collected samples of X made over 
the past few years and sent some of them in for chemical analysis. Heretofore 
most lots of X had never been analyzed. Those that had, always gave 
silica/alumina ratios very close to 2.5 with none higher than about 2.7. This 
analysis of old lots of X showed some lots with ratios as high as 2.83 and 2.92. 
With this background, Breck and Acara soon learned how to routinely synthesize 
X with ratios between 3.0 and 4.0. Later analyses of additional old lots of X 
showed ratios of 3.05, 3.47, and 3.48. We had made high silica X before but 
had not recognized it. 

Beginning in 1956, Ε. M . Flanigen learned how to make X with 
silica/alumina ratios between 4.0 and 5.7. Now with a full range of ratios from 
2.5 to 5.7, we were able to study systematically the variation in properties with 
alumina content. Breck's original hypothesis proved to be correct. The high sil
ica forms were more stable to acid attack and to high temperatures in the pres
ence of water vapor than the low silica forms [23]. 

Since X had been defined in our patent applications as having silica/alumina 
ratios between 2.0 and 3.0, and because there was a significant change in proper
ties at a ratio of 3.0, the isostructural zeolites with ratios above 3.0 and up to 
6.0 were named and patented as zeolite Y . The Y zeolite was not introduced 
into the market place until we had time to file appropriate patents and evaluate 
it as a catalyst [24]. 

Patents 
Scientists do not usually get deeply involved in the intricacies of patent coverage, 
but it was essential in the case of the A and X zeolites because they involved 
concepts and science totally new to Union Carbide patent lawyers. During 1952 
and 1953 I spent probably 20% of my time on patent matters. 

The first lawyer assigned to molecular sieves planned to base protection on 
the process of manufacture. Since we could not possibly cover all practical 
methods of making A and X, we asked for composition of matter coverage, with 
process claims only to protect our actual manufacturing methods, and broad use 
claims covering as many applications as possible, so as to minimize the possibil
ity of restrictive use claims by others. 

Carbide's patent department had reservations because in their experience, 
composition of matter claims had to be drawn very narrowly to be valid and as 
such were frequently easy to circumvent. We convinced them that the unique 
properties that make A and X useful are singular results of their specific chemi
cal composition and the arrangement of atoms in the crystal lattice of the zeol
ites. To our knowledge, the use of powder x-ray data as a finger print to 
uniquely identify a specific crystal structure was a new concept in patent protec
tion. 

Wfaen the first drafts of the patent applications came back from our patent 
department for checking, it was clear that major changes were needed. After 
several unsuccessful attempts to revise the original drafts, I had to rewrite both 
applications. At about that time a young patent lawyer, J. B. Browning, 
replaced the original attorney. He was quick to comprehend the significance of 
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1. MILTON Molecular Sieve Science and Technology 5 

the project, approved the basic strategy, made several important suggestions to 
clarify the disclosure and simplify the claims, and the applications were filed on 
December 24, 1953. 

Both applications were rejected a number of times primarily based on the 
examiner's inability to understand the differences between our new A and X 
zeolites and prior art in non-crystalline zeolites used in water softeners and their 
unfamiliarity with compositions of matter identified by x-ray patterns. Finally 
Dr. Breck and I, armed with crystal models, models of variously sized adsorbate 
molecules, x-ray patterns, and comparative data on water softening zeolites, 
visited the examiner and his assistants in Washington. 

With these props we were able to explain molecular sieve adsorption, relate 
it to the crystal structures of A and X, and relate those to the x-ray patterns. 
The examiners understood, and after they removed the use claims for separate 
continuation-in-part filing, they issued the patents on April 14, 1959 [9,11]. 

Catalysis 
In September 1951, I authored an Idea Memorandum arguing that both the A 
and X zeolites should make good catalysts or catalyst supports, specifically men
tioning hydrocarbon cracking, abnormally strong adsorption forces, molecular size 
selectivity, and the possibility of atomically dispersed metals on the internal sur
faces. In March 1952, I discussed these ideas in a paper at a Union Carbide 
catalyst conference and later at our Bakélite Division laboratory. 

First results came from the Bakélite Division in 1953. They were catalyti-
cally cracking ditolyethane to make methyl styrene. They found that 
magnesium/hydrogen exchanged A and calcium/hydrogen exchanged A were both 
more active and more selective catalysts than the best commercial silica-alumina 
cracking catalysts. The pure sodium A form was inactive and the pure hydrogen 
exchanged form was unstable. Ditolyethane is too large a molecule to enter the 
A zeolite pore structure. 

In February and March of 1954, Breck and I prepared hydrogen exchanged 
X with greater than 60% of the sodium cations replaced, both by direct 
exchange with acid and by exchange with ammonium ions followed by heating to 
drive off ammonia. Both forms of hydrogen X were tested in cracking of n-
tetradecane and isopropylbenzene. Both forms were extremely active catalysts 
producing primarily C 6 - C ? hydrocarbons from n-tetradecane and benzene and 
propylene from isopropylbenzene. This was the first discovery of the unique 
hydrocarbon cracking activity of the X structure, providing at least 60% of the 
sodium cations are removed from the lattice. 

A patent application [25] was filed on March 13, 1956 on the catalytic 
cracking of hydrocarbons with hydrogen X in the names of Milton and Breck. 
This application, too, was rejected by the examiner because he could not under
stand wherein our crystalline zeolite X was different from the amorphous, water 
softening zeolites of the prior art. This objection should have been easily over
come as it was in the basic A and X cases. For some unknown and still unex
plained reason, however, this application was abandoned by our patent depart
ment on June 30, 1959. 

By mid 1954 Dr. Breck and I had developed methods for dispersing metals 
on the inner surfaces of the A, X, and Y zeolites and had initiated catalytic stu
dies with them [26-27]. Dr. C. R. Castor and S. W. Bukata were added to this 
effort; during 1954-1955 they carried out exploratory studies with platinum, other 
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6 ZEOLITE SYNTHESIS 

metals, and select metal oxides dispersed on the X and Y zeolites. Very active 
hydrocarbon hydrogénation and dehydrogenation catalysts were made, tested, and 
patented [28-31]. These catalytic studies were not continued at Linde as 
Research management decided to emphasize other zeolite programs. 

With this hiatus in catalytic research on zeolites at Carbide, we began 
encouraging outside groups to evaluate A and X as catalysts. In an invited 
paper on molecular sieves at the Gordon Research Conference on Separations in 
1955, I concluded my presentation with an explanation of why I thought the A 
and X zeolites would show unusual catalytic effects- highly polar surfaces, 
unusually high heats of adsorption, molecular size selective availability of the 
internal surfaces, and the ease of dispersal of metal atoms on the internal sur
faces. Dr. P.B. Weisz and another Mobil Oil scientist attending the confer
ence questioned me at length after the paper. I made similar presentations in 
1955 and 1956 at Esso Research and Engineering, Mobil Oil, Union Oil, Stan
dard of California, and Shell Development laboratories. 

In 1956 I organized a new in-house catalytic research group in Linde's 
Development Department, reporting to Dr. T. L Thomas. Dr. J. E. Boyle 
joined in June 1956 and P. E. Pickert, in early 1957. Dr. J. A. Rabo was 
brought in as group leader in June 1957. The charter we gave Dr. Rabo was to 
develop zeolite based catalysts for use in major petroleum refining operations 
such as catalytic cracking, isomerization, reforming, and hydrocracking. Our con
fidence was based on the earlier results with exchanged A and with hydrogen 
and decationized X, the availability of the more stable Y zeolite, and the 
promising initial studies with platinum on X and Y . 

When Dr. J. Rabo arrived, the group was studying reforming with plati
num impregnated X zeolite. He broadened the program to include cracking and 
isomerization, shifted emphasis from X to Y, replaced sodium ions in the lattice 
with ammonium and polyvalent cations, and worked with unimpregnated as well 
as impregnated Y zeolite. By mid 1958 we had developed a unique zeolite 
catalyst for the dealkylation of alkyl aromatics to produce benzene. By early 
1959 we had developed and completed laboratory testing of a superior pentane 
and hexane isomerization catalyst based on a decationized, 0.5 wt.% platinum 
loaded Y zeolite. By December 30, 1959 we had filed a patent application on 
hydrocarbon conversion processes and catalyst using polyvalent exchanged Y with 
greater than 40% removal of sodium cations from the lattice. This patent issued 
on February 22, 1966 was the first one to cover the Y based catalysts now used 
world wide in the cracking of gas oils [32]. 

Simultaneously scientists at Esso Research and Engineering and Mobil Oil 
were working with X based catalysts [33-35]. Mobil Oil introduced the first 
zeolite based catalysts for cracking gas oils in 1962 using rare earth exchanged X 
in a silica-alumina matrix. This replaced the older silica-alumina catalysts. 
When we made Y available, the Y based catalysts largely replaced the X based 
catalysts in this application. 

In mid 1959 a significant decision was made, with the sales manager and me 
dissenting, not to enter the finished catalyst business at that time with our new 
isomerization catalyst, and to concentrate instead on the adsorbent portion of 
the molecular sieve business. Accordingly, a major reduction was made in the 
level of our catalytic studies with zeolites shortly thereafter. 
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1. MILTON Molecular Sieve Science and Technology 7 

Commercialization 

Early in 1950, only a few months after the discovery of A and B, an application 
group and a process group were set up to develop uses, scale up synthesis, and 
agglomerate the powder into useful forms. By mid 1951 all signs were positive 
[Milton, R.M., Linde Technical, B-148, 2/7/51, unpublished], and the level of 
activity was raised. In June 1953 we issued a project status report recommend
ing test marketing [Burdick, J.N., Milton, R.M., Peters, P.E., Linde Technical 
Memorandum, B-173, 6/9/53, unpublished]. In the spring of 1954, test marketing 
was initiated with molecular sieve types 4A, 5A, and 13X. Research manage
ment, R. AJones, and I made most of the customer visits, usually accompanied 
by a member of the regular Linde sales department. Interest was very high and 
by fall of that year, Linde announced it was entering the business of manufactur
ing and selling molecular sieve zeolites. 

At this time prime responsibility for the project was shifted from the 
Research Department to the Development Department under W.B. Nicholson. 
E.R. Behnke was given responsibility for molecular sieve sales, and I was made 
Manager of the Tonawanda Development Laboratory, responsible for molecular 
sieve applications, and in time, process development and manufacturing. 

Major expansions in both development and sales groups occurred in the 
period 1955-1958. A sales force was staffed with specially trained engineers 
working full time on molecular sieves. Laboratory engineers and chemists stu
died specific applications and developed the technology to optimize the design of 
adsorption systems. Moving bed systems were evaluated jointly with Union Oil. 
Catalysis research was reactivated. Latent catalyst systems were developed for 
curing rubber and plastics with active accelerators adsorbed on the molecular 
sieves. 

Synthesis, filtering, drying, ion exchange, and activation processes were suc
cessfully scaled up. Pellet forming procedures were perfected and bead forming 
techniques developed. A pilot plant and modest scale production facility were 
built and operated at Tonawanda. 

In a cooperative effort, Linde Research and Union Carbide Nuclear Co. 
prospected for and located deposits of natural zeolites in Western United States. 
No deposits of A, X, Y, or faujasite were found. Numerous and extensive depo
sits of other useful zeolites were located (chabazite, erionite, mordenite, clinop-
tilolite), claimed and at a later date some were mined and sold for special uses. 
We learned how to dealuminate zeolites while maintaining crystal structure, 
opening the pore and increasing the silica/alumina from 10 to about 20 in mor
denite. Procedures for synthesizing A, X, and Y from clays were discovered. 

In early 1958 responsibility for the molecular sieve project was shifted to 
Linde's New Product Department where it was to be treated as an independent 
business, no longer a development project. I was made Assistant Manager of 
New Products and was responsible for the molecular sieve business. E.R. 
Behnke became Sales Manager, and R.W. Pressing became Manager of Develop
ment and Production; both reported to me. 

In February 1959 I was transferred back to research as Director of Linde's 
Tonawanda Research Laboratory, including its molecular sieve research group. 
Mr. Behnke took over as General Manager of the Molecular Sieve Department 
with Mr. R.A. Jones as Sales Manager and Dr. T.L. Thomas as Director of 
Technology. Mr. Langerhans became Manager of the Mobile Plant when it was 
opened. 
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8 ZEOLITE SYNTHESIS 

Major Contributors 

Many people have contributed to the success of the molecular sieve project at 
Union Carbide over the years. I would like to mention the following whose 
contributions were very important during this initial period, through approxi
mately 1959. 

• Dr L I . Dana, Linde Vice President, hired me and put me to work on air 
separation. He and Dr. J.M. Gaines, Director of Research, asked me to 
work on physical adsorption and strongly supported the molecular sieve pro
ject at all times. Dr. Dana made the decision to test market and set the ini
tial prices. 

• Dr W.G. Eversole was my supervisor from 1946 to 1953. Besides being a 
fine scientist, he was inspiring, imaginative, fully supportive, and a valuable 
consultant. 

• W.B. Nicholson was responsible for the decision to enter the molecular sieve 
business, for selling top management on the heavy expenditures needed to 
launch the new business, and for guiding the project through its most diffi
cult period. 

• E.R. Behnke developed the initial sales strategy, built the sales force, was put 
in charge of the molecular sieve business when I returned to research, and 
shepherded the business until it was secure and profitable. 

• Dr. T .L Thomas participated in the earliest research on adsorption/desorption 
kinetics, air separation, pressure swing adsorption systems, liquid phase separa
tions, and ion exchange applications. He directed many of the application 
studies between 1955 and 1959. 

• R . L Mays was the technical expert on drying of gases and liquids, recovery of 
olefins, and regeneration of molecular sieve beds, and a key supervisor in 
application technology. 

• R.A. Jones initiated application studies in 1950, was coinventor of the first 
major application of molecular sieves [36], led our entire application 
engineering group prior to going into field sales, and later became Sales 
Manager. 

• R . L Langerhans was my assistant during the initial discovery period (1948-
1950), the first person to work with the clay bonding of zeolite powders, and 
assisted in siting and design of the Mobile plant and was its first plant 
manager. 

• Dr. D.W. Breck was the discoverer of the Y zeolite, a co-discoverer of the 
unique catalytic cracking activity of the X zeolite, and with Dr. T.B. Reed 
worked out the crystal structures of A and X . He was certainly one of the 
world's outstanding zeolite scientists. 

• Dr. E .M. Flanigen is a world expert on zeolite synthesis. In the early years 
she was first to synthesize high silica Y with silica/alumina rations above 4.0, 
first to remove aluminum from zeolite lattices without loss of structure, and 
was responsible for identification and evaluation of the myriad of samples 
from Union Carbide's investigation of sedimentary zeolite deposits in Western 
United States. Additionally, I would like to acknowledge her assistance in 
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1. MILTON Molecular Sieve Science and Technology 9 

preparation of this paper, particularly for reviewing old data books to check 
the accuracy of my memory. 

• Dr. J.A. Rabo led our catalyst research group from 1957 to 1961 and 
played a key role in the discovery of the catalyticly active ingredient used 
world wide in the catalytic cracking of gas oils to produce gasoline. 

• When we started selling molecular sieves, little was known about heat and 
mass transfer in fixed bed adsorption/desorption. Design was an art. G.J. 
Griesmer, J.J. Collins, F.W.Leavitt, W.F. Avery, and K. Kiyonaga made it a 
science, a unit process we understand and can optimize. Griesmer led much 
of this activity and was primarily responsible for Union Carbide's Iso Sieve 
process for separating normal from iso paraffins [37]. 

• E.H. Westerland and G.L. Ribaud conducted and/or supervised most of our 
very successful process and manufacturing development studies including 
development of our pellet forming technology. 

• W. Drost was my synthesis assistant from 1950 to 1952 and later developed 
our methods for making hard, attrition-resistant molecular sieve beads. 

• R. E. Cuddeback led the design team for the Union Carbide Mobile Plant 
for manufacture of molecular sieve products. 
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Chapter 2 

Zeolites: Their Nucleation and Growth 

R. M. Barrer 

Chemistry Department, Imperial College, London SW7 2AZ, England 

Zeolite synthesis proceeds via nucleation, which 
is a consequence of local fluctuations, small in 
extent but considerable in degree of departure 
from the mean for the solution, followed by spon
taneous growth of nuclei exceeding a critical size. 
A physico-chemical basis for the critical size 
requirement has been described. There is evidence 
that chemical events rather than diffusion can 
govern subsequent linear growth of zeolite crystals. 
To succeed in synthesis it is essential during 
growth to stabilise the open structure by inclusion 
of quest molecules. This requirement has a thermo
dynamic origin which has been developed and applied 
to formation of zeolites, porosils and AlPO's. 
The explanation of some experimentally observed 
features of zeolite synthesis follows from the 
treatment. A distinction is made between zeolitic 
stabilisers and nucleation templates. 

As the p o t e n t i a l i t i e s of micropores i n c r y s t a l s rather slowly 
became r e a l i s e d there developed an area of synthetic chemistry 
which has y i e l d e d a remarkable v a r i e t y of microporous s t r u c t u r e s . 
Most are 3-dimensional 4-connected nets, of which the numbers 
envisaged v a s t l y exceed the numbers prepared experimentally. 
Accordingly the search f o r chemical pathways to new porous c r y s t a l s 
proceeds apace, both f o r i t s s c i e n t i f i c i n t e r e s t and i t s p o s s i b l e 
i n d u s t r i a l rewards. 

This account w i l l emphasise several physico-chemical aspects of 
synthesis which help i n understanding the "green f i n g e r s " approach 
of much current research on the formation of porous c r y s t a l s . 

Aluminate and S i l i c a t e S o l u t i o n s 

In the high pH range needed f o r z e o l i t e synthesis aluminate s o l u t i o n s 
are r e l a t i v e l y simple i n that the anions present are almost exclus
i v e l y A1(0H) On the other hand i n s i l i c a t e s o l u t i o n s around room 

0097-6156/89A)398-0011$06.00/0 
ο 1989 American Chemical Society 
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12 ZEOLITE SYNTHESIS 

temperature various anions c o - e x i s t according to the r a t i o of base 
to s i l i c a , the nature of the base, and the concentration. 

There has, on the other hand, been l i t t l e study of s i l i c a t e 
s o l u t i o n s i n the temperature range most important f o r z e o l i t e syn
t h e s i s (up to ~250°C). However Knight et a l (J_) made an i n t e r e s t i n g 
observation on tetramethylammonium s i l i c a t e s o l u t i o n s 1 M i n S i and 
with Si/N = 1/2. The room temperature e q u i l i b r i u m was perturbed by 
~30 s heating to 100°C, quenching i n l i q u i d nitrogen and warming to 
room temperature. For the f i r s t few minutes the NMR spectrum then 
showed predominantly monomeric s i l i c a t e anions with small amounts of 
dimer and trimer. T r i g o n a l prism anions next began to appear 
followed a f t e r several hours by cubic anions. The l a t t e r increased 
s t e a d i l y i n r e l a t i v e amount u n t i l a f t e r 16 days e q u i l i b r i u m was e s t 
ablished. The experiment shows slow e q u i l i b r a t i o n at room tempera
ture, r a p i d perturbation of t h i s e q u i l i b r i u m at 100°C, and a prim
a r i l y monomeric ani o n i c c o n s t i t u t i o n at 100°C. This experiment 
should be extended to other systems since i t may have general i m p l i 
cations f o r molecular mechanisms of nucleation. This would be 
e s p e c i a l l y true of the c l e a r a l u m i n o s i l i c a t e s o l u t i o n s r e f e r r e d to 
below. 

Reaction Mixtures 

The usual r e s u l t of mixing aluminate and s i l i c a t e s o l u t i o n s i s the 
formation of a g e l , which may l a t e r separate i n t o a c l e a r super
natant l i q u i d and a g e l . One may ask whether nucleation i s homoge
neous ( i n solution) or heterogeneous ( i n g e l ) . A p a r t i a l answer may 
be provided i f i t can be demonstrated that z e o l i t e s can grow from 
c l e a r s o l u t i o n s . Guth et a l (2̂ ) and Ueda et a l have shown how 
such s o l u t i o n s can be prepared. 

From c l e a r Na- a l u m i n o s i l i c a t e s o l u t i o n s Ueda et a l have 
c r y s t a l l i s e d analcime, s o d a l i t e hydrate, mordenite, f a u j a s i t e (Na-Y), 
z e o l i t e s (gmelinite type) and z e o l i t e Ρ (gismondine type), so that 
homogeneous nucleation i s at l e a s t p o s s i b l e . Where g e l i s present 
c r y s t a l s nucleated homogeneously would, as growing c r y s t a l s , become 
enmeshed with g e l so that homogeneous and heterogeneous nucleation 
are d i f f i c u l t to d i f f e r e n t i a t e i n gel-containing media. 

Whether nucleation i s homogeneous, heterogeneous or both there 
i s strong evidence that i n subsequent c r y s t a l growth the g e l , i f 
present, p r o g r e s s i v e l y d i s s o l v e s and that the d i s s o l v e d m a t e r i a l then 
feeds the growing c r y s t a l s . This a l s o a p p l i e s i n successive t r a n s 
formations such as (4̂ ) : 

s o l u t i o n -+ Na-Y Na-S -> Na-P, 
because each crop of c r y s t a l s i n the succession has i t s own s i z e 
range and morphology rather than being a pseudomorph of i t s parent, as 
would be the case i n an i n t e r n a l s o l i d s tate transformation. 

Z e o l i t e C r y s t a l l i s a t i o n from c l e a r Solutions 
The c l e a r a l u m i n o s i l i c a t e s o l u t i o n s from which Ueda et a l (j4) studied 
c r y s t a l l i s a t i o n of z e o l i t e s Y, S and Ρ were based on the composition 
range 10Na 2O.(0.35-0.55)A1 20 .(22-28)Si0 2.(250-300)HO. Figure 1 
shows the region i n which g e l and s o l u t i o n co-existea (cross-hatched), 
the region of c l e a r s o l u t i o n , and the formation f i e l d s of the three 
z e o l i t e s from the c l e a r s o l u t i o n . 
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2. BARRER Zeolites: Their Nucleation and Growth 13 

L I ι I ι I ; 
0.40 045 050 

Figure 1. C r y s t a l l i s a t i o n f i e l d s of z e o l i t e s Y, S and Ρ at 100°C 
from c l e a r a l u m i n o s i l i c a t e s o l u t i o n s . In the c r o s s -
hatched area g e l and s o l u t i o n c o - e x i s t . (Reproduced with 
permission from Ref. 4. Copyright 1984 Butterworths.) 
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14 ZEOLITE SYNTHESIS 

For c r y s t a l l i s a t i o n of Y the optimum composition of s o l u t i o n was 
10Na O.O.45A1 0 26SiO 2.270H 2O. F a u j a s i t e ( z e o l i t e Y) appeared a f t e r 
~12 hours, and the c r y s t a l s were of rather constant composition, 
having, over a l l the experiments, r a t i o s SiO^/Al^O between 5.1 and 
5.6. Because these r a t i o s are so much greater i n the parent s o l u 
t i o n s the A l has been s e l e c t i v e l y removed from s o l u t i o n and i t s 
concentration t h e r e i n drops much f a s t e r than those of Na and S i . 
When SiO /Al^O^ i n s o l u t i o n had i n t h i s way r i s e n from 58 to 73 
z e o l i t e δ began to appear and the y i e l d of Y to decrease. When SiO -
/ A l 0 had reached about 102 z e o l i t e Ρ s t a r t e d to form and the y i e l d 
of S Began to d e c l i n e . 

A l s o , i f the s o l u t i o n s had an i n i t i a l S i 0 2 / A l 2 0 r a t i o of 73,S 
formed but no Y, while i f t h i s i n i t i a l r a t i o was 102,Ρ formed but no 
S. This behaviour suggests caution i n i n t e r p r e t i n g a l l c r y s t a l 
l i s a t i o n sequences as examples of Ostwald's r u l e of successive 
transformations. The r u l e states that i n a c r y s t a l l i s a t i o n sequence 
the new phases replace each other i n the order of a step by step 
descent of a ladder of in c r e a s i n g thermodynamic s t a b i l i t y . An 
example i n a hydrothermal system i s {5): 

Amorphous SiO^ c r i s t o b a l i t e k e a t i t e quartz. 
The optimum check of Ostwald's r u l e would, as i n the above sequence, 
involve parent g e l and successive phases a l l of the same composition. 
This c o n d i t i o n i s not met i n many c r y s t a l l i s a t i o n sequences. 

Nucleation and C r y s t a l Growth 

Studies of Raman (2) and NMR (6) spectra of sol u t i o n s of aluminates 
and s i l i c a t e s , and of t h e i r mixtures under conditions y i e l d i n g c l e a r 
a l u m i n o s i l i c a t e s o l u t i o n s , agree i n showing at l e a s t p a r t i a l suppres
sion of the Al(OH)^ ion when s i l i c a t e anions are present, supporting 
the view that a l u m i n o s i l i c a t e anions form around room temperature. 
I t i s then p o s s i b l e to v i s u a l i s e how such anions could form more com
plex u n i t s and germ n u c l e i . An example i s shown i n Figure 2 i n 
which 4-ring anions y i e l d the cubic u n i t found i n the z e o l i t e A 
framework, or the double crankshaft chain found i n f e l s p a r s or i n 
phillipsite-harmotome z e o l i t e s {!_). 

While act u a l chemical events involved i n nucleation and c r y s t a l 
growth are not known a phenomenological treatment (8_) gives some 
i n s i g h t . W i l l a r d Gibbs (9_) considered processes of phase separation 
of two extreme kinds. In the f i r s t , f l u c t u a t i o n s i n concentration 
occur which are minute i n volume but large i n extent of departure 
from the mean (the case of binodal phase separation). In the 
second the volume of the f l u c t u a t i o n i s large but the d e v i a t i o n from 
the mean for the s o l u t i o n i s minute (responsible f o r spinodal phase 
separation). In nucleation of z e o l i t e s one i s conerned only with 
f l u c t u a t i o n s of the f i r s t kind. 

One may enquire what f a c t o r s oppose the immediate appearance of 
v i a b l e n u c l e i growing spontaneously. Whether i n g e l or s o l u t i o n a 
p o s i t i v e i n t e r f a c i a l f r e e energy term Δς^. a r i s e s which i s inc r e a s 
i n g l y important r e l a t i v e to other free energy terms the l a r g e r the 
surface to volume r a t i o . In a r e s t r a i n i n g matrix the germ, through 
m i s f i t , may al s o produce a p o s i t i v e s t r a i n free energy, Ag . Both 
these terms g r e a t l y reduce the p r o b a b i l i t y of a germ nucleus 
becoming v i a b l e . The net free energy of formation of a germ 
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2. BARRER Zeolites: Their Nucleation and Growth 

Figure 2. Formation from 4-ring anions of cubic u n i t s found i n 
z e o l i t e A and double crankshaft chains found i n f e l s p a r s 
and phillipsite-harmotome z e o l i t e s . (Reproduced with 
permission from Ref. 7. Copyright 1982 Academic Press.) 
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16 ZEOLITE SYNTHESIS 

c o n s i s t i n g of j s t r u c t u r a l u n i t s of a p a r t i c u l a r kind i s t h e r e f o r e 

AG 
Ag. = - — - j + Ag + Ag ( 1 ) D N A

 J * σ ^s 

where AG i s the free energy of formation of a mole of bulk c r y s t a l , 
i . e . the amount of c r y s t a l containing an Avogadro number, N^, of the 
s t r u c t u r a l u n i t s . AG i s negative^in sign . Ag i s p r o p o r t i o n a l to 
the i n t e r f a c i a l area, and so to j , while Ag i s p r o p o r t i o n a l to 
j . Thus, with A = -AG/NA, one has 

Ag.. = -Aj + B j 2 / 3 + C j (2) 

where A, Β and C are p o s i t i v e c o e f f i c i e n t s . For small j , wj^eçe the 
surface to volume r a t i o i s very l a r g e , the p o s i t i v e term Bj can 
be dominant. In s o l u t i o n or g e l we expect C to be zero or small, 
i . e . A > C. A s 2 J 3 i n c r e a s e s the negative term -(A-C)j w i l l grow more 
r a p i d l y than Bj . Accordingly, when Ag. i s p l o t t e d against j the 
curve i n i t i a l l y has a p o s i t i v e slope and ^Ag. i s p o s i t i v e , but at 
some value of j t h i s curve passes through a maximum and t h e r e a f t e r 
decreases, as shown i n Figure 3 (JO. At the maximum dAg ./dj = 0 
and so from Equation 2 the values of j and of Ag_. at the maximum are 

8B 3
 A . (A-C) / o l D_ = . ; Ag = j , (3) 

m 27(A-C) 3 ^ m 2 

Any nucleus i n which j exceeds j w i l l add more l a t t i c e - f o r m i n g 
u n i t s with a decrease i n free energy and therefore tends to grow 
spontaneously; but any germ nucleus i n which j i s l e s s than j w i l l 
l ose l a t t i c e - f o r m i n g u n i t s with a decrease i n free energy, anS w i l l 
t herefore tend to disappear. Even so, f l u c t u a t i o n s ensure that some 
germs eventually reach and cross the saddle point i n Figure 2 and 
then grow spontaneously. 

As the t o t a l surface area of growing c r y s t a l s increases, and 
v a s t l y exceeds the t o t a l area of germ n u c l e i , c r y s t a l s w i l l dominate 
more and more st r o n g l y over f r e s h n u c l e i i n consuming the l a t t i c e -
forming u n i t s a v a i l a b l e . Accordingly the nucleation rate should 
b u i l d to a maximum e a r l y i n the curve of y i e l d against time, but w i l l 
t h e r e a f t e r , through the competition with c r y s t a l s f o r chemical 
n u t r i e n t s , tend to decay towards zero. This behaviour was found by 
Zdhanov and Samuelevich (_1_0) from an a n a l y s i s of the l i n e a r growth 
rates of i n d i v i d u a l c r y s t a l s of Na-X and the s i z e d i s t r i b u t i o n of 
the f i n a l crop of c r y s t a l s . 

Also, as the t o t a l area of growing c r y s t a l s increases so does the 
rate at which chemical n u t r i e n t s are consumed. The slope of the 
curve of y i e l d against time t h e r e f o r e increases. Later, as the 
supply of n u t r i e n t s becomes more and more exhausted, the slope of the 
curve decreases to zero. As a r e s u l t curves of y i e l d vs. time are 
sigmoid i n contour, as i l l u s t r a t e d i n Figure 4 (11). 

Two r e s u l t s of p r a c t i c a l i n t e r e s t follow from the above reasoning. 
F i r s t l y , the smaller the number of v i a b l e n u c l e i the l a r g e r w i l l be 
the average c r y s t a l l i t e s i z e i n the f i n a l crop of c r y s t a l s . Secondly, 
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2. BARRER Zeolites: Their Nucleation and Growth 17 

β; 
< 

Ο 

Figure 3. The form of the curve of Ag . p l o t t e d against j . 
(Reproduced with permission 3from Ref. 8. Copyright 1982 
Academic Press.) 

TIME.HRS 

Figure 4. The t y p i c a l sigmoid form of curves of y i e l d of z e o l i t e 
p l o t t e d against time. The i l l u s t r a t i o n i s f o r ZSM-5 
( S i l i c a l i t e 1 ) . « M 5 0 ° C ; • 160°C; A 170°C; · 180°C 
(Reproduced with permission from Ref. 11. Copyright 1984 
Butterworths.) 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

00
2

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



18 ZEOLITE SYNTHESIS 

the extent of overlap of the curve of nucleation rate against time 
with the curve of y i e l d of c r y s t a l s against time w i l l determine the 
s i z e d i s t r i b u t i o n i n the f i n a l crop. I f f r e s h nucleation i s very 
r a p i d l y suppressed by c r y s t a l growth, c r y s t a l s i z e w i l l tend to be 
more uniform because the v i a b l e n u c l e i w i l l a l l have been growing as 
c r y s t a l s for a s i m i l a r length of time. Conversely, i f fresh 
nucleation extends w e l l i n t o the period of c r y s t a l growth, then 
c r y s t a l s i n the f i n a l crop w i l l have grown over d i f f e r e n t lengths of 
time and the f i n a l s i z e d i s t r i b u t i o n w i l l be broad. 

Low temperature l i m i t s f o r z e o l i t e c r y s t a l l i s a t i o n are set only 
by increasing slowness of nucleation and c r y s t a l growth. In t h i s 
connection a c t i v a t i o n free energies for each of the succession of 
steps leading to a v i a b l e nucleus, and f o r subsequent c r y s t a l growth 
are the d e c i s i v e f a c t o r s . Creswell et a l (_1_2) measured r e a c t i o n 
rates between s i l i c a t e anions i n aqueous a l k a l i n e s o l u t i o n s of 
p o t a s s i u m _ s i l i c a t e and reported an a c t i v a t i o n free energy of 
~93.kJmol for d i m e r i s a t i o n of o r t h o s i l i c a t e anions, but nothing can 
be s a i d of the free energies of a c t i v a t i o n f o r the steps involved i n 
nucleating a z e o l i t e . Measurements of l i n e a r growth rates on seed 
c r y s t a l s of z e o l i t e Χ gave the energies of a c t i v a t i o n i n 
Table I. These energies show that c r y s t a l growth i s c o n t r o l l e d by 
a chemical process because Ε i s too large for c o n t r o l by d i f f u s i o n . 

TABLE I. A c t i v a t i o n Energy, E, i n k J mol 1 f o r Growth Rates on 
C r y s t a l s of F a u j a s i t e (Na-X)(13) 

Batch Composition S i / A l i n Product Ε 

NaA10 2. .2. .1(Ν 3 ι ,06 H2. 94 S i°4>' .400H2O 1 . .53 49.4 
NaA102. .3. , o ( % ; .92 H3. 08 S i°4> .400H20 1 . .78 51.5 
NaA10 2. ,5. 0 ( N a o . ,78 H3. 2 2 S i ° 4 ' ,400H20 2, .20 59.0 
NaA10 2. .7. ,5(Na 0 ,73 H3. 2 7 S i V ,400H20 2. .54 65.3 

M i n e r a l i s e r s 

Water and hydroxyl ion are the c l a s s i c m i n e r a l i s e r s i n hydrothermal 
synthesis, f i r s t l y because aqueous a l k a l i d i s s o l v e s amphoteric 
oxides and so promotes m o b i l i t y and mixing of molecular and i o n i c 
species as a p r e - r e q u i s i t e f o r r e a c t i o n . A second v i t a l r o l e i s that 
of molecular water which (see below) s t a b i l i s e s aluminous z e o l i t e s 
by f i l l i n g channels and c a v i t i e s . This r o l e can be shared or taken 
over by organic molecules (e.g. i n p o r o s i l s , s i l i c a - r i c h z e o l i t e s or 
AlPO's), and by s a l t s (e.g. i n s c a p o l i t e s , s o d a l i t e and c a n c r i n i t e ) . 

S t a b i l i s i n g Porous C r y s t a l s ; Host-Guest Solutions 

The z e o l i t e , p o r o s i l or A1PO i s the "host" and the z e o l i t i c component 
the "guest". The host-guest complex i s a s o l u t i o n , amenable at 
e q u i l i b r i u m to s o l u t i o n thermodynamics (J_4 ,J_5 ), and the host-guest 
r e l a t i o n s h i p thereby described i s one of the most important i n the 
chemistry of porous c r y s t a l s because, without the z e o l i t i c guest, 
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2. BARRER Zeolites: Their Nucleation and Growth 19 

microporous c r y s t a l s could not be synthesised. The guest i s required 
only during synthesis and i s t h e r e a f t e r removed before the porous 
c r y s t a l s are put to use. 

For p o r o s i l s the n a t u r a l choice of the gram molecule (or mole) 
i n host-guest s o l u t i o n s i s SiO^, and f o r comparability among a l l 
p o r o s i l s and z e o l i t e s the mole w i l l t h erefore be taken as 
M ^ A l ^ S i ^ ^ _ χ w h e r e 0 < χ < 0.5 and M i s an equivalent of c a t i o n s . 
For AlPO's the natural choice of mole i s AlPO^. For a two component 
s o l u t i o n at constant temperature the Gibbs-Duhem equation i s 

n H d y H + n G d y G = V d P ( 4 ) 

where n f l and n Q denote numbers of moles of host and quest i n the 
s o l i d s o l u t i o n of volume V at t o t a l pressure P. y f l and y Q are the 
respective chemical p o t e n t i a l s of host and guest i n the s o l u t i o n . 
Equation 4 can be re-arranged, with dy_ = RTdlna, and integrated to 

G 
give 

The a c t i v i t y , a, of the guest i s zero when the host i s guest-free 
and has chemical p o t e n t i a l i s thus the change i n chemical 
p o t e n t i a l of the host due to the i n c l u s i o n of the 9^||^· ® i - s t n e 

f r a c t i o n a l s a t u r a t i o n of the host by the guest, V = n Q /n and 
η i| a£he number of moles of guest at s a t u r a t i o n of the host, so 
that n Q Θ = n Q . V

H
 = v / n

H ^ s t h e m o l a r volume of the host because 
the r i g i d host framework renders V v i r t u a l l y independent of 
n Q . The t o t a l pressure, P, i s often the vapour pressure, p, of the 
guest, and the a c t i v i t y , a, can sometimes be replaced by the r e l a t i v e 
vapour pressure, x, of the guest, so that 

Δ μ Η = V H P " R T V £ * < 0 / X ) d x ( 6 ) 

This i n t e g r a l can be evaluated g r a p h i c a l l y from the s o r p t i o n isotherm 
of the guest p l o t t e d as Θ/χ against x. From Equation 6, Δ μ ^ ί ε seen 
to c o n s i s t of two p a r t s : a p o s i t i v e term Δμ = V P ; and a negative 

Ί π 
term Δ μ 2 = -RTV jf^ (0/x)dx. These two parts w i l l be evaluated i n turn. 

Table II gives values of V H and of V P at 100°C where Ρ = 1 atm. 
V i s based upon the number of S i + A l atoms per 1000 A 3 of z e o l i t e 
(16). At 100°C f o r water Δμ ) = V HP i s i n s i g n i f i c a n t f o r a l l 
z e o l i t e s . However, i n a closed system above 100°C,P-p for water r i s e s 
r a p i d l y . The smallest and l a r g e s t molecular volumes are those of 
b i k i t a i t e and f a u j a s i t e r e s p e c t i v e l y , and i n Table I I I values of 
V f lp are therefore given f o r these two z e o l i t e s up to 365°C ne g l e c t i n g 
any small change i n V f l with temperature. V^p for a l l other z e o l i t e s 
l i e s between the values f o r these two. Accordingly i n the 
temperature range most relevant for z e o l i t e synthesis, Δμ^ , i f water 
i s the guest, w i l l not be l a r g e . However, i f , b y using an i n e r t 
p i s t o n f l u i d , one moves i n t o the k i l o b a r pressure range the term 
V P w i l l have a major e f f e c t on Δμ . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

00
2

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



20 ZEOLITE SYNTHESIS 

TABLE I I . Molar Volumes, V , o f Z e o l i t e s and V P a t one Atm 
(100°C f o r Water as Guest) 

Z e o l i t e vH 

cm mol 
V H P 

J mol 1 

Z e o l i t e vH 

cm mol 

V H P 

J mol 1 

B i k i t a i t e 29.8 3.03 M e r l i n o i t e 37.6 3.82 
Li-ABW 31.7 3.21 P h i l l i p s i t e 38.1 3.88 
Analcime 32.4 3.28 E r i o n i t e 38.6 3.92 
F e r r i e r i t e 34.0 3.45 O f f r e t i t e 38.9 3.94 
Dachiardite 34.8 3.53 P a u l i n g i t e 38.9 3.94 
Mordenite 35.0 3.55 Chabazite 41.3 4.18 
S o d a l i t e Gmelinite 41.3 4.18 

Hydrate 35.0 3.55 RHO 42.1 4.29 
Heulandite 35.4 3.59 LTA 46.7 4.73 
LTL 36.7 3.72 F a u j a s i t e 47.4 4.83 
Mazzite 37.4 3.79 

We consider now the term Δ]^ . Table IV gives values of V i n 
Equation 6 f o r a v a r i e t y of h y d r o p h i l i c z e o l i t e s , according to the 
u n i t c e l l compositions given by Meier and Olson (JM6 ). To proceed 
f u r t h e r a simple model of the host-guest s o l u t i o n w i l l be employed. 

A Model f o r Host-Guest S o l u t i o n s 

I n t r a c r y s t a l l i n e s o r p t i o n i s normally of Type 1 i n Brunauer's c l a s s 
i f i c a t i o n (_V7) and isotherm contours therefore resemble those 
according to Langmuir's isotherm equation. This can describe 
a c t u a l isotherms w e l l enough (_1_8) to be of value i n p r e d i c t i n g , 
through Equations 5 or 6, some features of z e o l i t e chemistry. 

The maximum value of the r e l a t i v e pressure, x, i s u n i t y and 
t h i s value w i l l be c l o s e l y approached f o r the aqueous phase where 
the guest i s water. Then f o r Langmuir's isotherm 

Θ = Kx/(1 + Kx) (7) 

Isotherm contours i n Figure 5 show how large Κ must be to give r e c t 
angular isotherms l i k e those u s u a l l y observed for water i n z e o l i t e s 
and a l s o show some values of Θ at χ = 1. With Equation 7, Equation 6 
int e g r a t e s to 

Δ μ Η = Δμ ι + Δρ^ = V f lp + RTVln(1-0) 

= V„p - RTVln(1+TCx) (8) 
π 

The negative term, Δμ^ , becomes i n c r e a s i n g l y so the l a r g e r the 
value of K, and hence the nearer the value of Θ at χ = 1 i s t o u n i t y 
and the more rectangular the isotherm. 
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2. BARRER Zeolites: Their Nucleation and Growth 21 

TABLE I I I . V f lp f o r F a u j a s i t e and B i k i t a i t e i n Water* a t D i f f e r e n t 
Temperatures 

T°C p/atm 
F a u j a s i t e 

V H p / J mol" 1 
B i k i t a i t e 

110 1.413 6.82 4.29 
120 1.959 9.46 5.95 
130 2.665 12.87 8.08 
140 3.565 17.22 10.82 
150 4.695 22.67 14.25 
160 6.100 29.94 18.50 
170 7.811 37.71 23.71 
180 9.888 47.69 29.98 
190 12.378 59.76 35.57 
200 15.334 74.0 46.54 
210 18.81 90.8 57.1 
220 22.88 110.5 64.4 
230 27.59 133.2 83.8 
240 33.01 159.8 99.5 
250 39.22 189.4 119.0 
260 46.28 223.5 140.4 
270 54.28 262.0 164.7 
280 63.29 305.5 192.1 
290 73.41 352.5 222.8 
300 84.72 409.1 257.1 
310 97.32 469.9 295.4 
320 111.32 537.5 337.9 
365 195.50 726.5 456.7 
- 1 ,000 4,828 3,033 
— 5,000 24,140 15,165 

* Vapour pressures of water from NBS/NRC Steam Tables. 
Hemisphere Publi s h i n g Co., 1984. Converted from bars to atm. 

TABLE IV. Moles of Water per Mole o f Z e o l i t e (V) 

Examples Examples 

7 2 2 75 

77 
80 
91 

0.33 Analcime, b i k i t a i t e 0. 
0.40 N a t r o l i t e 0, 

0.50 Li-ABW, d a c h i a r d i t e 0, 
f e r r i e r i t e , mordenite, 0, 
yugawaralite 0, 

°- 5 83 L T L 0.92 
0.60 Thomsonite 1.00 
0.62 5 Brewsterite 1.04 
0.66 E p i s t i l b i t e , heulandite 1.11 

laumontite, s o d a l i t e 1 - 1 2 c 
hydrate 1.25 

EAB 
E r i o n i t e , m e r l i n o i t e , 
p h i l l i p s i t e 
Mazzite, o f f r e t i t e 
Edingtonite 
RHO 
Levynite 
Gismondine, gmelinite 
P a u l i n g i t e 
Chabazite 
LTA 
F a u j a s i t e 
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22 ZEOLITE SYNTHESIS 

X 

Figure 5. Isotherms of Θ = Kx/(1 + Kx), showing Θ at χ = 1 and the 
changes i n curvature with i n c r e a s i n g values of K. 

Table V gives values of -à\x^/RTV f o r d i f f e r e n t values of Κ or of 
Θ at χ = 1, according to Equation 8. For large Κ, Δμ dominates 
t h i s equation and the z e o l i t e i s therefore much s t a b i l i s e d r e l a t i v e 
to i t s guest-free s t a t e . Thus f o r f a u j a s i t e at 100°C, Δμ = V ρ = 
0.005 kJ mol (Table II) and V = 1.25 (Table IV). The f i n a l two 
columns i n Table V give Δμ at 100°C f o r d i f f e r e n t Κ when V = 1.25 

TABLE V. Δ μ 2 i n k J mol a t χ = 1 f o r d i f f e r e n t Values of Κ using 
the Langmuir Model 

Κ θ a t χ = 1 - Δ μ 2 / κ τ ν 
V 

-Δμ a t 
= 1 .A 

100°C 
V = 0.33 

1 0.500 0.6932 2. ,687 0.717 
2 0.6é 1.0986 4. .259 1 . 136 
3 0.750 1.3863 5. ,374 1 .433 
5 0.833 1.7918 6. .946 1 .853 
10 0.90909 2.3979 9. .295 2.479 
15 0.93750 2.7726 10. .75 2.867 
25 0.96154 3.2581 12, .63 3.368 
50 0.98039 3.9318 15. .24 4.064 
100 0.99010 4.6151 17. .89 4.771 
500 0.99800 6.2166 24. .10 6.427 
1000 0.99900 6.9088 26. .78 7.141 

and 0.33, and so f o r the extremes among the values of V f o r z e o l i t e s 
(Table IV). 

One may conclude from Figure 5 and Tables IV and V t h a t : -
( i ) Because as z e o l i t e s become r i c h e r and r i c h e r i n s i l i c a they are 
known to become l e s s h y d r o p h i l i c and eventually hydrophobic, water 
w i l l i n c r e a s i n g l y lose i t s e f f e c t i v e n e s s as a s t a b i l i s e r because as Κ 
de c l i n e s so does - Δ μ . 
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2. BARRER Zeolites: Their Nucleation and Growth 23 

( i i ) For s i l i c a - r i c h z e o l i t e s , p o r o s i l s and AlPO's water must 
therefore i n part or wholly be replaced by other guest molecules 
which are more st r o n g l y sorbed g i v i n g more rectangular isotherms 
than water. These are u s u a l l y multiatomic organic molecules. They 
often contain a basic group to improve t h e i r s o l u b i l i t y i n water and 
help maintain a high pH. 
( i i i ) The s t a b i l i s i n g r o l e i s a general one exercised by any guest 
molecules able t o enter the porous c r y s t a l or be incorporated during 
i t s growth. This a p p l i e s e q u a l l y to permanent gases at pressures 
high enough to give s i g n i f i c a n t uptakes. Thus c r y s t a l l i s a t i o n of 
the p o r o s i l melanophlogite was e f f e c t e d f o r the f i r s t time at 170°C 
under a pressure of 150 bar of CH 4 (J_9 ). Table VI gives some of the 
guest molecules used to a i d formation of ZSM-5 {20) and serves to 
i l l u s t r a t e the g e n e r a l i t y of the e f f e c t . 

TABLE VI. Some Guest Molecules used t o a i d Synthesis of ZSM-5 (20) 

NPr 4OH NH3+C2H5OH Triethylenetetramine 
NEt OH Glyc e r i n e Diethylenetriamine 
NPr n - C H J H / \ 
NH à H NH ( n - C l ) N H θ 4 ) * 
OHC Β fa NH (&C ) ÎNH \ / 
OHC,H*NH^ Hexanediol 3 6 2 

0 HH 

Propylamine 

C(CH OH) 
C 2H 5OH Dipropylenetriamine 

The E f f e c t of Temperature upon Host S t a b i l i s a t i o n 

Temperature influences the vapour pressure, p, and hence changes 
Δμ = V f lp as already considered (Table I I I ) . For the Langmuir 
moael Δ μ 2 = -RTVinM + Kx) i s a l s o dependent upon temperature. The 
e f f e c t i s r e a d i l y evaluated assuming that V i s independent of Τ and 
that 

Κ = K q exp(-AH/RT) (9) 

where Κ i s a constant and ΔΗ i s the heat of wetting of the water-
free z e o l i t e by l i q u i d water (x = 1). 

Relevant heats of wetting f o r sev e r a l z e o l i t e s i n d i f f e r e n t 
c a t i o n i c forms f e l l i n the range -6.8 to -3.2 k c a l mol of l i q u i d 
water (2J_). C a l c u l a t i o n s of Δη + Δμ are here made f o r 
ΔΗ =.,-6.0, -4.0 and -2.0 k c a l mol ( i . e . -Ί25.1, -16.7 and 8.37 kJ 
mol ) taking Κ at 100°C to be 100, and a l s o 10. The r e s u l t s i n 
Table VII show that Δμ^ becomes l e s s negative as temperature 
increases. For a given Κ the change i n Δμ i s l a r g e r the greater 
the heat of wetting. The c a l c u l a t i o n s lead one to expect t h a t : 
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24 ZEOLITE SYNTHESIS 

( i ) As Τ increases z e o l i t e s w i l l tend to be replaced at e q u i l i b r i u m 
by denser phases, because, i n the r e l a t i o n Δμ = (μ - μ ), μ of the 
z e o l i t e s t a b i l i s e d by water may no longer be l e s s at high Τ than the 
μ f o r dense phases ( f e l s p a r s , non-porous f e l s p a t h o i d s , s i l i c a t e s or 
oxides). Conversely, as Τ i s lowered so that Δμ^ becomes i n c r e a s 
i n g l y negative, z e o l i t e s w i l l i n c r e a s i n g l y replace dense phases 
( μ Η < y K 

( i i ) The more porous the host the greater one expects i t s chemical 
p o t e n t i a l , μ Η when guest-free, to become. The c r y s t a l l i s a t i o n of 
the most porous z e o l i t e s w i l l t h e r e f o r e require unusually b i g 
negative values of Δ μ Η to compensate f o r the large μ Η · Δ μ Η i s seen 
i n Table VII to become more negative the lower the temperature so 
that the most porous c r y s t a l s which need the greatest s t a b i l i s a t i o n 
should form best towards the low end of the temperature range f o r 
z e o l i t e formation. 

TABLE VII. Influence of Temperature, f o r V = 1.25 and 0.33, upon 
Ap H/kJ mol of Z e o l i t e 

ΔΗ T°C Κ -Δμ„ f o r : 

k J mol" 1 l i q u i d H O V = 1.25 V = 0.33 

-25.10 27 717 20.5 5.47 
100 100 17.9 4.77 
177 25.0 15.2 4.04 
300 5.93 11.1 2.82 
365 3.47 9.21 2.19 

-16.74 27 371 .9 18.5 4.93 
100 100 17.9 4.77 
177 39.71 17.3 4.60 
300 15.20 16.2 4.17 
365 10.63 15.6 3.89 

-16.74 27 37. 19 11.4 3.04 
100 10.00 9.30 2.48 
177 3.97 7.46 1 .96 
300 1 .52 5.10 1.21 
365 1 .06 4.08 0.83 

-8.37 27 19.29 9.38 2.50 
100 10.00 9.30 2.48 
177 6.30 9.26 2.45 
300 3.90 9.06 2.27 
365 3.26 8.88 2.10 

The f i v e conclusions regarding z e o l i t e synthesis given i n t h i s 
and the previous s e c t i o n are derived l a r g e l y v i a the Gibbs-Duhem 
equation and are i n general accord with p r a c t i c a l experience. The 
physico-chemical i n t e r p r e t a t i o n of so much observed behaviour i s of 
considerable i n t e r e s t . 
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2. BARRER Zeolites: Their Nucleation and Growth 

S t a b i l i s a t i o n by Organic Guest-Molecules 

25 

Because many of the organic molecules which have served as guests 
have molecular volumes s u b s t a n t i a l l y l a r g e r than water t h e i r values 
of V are l e s s than that of water. Values of V and some s t r u c t u r a l 
information are given i n Table VIII f o r several p o r o s i l s and AlPO's. 

TABLE V I I I . Values of V f o r some P o r o s i l s and AlPO's 

Compound Polyhedra Polyhedra 
per u.c 

Examples of Guest 

S i l i c a l i t e I Channels 1/24 Pr,ΝΟΗ 4 
Silica-ZSM-22 Channels - 1/24 Et NH 
S i l i c a - s o d a l i t e 4 6 6 8 2 1/6 

2 
G l y c o l 

(12 S i 0 2 per u.c) 
Melanophlogite 5 1 2 2 1/23+ 
(46 S i 0 2 per u.c) 5 1 2 6 2 6 3/23 C0 2, N. 
Dodecasil 3C 5 1 2 16 2/17+ 
(136 S i 0 2 per u.c) 5 1 V 8 1/17 

** 
Piperi< 

Dodecasil 1H 5 1 2 3 3/34+ C H 4 
(34 S i 0 2 per u.c) 4 3 5 6 6 3 2 2/34+ C H 4 

5 1 2 6 8 1 1/34 Adamani 
A1P0-12 - - 1/3 NH CH J 2 2 
A1PO-20 4 6 6 8 2 1/3 NH2CH2( 

CH 3NH 2 

(6 A1P0 4 per u.c) 

For polyhedra, notation such as 5 denotes a dodecahedron with 
twelve pentagonal faces, and so on. With V = 1/24, Τ = 170°C and 
Θ = 0.99 Δ μ 2 i s -0.706 kJ mol of SiC>2 (cf. S i l i c a l i t e and s i l i c a -
ZSM-22). Any a d d i t i o n a l uptake of z e o l i t e water w i l l f u r t h e r 
s t a b i l i s e S i l i c a l i t e or ZSM-5. Indeed ZSM-5 can be made with water 
as the only s t a b i l i s e r . For the two AlPO's of Table V I I I , i n which 
the mole i s taken as A1PO , the negative values of - Δ μ 2 would be 
8-fold l a r g e r than f o r S i l i c a l i t e . 

When more than one c a v i t y type occurs there i s a term f o r each 
type: 

Δ μ ο = - R T V „ f* —1 da - R T V ^ f* —2 da ... (11) 2 1t> a 2 t> a 

When sorption i n each c a v i t y can be represented by Langmuir's 
isotherm with the same or a d i f f e r e n t guest i n each c a v i t y , 
Equation 11 becomes: 
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26 ZEOLITE SYNTHESIS 

Δν^ = RTV^jlnd - G . , ) + RTV 2ln(1-0 2) + ... (12) 

In 2 t h e case of dod e c a s i l 3C c r y s t a l l ^ e ^ at 170°C, with CH 4 i n the 
5 c a v i t i e s and p i p e r i d i n e i n the 5 6 c a v i t i e s , and when the 
pressure of CH gives Θ = 0.99 and Θ f o r p i p e r i d i n e i s a l s o 0.99, 
one f i n d s that Δ ^ = -2.99 kJ mol . 

Concluding Remarks 

A s p e c i f i c c a t i o n , organic or inorganic, often appears to favour the 
nucleation of a p a r t i c u l a r z e o l i t e . I t has been suggested that the 
cat i o n then functions as a template f o r nucleating a p a r t i c u l a r kind 
of z e o l i t e . I t i s a l s o l i k e l y that s o l i d surfaces can func t i o n i n a 
s i m i l a r way, f o r example i n the m u l t i p l e nucleation often o c c u r r i n g 
at growing z e o l i t e surfaces which gives p o l y c r y s t a l l i n e p a r t i c l e s . I 
wish here only t o suggest that there can be a c l e a r d i f f e r e n c e 
between s p e c i f i c template-based nucl e a t i o n and the r e l a t i v e l y non
s p e c i f i c s t a b i l i s i n g r o l e of guest molecules which can be diver s e i n 
type and shape, as seen i n Table VI. Perhaps the d i s t i n c t i o n can be 
drawn best with water molecules i n mind, which f i l l and s t a b i l i s e so 
many d i f f e r e n t z e o l i t e s t r u c t u r e s during synthesis. Water can 
hardly be a u n i v e r s a l template f o r z e o l i t e s of any st r u c t u r e but i s 
a near u n i v e r s a l s t a b i l i s e r . I t s r o l e i s c l o s e r to that of a 
c a t a l y s t , defined c l a s s i c a l l y as a substance that promotes a r e a c t i o n 
( i n t h i s case by s t a b i l i s i n g the product) but which can be recovered 
unchanged from the product. 

F i n a l l y , as regards the pre-nucleation and nucleation stages i t 
could be of i n t e r e s t to augment other modes of i n v e s t i g a t i o n by 
l i g h t s c a t t e r i n g experiments t o examine heterogeneities of composi
t i o n , using c l e a r a l u m i n o s i l i c a t e s o l u t i o n s l i k e those prepared by 
Guth et a l (2̂ ) and by Ueda et a l (3_ ,_4 ). Conditions should be such as 
ul t i m a t e l y lead t o z e o l i t e p r e c i p i t a t i o n and one would seek to 
follow the development of germ n u c l e i . 
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            Chapter 3 

Precursors in Zeolite Synthesis 
                A Critical Review 

               J. J. Keijsper and M. F. M. Post 

Koninklijke/Shell-Laboratorium, Amsterdam (Shell Research BV), 
Badhuisweg 3, 1031 CM Amsterdam, Netherlands 

Double n-ring (DnR) silicates have been proposed as 
possible precursor species in zeolite synthesis since, 
for example, the formation of ZSM-5 can be easily 
envisaged starting from D5R silicates only. In this 
contribution we have critically examined this hypothe
sis . The observed composition and dynamics of various 
s i l i c a t e solutions, which conform to the data for 
silicalite forming mixtures, are in line with such a 
possible precursor role but do not give a definite 
proof. In a number of instances, however, rates of 
nucleation towards ZSM-5 fail to show a correlation 
with the concentration of D5R silicates present in the 
starting mixtures. Moreover, the apparent random 
distribution of defect sites in zeolite ZSM-5, the 
number of which increases with the Si/Al ratio, does 
not support a precursor role for D5R silicates during 
crystallization. Therefore, we conclude that the D5R 
s i l i c a t e condensation mechanism is not generally 
operative in the synthesis of MFI structures. 

Although the use of organics in zeolite synthesis has had, and is 
s t i l l having, an enormous impact on the formation of Si-rich forms 
of already known structures and on the formation of novel 
materials, the precise role of the organics is s t i l l a matter of 
extensive debate. Often only their templating or structure-
directing role is emphasized. However, the clear absence of a 
one-to-one correspondence between the geometries of the organic 

0097-6156/89Α)398-0028$06.25Α) 
ο 1989 American Chemical Society 
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3. KEUSPER AND POST Precursors in Zeolite Synthesis 29 

used and the structure obtained (1) indicates that other possible 
roles of the organic also have to be considered. 

In the literature at least three roles have been discussed. 
First, the organic may exert an influence on the gel chemistry by, 
for example, changing dissolution rates (1,2). It has been argued 
that templating effects may only become operative when the right 
gel chemistry is present. Second, the organic can play a s t a b i l i 
zing role by being incorporated in Si-rich zeolite frameworks. In 
this case i t prevents the unfavorable interaction between water and 
the hydrophobic framework, which would otherwise tend to yield 
dense materials such as α-quartz (3). Third, the organic can 
influence the (alumino)silicate equilibria in the synthesis mixture 
and stabilize possible zeolite precursor species (4). 

In the literature there is general agreement, sometimes after 
prior deviating views (5), that the nucleation of a zeolite takes 
place in the li q u i d phase of the synthesis gel and that the growth 
also involves dissolved nutrients (6-8), which are often thought to 
consist of approximately 10 Τ atoms (3,7,8). Thus, a direct link 
exists between the study of zeolite synthesis and the chemistry of 
basic (alumino)silicate solutions since these solutions can be 
considered as model systems for the liquid phase present in a 
synthesis gel. It is generally accepted that in these types of 
solutions an equilibrium exists between (alumino)silicates of 
varying degrees of condensation. Commonly used techniques to 
characterize these s i l i c a t e species are chemical trapping by 
trimethylsilylation and (in-situ) 2^Si-NMR spectroscopy. In this 
way, numerous different silicates have been identified, ranging 
from monomeric (Si^) to hexagonal prismatic (Si-j^) (9). Especially 
from the NMR work, general trends have become clear, for instance, 
about the effect of pH and S1O2 concentration on the average 
connectivity level. However, while some authors have speculated on 
the properties of proposed precursor 5-1 secondary-building-unit 
(SBU) s i l i c a t e anions (10), which have not yet been positively 
identified in solution, in general no specific species has been 
proposed as a zeolite precursor for, say, ZSM-5. 

Previously, we have speculated on the possibility that some 
particularly highly condensed s i l i c a t e anions, the 'double-n-ring' 
(DnR) si l i c a t e s , may be l i k e l y candidates for zeolite precursors 
(2,4,1!)· On the basis of an observed relationship between the 
extent of depolymerization of D4R silicates in the synthesis gel 
and the structure of the zeolites obtained from that gel, a pos
sible precursor role of the D4R s i l i c a t e has been discussed (11). 
In another study, the D5R s i l i c a t e in particular has been con
sidered as a precursor species for the formation of five-ring-rich 
siliceous zeolites like ZSM-5 (3,4). This proposal was based on the 
following considerations: 
- A shift in the s i l i c a t e equilibrium towards DnR species upon sub

stitution of large organic cations such as tetraalkylammonium 
(TAA) for the a l k a l i . These silicates are s t i l l present in solu
tion at 90 °C, i.e., close to zeolite formation temperatures. 
This effect may be based on a favorable electrostatic interaction 
between the large cations and the condensed DnR si l i c a t e s . The 
observed shift parallels the often-facilitated formation of S i -
rich zeolites in the presence of organics. 
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30 ZEOLITE SYNTHESIS 

- The observed presence of D5R silicates in actual ZSM-5 forming 
mixtures (12). 

- Both the formation of ZSM-5 and the occurrence of defect (mis
sing T) sites in the framework can be easily envisaged starting 
from D5R silicates only (3) (see Figure 1). 

In this chapter we w i l l reveal some new findings which are re
levant to the D5R ZSM-5 synthesis model proposed earlier. The f o l 
lowing items w i l l be discussed: 
- The composition and dynamic properties of basic s i l i c a t e solu

tions and the implications derived therefrom as to the possibi
l i t y of positively identifying zeolite precursor species. 

- The quantification of D5R and other silicates during a s i l i c a l i t e 
synthesis at 95 °C from clear solution. 

- A comparison of the rate of formation of a ZSM-5 phase in the 
presence and absence of different organics. 

- The occurrence and distribution of defect sites in ZSM-5 samples 
prepared in different ways and how the Al content affects this. 

Experimental 

Basic s i l i c a t e solutions were prepared by using s i l i c i c acid (ex 
Baker, dried at 350 °C) and a solution of the organic bases 
[25 wt % tetramethylammonium hydroxide (TMAOH), 40 wt % tetra-
ethylammonium hydroxide (TEAOH) , 20 wt % tetrapropylammonium hydro
xide (TPAOH); ex Fluka] and, optionally, dimethyl sulfoxide (DMSO). 
A solution of hexamethonium hydroxide [ (ΜββΝΟ^Η-^ΝΜββ) (0H)2] was 
prepared from the bromide salt (ex Sigma) and Ag20. 

Quantitative chemical trapping of the si l i c a t e in solution was 
performed by the trimethylsilylation method by using an internal 
standard as described earlier (4,11). The results thus obtained 
were reproducible to within 20% relative. 

29Si-NMR spectra were recorded on a Bruker WM-250 (liquid) or 
a Bruker CXP-300 Fourier transform magic-angle-spinning (FT MAS) 
solid state spectrometer. Resonances are relative to tetramethyl-
silane (TMS). Dynamics of the si l i c a t e solutions were studied by 
selective excitation techniques by using DANTE-type (13) pulse 
sequences. 

Elemental analyses were carried out by using X-ray fluo
rescence (XRF; Si, Al) and combustion (C, Η, N) methods. X-Ray d i f 
fraction (XRD) powder spectra were recorded on a Philips PW 1130 
instrument. 

Samples 1-7 ( s i l i c a l i t e ) were prepared in a Teflon bottle at 
95 °C, under static conditions from a homogenized, filt e r e d , and 
clear solution of molar composition: 25 Si0 2 (ex s i l i c i c acid), 
9 TPAOH (20 wt %, ex Fluka), 2 NaOH, 450 H20, and (samples 5-7) 
50 vol % DMSO. Synthesis times are indicated in Table I. 

Samples 10-17 were prepared in stirred, Teflon-lined auto
claves at 190 °C starting from a homogenized mixture of molar 
composition: 40 Si0 2 (ex Ketjen sol 40 AS), 1 A l 2 0 3 (ex NaA102; 
ex ICN, dried at 120 °C), 5 Na20, 1000 H20, and X, with X and the 
synthesis times indicated in Table II. 
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KEUSPER AND POST Precursors in Zeolite Synthesis 

Figure 1. Formation of ZSM-5, including possible 'missing 
Τ sites' defects (·), starting from D5R silicates 
only. 
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34 ZEOLITE SYNTHESIS 

Samples 20-27 (homogenized mixtures; starting Si0 2 and A I 2 O 3 
as samples 10-17) were likewise prepared in stirred, Teflon-lined 
autoclaves, according to the scheme below. 

Sample Starting Molar Composition Synth.Time (h)/ 
No. Temp., °C 

20 40 Si0 2\ 1 A1 20 3\ 5 Na20\ 1000 H20 22/190 
21 same 46/170 
22 40 Si0 2 \ 1 A1 20 3\ 2.5 Na20\ 1000 H20\ 

SiO 2
a\0.31 A1 20 3\ 1 Na20\ 450 H20\ 

5 NH3 46/190 
23 25 

Si0 2 \ 1 A1 20 3\ 2.5 Na20\ 1000 H20\ 
SiO 2

a\0.31 A1 20 3\ 1 Na20\ 450 H20\ 9 TPAOH 32/170 
24 25 SiO 2

a\0.13 A1 20 3\ 1 Na20\ 450 H20\ 9 TPAOH 32/170 
25 25 SiO 2

a\0.05 A1 20 3\ 1 Na20\ 450 H20\ 9 TPAOH 32/170 
26 25 Si0 2 \ 2 NH3\ 450 H20\ 5 TPAOH 32/170 
27 25 Si0 2 \ 2 Na20\ 450 H20\ 9 TPAOH 70/95 

a: ex s i l i c i c acid. 

Results and Discussion 

Basic Silicate Solutions: Composition. In Table III the composi
tions of some TEAOH and TPAOH si l i c a t e solutions in the presence 
and absence of DMSO as a function of the OH/Si ratio (pH) are com
pared. DMSO was added since i t is known to promote the amount of 

Table I I I a . Silicate Distribution in Si02/TAAOH/H20 Solutions. 
Values in mol % as a function of χ; χ - OH/Si ratio 

S i l i c a χ - 0.3 χ - 0.7 χ - 1.1 
Recovered 

As TEA TPA TEA TPA TEA TPA 

A. 1 Si0 2/x TAAOH/20 H20 + 50 vol % DMSO 

Mono- + dimer 1 (12) 0 (2) 1 (2) 1 ( D 1 ( D 0 (1) 
D3R 0 (0) 0 (1) 13(16) 7(10) 64(75) 40(52) 
D4R 6 (61) 9 (61) 47(60) 37(53) 12(15) 16(21) 
D5R 2 (20) 4 (27) 11(14) 13(19) 1 (2) 4 (5) 
R 1 (6) 2 (10) 7 (9) 12(17) 6 (8) 15(20) 
Ρ 90 85 20 30 15 25 

Β. Same Composition Without DMSO 

Mono- + dimer 1 (35) 1 (21) 1 (4) 1 (3) 1 ( D K D 
D3R 0 (0) 0 (0) 3 (12) 2 (8) 31(60) 16(35) 
D4R 1 (25) 1 (22) 6 (27) 7 (28) 5 (8) 9(18) 
D5R 1 (25) 1 (22) 6 (22) 6 (23) 2 (2) 3 (6) 
R 1 (15) 1 (35) 9 (35) 9 (38) 16(30) 21(41) 
Ρ 96 < ?6 75 75 45 50 

a: See text for explanation. M+D, D4R, D5R, R,P: see footnote to 
Table I. 
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3. KEUSPER AND POST Precursors in Zeolite Synthesis 35 

DnR silicates in solution (4). Absolute amounts of s i l i c a present 
in the form of the various silicates are mentioned, together with 
(in brackets) their relative amounts, i.e. as i f no polymeric s i l i 
cates were present. These polymeric silicates, i.e., silicates con
sisting of more than 10 Si atoms, cannot be characterized by the 
chemical trapping method since the s i l y l esters are not volatile 
enough to be detected by GLC/flame ionization detection (FID) (14). 
Moreover, ^Si-NMR spectroscopy studies have never been successful 
in positively identifying higher molecular weight silicates than 
S i 1 2

 o n e s (Î)· 
Figure 2 depicts the compositions of the different solutions. 

For the polymeric species the absolute amounts are shown; for the 
other, smaller silicates the relative amounts. It is evident that, 
especially at low OH/Si ratios (i.e., < 0.5, which is a normal 
value for Si-rich zeolite synthesis mixtures) the larger part of 
the s i l i c a t e species present in solution consists of uncharacte-
rized, polymeric si l i c a t e s . The values obtained in the absence of 
DMSO (lower part of Table III and Figures 2a and 2b are in good 
agreement with literature findings (14). 

Basic Silicate Solutions: Dynamics. Exchange reactions between 
silica t e s as well as zeolite formation involve condensation and 
hydrolysis reactions between dissolved s i l i c a t e species. Therefore, 
we have extensively studied the dynamics of basic s i l i c a t e solu
tions in order to obtain better knowledge of the properties of pos
sible zeolite precursor species. Our f i r s t results were published 
earlier (11). Here we have again used selective excitation ̂ ySi-NMR 
experiments, applying DANTE-type (13) pulse sequences to saturate a 
particular Si resonance belonging to a particular Si site. The rate 
of transfer of magnetization from this saturated site to other 
sites is then a measure of the chemical exchange rate between the 
two sites. 

Taking the D4R s i l i c a t e as an example of DnR silicates in 
general, since i t is the one that can be obtained in solution in 
highest concentration, we have mainly studied the exchange between 
this species and smaller sil i c a t e s . Elevated temperatures were used 
(70-90 °C) to partially depolymerize the D4R species to smaller 
fragments, from which i t would be possible to observe any exchange. 
Moreover, the rate of exchange would then be expected to be closer 
to that prevailing under synthesis conditions. In Figures 3 and 4 
the main results are shown. 

Figure 3a shows the 29Si-NMR spectrum, including the precise 
composition and the assignments of the various peaks, of a s i l i c a t e 
solution of the organic base hexamethonium hydroxide at 70 °C. As 
expected, this bulky organic induces the formation of D4R silicates 
in solution. It is frequently used for zeolite synthesis (15). In 
Figure 3b, the same solution has been studied by using a pulse 
train as inserted; from the spectrum shown in Figure 3a, a spectrum 
is subtracted in which the peaks at around -80 ppm have been satu
rated for different times. The resultant spectrum (Figure 3b) shows 
only those peaks which are affected by exchange with the saturated 
sites. From this picture the following two conclusions can be 
drawn. First, the exchange takes place via the monomeric species, 
since the peak at -70 ppm is the f i r s t one to emerge. This finding 
is in accordance with earlier line-broadening NMR experiments (16) 
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36 ZEOLITE SYNTHESIS 

S I L I C A T E , % S I L I C A T E , % 

0 3 0 0 4 6 0 6 2 0 . 9 4 1 . 1 0 

0 H / S « 

0 3 0 0 6 2 0 7 8 0 9 4 1 1 0 

O H / S . 

Figure 2. Composition of various TEA and TPA s i l i c a t e solutions 
([Si]-2) as a function of the OH/Si ratio. Absolute 
molar percentages are given for the polymeric species 
and relative ones for the rest. -Δ- Mono/dimer; 
-o- D3R; ..V.. D4R; —.—A—.— D5R; - · - polymer. 
ΤΕΑ0Η; 
ΤΡΑ0Η 
TEAOH + 50 vol % DMS0; 
TPAOH + 50 vol % DMS0. 
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KEUSPER AND POST Precursors in Zeolite Synthesis 37 

_RDJ \ [ J 90 t 1 90 I 

- 7 0 - 8 0 - 9 0 - 1 0 0 

Figure 3. 29s 

composition: 1 SiC>2\ 1 hexamethonium hydroxide\ 
20 H20, recorded at 70 °C. 
Peaks 1-6 can be assigned to: monomer or (1), 
dimer plus terminally bonded Si sites or Q 1 (2), 
Si sites that are part of a three-membered ring and 
have two s i l i c a t e neighbors or (3), Q 2 (4), D3R 
and other sites (5), D4R and other sites (6). 
Same spectrum after application of pulse train 
(inserted). Times are saturation times (ms) for 
peaks 2 and 3. 
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ZEOLITE SYNTHESIS 

- ι — 
100 

SATURATION 

TIME t, s 

-28—A^M^A X 

38—à^JA^pk 

0 2 +*~J^*J^\*^^ 

Si-NMR spectrum of a s i l i c a t e solution of molar 
composition: 1 Si0 9\ 1.2 TMA0H\ 17 H90, recorded at 
70 °C. 
Original spectrum. 
Same spectrum after application of a pulse train as 
shown in Figure 3. Peak 1 has been saturated for the 
time as indicated in the figure. 
Rate at which the various peak integrals recover 
their original values (see a), indicating the extent 
to which the various silicates participate in the 
equilibrium. 
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3. KEIJSPER AND POST Precursors in Zeolite Synthesis 39 

and electrochemical measurements (17). Second, the D4R (and D3R) 
silicates barely participate in the exchange after 1250 ms, whereas 
a l l other small silicates are in f u l l equilibrium within « 0.5 s; 
this finding indicates that the DnR species are more stabilized. 

In Figures 4a and 4b, analogous spectra are shown for a TMAOH 
si l i c a t e solution at 70 °C but with the monomeric site at -70 ppm 
being saturated and with a much longer duration of the saturation. 
Comparing the integrals of the DnR peaks in parts a and b of 
Figure 4, i t then becomes clear that the D3R s i l i c a t e is in f u l l 
equilibrium after « 2 s, and that after 25 s 30% of the D4R s i l i 
cate has participated in the exchange. The rate at which the d i f f e 
rent sil i c a t e s participate in the equilibrium is illustrated in 
Figure 4c. The important conclusion from this part is that for a l l 
small silicates the time scale of the exchange (0.1 - 20 s) is very 
fast compared to that of a zeolite synthesis (1 h - several days). 

Three more observations are of interest in this respect. 
Fir s t , increasing the OH/Si ratio of the above-mentioned TMAOH 
si l i c a t e solution to a level of 4 by adding TMAOH decreases a l l 
exchange rates by approximately a factor of 3. This finding is in 
line with an earlier proposal that the mono-deprotonated s i l i c a t e 
monomer is the carrier of the exchange (17). 

Second, addition of Na + ions in the form of NaN03 to a level 
of Na/Si - 0.5 to the solution in Figure 4a has no apparent effect 
on the exchange rates. This indicates that, although Na + may have 
an influence on the overall s i l i c a t e equilibrium (4), i t hardly 
affects the dynamics of this equilibrium. 

Third, addition of 50 vol % of DMSO to the solution with the 
composition as in Figure 4a increases the s t a b i l i t y of the D4R 
s i l i c a t e to such an extent that even at 95 °C no other sili c a t e s 
can be detected in solution. As a result, the rate of the exchange 
reactions could not be studied. It is expected to be relatively 
slow. 

On the basis of the s i l i c a t e work, the conclusions concerning 
the p o s s i b i l i t i e s of positively identifying l i k e l y zeolite precur
sor species may be summarized as follows. 

First, although the use of bulky organic bases clearly shifts 
the s i l i c a t e equilibrium to the DnR species, there may be a large 
amount (up to more than 90%) of polymeric species present in s i l i 
cate solutions. This is true especially at low OH/Si ratios (<0.5) 
or high Si concentrations (>2), i.e., normal values for a zeolite 
synthesis composition. This range of polymeric silicates cannot at 
present be characterized satisfactorily, and the presence of zeo
l i t e precursor species other than DnR silicates in this range can
not be excluded. 

Second, compared to the time scale of a zeolite synthesis, the 
rate of exchange between a l l small silicates is very fast. The con
centration of possible zeolite precursor species such as the DnR in 
this s i l i c a t e range is accordingly expected to be constant through
out a synthesis (vide infra). On this basis, i t is very well pos
sible that, for instance, the DnR silicates do play a precursor 
role; however, a conclusive proof for this w i l l be d i f f i c u l t to ob
tain (labelling, for example, is not possible). 

Moreover, earlier work on low-temperature crystallizations of 
tetramethylammonium (TMA)-D4R clathrates from solutions in which 
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40 ZEOLITE SYNTHESIS 

the D4R was apparently absent (11) may indicate that, during a zeo
l i t e synthesis too, possible precursor species can be present in 
sub-detectable amounts. 

S i l i c a l i t e Synthesis from Clear Solution. In order to check 
whether the above findings on the presence of polymeric species in 
solution and on the fast rate of exchange between the smaller s i l i 
cates are also applicable in a real zeolite synthesis mixture, we 
have studied a s i l i c a l i t e synthesis in more detail. Starting from a 
clear, f i l t e r e d solution of molar composition: 25 Si0 2\9 TPA0H\ 
2 NaOH\450 H20 at 95 °C, four identical non-stirred syntheses were 
carried out; these syntheses were terminated after different time 
intervals. The composition of the solution was quantified at 95 °C 
by chemical trapping and the solid phase by XRD and elemental ana
lyses (wt % Si, C, H, N). In this way a Si mass balance over the 
solution and the solid phase during the s i l i c a l i t e synthesis was 
obtained. The results are summarized in Table I, which also gives 
the results of a similar procedure for an analogous synthesis in 
the presence of DMSO. In this latter case, however, we were not 
able to f i l t e r the solution as thoroughly as in the f i r s t one, so 
that at the beginning of the synthesis a minor trace of amorphous 
material was present. 

From this table the following conclusions can be drawn. 
Firs t , the amount of the different silicates present in the 

silicalite-forming solution at 95 °C as determined by chemical 
trapping is in good conformity with that derived above from mea
surements on a TPAOH s i l i c a t e solution (cf. Table III). Especially 
the observation that the larger part of the silicates is present as 
non-identifiable polymeric species is of interest. 

Second, the amount of a l l small silicates present in solution 
seems to be constant throughout the duration of the synthesis. This 
finding is in line with the fast mutual exchange observed in s i l i 
cate solutions (vide supra). Moreover, i t indicates that i f the 
zeolite is indeed grown from dissolved small si l i c a t e s , the equi
librium between the polymeric and the smaller silicates is rapid 
enough to keep the amount of smaller silicates in solution at a 
constant level. The zeolite formation stops when the solution is no 
longer supersaturated with s i l i c a , which in this case means after 
about 10 days (see Table I). 

Third, elemental analyses and thermogravimetric measurements 
of the products obtained in the absence of DMSO point to the pos
sible presence of 'missing Τ sites' defects (3). This is because on 
every 96 Si Τ sites evidently more than the 4 TPA entities expected 
for an ideal 'as made' s i l i c a l i t e sample (18) are incorporated. 
Interestingly, ^Si-NMR spectroscopy also indicates that a large 
amount of defects (35%) are present in these samples (vide infra). 
The apparent presence of 'missing Τ sites' defects may point to the 
D5R synthesis model being operative (cf. the introductory comments 
and Figure 1). 

The amount of DnR silica t e s in solution during the s i l i c a l i t e 
synthesis in the presence of DMSO i s , as expected, much higher than 
without DMSO present (see Table I). Nevertheless, the rate of for
mation of s i l i c a l i t e in the presence of DMSO seems to be somewhat 
slower (see Figure 5); thus, i f D5R species indeed act as precursor 
species, they are highly immobilized. Moreover, the products 
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3. KEUSPER AND POST Precursors in Zeolite Synthesis 41 

obtained exhibit a normal 'as made' TPA-silicalite composition of 
-3.5 TPA entities per 96 Si0 2 units (19), indicating that presu
mably no 'missing Τ sites' defects are present. This observation 
is not in line with a possible precursor role of D5R silicates i n 
this particular synthesis. 

Kinetics of Zeolite Formation. Since the D5R synthesis mechanism, 
i f operative, is clearly disturbed by DMSO (vide supra), we also 
carried out a number of time-dependent syntheses in the absence of 
DMSO in the hope of being able to relate the kinetics with the D5R 
concentration present. Starting from a molar composition of 
40 Si0 2 \ 1 A1 20 3\ 5 NaOH\ 1000 H20\X at Τ - 190 °C, various orga-
nics and/or seed crystals (X) were added and the solid products 
were characterized after various synthesis times. Properties of the 
products obtained when the highest c r y s t a l l i n i t i e s were reached are 
summarized in Table II. 

The crystallization curves for X - 5 NaOH, 5 TPAOH, and 5 
TEAOH, respectively, are compared in Figure 6. The use of TPA and 
of TEA results in the formation of a stable ZSM-5 phase, obviously 
because the organic excludes water from the hydrophobic pores. In 
the absence of any organic (X - 5 NaOH), this unfavorable inter-
f a c i a l interaction is minimized and, after the prior formation of 
ZSM-5, dense phases are obtained [cf. (3)]. That the stabilizing 
role of an organic is of prime importance is also indicated by the 
observation that when X » 10 hexane-1,6-diol, perfectly stable 
ZSM-5 is obtained. In this repect, i t is interesting to note that, 
when X - 3 NaAl0 2 + 4 NaOH, a stable mordenite phase is obtained, 
proving that under similar conditions H20 is very well able to sta
b i l i z e more Al-rich, hydrophilic frameworks. 

The order for the nucleation rate (see Figure 6: TEA < orga-
nics-free < TPA), and the observation that when X - 5 NaOH + 3 wt % 
seed ZSM-5, ZSM-5 is formed about as fast as with X = 5 TPAOH (see 
Table II), do not support a precursor role for D5R silicates i n a l l 
these synthesis reactions. This is because, on the basis of the D5R 
concentrations in analogous s i l i c a t e solutions, the order TEA « TPA 
> organics-free is expected (cf. Table III) (4). If particular zeo
l i t e precursors are responsible for the formation of ZSM-5 then, 
clearly, TEA has a very retarding effect on their mutual condensa
tion rate. 

Interestingly, the observed differences between TPA and TEA 
provide a qualitative explanation for the finding that the use of 
TPA results in ZSM-5 formation over a large range of gel composi
tions and reaction conditions, whereas the use of TEA does not. 
With TPA the very fast nucleation prevents the formation of other 
z e o l i t i c phases while the sta b i l i t y prevents transformations to 
other products. TEA, on the other hand, may be used for the synthe
sis of other Si-rich zeolites such as mordenite, ZSM-12, -20, -25, 
beta, and Nu-2 (20) as well since i t evidently exerts no specific 
structure-directing influence during nucleation. Depending on the 
precise gel composition and synthesis conditions, i t can thus easi
ly be envisaged that other zeolites may form which are stabilized 
by TEA incorporation. 

The subtle effect the gel parameters can have in the absence 
of a specific structure-directing organic like TPA [cf. (1)], on 
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CRYSTALLINITY, % 

TIME, h 

Figure 6. C r y s t a l l i z a t i o n curves f o r the ZSM-5 syntheses from 
the TEA (-·-) and TPA (-©-) containing mixtures and 
the o r g a n i c s - f r e e one (-V-). 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

00
3

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



3. KEUSPER AND POST Precursors in Zeolite Synthesis 43 

either the nucleation or the crystallization stage of the synthe
sis, i s further illustrated by the last two entries of Table II. 
When X - 5 NaOH + 360 MeOH, the gel has changed to such an extent 
that nucleation of ZSM-5 is prohibited and an ISI-1 phase is ob
tained instead. Seeding the same mixture with ZSM-5, however, re
sults in the formation of highly crystalline ZSM-5, proving that 
crystallization of this phase is s t i l l very well possible. 

Defects. In the literature, various indications [(29Si-NMR (21), 
IR (22), excessive and Al-independent ion-exchange capacity (23)1 
of the existence of defect sites in Si-rich ZSM-5 are mentioned. 
Since the occurrence and distribution of defect sites may give a 
clue about the operating synthesis mechanism (cf. the introductory 
comments and Figure 1) they have been studied in closer detail. 

First , the dependence of the number of defects on the Al con
tent was determined by 29Si-NMR spectroscopy applied to various 
ZSM-5 samples having different Si/Al ratios. In Table IV these 
ratios are indicated, together with the percentage intensity of the 
29Si-NMR resonance centered around -103 ppm. This percentage has 
been obtained from deconvolution of the total NMR intensity into 
two separate signals, one centered around -103 ppm and one around 
-113 ppm. Si sites having one Al neighbour (Q^{1 Al); i.e., non-
defect sites) and Si sites (sites having only three Τ site 
neighbours, i.e., defect sites) contribute to the signal at 
-103 ppm. The expected percentage intensity of this signal based 
on the Si/Al ratio is approximately given by (24): 400/(Si/Al). The 

Table IV. Properties of Various 'As Made' ZSM-5 Samples 
(> 90% Crystallinity) 

Si 
Sample Recovered, TPA/Unit a S i / A l b -103 ppm,c 

wt % % 

l l d 80 0 22 21 
20 82 0 25 16 
21 83 0 18 24 
22 95 0 22 20 
13 d 95 3.8e 30 13 
1 2 d 80 3.5 27 16 
23 63 3.6 31 11 
24 55 3.9 72 12 
25 62 4.1 220 16 
26 94 4.0 >800 20 
27 f 30 4.7 >800 35 

a : Number of TPA entities per 96 Τ sites; based on elemental 
analyses. 

b: Based on elemental analyses. 
c: Intensity in 29Si-NMR centered around -103 ppm. 
d: cf. Table II. 
e: Number of TEA atoms per unit c e l l . 
f: Prepared from clear solution at 95 °C; cf. Table I, samples 1-4. 
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44 ZEOLITE SYNTHESIS 

difference in relation to the actual observed value thus gives the 
contribution of defect sites to this peak. This amount is i l l u 
strated in Figure 7, which shows that the number of defects 
increases from -0% for ZSM-5, with a Si/Al ratio of ~ 25, to more 
than 20% for s i l i c a l i t e . This result may indicate that, in the ab
sence of electrostatic (A10£)(TPA+) interactions, defects have to 
stabilize the framework by, for example, allowing (Si0~)(TPA +) 
interactions. 

Second, the elemental analyses of the ZSM-5 samples (20-26) 
prepared via 'standard' synthesis routes do not point to 'missing 
Τ sites' defects since these samples contain the normal (19) value 
of 3.5 - 4 TPA entities per 96 Τ sites (see Table IV). This obser
vation has been confirmed by thermogravimetrie measurements. There
fore, the Q"̂  defects in these materials are more l i k e l y to o r i g i 
nate from hydrolysed SiOSi linkages. Interestingly, the s i l i c a l i t e 
sample prepared from clear solution at low temperature (sample 27, 
Table IV) most probably does contain missing Τ sites defects. This 
assertion is based on the observed high -103 ppm NMR intensity and 
the occlusion of more than 4 TPA entities per 96 Τ sites (see also 
Table I, samples 1-4). 

In Figure 8a some relevant XRD intensities of this material 
(sample 27) are shown. Also shown are the calculated intensities 
expected for s i l i c a l i t e which lacks Si on specific pairs of Τ site 
positions. Figures 8c and 8d show the calculated intensity patterns 
for s i l i c a l i t e formed by the most li k e l y cocondensation of D5R 
silic a t e s only (cf Figure 1: i.e., with missing Si sites on 
crystallographic positions 1 and 7 or 7 and 12, respectively). From 
these diffractograms i t is clear that, in the present sample (and 
also in a l l other samples screened so far), 'missing Τ sites' de
fects, i f indeed involved, must be randomly distributed through the 
s i l i c a l i t e framework (cf. Figure 8k). Thus, i f the D5R mechanism is 
operating, scrambling of these types of defects occurs under syn
thesis conditions in the newly formed material. 

Conclusions 

Since the formation of five-ring-rich zeolites like ZSM-5 can be 
easily envisaged starting from D5R silicates only, we have consi
dered in this work the possibility of the D5R being a l i k e l y pre
cursor species in either the nucleation and/or the crystallization 
stage. The results can be summarized as follows. 

On the basis of the composition and dynamics of s i l i c a t e solu
tions and zeolite synthesis mixtures only, a precursor role for the 
D5R silicates during both stages cannot be excluded since these 
species are present in relatively high concentrations during the 
zeolite synthesis process. 

However, the retarded nucleation rate towards ZSM-5 in the 
presence of DMSO or TEA, relative to TPA (see Figures 5 and 6) is 
quite unexpected on the basis of the composition of the starting 
mixture and this finding would seem to refute a precursor role for 
the D5R during nucleation. 

The finding that defects due to missing Τ sites are present 
only in a few samples and that, moreover, the defects appear to be 
randomly distributed does not directly support a precursor role for 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

00
3

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



3. KEUSPER AND POST Precursors in Zeolite Synthesis 45 

Figure 7. Number of defects i n various ZSM-5 samples as a 
f u n c t i o n of the S i / A l r a t i o .  P
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Figure 8. Measured intensities for selected diffraction lines 
of sample 27 compared with calculated ones upon 
various pairs of Τ sites not being occupied, c and d 
show the most l i k e l y patterns according to the D5R 
model (i.e. minus crystallographic Τ site positions 
1 and 7, or 7 and 12, respectively). 
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D5R species during the crystallization step. The random distribu
tion, however, may be the result of a rapid scrambling of defects 
under synthesis conditions. 

For these reasons we have come to the tentative conclusion 
that the D5R s i l i c a t e condensation mechanism is not generally ope
rative in the synthesis of MFI-type zeolites. 
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Chapter 4 

Structure and Properties of Aluminosilicate 
Solutions and Gels 

Gillian Harvey1 and Lesley S. Dent Glasser 

Department of Chemistry, University of Aberdeen, 
Aberdeen AB9 2UE, Scotland 

A range of aluminosilicate solutions were investigated. The 
gelation behaviour, the species in solution (as observed by 
NMR) and the zeolite crystallization products are described. 
The effect of concentration and type of alkali metal cation 
present in solution gives information about the formation of 
aluminosilicate complexes and how they interact, under the 
influence of the cation, to form an aluminosilicate gel, the 
precursor to zeolite crystallization. 

A typical zeolite synthesis involves mixing together silicate and aluminate 
solutions or sols to form an aluminosilicate gel, usually instantaneously, 
which is then treated hydrothermally to give the crystalline product. The 
composition and structure of the aluminosilicate gel are of considerable 
interest and characterization of the aluminosilicate species present would 
give insight into the crystallization process. 

It is important to know what species are present at the beginning of the 
reaction. Silicate and aluminate solutions have been well studied so that 
one can be reasonably sure what species are present in a given solution of 
known concentration and pH. Aluminate solutions have been shown to 
contain only one type of ion at high pH; the tetrahedral AI(OH)4" ion (1). It is 
only when the pH drops towards neutral that other, polymeric ions appear 
which ultimately give way to ΑΙ(Η2θ)β3+ in acid conditions. The tetrahedral 
aluminate ion is the important species for normal zeolite synthesis. 

Silicate solutions, again at high pH, contain a range of small silicate 
polymers, formed from corner-sharing tetrahedral S1O4 units. These 
polymers depolymerise quickly in response to increased pH or dilution. 
Rings and cages are the preferred form of the silicate species, while chains 
larger than trimer are rare (2.3). Various techniques have been used to 
1Current address: Institute for Crystallography and Petrography, ΕΤΗ, CH-8092, Switzerland 

0097-6156/89/0398-ΟΟ49$Ο6.00/0 
ο 1989 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

00
4

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



50 ZEOLITE SYNTHESIS 

investigate the silicate species in solution; the most successful being 
trimethylsilylation (4) and 2 9 S i NMR. 2 9 S i NMR using enriched silica and 
selected Si-Si decoupling has made it possible to identify and quantify 
many of the small species present (5-7). It was also found that the range of 
species present is largely independent of the type of alkali metal cation (Na+ 
- Cs+) present (4). 

A crystalline zeolite can also be studied by a variety of methods 
including crystallography and NMR but the intermediate phase, the gel, has 
proved very resistant to any type of study. The aim of this work, therefore, 
was to delay the formation of the gel long enough to investigate the 
precursor solution because solutions are generally easier to study than gels. 

Aluminosilicate solutions, containing sodium or alkylammonium 
cations, have been studied previously. Guth et al (8-10) studied changes as 
aluminate and silicate solutions were mixed using pH, conductivity and 
Laser Raman measurements. They showed that aluminosilicate complexes 
were formed. Other experiments studied the crystallization of zeolites 
directly from solution (11-13). In solutions from which zeolites A and X 
crystallized, it was possible to observe aluminosilicate complexes by 2 7 AI 
NMR. It was also stated that crystal nuclei, equivalent to one or two unit 
cells, were present in the solution. Bell et al (14) observed aluminosilicate 
species by both 2 7AI and 2 9 S i NMR in solutions of monomeric silicate 
solutions doped with aluminate. 2 7AI NMR spectra showed a broadened 
and shifted AI(OH)4" peak, and two additional peaks, attributed to aluminium 
attached to one and two silicate species. The 2 9 Si NMR spectra show the Q° 
peak (monomeric silicate) considerably broadened and shifted. Such 
complexes were also observed in tetramethylammoniun aluminosilicate 
solutions, again by 2 7AI NMR (15-17). These solutions are much less prone 
to gelling and so can be prepared much more concentrated than other 
aluminosilicate solutions. Eventually double-four-ring aluminosilicates 
crystallize from solution. The 2 7AI NMR spectra of these solutions showed 
four distinct peaks which were interpreted as aluminium attached to zero, 
one, two and three silicate groups. 

In this work aluminosilicate solutions containing Na + , K+, Rb + or C s + 

cations were studied by a range of different methods: the length of time the 
solution takes to gel, the light scattering behaviour as it gels, and the 
species present in solution as determined by 27AI and 2 9 Si NMR. The factors 
that influence the gelation of the solutions were found to be; composition, 
cation present and the silicate species present at the beginning of the 
reaction, i.e. the sequence of mixing. All solutions or gels were then treated 
hydrothermally to investigate the relationship between the gel properties 
and the type of zeolite produced. 

E X P E R I M E N T A L 

Solutions; preparation and composition 

Silicate solutions of ratio 1 : 0.6 Si0 2 : alkali (MOH) were prepared from 
fumed silica and AnalaR alkali hydroxides. Aluminate solutions were 
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4. HARVEY AND CLASSER Aluminosilicate Solutions and Geh 51 

prepared by direct reaction of aluminium wire and alkali hydroxide. There 
were two methods of mixing the solutions together: 
1) All excess water and alkali were added to the aluminate solution, which 
was then mixed with the silicate solution. This ensured that the range of 
silicate species was identical at the start of every reaction. 
2) All or some of the excess alkali ( 22, 44, 66 and 88% of total alkali) was 
added to the silicate solution, which was allowed to equilibriate and then 
mixed with the aluminate solution. Thus the silicate species were 
progressively depolymerised in response to the extra alkali at the beginning 
of the reaction. 

Forty different compositions of solution were studied (Figure 1 ) with 
special emphasis on nine representative solutions (shown in the boxes of 
Figure 1). The compositions of these nine solutions are given in Table I. 
Solutions containing sodium, potassium, rubidium or caesium ions were 
studied. 

Al: S i 1:1 1:2 1:3 1:4 1:5 1:6 1.7 1:8 

5-

L 
ι—ι 3 Ο 

·-· 2 < 

le 2e 3e 4e 5e 6e 7e Be 

Id 2d 3d 4d 5d 6d 7d Bd 

l c 

lb 

l a 

2c 

2b 

2a 

3c 

3b 

3a 

4c 5c 6c 7c 
Be 

4b 5b 6b 7b Bb 

4a 5a 6a 7a 
Ba 

.2 .4 .6 

S i 0 2 M o l a r i t y 

Figure 1: Composition plot for the identification of aluminosilicate 
solutions. All solutions contain 0.1 M aluminate and variable silica and 
alkali. The compositions of the solutions indicated by the boxes are given 
in Table 1. 
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52 ZEOLITE SYNTHESIS 

All solutions were mixed by the first method and studied by means of 
gelation, light scattering and NMR experiments. Only potassium solutions 
(which seemed to be representative) were prepared by the second method 
of mixing and were studied by gelation and NMR experiments. 

TABLE I : COMPOSITIONS OF NINE REPRESENTATIVE 
SOLUTIONS 

Solution Si (M) Al (M) Alk (M) Ratio Si : Al : Alk 

1a 0.1 0.1 0.56 1 : :1 : 5.6 
1c 0.1 0.1 2.56 1 : : 1 : 25.6 
1e 0.1 0.1 4.56 1 : :1 : 45.6 

4a 0.4 0.1 0.74 4: :1 : 7.4 
4c 0.4 0.1 2.74 4: :1 : 27.4 
4e 0.4 0.1 4.74 4: :1 : 47.4 

8a 0.8 0.1 0.98 8: :1 : 9.8 
8c 0.8 0.1 2.98 8: : 1 : 29.8 
8e 0.8 0.1 4.98 8: :1 : 49.8 

Gel time measurements 

At the time of mixing all solutions were clear. The Ngel time" is defined as the 
time from mixing to the point when the solution no longer flowed under 
gravity. The sodium solutions precipitated rather than gelled and so the end 
point was, somewhat subjectively, taken to be the time taken for the solution 
to become very cloudy. 

Light Scattering Measurements 

Light scattering measurements were made on the solutions prepared by the 
first method of mixing. The measurements were made on a Sofica 42000 
Photo Gonio Diffusometer, with unpolarised light of wavelength 545nm. The 
solutions were filtered (to remove dust and other particles), mixed and 
placed in the diffusometer as quickly as possible. Scattering increased with 
time, the limit of detection of the diffusometer was reached at the onset of 
visible cloudiness and well before gelation. The data obtained was still 
valuable because changes in the solutions could be observed before any 
physical changes, such as increased viscosity, were apparent. 

NMR 

Most of the spectra were run on a Bruker WH-360 MHz spectrometer at the 
University of Edinburgh. 2 7AI NMR spectra were obtained with a spectrum 
frequency of 93.839 MHz, a pulse angle of 90° and an internal D 2 0 lock and 
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4. HARVEY AND GLASSER Aluminosilicate Solutions and Gels 53 

were plotted relative to an external standard of ΑΙ(Η2θ)β . 2 9 S i spectra, 
using 88.4% enriched silica, were run with a spectrum frequency of 71.584 
MHz, pulse angles between 12° and 18°, an internal D2O lock and were 
plotted relative to an external standard of tetramethylsilane. Some of the 
2 9 S i spectra were run on a Bruker CP-200 MHz spectrometer at the 
University of East Anglia, where the spectrum frequency was 39.747 MHz. 

Zeolite Crystallization 

The gelled mixtures were heated in closed autoclaves at 95°C for two 
weeks. The products were identified by x-ray powder diffraction. 

R E S U L T S 

Gelation Experiments: Method 1 of Mixing 

In these, any additional alkali and water were added to the aluminate 
solution, so that the initial silicate solution was the same through any series; 
some gel time experiments for these aluminosilicate solutions have already 
been described (18-20). 

Figure 2 is a three-dimensional representation of the results and shows 
the dependence of the gel time on composition for potassium 
aluminosilicate solutions. Gel times do not depend simply on the 
concentration of any one component. Rather, a "valley" of shortest gel times 
extends almost diagonally across the plot from low-silica, low-alkali, to high-
silica, high-alkali compositions. Values to either side of the "valley" are 
higher. The longest gel times - up to two weeks - occur in solutions of high-
silica, low-alkali content. 

Gel times depend strongly on cation type, as does the topography of 
the "landscape". Sodium aluminosilicate solutions gel much more quickly 
than potassium; their behaviour can be visualized as a broadening and 
flattening of the "valley" of Figure 2 until it extends into the high-silica, low-
alkali corner. Only the low-silica, high-alkali solutions (top left of the figure) 
take an appreciable time to gel; for the other compositions, gelation is 
almost immediate. The behaviour of the rubidium aluminosilicate solutions 
resembles much more closely that of the potassium solutions, with the 
"valley" somewhat shifted to the upper left of the plot. The gel times were, on 
the whole, longer than for potassium. Caesium aluminosilicate solutions gel 
even more slowly than potassium or rubidium, to the extent that the high-
silica, low-alkali solutions had not gelled after one year. 

Gelation Experiments - Method 2 of Mixing 

The second method of mixing (for potassium solutions only) involved 
depolymerising the silicate species of the initial silicate solution, by the 
addition of alkali, throughout a series of experiments, and produced very 
different results, which do not lend themselves to the type of plot used in 
Figure 2. This is partly because , in many cases, the gel time is dramatically 
decreased. 
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4. HARVEY AND CLASSER Aluminosilicate Solutions and Gels 55 

Figure 3 shows what happens for compositions !e - 8e as more alkali 
is added to the silicate solution before mixing with the aluminate. The upper 
curve corresponds to the line marked "XM in Figure 2, and the others show 
the effect of progressively increasing the amount of alkali premixed with the 
silicate solution. The gel times for the least concentrated solutions decrease 
almost to zero, but as the total amount of silica increases, the change 
becomes less pronounced until solution 8e is virtually unaffected. 

Why is this? Adding more alkali to the silicate solution increases the 
proportion of small species, particularly monomer (2.3). The compositions 
with the shortest gel times were thus made using silicate solutions that 
contained virtually all monomer. The silicate solutions used to prepare the 
others, which took longer to gel, would have contained an appreciable 
amount of more highly polymerised species. These points are discussed in 
more detail later. 

1000 -

i 100-

- 10-

0 
01 0 2 0 3 0 4 0 5 0 6 08 M Si 

sotn 1e 2e 3e Ue 5e 6e 8e 

Figure 3: Log(gel time) of potassium aluminosilicate solutions 1e - 8e 
prepared by Method 2 of mixing. · = normal mixing as in Method 1, • = 
22% of total alkali added to silicate solution before mixing with aluminate, 
• 4 4 % of total alkali, •= 66% of total alkali andO= 88% of total alkali. 

Light Scattering 

Figure 4 shows the light-scattering curve for nine selected potassium 
aluminosilicate solutions. Two types of behaviour were apparent. For low-
silica solutions, a low, steady amount of scattered light is followed by a 
sharp increase as the solution becomes cloudy prior to gelling, possibly 
suggesting a nucleation-and-growth mechanism. There is a direct relation 
between the persistence of the low value and the observed gel time - the 
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56 ZEOLITE SYNTHESIS 

longer gelation is delayed, the longer the low value persists. The high-silica 
solutions behave differently in that the light-scattering value increases 
steadily from the moment of mixing. Here it is the slope of the curve that 
relates to gel time: the shallower the slope, the longer gelation is delayed. 

Similar behaviour was observed for the other cation systems. Sodium 
solutions show only the first type of behaviour, although only a few could be 
measured because they gelled so quickly. Caesium solutions, on the other 
hand, show mainly the second behaviour, i.e. a very slow, steady increase 
in the amount of scattered light. 

1000 

log I 9 0 

1e 8e 

J 
1c 

J ' 
8c 

1Q 

/ 
1 1 1 1 1 

J 4a 

8a 

0 10 20 30 40 50 

time (mins) 

Figure 4: Light scattering curves for potassium aluminosilicate solutions 
prepared by Method 1 of mixing. All curves are scaled as for solution 1a. 

NMR 

The NMR results are, in general, not directly comparable with the above 
results. This is because of the relatively slow time scale of an NMR scan 
compared with many of the observed gel times. The aluminium spectra 
could be measured fairly quickly (in about ten minutes) and were less of a 
problem, but the silicon spectra took longer (up to half the gel time) and at 
best give a blurred snapshot of the solutions. 

Most spectra were measured immediately after mixing, and give 
information about the species initially present. Attempts were also made to 
follow changes with time after mixing but with limited success. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

00
4

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



4. HARVEY AND CLASSER Aluminosilicate Solutions and Gels 57 

Aluminum NMR 

This proved extremely informative. Aluminosilicate complexes were 
observed in every solution studied. Although the spectra measured are of 
solutions undergoing change, the time taken to collect the data was 
generally small compared with the gel time. Figure 5 shows spectra for the 
nine representative potassium aluminosilicate solutions. A summary of the 
shifts is given in Table II. 

4e 1 8 e 

J J 

4c 

1a 

I 1 1 1 

λ 8a 

' l 1 1 , . • - , — - — 4 ι ι ι ι ι i _ 

80 60 40 80 60 40 80 60 40 

S/ppm 

Figure 5: 2 7AI NMR spectra of potassium aluminosilicate solutions 
prepared by Method 1 of mixing. Acquisition time was 0.067s and the 
number of scans averaged 10000. All data was collected in 4K and 
transformed in 32K. 

TABLE II : 2 7 A l NMR CHEMICAL SHIFT RANGES (PPM)* FOR 
ALUMINOSILICATE SOLUTIONS. 

Cation AI(OH)4~** AI(1Si) AI(2Si) AI(3Si) AI(4Si) 

Na + 78.85-74.67 - 67.45-66.33 61.74-61.61 
K + 79.79-72.28 71.39-69.37 66.35-64.10 63.18-60.40 57.21 
C s + 79.64-74.60 70.96-69.52 65.89-63.33 60.60-59.77 58.27 

* All peaks measured relative to A l ^ O J e 3 * 
** This peak includes the aluminate/silicate association (see text) 
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58 ZEOLITE SYNTHESIS 

Five peaks were observed. These were never all present in the same 
spectrum. These peaks are comparable to others reported, but no one has 
reported the observation of as many as five peaks (11-15). The first sharp 
peak at 80 ppm, which is observed in pure aluminate solutions and is 
assigned to AI(OH)4" persists in many aluminosilicate solutions, although it 
broadens and shifts (Table II, Figure 6), relative to an aluminate ion in a 
pure aluminate solution which has a chemical shift of 80 ppm. This type of 
behaviour could indicate chemical exchange, a loose association between 
aluminate and silicate species. The next three peaks, downfield, are 
always broad but do not shift (Figure 6), and are here interpreted as 
corresponding to aluminium bonded tetrahedrally to one, two and three 
silicate groups respectively. These three peaks tend to occur together, with 
the last two always being more intense than the first. The fifth peak (at 
around 58 ppm) corresponds to aluminium fully reacted with silicate and 
tends to occur alone in very slow gelling solutions. It too is rather broad, 
and this can be interpreted in terms of many overlapping peaks in which 
the aluminium is bound to a range of silicate species. 

Figure 7 shows how the 2 7AI NMR spectra of solutions of composition 
6e (Figure 3) change as alkali is premixed with silicate (Gelation 
experiments - Method 2 of mixing). As the amount of silicate monomer 
present at the beginning of the reaction increases, the 80 ppm peak 
becomes relatively more intense, and shifts downfield and broadens. This 
points to a loose association of aluminium and silicate monomer, an 
arrangement that promotes gelling. We return to this point in the discussion. 

δ PPM r 
80-

NQ 

Cs 

73 

Al(2Si) Να 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Si Molarity 

Figure 6: Variation of the chemical shifts (ppm) of AI(OH)4" and AI(2Si) 
peaks with silica content for aluminosilicate solutions 1e - 8e. 
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6 80 60 AO PPM 

Figure 7: 2 7AI NMR spectra of potassium aluminosilicate solution 6e 
prepared by Method 2 of mixing. Acquisition time was 0.067s and the 
number of scans averaged 6000. All data was collected in 4K and 
transformed in 32K. Spectrum 1 = normal mixing as in Method 1,2 = 22% 
of excess alkali added to the silicate soltuion before mixing with 
aluminate, 3 = 44% of excess alkali, 4 = 66% of excess alkali and 5 = 
88% of excess alkali. 
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Figure 8 shows the changes in the spectrum of a potassium 
aluminosilicate solution (4b) as it begins to cloud and gel. As this happens 
peaks assigned to the higher complexes reduce relative to the first peak. 
This is surprising but may indicate that the higher complexes are drawn 
preferentially into the gel, and are then no longer detectable by NMR. 

Silicon NMR 

Observations were restricted to slow-gelling solutions with high 
concentrations of silicate, i.e. an excess of silicate over aluminate. Careful 
comparison of silicate and aluminosilicate solutions of the same silicate and 
alkali content showed some differences in the 2 9 S i NMR spectra due to the 
presence of aluminate. For example, the differences between the spectra of 
caesium silicate and aluminosilicate solutions (Figure 9) are in the 
broadening and shifting of existing peaks; no new peaks appear. The 
monomer (Q°) peak is particularly affected. The 2 7AI NMR spectrum of the 
same aluminosilicate solution shows a large amount of the peak interpreted 
as loose association of aluminium with silicate monomer. 

The depolymerization of silicate species under the influence of dilution 
or increased alkali seems to be unaffected by the presence of aluminate. 
However, even with enriched 2 9 S i , the spectra take time to measure and so 
information about kinetics is lost and the spectra relate to the solutions some 
time after mixing. 

Figure 8: 2 7AI NMR spectra of potassium aluminosilicate solution 4b 
over time. Acquisition time was 0.067s and the number of scans 5000 for 
each spectrum. All data was collected in 4K and transformed in 32K. 
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(5-60 -70 -80 -90 -100 PPM 

Figure 9: 2 9 S i NMR spectra of caesium silicate (0.8M Si, 4.98M CsOH) 
and aluminosilicate solution 8e plotted on an absolute intensity scale; 
aluminosilicate relative to silicate. Acquisition time was 1.359s and the 
number of scans was 500 for each. 

TABLE III : FRAMEWORK DENSITIES OF ZEOLITE PRODUCTS 

Framework Type Framework Density 

ANA 18.2 
CAB 14.6 
EDI 16.6 
FAU 12.7 
GIS 15.4 
LTA 12.9 
LTL 16.4 
OFF 15.5 
SOD 17.2 

Zeolite Crystallization 
Most solutions produced zeolites; all were known structures (Table III). The 
products for each cation system are shown in Figure 10. The relationship 
between the gelation behaviour and the zeolite produced is that the quickest 
gelling solutions produce the most open frameworks. 

D I S C U S S I O N 
Any interpretation of the results must reconcile the observations on gelation 
and light scattering with the NMR results, and explain the shape of the 
"valley" topography (Figure 2) of gel times. 
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EDI 
EDI 
EDI 
SOD/GIS 

Am 
EDI 
CAB 
SOD 

CS ANA 
Rb EDI 
Κ Am 
NaLTA/GIS 

Am 
Am 
EDI 
SOD 

Am 
CAB 
CAB 
FAU 

S o i n 
EDI/Rb-M 
CAB 
FAU/SOD 

Am 
Am 
CAB 
SOD 

S o i n 
ANA 
CAB/W 
SOD 

S o i n 
OFF 
LTL 
FAU/SOD 

Ο .2 .4 .6 

S i 0 2 M o l a r i t y 

Figure 10: Zeolite products from thermal treatment of gelled solutions. 
Zeolites are identified by the structures codes given in ref 21. Am is 
amorphous, Soin indicates no solid product was obtained and zeolites W 
and Rb-M are described in refs 22 and 23. 
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We begin with the observations on the potassium solutions, both 
because they have been studied in most detail, and also because they show 
the typical "valley" topography in their gel times. The light scattering curves 
for the low-silica, high-alkali solutions indicate a typical nucleation-and-
growth mechanism, with nucleation apparently being the rate-determining 
step. The high-silica, low-alkali solutions, in contrast, exhibit slow, steady 
growth, suggesting that sufficient nuclei are present from the start, and that 
availability of nutrient is the rate determining factor. The short gel times 
observed in the "valley" are then explained by the presence of sufficient 
quantities of both nuclei and nutrient. 

The shortest gel times of all are observed (Figure 3) when the silicate 
solution is premixed with sufficient alkali to depolymerise it entirely to 
monomer. Figure 7 shows that increasing the amount of monomer 
increases the amount of aluminate/silicate association. This species seems 
to be critical for gel formation, being both the nutrient and the precursor to 
forming nuclei. When it is present in large quantities, gelation is almost 
instantaneous. 

However, aluminium appears to complex preferentially with any larger 
silicate species that are present, and these complexes, once formed, 
polymerise further only slowly. In Method 1, where the initial silicate solution 
is quite highly polymerized, the long gel times observed in the presence of 
excess silica are the result of a lack of nutrient, all available aluminium 
being already bound to the larger silicate units. The 2 7AI NMR spectra 
confirm this interpretation. 

Why should aluminium preferentially react with the larger silicate 
species? The reason may be due to the charge density of the silicate 
anions. A monomeric (Q°) ion could theoretically carry a charge of up to -4, 
although even in very alkaline solutions it will probably be protonated to 
some extent. Dimer, and other Q 1 units, can carry a maximum of three 
negative charges per silicon, but Q 2 and Q 3 silicons can carry at most two 
and one negative charges respectively. Thus the larger the silicate species, 
the smaller its average negative charge per silicon, and the easier it will be 
for it to approach the AI(OH)4" group. 

Once bonded to the aluminate group, such large species may well 
wrap themselves around the central aluminium and react further; this is 
consistent with the observation that the peaks assigned to AI(2Si) and 
AI(3Si) are always more intense than the Al(1 Si) peak (Figure 5). In this 
way, the aluminate reacts without breaking Si-O-Si bonds, consistent with 
HoebbePs (16) observation on the formation of double-four-ring 
aluminosilicates. 

Any later rearrangement in response to dilution or increased alkalinity 
occurs by breaking Si-O-Si bonds; Al-O-Si bonds are not normally cleaved 
in alkaline solution. The high-silica, low-alkali solutions thus have very long 
gel times (Figure 2, for solutions containing K+, Rb + or Cs+) because they are 
unable to rearrange to provide the free aluminate essential for the formation 
of nutrient. Gelation is then solely dependent on the coagulating ability of 
the cation. 
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The coagulating ability - bringing together aluminosilicate complexes 
and promoting their reaction - of the various cations reflects their water-
clustering ability, sodium being much better than potassium or rubidium, 
while caesium is hopeless. The aluminosilicate complexes probably 
substitute for some of the water shell, and are thereby drawn together to 
form the gel. In this way, the cation determines the insolubility of the 
aluminosilicate species and therefore the rate of precipitation or gelation. 

This is consistent with the observation that in zeolite structures the 
cation is partially coordinated to the framework and never wholly 
surrounded by water molecules. Moreover, this intimate association of 
aluminosilicate and cation species may well be the template for the 
crystallising zeolite. 
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Chapter 5 

Applications of NMR Spectroscopy 
to the Study of Zeolite Synthesis 

Alexis T. Bell 

Center for Advanced Materials, Lawrence Berkeley Laboratory and 
Department of Chemical Engineering, University of California, 

Berkeley, CA 94720 

NMR spectroscopy is a powerful technique for identifying the structure 
and concentration of silicate and aluminosilicate anions in gels and 
solutions used for zeolite synthesis. A review is presented of the types 
species that have been observed and the dependence of the distribution 
of these species on pH and the nature of the cations present. 

The synthesis of zeolites occurs from solutions or gels containing a broad spectrum of 
silicate and aluminosilicate anions. Since some of these species resemble secondary 
building units, it has been postulated that zeolite formation is nucleated by the 
condensation-polymerization of SBU's and that subsequent crystal growth proceeds via 
the addition of SBU's to the surface of the growing crystallites [1]. Because the 
growth of a given zeolite involves only one SBU, or at most a small number of SBU's, 
there has been a strong interest in identifying the conditions which maximize the 
concentration of a desired SBU. 

NMR spectroscopy is ideally suited for characterizing the silicate and 
aluminosilicate species present in die media from which zeolites are formed. The nuclei 
observable include 2 ^ S i , 2 ?A1, and all of the alkali metal cations. The largest amount 
of information has come from 2 ^ S i spectra Γ131. This nucleus has a spin of 1/2, no 
quadrupole moment, and a chemical shift range of about 60 ppm. As a consequence, it 
is possible to identify silicon atoms in specific chemical structures. 2 ? A l , on the other 
hand, is a spin 3/2 nucleus and has a sizeable quadrupole moment. This results 
in broad lines and limits the amount of information that can be extracted from 2 ' A l 
spectra. 

In this paper we shall summarize our recent findings concerning the nature and 
distribution of species present in silicate and aluminosilicate solutions and gels. 
Particular attention will be focused on establishing the effects of pH, cation 
composition, Si /Al ratio, and solvent composition. 

Silicate Solutions 

Figure 1 illustrates a high resolution 2 ^ S i spectrum for a sodium silicate solution Γ4.51. 
The individual resonances comprising this spectrum are grouped into bands each of 

0097-6156/89A)398-0066$06.00/0 
© 1989 American Chemical Society 
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ι—ι—ι—ι—ι—ι—ι—i—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι—ι ι ι ι ι ι I ι ι ι ι I r 
0 - 1 0 . 0 - 2 0 . 0 - 3 0 . 0 

δ (ppm) 

Fig. 1 2 9 S i N M R spectrum of a 3.0 mol% S1O2, R = 1.5 sodium silicate solution. 
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68 ZEOLITE SYNTHESIS 

which is designated as Q n . In this notation, Q represents a silicon bonded to four 
oxygen atoms forming a tetrahedron. The superscript η indicates the connectivity of the 
designated tetrahedron to nearest-neighbor tetrahedra. Thus, denotes the 
monomelic anion SiO^*, Ql end-groups of chains, Q 2 middle groups in chains or 
cycles, chain branching sites, and three-dimensionally cross-linked groups. The 
degree of protonation is ignored in this description. 

Many of the individual lines observed in spectra such as those shown in Figure 1 
can be assigned to specific silicate structures based on spectra of well defined silicate 
species and detailed NMR studies of the homonuclear spin-spin coupling of 2 9 S i nuclei 
in 29Si-enriched silicate solutions Γ6-81. Such studies have revealed that the chemical 
shift of a given silicon atom depends on its connectivity, the length of the Si-0 bonds, 
and the angle of Si-O-Si bonds, as well as the pH of the medium and the cation type. 
As a consequence the transference of assigments made for one silicate solution to 
another must be carried out with caution. 

Approximately 85% of the of the peak area shown in Figure 1 can be assigned to 
19 specific silicate structures Γ4.51. A schematic of these structures is presented in 
Table I, together with the chemical shift for each distinct silicon atom. It is evident 
from this table that silicate oligomers tend to occur as single and multiple ring 
structures, rather than as linear chains. 

If proper care is taken in the acquisition of Si NMR spectra, then all of the 
disolved silicon will be expressed in the spectrum. In this case, the peak integral is 
directly related to the fraction of Si present as that spin, and the molar concentration of 
the anion is given by the ratio of the peak integral and die number of such identical 
spins in an anion. 

The distribution of silicon amongst the different structures listed in Table I is a 
strong function of the silicate ratio, R, where R = [Si02]/[Na20]. The dependence of 
anion mole percentages on silicate ratio is given in Table Π. The response of the anion 
distribution to the silicate ratio falls inot one one of three general classes. For monomer 
(1), dimer (2), linear trimer(3), cyclic trimer (4), branched cyclic trimer (7), bridged 
cyclic trimer (9), and pentacyclic heptamer (16), the anion percentages decrease 
monotonically with increasing silicate ratio. The linear tetramer (5), cyclic tetramer (6), 
branched cyclic tetramer (8), bicyclic pentamer (10), tricyclic hexamer (11), cis- and 
trans-tricyclic hexamers (12,13), and hexacylic octamer (18) each exhibit a maximum 
mole percentage as the silicate ratio increases. Only the cubic octamer (17) and the 
double hexamer (19) show monotonie increase in mole percentage. 

From Table Π it is apparent that there are distinct ranges of the silicate ratio in 
which particular anions are maximized. These ranges are not governed by anion size 
alone. For example, the large pentacyclic heptamer is present only at silicate ratios 
typically characterized by high concentrations of monomer and dimer. The connectivity 
distribution suggests that anions with higher average connectivity tend to achieve 
maximum concentration at high silicate ratio. For example, the pentacyclic heptamer 
level is maximum at lower R than the hexacyclic octamer. Furthermore, for anions 
with the same number of Si atoms, a linear structure will establish maximum level at 
lower R than will a cyclic structure; this relationship is evidenced by the behavior of the 
linear and cyclic trimers and tetramers. Finally, structures with only trimeric cyclic 
units peak at lower R than structures with both cyclic trimeric and larger cyclic units. 
As the number of three-membered rings decreases or the the number of other rings 
increases, so does the value of R at the maximum level. This trend may be the result of 
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Table I. Assignment of 2 9 S i NMR Peaks 

No. Structure R = 1.0 1.5 2.0 2.5 3.0 

1 
• A 

18.0 6.0 -5.0 6.0 5.0 

2 _ · A 5.2 1.5 1.2 0.9 1.1 

3 2.4 1.0 1.2 0.7 0.7 

4 2.8 1.6 0.6 0.3 -0 

5 1.0 1.1 0.5 -0 -0 
Β 

6 Π Α -0 0.3 1.2 0.6 n.o. 

7 2.0 1.0 0.9 0.2 -0 

8 2.0 2.1 3.3 1.8 1.7 

9 <*» 0.5 0.5 0.5 -0 -0 

10 Ή * 1.0 1.7 -0 -0 -0 

11 -0 0.8 1.8 0.8 0.6 

12 §B -0 0.4 0.3 -0 -0 

13 -0 0.4 0.3 -0 -0 

14 0.3 0.5 0.7 -0 -0 

15 M 0.4 0.6 1.4 0.3 0.3 
ΦΑ 16 

*C<SB 
0.4 -0 -0 -0 -0 

17 0 0 0.1 n.o. n.o. 

18 0.2 0.3 0.2 n.o. n.o. 

19 
A © 

0 0.1 0.2 0.2 0.3 

n.o. - not observable 
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ZEOLITE SYNTHESIS 

Table II. Effect of Silicate Ratio on the Percentage of S1O2 
in a Given Silicate Ion 

|δδ1|(ppm) 

No. (i) Structure Peak 1A Peak iB 

1 • A 0 0 

2 — A 8.20-8.70 -

3 A B
A 

7.90-8.20 16.80-16.83 

4 >* 10.02-10.12 -
5 •*V-*A 

Β 
7.95-8.28 a 

6 • A 16.01-16.19 -
7 7.80-8.10 9.70-9.80 

8 a 15.66-15.96 

9 

" • S A 

14.06-14.28 21.90-22.05 

10 " • S A 9.79-9.89 16.31-16.53 

11 15.94-16.11 16.42-16.59 

12 10.38-10.43 a 

13 10.55-10.57 18.12 

14 14.45-14.68 21.29-21.53 

15 YM 
$ A 

17.11-17.43 -
16 toB a 17.22 

17 27.50 -
18 a 20.62 

19 A © 25.41-25.48 -

Peak ID 

24.02-24.10 

16.95-17.25 

17.48-17.75 24.77-24.92 

18.79 

a Not positively identified 

b Capital letter identifies specific Si spin environments 
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5. BELL Applications of NMR Spectroscopy 71 

bond-angle stability. Higher R solutions may encourage the predominance of larger 
Si-O-Si bond angles. 

At a fixed silicate ratio, the distribution of silicate structures is affected by the 
nature of the cation. An illustration of this effect is shown in Figure 2 for the alkali 
metal cations [g]. As the size of the cation increases, the extent of oligomerization 
increases. This trend is clearly seen in Figure 3, which represents the distribution of Si 
among different connectivity states. Since the pH of silicate solutions is unaffected by 
the nature of the cation, the influence of cation size on the extent of oligomerization has 
been ascribed to the formation of cation-anion pairs. Results from alkali metal cation 
NMR spectroscopy provide direct evidence for the presence of cation-silicate anion 
pairs and indicate that the extent of pdr formation increases with increasing cation size 
[101. It has been proposed that the formation of such pairs stabilizes the anionic 
species to hydrolysis and explains the increase in oligomerization with increasing pair 
formation. 

When organic cations are used instead of alkali metal cations, the distribution of 
silicate species observed at a given silicate ratio is narrower. Figure 4 shows a series of 
spectra for tetraalkylammonium (TAA) silicate solutions. The solution prepared with 
tetramethylammonium hydroxide (TMAOH) exhibits four dominant features which in 
order of increasing shielding are due to monomer, dimer, cyclic trimer, bicyclic 
hexamer (D3R), and cubic octamer (D4R). As the length of the alkyl branches 
increases, the D4R structure rapidly disappears and the spectrum is dominated by the 
smaller silicate oligomers. The strong dependence of the concentration of D4R on the 
structure of the T A A cation is observed when only one of the four methyl groups in 
T M A + is substituted, as can be seen in Figure 5. Since T A A + cations are large 
compared to alkali metal cations, extensive cation-anion pairing is not expected. As a 
consequence the observed effect of cation structure on the distribution of silicate species 
must be ascribed to other causes. One hypothesis is that the hydrophobic surface of 
T A A + cations plays a role in organizing monomeric silicate anions into larger 
structures. The exact means by which this occurs is not understood and is a subject of 
current research. 

The reactivity of silicate anions can be determined from the rate of Si exchange 
between anions. Attempts to estimate Si exchange rates from an analysis of 2 9 S i NMR 
lineshapes have been made, but the accuracy of this technique has been limited by the 
current understanding of 2 9 S i spin relaxation mechanisms i l 1-131, Accurate 
detemiinations of the rate of Si exchange between anions can be obtained, however, 
from an analysis of selective spin inversion experiments Γ14-16Ί. Figure 6 illustrates 
the spectra resulting from the selective spin inversion of the monomer peak in a 
potasssium silicate solution containing only monomer, dimer, and cyclic trimer anions 
il61. These spectra are interpreted on the assumption that Si exchange occurs via the 
followingt wo reactions: 

1. M + M =D 
2. M + D = c-T 

where M = monomer, D = dimer, and c-T = cyclic trimer. The rate coefficients for 
reactions 1 and 2 can be determined from simulations of the time evolution of inverted 
spins. Of significant interest is the recent observation that these rate coefficients are a 
function of the nature of the cation. As can be seen in Figure 7, the rate coefficient for 
reaction 1 is greatest for K+ and the rate coefficient for reaction 2 is greatest for Na+. 
The effects of cations on the dynamics of Si exchange have been attributed to the 
formation of cation-anion pairs. 
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72 ZEOLITE SYNTHESIS 

R = 2.0 

Rb 

-10 -20 

Fig. 2 2 9 S i N M R spectra of 3.0 mol% S1O2, R = 2.0 alkali metal silicate 
solutions. 
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60 

73 

C Ο 

(Λ 
Ο 
C 
Ο 

ο 
(7) 

Fig. 3 The influence of the cation on the distribution of Si among the connectivity 
states at the composition 3.0 mol% S1O2, R = 2.0. 

T M A + TEA 
1% S i 0 2 

1% ΤAAOΗ 

ΤΡΑ" 1 

lu 
— ι — 
-20 

δ ( p p m ) 
-10 -30 -10 -20 

8 ( p p m ) 
-30 

Fig. 4 2 9 S i N M R spectra of 1.0 mol% S1O2, R = 2.0 TA A silicate solutions 
prepared with T M A O H , TEAOH, TPAOH, and TBAOH. 
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1% S i 0 2 

1% ΤΔΑΟΗ 

Me 4N + 

E t M e 3 N + 

Pr Me 3 N + 

1 1 1 ι -
Ο -10 -20 -30 

8 ( p p m ) 

Fig. 5 29Si NMR spectra of 1,0 mol% S1O2, R = 2.0 T A A silicate solutions 
prepared with Me4NOH, EtMe3NOH, and PrMe3NOH. 
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5. BELL Applications of NMR Spectroscopy 75 

Fig. 6 The fraction of inverted spins in Q°, Q 1 , and Q 2 ^ environments as a 
function of time following selective or nonselective spin inversion of a potassium 
silicate solution. 
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Π ι J ι ι ι ι ι ι Γ 

_ L 
0.6 

J I L· 
0.8 

ι ι L 
1.0 1.2 1.4 

ο 
Cation Radius (A) 

T , 
1.6 

0.6 0.8 1.0 1.2 1.4 
ο 

Cation Radius (A) 
Fig. 7 The dependence of l q and k2 on cation radius. 
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5. BELL Applications of NMR Spectroscopy 77 

Aluminosilicate Solutions 

The silicate species discussed in the preceding section can react with aluminate anions, 
Al(OH>4" to produce aluminosilicate anions. 2 9 S i NMR spectra of solid silicates and 
aluminosilicates indicate that the replacement of Si by Al in the second coordination 
sphere of a give Si causes a low-field shift of about 5 ppm. Since each Si atom can 
have up to four metal atoms in its second coordination spere, fifteen possible Qn(mAl) 
structural units can be envisioned. The estimated chemical shift ranges for these units 
are given in Table 3 . It is apparent from this table that the 2 9 S i spectrum of an 
aluminosilicate solution in which Al and Si atoms were statistically distributed would be 
much more complex than that of an analogous solution containing only silicate species. 

Because of the quadrupolar nature of Al, 2 7 Al NMR spectra of aluminosilicate 
solutions exhibit broad lines from which it is possible to determine the coordination of 
Al and its connectivity with Si, but the precise environment of each Al atom cannot be 
defined. A peak for Al(OH)4_ is observed at 75 - 79 ppm, and up to three peaks in 
the range 58 - 72 ppm which have been assigned to various Al(OSi)n(0-)4_n building 
units. 

The structure of aluminosilicate species formed upon mixing silicate and 
aluminate solutions is a strong function of the compositions of both solutions and the 
nature of the cation. Figure 8 shows a series of 2 9 S i and 2 7 A l spectra taken after 
addition of sodium aluminate to a silicate solution containing only momeric silicate 
anions [17]. The presence of aluminate anions results in no new features in the 2 9 S i 
spectrum, but only an upfield shift in the one observable peak. The 2 7 A l spectrum 
shows a weak feature upfield of the strong peak for Al(OH)4". The observation of 
only a single 2 9 S i peak suggeests that the Si atoms are in rapid exchange between 
isolated [Si(OH)4_xOx]x_ species and aluminosilicate structures. Based on the position 
ofthe 2 9Si peak in the solution prepared with a Si/Al ratio of 2, the aluminosilicate 
species is proposed to be an aluminodisilicate anion. 

2 9 S i a n d 2 7 A l spectra obtained upon addition of sodium aluminate to a solution 
containing monomer, dimer, and cyclic trimer silicate anions is shown in Figure 9 [17]. 
The 29si spectrum of the aluminosilicate solution shows a preferential attenution of the 
peak associated with the cylic trimer, while the 2 7 A l spectrum shows the appearance of 
features atributable to Al atoms attached to one and two silicate tetrahedra. The higher 
reactivity of the cylic trimer may be due to the strained character of the three membered 
ring. 

Studies of aluminate reaction with TAA silicate solutions have also yielded 
interesting results. For example, Englehardt and Michel [2] have shown convincing 
evidence for a D3R struture containing one Al atom in a TEA aluminosilicate solution. 
In other studies, Engelhardt et al. [18] have found that TMA silicate soulutions 
containing primarily D4R units do not react with TMA aluminate solutions at room 
temperature. Upon heating, though, the DAR silicate structure decomposes to produce 
a variety of aluminosilicate species. 

Aluminosilicate Gels 

At the concentration levels characteristic of zeolite synthesis, highly viscous gels are 
formed upon mixing silicate and aluminate solutions. The use of liquid-line NMR 
techniques to observe such gels results in very broad spectral features due to the fact 
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ZEOLITE SYNTHESIS 

Table III. Estimated 2 9 S i Chemical Shift Ranges of Q 1 1 and (^(mAl) 
Structural units of Silicate and Aluminosilicate Anions in Solutions (18) 

Q unit Structure -i)(ppm) f l Q unit. Structure -<5(ppm)fl 

Ο Ο 
Q° OSiO 66-73 Q3(3A1) AlOSiOAl ca 85 

ο Ο 
Al 

ο 
Q 1 OSiOSi 76-83 Si 

Ο Ο 
Q 4 SiOSiOSi 103-120 

Ο Ο 
Q M A l ) OSiOAl ca 75 Si 

Ο 
Si 

Ο Ο 
Q 2 SiOSiOSi 86-91 Q4(1A1) SiOSiOAl 97-105 

Ο Ο 
Si 

Ο 
Q2(1A1) SiOSiOAl ca 85 Si 

Ο Ο 
Q4(2A1) AlOSiOAl 92-99 

Ο Ο 
Q2(2A1) AlOSiOAl ca 80 Si 

Ο 
Al 

Ο Ο 
Q 3 SiOSiOSi 95-101 Q4(3A1) AlOSiOAl 88-94 

Ο Ο 
Si Si 

Ο Al 
Q3(1A1) SiOSiOAl ca 95 Ο 

Ο Q4(4A1) AlOSiOAl 83-87 
Si Ο 

Al 
Ο 

Q3(2A1) AlOSiOAl ca 90 
Ο 
Si 

aShift ranges of the central Si atom referenced relative to TMS 
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5. BELL Applications of NMR Spectroscopy 79 

I mol% Si0 2 

Si0 2 /Na 2 0 = 0.1 

4 2 0 -2 -4 120 80 40 

S s j (ppm) from Si(0H)4 SA | (ppm) from Al (H 20)| + 

Fig. 8 (a) A 29si N M R spectrum of a monomeric Na silicate solution of the 
composition 1.0 mol% S1O2, R = 0.1 and an 2 ? A 1 spectrum of a monomeric Na 
aluminate solution of the composition 1 M NaAlC>2; (b)-(d) 2 9 S i and 2 ^ A 1 spectra 
of aluminosilicate solutions with increasing A l concentration. 2 9 S i spectral 
frequencies are referenced to Si(OH)4 and A l spectral frequencies are referenced to 
the octahedral A l ^ + ion in an aqueous solution of AICI3. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

00
5

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



80 ZEOLITE SYNTHESIS 

Fig. 9 (a) ^S i spectrum of a Na silicate solution of the composition 3.0 mol% Si0 2, R = 
0.4, [SiOJ/fA^OJ = 0. (b) 2 9 Si spectrum of a Na silicate solution of the composition 3.0 
mol% Si0 2 , R = 0.4, [SiOJ/fAl^] = 10.0. 
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5. BELL Applications of NMR Spectroscopy 81 

that dipolar and quadrupolar interactions and CS A are not fully averaged out. It has 
been shown recently that these limitations can be overcome by use of MAS-NMR [191. 
Figure 10 shows a series of 2 9 S i spectra of gels used to synthesize NaY zeolite. The 
synthesis mixture has a nominal composition of 4.1 Na20:1.0 AI2O3: 13.1 S1O2: 189 
H2O and is made from silica sol, sodium aluminate solution, sodium hydroxide 
solution, and demineralized water. The freshly prepared mixture is homogenized 
using a turbine mixer and then aged at room temperature. The broad peak at -40 ppm, 
which is characteristic of Q"* Si atoms appears to be unaffected by mixing of the 
reagents. Upon aging of the freshly prepared gel at room temperature, the silica sol 
dissolves, resulting in a decrease in the intensity of the peak and the progressive 
appearance of peaks indicative of silicon in Çf>, Q ^ Q 2 , and environments. The 
time evolution of these peaks, which is shown in Figure 10, suggests that dissolution 
of the sol produces monomelic silicate anions which then undergo 
condensation-polymerization to form oligomeric silcate and aluminosilicate structures. 
Futher changes in the spectra occur upon heating of the gel to 100 C, as may be seen 
from Figure 10. The shift in the distribution of peak intensities is indicative of further 
polymerization of the dissolved anions. X-ray diffraction of the recovered solids 
shows that crystalline zeolite begins to appear after 48 h of heating and that 
crystallization is completed after 112 h. During this period the composition of the gel 
changes very little, but the NMR spectra do show progressive evidence for NaY 
zeolite. 

Before Aged After 1 h Before Aged After 1 h 
Crystallization (h) at 1QO°C Crystallization (h) at 1QO°C 

I I 1 1 1 I — — ι ι ι ι ι ι — — ι ι ι ι ι ι — — ι ι ι ι • ι 
0 -50 Ο -50 0 -50 0 -50 

δ (ppm) δ (ppm) δ (ppm) δ (ppm) 

Fig. 10 2 9 S i MAS-NMR spectra of a sodium silicate gel (nominal composition 4.1 
Na20: 1.0 AI2O3: 13.1 S1O2: 189 H2O) taken after aging the gel at 20 C and 
heating for 1 h at 100 C. 
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82 ZEOLITE SYNTHESIS 

Conclusions 

High resolution 29Si NMR spectroscopy can provide considerable insights into the 
structure and distribution of silicate and aluminosilicate anions present in solutions and 
gels from which zeolites are synthesized. The narrowness of individual lines and the 
sensitivity of the chemical shift to details of the local chemical environment make it 
possible in many instances to identify exact chemical structures. Studies using 29si 
NMR have shown that the distribution of anionic structures is sensitive to pH and the 
nature of the cations in solution. Alkali metal cation NMR has demonstrated the 
formation of cation-anion pairs the formation of which is postulated to affect the 
dynamics of silicate and aluminosilicate formation and the equilibium distribution of 
these species. 27A\ NMR has proven useful in identifying the connectivity of A l to Si, 
but because of quadrupolar broadening cannot be used to define the precise 
environment of A l atoms. 
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Chapter 6 

Observed and Calculated Silicate 
and Aluminosilicate Oligomer Concentrations 

in Alkaline Aqueous Solutions 

P. Caullet and J. L. Guth 

Laboratoire de Matériaux Minéraux, Unité Associée au Centre National 
de la Recherche Scientifique No. 428, Ecole Nationale Supérieure 
de Chimie, 3 rue Alfred Werner, 68093 Mulhouse Cedex, France 

A model which enables one to calculate oligomer concen
trations, provided that those of the monomeric Si(OH)4 

and Al(OH)4

- species are known, has been developed. The 
equilibrium constants needed are the product of a poly
merization factor and of an ionization factor. The 
polymerization constants for the formation of a Si-O-Si 
or a Si-O-Al bond were estimated from solubility data. 
Whereas Al-OH groups do not ionize, the ionization 
constants of the silanol functions depend, probably in 
a very complicated way, on the precise structure of the 
oligomer. These constants were estimated partially on 
the assumption of existing analogies between polysili-
cic and other inorganic acids. The various constants 
used in the model were refined by comparison of the 
calculated concentrations with the available experimen
tal data. The model was then applied to determine the 
influence of the chemical composition on the oligomer 
distribution . The found relationships agree with the 
usual observations in zeolite synthesis. 

The study of a l k a l i n e s i l i c a t e and a l u m i n o s i l i c a t e s o l u t i o n s i s of 
fundamental importance f o r a better understanding of the mechanism 
of z e o l i t e synthesis (1,2). Real progress has been r e a l i z e d durina 
the l a s t f i f t e e n years thanks to the use of nen techniques such as 
the t r i m e t h y l s i l y l a t i o n (3,4) of p o l y s i l i c i c acids ( f o l l o n e d by a 
chromatographic separation of the deri v a t i v e s ) and, even more, 29$! 
and 2 7A1 NMR spectroscopy (5-11). The l a t t e r techniques have enabled 
the i d e n t i f i c a t i o n of about tnenty types of oligomers i n s i l i c a t e 
s o l u t i o n s and i n some cases estimates of t h e i r r espective concentra
tions. The i n v e s t i g a t i o n of a l k a l i n e a l u m i n o s i l i c a t e s o l u t i o n s i s 

0097-6156/89/0398-0083$06.00/0 
ο 1989 American Chemical Society 
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84 ZEOLITE SYNTHESIS 

much l e s s advanced because these s o l u t i o n s are only stable at very 
low s i l i c a t e and aluminate concentrations. 

The model presented here allows a c a l c u l a t i o n of the concentra
t i o n s of a l l the io n i z e d forms of any oligomer species from the con
c e n t r a t i o n values of Si(OH) 4 and AH OH) 4" and from the pH value (the 
simulation programs written i n BASIC are a v a i l a b l e from the au
thors). A communication d e s c r i b i n g the i n i t i a l development of t h i s 
model appeared i n 1984 (12). 

The f i r s t part of the present paper i s r e l a t e d to the a l k a l i n e 
s i l i c a t e s o l u t i o n s and represents the main point of our work. The 
second part concerns the a l k a l i n e a l u m i n o s i l i c a t e s o l u t i o n s which 
were studied l e s s extensively. 

ALKALINE SILICATE SOLUTIONS 

I t i s c l e a r l y e s t a b l i s h e d that, i n these solutions, the s i l i c o n i s 
i n t e t r a h e d r a l coordination (13). The simplest form of s i l i c a i n 
s o l u t i o n i s the m o n o s i l i c i c a c i d Si(0H ) 4 . Polymerization r e s u l t s 
from the condensation of two s i l a n o l groups with the e l i m i n a t i o n 
of a water molecule. A whole s e r i e s of s i l i c a t e anions, of various 
polymerization and i o n i z a t i o n degrees, are thus connected through 
dynamic e q u i l i b r i a . The e q u i l i b r i a are governed by the normal chemi
c a l parameters, namely the s i l i c a concentration, the pH and the 
c a t i o n type. 

A l l the studies show that, as a general rule, the formation of 
more highly polymerized species i s favoured by decreasing pH at 
constant s i l i c a concentration and i n c r e a s i n g s i l i c a concentration at 
constant M 2 O / S 1 O 2 r a t i o (14,15). 

Our model app l i e s to sodium or potassium s i l i c a t e s o l u t i o n s at 
room temperature. According to the few experimental data a v a i l a b l e 
(16.17,18) these s o l u t i o n s show s i m i l a r behaviour. 

Four points w i l l be s u c c e s s i v e l y developed : 
- the p r i n c i p l e s of the c a l c u l a t i o n of the oligomer species concen

t r a t i o n s , 
- the choice of parameters, 
- comparison of c a l c u l a t e d and experimental r e s u l t s , 
- s i l i c a d i s t r i b u t i o n i n s o l u t i o n . 

PRINCIPLES Any oligomer species containing t s i l i c o n tetrahedra. 
£ bonding oxygens and bearing a negative charge i i s assumed to be 
i n e q u i l i b r i u m with the Si(OH)4 monomeric species according to 

Kit · 

(a) t Si(OH) 4 +i OH" ^ Si tO (£ + i ) OH'1 [ 2( 2t-A) - i ] + ( H2 0 

The a c t i v i t y of each species, i . e. [ t, A, i ] . i s thus expressed by 

[t,£,ij = K ^ i [ s i ( O H ) 4 ] t [OH"] 1 

In order to s i m p l i f y the c a l c u l a t i o n s , a c t i v i t y w i l l be replaced by 
concentration. 

The e q u i l i b r i u m constant K ^ j i s considered to be equal to the 
product of a polymerization constant Kp and an i o n i z a t i o n constant 
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6. CAULLET AND GUTH Silicate and Aluminosilicate Oligomer Concentrations 85 

Ki. The pH of the s o l u t i o n s i n the present study was determined by 
using a " h i g h - a l k a l i n i t y " glass electrode, taking due precautions to 
avoid carbonation of the solutions. 

Depending on the case considered, the m o n o s i l i c i c a c i d 
concentration i s 
- e i t h e r independent of pH Hhen the s i l i c a t e s o l u t i o n i s i n e q u i l i 

brium with the amorphous s i l i c a according to 
S 1 O 2 + 2H20^=^Si( OH)4. i n Hhich case the chosen value i s close to 
2 χ 10~ 3mol. 1~1, as w i l l be seen below ; 

- or c a l c u l a t e d from the monomeric s i l i c a concentration i f at equi
l i b r i u m the system contains no s o l i d s i l i c a . This implies a know
ledge of the pH value and of the i o n i z a t i o n constants of Si(0H>4. 

CHOICE of PARAMETERS I o n i z a t i o n constants of Si(OH)4 
As only the pk<j and pk2 values Here determined experimentally ( 19, 
20), He have assumed, i n order to estimate pk3 and pk4 , that the 
d i f f e r e n c e between the pk values of two successive i o n i z a t i o n s i s 
constant by analogy with the behaviour of other inorganic polyacids. 

Hhile the s c a t t e r i n g of pk-j experimental values around an ave
rage of 9.8 i s rather small, the uncertainty on the pk2 value i s 
l a r g e r with one set of values around 11.8 and another one around 
12.4. The choice of the pk2 value to be used i n our c a l c u l a t i o n was 
made on the basis of the f o l l o w i n g experimental observations. Accor
ding to Freund (21) the Si02(OH)2~ species p r e v a i l s i n sodium s i l i 
cate s o l u t i o n s f o r a pH of about 13.5 while the Si03(OH) 3~ species 
begins only to appear f o r pH values c l o s e to 14. These data are sup
ported by other authors (17,22). The best agreement between the 
c a l c u l a t e d d i s t r i b u t i o n of the various i o n i z e d forms of Si(0H)4 
versus pH ( f i g u r e 1) and these experimental observations was o b t a i 
ned f o r pk2 = 12.4, which led us to r e t a i n t h i s value. 

I o n i z a t i o n constants of p o l y s i l i c i c acids. The i o n i z a t i o n cons
tant Ki f o r eq u i l i b r i u m a) of a species of i o n i z a t i o n degree i i s 
the product of i i o n i z a t i o n constants k^ corresponding to succes
s i v e d i s s o c i a t i o n reactions. Re assume that a l l tetrahedra within 
any species d i s s o c i a t e once before the second possible d i s s o c i a t i o n 
of any tetrahedron occurs, and so on f o r successive d i s s o c i a t i o n s . 

As a general r u l e the o v e r a l l a c i d i t y of inorganic polyacids 
seems to increase with polymerization degree (20). For instance the 
pk! of d i s i l i c i c a c i d i s estimated to be 9. 05 ( 23), while that of 
s i l i c a gel i s close to 7 (24,25). On the other hand i t i s reasonable 
to think that the pk of the nth i o n i z a t i o n ( f i r s t , second or third) 
i s not the same f o r a l l tetrahedra and increases s l i g h t l y with i n 
creasing i . Already i o n i z e d s i l a n o l groups indeed make the d i s s o 
c i a t i o n of the other neighbouring s i l a n o l functions more d i f f i c u l t 
( 26). This i s corroborated f o r instance by the pk^ values of poly-
phosphoric acids. Moreover i n t h i s p a r t i c u l a r case, the a c i d i t y of 
c y c l i c polymers seems to diminish more qu i c k l y with i n c r e a s i n g i 
than that of l i n e a r polymers, because on the average the OH groups 
are nearer to each other and the i n t e r a c t i o n s are stronger. The algo
rithm used f o r the computation of pk^ (see below) i s based i n part 
upon these observations and was r e f i n e d according to the r e s u l t s of 
computer simulations. 
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86 ZEOLITE SYNTHESIS 

Figure 1 : Computed d i s t r i b u t i o n of the io n i z e d forms of Si( OH)4 
versus pH. ( pk-| = 9.8 ; pk2 = 12.4 ; pk3 = 15 ; pk 4 = 17.6) 
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6. C A U L L E T A N D G U T H Silicate and Aluminosilicate Oligomer Concentrations 87 

F i n a l l y , we a r r i v e d at the f o l l o w i n g assumptions : 
- the f i r s t tetrahedron that i o n i z e s f o r the f i r s t , second or t h i r d 

time i s characterized by the same pk values f o r a l l oligomers. 
These values are smaller than those of S K O H ) ^ but t h e i r i n c r e 
ments are i d e n t i c a l : pk! = 9. 4 ; pk2 = 12.0 ; pk3 = 14.6 

- the pk' s of the other tetrahedra of the oligomer which i o n i z e a f 
terwards f o r the f i r s t , second or t h i r d times, increase over a 1.7 
unit i n t e r v a l beyond the respective values of pk-j, pk2> and pk3 
f o r the f i r s t tetrahedron. The value of the i n t e r v a l was assumed 
to be lower than the pk value d i f f e r e n c e between two successive 
i o n i z a t i o n s of the same tetrahedron (i.e.2.6) and was chosen par
t l y on the basis of the pk^ values of some polyphosphoric acids. 
The value f i n a l l y adopted, i . e . 1.7.. was obtained by an i t e r a t i v e 
procedure that compared c a l c u l a t e d and experimentally observed 
oligomer concentrations. In the case of l i n e a r polymers the i n 
crease of pk i s regular, the pk i n t e r v a l between two suc c e s s i v e l y 
i o n i z i n g tetrahedra being equal to 1.7/(η^-1) (n^ r e f e r s to the 
number of tetrahedra able to i o n i z e at l e a s t i times). In the case 
of c y c l i c species, once the f i r s t tetrahedron i s ionized, the pk' s 
of 1 s t, 2 n d or 3 r d i o n i z a t i o n of the others tetrahedra are equal 
and increased by 1. 7 units with regard to pk<j, pk2 and pk3 respec
t i v e l y . For example, the pk^ values corresponding to the l i n e a r and 
c y c l i c trimers are given i n Table I. 

Table I : pki values of l i n e a r and c y c l i c trimers 

Linear trimer C y c l i c trimer 

Tetrahedron no. 1 2 3 1 2 3 

pk! 9.4 10.25 11.1 9. 4 11.1 11.1 

pk 2 12.0 12.85 13.7 12.0 13.7 13.7 

pk 3 14.6 16.3 

Polymerization constant. The polymerization constant k c o r r e s 
ponds to the f o l l o w i n g e q u i l i b r i u m : 

k 
=Si-0H + H0-Si= =Si-0-Si= + H 20 

k was assumed to depend neither on the polymerization degree, nor on 
the mean c o n n e c t i v i t y ((f = 2i /t) nor on the charge c a r r i e d by the 
species. The Kp constant of equil i b r i u m a) i s thus expressed by Kp 
= k^ . 

An estimate of k can be made from the s o l u b i l i t y of amorphous 
s i l i c a at pH 7, that i s 2x1 0~ 3mol. 1~1 ( 1_Ĵ ), according to 
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88 ZEOLITE SYNTHESIS 

k' 
S i 0 2 + 2H 20 -̂ -*» Si(OH) 4 

I t should be noticed that such a formulation i s not exact, be
cause according to our c a l c u l a t i o n s , the d i s s o l v e d s i l i c a i s not 
wholly monomeric. but i s about 10% polymerized. 

The d i s s o l u t i o n r e a c t i o n (change i n f r e e enthalpy : AG') im
p l i e s the breaking of two Si-O-Si bonds ( per s i l i c o n atom) and the 
formation of four s i l a n o l groups ( K i t h disappearance of two Hater 
molecules). On the other hand the polymerization r e a c t i o n (change i n 
free enthalpy : AG) corresponds to the formation of a Si-O-Si bond 
(and a water molecule) and to the disappearance of two s i l a n o l 
groups. I t can thus be written to a f i r s t approximation : 

AG' 1 1 
AG = - = - RT In k = — RT In k' = - RT l n [ S i ( OH) 4] 

2 2 2 
hence k = 22. 5 

Considering that the oligomers found experimentally are compo
sed of a rather small number of s i l i c o n atoms, a s l i g h t l y l a r g e r 
value, i . e . k =• 25 was f i n a l l y adopted. 

COMPARISON between CALCULATED and EXPERIMENTAL RESULTS He w i l l 
discuss f i r s t the study made by Dent Glasser et al.( 4), although 
the technique used, namely t r i m e t h y l s i l y l a t i o n followed by chroma
tography of the formed d e r i v a t i v e s , may have disturbed the i n i t i a l 
d i s t r i b u t i o n of the oligomers. The most i n t e r e s t i n g experimental 
data were obtained by 2 9 S i NMR spectroscopy. The papers of Harris et 
al.(9) and of Me Cormick et al.(10) w i l l be discussed at length 
f u r t h e r on. 

Comparison with the r e s u l t s obtained by Dent Glasser et a l ( 4). 
These authors studied the i n f l u e n c e of s i l i c a concentration (at 
constant pH) and of pH ( a t constant s i l i c a concentration) on the 
concentrations of the oligomers ( t = 1 to t = 8). At constant s i l i c a 
concentration (0.5 mol.l" 1) the concentrations of small oligomers 
( t = 1 to t = 4) decrease with decreasing pH while the concentra
t i o n s of species with higher degrees of polymerization ( t = 6 and 
t = 8) reach maxima at pH 12 (Figure 2a). The l a t t e r species may 
appear as intermediates during the polymerization process. 

In our c a l c u l a t i o n s we have taken i n t o account the oligomers 
i d e n t i f i e d by NMR spectroscopy i n s o l u t i o n s of analogous composi
ti o n s (9,10). Re have checked that the concentrations of the other 
t h e o r e t i c a l l y possible species are indeed completely n e g l i g i b l e . 

On the whole, the experimentally observed evolutions are well 
reproduced by our computations (Figure 2b). Agreement between expe
rimental and c a l c u l a t e d concentrations i s good except f o r the trimer 
and hexamer species. For these oligomers containing three-membered 
rings the computed values are probably overestimated because the 
s t r a i n s e x i s t i n g i n these c y c l e s are not taken i n t o account i n our 
model. The c a l c u l a t e d concentrations f o r hexamers are about f i v e 
times too high at pH 11 and 12 and could not be shown i n Figure 2b. 

Dent Glasser et a l . show also i n a s i n g l e example that the de-
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conc.(mol.l ) 

Q1 

7 7 \ Q01 LA S .(3) 

cone .(mol.I ) 

11 12 13 pH H 

(2a) 

0.01 

13 pH 

Figure 2 : Experimental ( a) and c a l c u l a t e d (b) concentrations 
( m o l . l - 1 ) of various oligomers ( i n brackets i s given the number 
of s i l i c o n tetrahedra) 
Note : On y-axis, the l e f t s c ale r e f e r s to species with 1 to 4 
s i l i c o n tetrahedra, the r i g h t scale to higher polymers ( t = 6 
and t = 8).  P
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crease of the o v e r a l l s i l i c a concentration at constant pH r e s u l t s i n 
a depolymerization of the oligomer species, i n agreement K i t h our 
c a l c u l a t e d r e s u l t s . 

Comparison Ki t h the experimental data obtained by Harris et a l . 
(9). Three potassium s i l i c a t e s o l u t i o n s K i t h a constant s i l i c a con
c e n t r a t i o n 0. 65 mol.l" 1) and a v a r i a b l e pH Here studied by these au
thors. Eighteen oligomers, c o n s i s t i n g of 1 to 8 s i l i c o n tetrahedra, 
Here i d e n t i f i e d and t h e i r r e l a t i v e concentrations Here determined. 
Assuming that the a n a l y s i s of the NMR spectrum has taken i n t o 
account the l a r g e s t part of the s i l i c a t e species r e a l l y a r i s i n g , the 
c a l c u l a t i o n of the absolute concentrations i s s t r a i g h t f o r n a r d . The 
proposed s t r u c t u r e of these species K i l l be described l a t e r i n para
graph e n t i t l e d "Structure of the s i l i c a t e oligomers". 

The general features found by Harris et a l . are analogous to 
those of Dent Glasser et a l . Hith i n c r e a s i n g pH at constant s i l i c a 
concentration, the concentrations of small oligomers ( t < 4) i n c r e a 
se whereas those of oligomers containing 5 to 8 s i l i c o n tetrahedra 
diminish. The e v o l u t i o n of each tetramer* s concentration depends, i n 
fact, on i t s precise nature. 

There i s good agreement betneen the observed concentrations and 
the c a l c u l a t e d ones according to our model only i n the case of the 
l e s s a l k a l i n e s o l u t i o n (pH = 12.53 : molar r a t i o K/Si =1). For both 
other s o l u t i o n s - pH = 13.58 ( K/Si = 1.5) and pH = 13.80 ( K/Si = 2) 
- the discrepancies are r e l a t i v e l y important, the c a l c u l a t e d values 
being s y s t e m a t i c a l l y underestimated. In our opinion these descrepan-
c i e s are due to the f a c t that the monomeric s i l i c a concentration 
given by Harri s et a l . and used i n our c a l c u l a t i o n , i s probably too 
Ion. In comparing data of H a r r i s et a l . f o r the monomer concentra
t i o n K i t h those of Dent Glasser et a l . ( t h e o v e r a l l s i l i c a concentra
t i o n s are close) i t appears that the agreement i s rather good i n the 
case of the l e s s a l k a l i n e solution. On the other hand the values 
given by Harris et a l . seem to be too Ion f o r the tno most a l k a l i n e 
solutions. Indeed, the f a c t that the proportion of monomeric s i l i c a 
i n d i c a t e d by H a r r i s et a l . decreases s l i g h t l y (the Khole s i l i c a 
concentration being constant) as the pH increases from 12.53 to 
13.58 i s at variance Kith the usually observed trends ( 1 4» 1 5). Kee
ping i n mind these remarks, ne have given here only the c a l c u l a t e d 
r e s u l t s r e f e r r i n g to the l e s s a l k a l i n e s o l u t i o n ( t a b l e I I ) . The 
agreement between experimental and c a l c u l a t e d values i s quite s a t i s 
factory. 

Comparison K i t h the r e s u l t s of Me Cormick et a l . (10). The f i v e 
sodium s i l i c a t e s o l u t i o n s studied by these authors have the same s i 
l i c a concentration (about 1.65 mol.l"" 1) and various pH values 
(13. 67 ; 13. 30 ; 12.60 ; 11.86 and 11.54 according to our οκη measu
rements). They i d e n t i f i e d the same oligomers as did Harris, and pro
posed an a d d i t i o n a l 12 s i l i c o n - t e t r a h e d r a hexagonal prismatic 
species. 

In s p i t e of the precautions taken by Mc Cormick et a l . i t seems 
to us that some reservations must be maintained concerning the pre
c i s i o n of the experimental values of the oligomer concentrations. 
Indeed i n the case of the l e s s a l k a l i n e s o l u t i o n s (Si02/Na20 >, 2) 
the s i g n a l to noise r a t i o becomes l e s s favourable. Thus the measu
rement of the i n t e n s i t y of each i n d i v i d u a l peak and consequently the 
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6. CAULLET AND GUTH Silicate and Aluminosilicate Oligomer Concentrations 91 

i n t e g r a t i o n of a l l S i peaks becomes l e s s precise. Accordingly the 
experimental monomer concentration might be inaccurate i n some ca
ses. Indeed the observed v a r i a t i o n of the monomer concentration 
versus pH (Figure 5 i n reference 10) i s s u r p r i s i n g since the cons
tancy over an i n t e r v a l of more than one pH unit (12.6 to 11.54) i s 
rather unexpected. 

Table II : Experimental (9) and c a l c u l a t e d concentrations of o l i g o 
mers i n a potassium s i l i c a t e s o l u t i o n (0.65 m o l . l - 1 S 1 O 2 » 
pH =12. 53) 
(* value taken as a basis i n our computations) 

Number t of 
tetrahedra of 
the oligomers 

Experimental 
concentrations 
(mol. 1~1) 

Calculated 
concentrations 
(mol. I" 1) 

1 0.1 0.1* 

2 2 χ 10~ 2 2. 6 χ 10" 2 

3 2. 3 χ 10" 2 4. 8 x 10" 2 

4 1.7 χ 10~ 2 1 χ 10~ 2 

5 1. 5 χ 10~ 2 0. 5 χ 10" 2 

6 2. 6 χ 10~ 2 3. 2 x 10~ 2 

7 3. 5 χ 1(T 3 4. 2 x 10" 3 

8 4. 1 χ 10~ 3 2. 7 x 10" 3 

Taking i n t o account these remarks, only the values c a l c u l a t e d 
by using our model f o r the three most a l k a l i n e s o l u t i o n s are compa
red to the corresponding experimental r e s u l t s (Table I I I ) . The gene
r a l evolutions with pH are analogous and moreover agree with those 
shown by Ha r r i s et a l . However, while the agreement remains accepta
ble f o r the small oligomers ( t < 4) i t becomes rather poor f o r the 
other oligomers ( t > 4). These r e l a t i v e l y d isappointing r e s u l t s can 
probably be explained by the f a c t that the s o l u t i o n s studied here 
are much more concentrated i n s i l i c a than those of Harris et a l . 
This favours the formation of more polymerized species, some of 
which may be u n i d e n t i f i e d , and strengthens the reservations stated 
before concerning the p r e c i s i o n of the experimental concentrations 
of the species. As well the assumption made i n our c a l c u l a t i o n s that 
the a c t i v i t i e s and concentrations are i d e n t i c a l , i s l e s s j u s t i f i e d 
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92 ZEOLITE SYNTHESIS 

as the i o n i c strength of the s o l u t i o n s increases. F i n a l l y the pH 
measurement of such very a l k a l i n e s o l u t i o n s becomes d i f f i c u l t . 

Table III : Experimental ( 1_0 ) and c a l c u l a t e d concentrations of o l i 
gomers i n a sodium s i l i c a t e s o l u t i o n (1.65 m o l . l _ 1 S i 0 2 ) 
(* t : number of tetrahedra i n oligomers) 
(** value taken as a basis i n our c a l c u l a t i o n s ) 

pH = 12.60 pH = 13.30 pH = 13.67 
t * 

exp. cone. calc. cone. exp. cone. calc. cone. exp. cone. calc. cone. 

1 0. 08 0 i. 08** 0. 11 0. 11** o. : 30 0. 30** 

2 1. 4x10"~2 1. 7x10" 2 2. 3x10~ 2 1. 4x10~ 2 8. . 4x10" 2 6. 8x10" 2 

3 2. 8x1 0~ 2 2. 4x10~ 2 4. 3x10" 2 1. 1x10 - 2 8. . 6x10" 2 10. 6x10 - 2 

4 4. 1 x10~ 2 4. 2x10~ 3 3. 8x10" 2 2. 1x10" 3 4, . 9x10" 2 6x10~ 2 

5 6. . 2x10" 2 1. 5x1 0~ 3 7. 1x10" 2 7x10 - 5 5 . 7x10 - 2 8x10 - 4 

6 6. . 9x1 0" 2 2. 9x10~ 3 4. 7x10" 2 6x10"~5 1, . 1x10" 2 5. 4x10" 4 

7 = 0 7x10" 4 ~ 0 3x10" 6 6 . 6x10" 3 3x10 - 5 

8 4. . 7x10 - 3 2. 8x10""4 4. 1x10 - 3 1x10 - 7 2 . 5x10" 3 6x10 - 7 

12 3, . 4x10~ 3 2x10 - 7 2x10~ 3 2x10~ 1 2 s 0 2x10- 1 1 

In the f o l l o R i n g s e c t i o n the st r u c t u r e of the s i l i c a t e o l i g o 
mers R i l l be considered i n more d e t a i l . 

STRUCTURE of the SILICATE OLIGOMERS The experimentally i d e n t i f i e d 
species (9,10,11) are comprised of a rather small number of s i l i c o n 
tetrahedra ( t < 12). They are f o r instance l i n e a r ( t = 1 to 4). cy
c l i c ( t = 3 and 4), b i c y c l i c oligomers ( t = 6,8 and 12) c o n s i s t i n g 
of 2 i d e n t i c a l rings. There are, i n addition, more complex species 
r e l a t e d to the c y c l i c trimer and tetramer and other p o l y c y c l i c 
forms ( t = 7 and 8). 

The values given i n Table IV and r e f e r r i n g to the potassium 
s i l i c a t e s o l u t i o n already considered before (paragraph e n t i t l e d 
"Comparison Rith the experimental data obtained by Harris at a l . ") 
shoR a good agreement between experimental and c a l c u l a t e d concentra
tio n s f o r the main oligomers. S a t i s f a c t o r y agreement Ras found as 
He l l f o r the other species not mentioned i n Table IV. 

THO e s s e n t i a l observations Hhich are confirmed by a n a l y s i s of 
the r e s u l t s of Mc Cormick et al.(10) can be deduced from t h i s table: 
- the concentration of species of a given type ( l i n e a r , c y c l i c or 
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6. CAULLET AND GUTH Silicate andAluminosilicate Oligomer Concentrations 93 

b i c y c l i c ) diminishes Rith i n c r e a s i n g number t of tetrahedra, 
- f o r constant numbers of tetrahedra the concentration of_ oligomers 
i s l a r g e r f o r strongly connected species ( b i c y c l i c Rith Q = 3). As 
He l l , the order of magnitude of the concentrations i s the same f o r 
trimers and tetramers according to whether they are l i n e a r or cy
c l i c . Our c a l c u l a t i o n s seem to shon that the d i f f e r e n c e becomes 
l a r g e r f o r species Rith higher polymerization degree ( t > 4), the 
formation of l i n e a r oligomers being favoured r e l a t i v e to the forma
t i o n of c y c l i c species. 

Table IV : Experimental (9) and c a l c u l a t e d concentrations of o l i g o 
mers i n a potassium s i l i c a t e s o l u t i o n 
(0.65 mole S i 0 2 per l i t e r , pH=12. 53) 
(*t : number of tetrahedra i n oligomers) 
( n. o. : non observable) 

Linear species C y c l i c species B i c y c l i c species 
t A 

exp. cone. calc. cone. exp. cone. calc. cone. exp. cone. calc. cone. 

1 0. 1 0. 1 - - - -
2 2x10-2 2. 7x10-2 - - - -

3 1. 3x10"2 1. 3x10"2 ΙΟ" 2 3. 5x10"2 - -

4 n. o. 6. 8x10" 3 6. 4x10" 3 1. 9x10" 3 - -

5 n. o. 3. 4x10" 3 n. o. 1x10" 4 - -
6 n. o. 1. 7x10" 3 n. o. 5. 4x10~ 6 5. 1x10~ 3 1. 9x10"2 

8 n. o. 4. 1x10- 4 n. o. 1. 5x10" 8 n. o. 1. 4x10" 3 

12 n. o. 2. 2x10" 5 n. o. 1. 3x10" 1 3 n. o. 6. 8x1 O"6 

In conclusion, i n s p i t e of some reservations, i t i s possible 
Rith our computational model to account c o r r e c t l y f o r the general 
evolutions and i n most cases the estimates are close to experimental 
values. In the next part our model R i l l be applied, Rith the r e q u i 
red modifications, to the study of a l k a l i n e a l u m i n o s i l i c a t e s o l u 
tions. 

ALKALINE SOLUTIONS CONTAINING SILICATE and ALUMINATE IONS 

Generally the s o l u b i l i t y of a l k a l i n e a l u m i n o s i l i c a t e s i n a l k a l i n e 
medium i s much loner than that of s i l i c a . This i s r e l a t e d to the 
chemical behaviour of aluminum. At pH l a r g e r than 11 t h i s element 
e x i s t s s o l e l y as te t r a h e d r a l AHOH^" ions (27). The A1-0H functions 
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94 ZEOLITE SYNTHESIS 

are not i o n i z a b l e and remain a v a i l a b l e f o r polymerization, whatever 
the pH. Experimental data r e l a t i n g to the oligomers present i n a l k a 
l i n e a l u m i n o s i l i c a t e s o l u t i o n s are therefore very scarce, with prac
t i c a l l y no q u a n t i t a t i v e information. The only c l e a r l y stated q u a l i 
t a t i v e information i s the apparent existence of a l u m i n o s i l i c a t e 
anions (15,28,29). Under such conditions the a p p l i c a t i o n of our 
model claims only here to p r e d i c t some general trends (30). 

Analogously to the c a l c u l a t i o n p r i n c i p l e used f o r s i l i c a t e 
species, the a c t i v i t y of an a l u m i n o s i l i c a t e oliqomer can be expres
sed by 

[ts. ta, £s. JU, i] = Kg,s,£a, i [Si( OH) 4] t s [ A l ( 0 H ) 4 - ] t a [OH*] i 

ts and ta being r e s p e c t i v e l y the number of s i l i c o n and aluminum 
tetrahedra, £ s and £a being r e s p e c t i v e l y the number of Si-O-Si and 
Si-O-Al bonds. A l l assumptions made f o r the s i l i c a t e s o l u t i o n s are 
used here. 

T h u s K£s, £a. i = KP Ki=k s^s k a £ a K i . 

Further, the polymerization constant k s ( r e f e r r i n g to the f o r 
mation of a siloxane bond) and the i o n i z a t i o n constant Ki are assu
med not to be modified by the presence of aluminum atoms. The k a 

value, corresponding to the formation of a Si-O-Al bond, was estima
ted by i t e r a t i o n accordinq to values o r i g i n a t i n g from a semi-quan
t i t a t i v e experimental study (29) and was found to be 35. The f o l l o 
wing r e s u l t s are based upon an example from t h i s study. 

The v a r i a t i o n of oligomer concentrations as a f u n c t i o n of poly
merization degree and c o n n e c t i v i t y i s analogous to the v a r i a t i o n 
observed f o r s i l i c a t e solutions. Nevertheless some s p e c i f i c features 
become apparent. 

A l k a l i n e a l u m i n o s i l i c a t e s o l u t i o n s with a S i / A l r a t i o close to 
one, e x i s t only at much lower concentrations than do s i l i c a t e s o l u 
t i o n s f o r a given pH. This r e s u l t s d i r e c t l y from the general expres
sion g i v i n g the a c t i v i t y of an oligomer. Indeed, as pH increases, 
the Si(0H ) 4 concentration becomes very low whereas the AM OH)4" con
c e n t r a t i o n remains p r a c t i c a l l y constant and at a much higher l e v e l . 

A d i r e c t consequence of t h i s i s that, f o r a qiven conformation, 
the most stable oligomer w i l l be the one containing the highest num
ber of aluminum atoms, provided i t i s consistent with Loewenstein' s 
r u l e (31). This trend becomes weaker as the pH decreases or the 
o v e r a l l S i / A l r a t i o i n s o l u t i o n increases, i n agreement with the 
usual observations made i n z e o l i t e synthesis (32). These c o r r e l a 
t i o n s are shown i n table 7 r e f e r r i n g to the c y c l i c tetramers. The 
numbers i n brackets represent the concentration r a t i o between the 
species considered and the purely s i l i c i c form. 

A l a s t important feature concerns the b i c y c l i c species. Our 
c a l c u l a t i o n s show that t h e i r formation i s favoured when both c o n s t i 
t u t i v e r i n g s contain each an even number of tetrahedra. The concen
t r a t i o n of oligomers made of two four- or six-membered rings i s 
r e s p e c t i v e l y l a r g e r than the concentration of species containing two 
three- or f i v e - membered rings. This behaviour i s d i r e c t l y r e l a t e d 
to Loewenstein's r u l e and can be r e l a t e d to the f a c t that the frame-
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6. CAULLETANDGUTH Silicate and Aluminosilicate Oligomer Concentrations 95 

work of alumina-rich z e o l i t e s , which are synthesized i n a l k a l i n e 
medium. can be b u i l t i n most cases with even-membered rings of t e 
trahedra. 

Table V : Concentration of the c y c l i c tetramers 
i n an a l k a l i n e a l u m i n o s i l i c a t e s o l u t i o n 

( [monomeric s i l i c a ] + [AM OH) 4~] = 0.02 m o l . l - 1 ) 

Monomeric Composition Concentration of the species 
s i l i c a / A H OH) 4 ~ of the (mol.l" 1) 

molar r a t i o species pH = 12 pH = 13 

4 S i , 0 Al 6. 7x10 - 7 ( 1) 2. 6x10" 8 (1) 

1 3 Si, 1 Al 3. 7x10" 5( 55) 5. 1x10~ 6 ( 200) 

2 Si , 2 Al 2x10" 3( 3020) 9. 7x10" 4( 37000) 

4 Si, 0 Al 7. 3x10~ 6 (1) 2. 9x10" 7 (1) 

10 3 Si . 1 Al 4. 1x10~*5( 5. 5) 5. 6x10~ 6 (19) 

2 S i . 2 Al 2. 2x10" 4( 30) 1. 1x10" 4( 380) 

CONCLUSION 

The model presented here allows, i n p r i n c i p l e , the determination of 
the concentration of any oligomer species i n an a l k a l i n e s i l i c a t e 
s o l u t i o n provided that the monomeric s i l i c a concentration and the pH 
are known. Due to t h e i r greater complexity and experimental d i f f i 
c ulty, the i n v e s t i g a t i o n of a l u m i n o s i l i c a t e s o l u t i o n s corresponds 
only to an extension of t h i s model and i t was dealt with i n a sim
p l i f i e d way. 

Several recent NMR studies have allowed the i d e n t i f i c a t i o n of 
about twenty s i l i c a t e oligomers and q u a n t i t a t i v e or s e m i - q u a n t i t a t i 
ve estimates of t h e i r respective concentrations. In s p i t e of the 
precautions used by some authors, the measured concentrations and i n 
p a r t i c u l a r the experimental monomer concentration (used as a basis 
i n our c a l c u l a t i o n s ) are probably not always very accurate e x p e c i a l -
l y i n the case of the l e s s a l k a l i n e or the more concentrated ( i n 
s i l i c a ) solutions. The use of an i n e r t s i l i c o n - c o n t a i n i n g i n t e r n a l 
standard could perhaps be useful. To t h i s lack of accuracy i s added 
the uncertainty of the pH measurement i n such strongly a l k a l i n e 
solutions. 

Moreover several assumptions made i n the s e t t i n g up of the c a l 
c u l a t i o n algorithm f o r the i o n i z a t i o n constants lead to an approxi
mate model. An improvement of our model would be to take i n t o account 
i n a more s p e c i f i c way the precise s t r u c t u r e of the oligomers. I t 
should be added that any precise experimental measurement of i o n i z a -
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96 ZEOLITE SYNTHESIS 

t i o n constants, even i f only those of the monomer, would be very 
h e l p f u l . 

In s p i t e of these problems, our model a l l o n s us to account f o r 
the experimentally found evolutions. Further, the aqreement between 
measured and computed values i s generally s a t i s f a c t o r y . 

The general trends concerning the oligomers present i n the 
so l u t i o n s can be summarized as follows. The oligomers c o n s i s t of a 
rather small number of tetrahedra ( t < 12). For a given type ( l i n 
ear, c y c l i c , b i c y c l i c ) t h e concentrations of the species diminish as 
t increases and f o r a given t the formation of strongly connected 
species i s favoured. Both the increase of s i l i c a t e or aluminate 
concentrations and the decrease of pH promote the formation of more 
polymerized species. In the a l u m i n o s i l i c a t e s o l u t i o n s the preferen
t i a l l y formed species are those with the highest possible number of 
aluminum atoms. although t h i s trend becomes weaker as the pH i s 
decreased or the o v e r a l l S i / A l r a t i o i n s o l u t i o n i s increased. 
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Chapter 7 

Influence of D2O and Alcohols 
on the Crystallization of Zeolites 

Prabir K. Dutta, Micky Puri, and Christopher Bowers 

Department of Chemistry, The Ohio State University, Columbus, OH 43210 

The synthesis of zeolites with low Si/Al ratios (1-2) 
from amorphous aluminosilicate solids (Si/Al:1-5) were 
explored as a function of reaction time and in D2O and 
alcohol. The growth and decay of zeolite X and Ρ appear 
to be independent for the same reaction system. Methanol 
and ethanol have a profound impact in accelerating the 
rate of large pore crystal growth at low levels, and more 
condensed phases at higher levels. The role of alcohol 
appears to be linked to the stabilization of water 
structure and cation water complexes which together act 
as templates for crystal growth. The deceleration of 
zeolite growth in D2O possibly arises from an isotope 
effect involving condensation polymerization during 
zeolite growth. 

The mechanism of formation of zeolites is very complex, stemming 
from the diversity of chemical reactions, including various 
polymerization and depolymerization equilibria, nucleation and 
crystal growth processes. The physical and chemical nature of the 
reactants, which typically involve a source of aluminum and s i l i c o n 
along with hydroxides and salts determine the formation of 
zeolites. Physical effects such as aging, stirring, and 
temperature also play an important role. These effects lead to the 
complexity of zeolite formation, but are also responsible for the 
large number of frameworks that can be synthesized and the rich 
chemistry associated with this area.(1.2) 

Over the past decades, considerable effort has been focussed 
on the evaluation of the various parameters that influence zeolite 
crystallization.(3.4) More recently, spectroscopic techniques are 
being used to monitor zeolite growth. These studies include high 
resolution NMR spectroscopy of si l i c a t e and aluminate 
solutions,(5.6) solid state NMR spectroscopy of the amorphous 
phase(7.8) and Raman spectroscopic studies of solution and solid 
phases during crystallization.(9-14) The typical solutions present 
during zeolite growth contain various oligomeric s i l i c a t e species, 
A1(0H)A" and minute amounts of aluminosilicate anions, because of 

0097-6156/89/0398-0098S06.00/0 
ο 1989 American Chemical Society 
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7. DUTTAET AL. Influence of D20 and Alcohols 99 

their limited solubility. The amorphous solid phase, present at 
the early stages of zeolite synthesis, is made up of 
aluminosilicate rings, whose structure determines to some degree 
the zeolite being synthesized. For example, in the case of 
zeolites A and X, four membered rings interconnected in a random 
fashion comprise the solid amorphous phase.(11.14) whereas for 
zeolite Y, six membered rings are evident.(12) Spectroscopic 
studies have been unable to provide information about why and how 
these elementary building blocks combine to form unique z e o l i t i c 
structures. This process, under otherwise identical conditions, is 
strongly influenced by the cation e.g. Na+, K+ and Cs + promote the 
formation of zeolite A, chabazite and edingtonite, 
respectively.(14) Cation-water complexes are thought to act as 
templates for nuclei formation.(2) In addition, we have proposed 
that cation-water complexes may stabilize small aluminosilicate 
anions responsible for forming unique z e o l i t i c structures, 
primarily due to electrostatic and steric factors.(14) We report 
here an investigation of zeolite synthesis in aqueous alcoholic 
mixtures and deuterium oxide, in order to explore the influence of 
water structure on crystallization. Zeolite synthesis in pure 
alcoholic solvents have been reported, in which hydroxysodalite is 
formed as the main component.(15.16) 

Experimental Section 

Ludox TM (Dupont) or Si0 2 gel (Aldrich) was used as the source of 
s i l i c o n and aluminum powder (~40 mesh) was obtained from Alfa 
Chemicals. NaOD and D20 were purchased from Aldrich and used as 
such. NaOH, NaCl, LiCl (Mallinckrodt), LiOHH20 (Baker) and 
ethanol (U.S.P., Pharmco) were a l l used as received. A l l 
experiments were carried out in Teflon bottles and synthesis was 
done in an oven without sti r r i n g . 

Powder X-ray diffraction patterns were obtained with a Rigaku 
Geigerflex D/Max 2B diffractometer with Ni f i l t e r e d CuKa source. 
Elemental analysis (Si/Al ratios) was done with an energy 
dispersive X-ray fluorescence spectrometer (Kevex) using direct 
excitation. Zeolites, whose elemental analysis was known 
independently was used as calibration. The Raman spectra were 
obtained by excitation with a Spectra Physics 171 Argon Ion Laser 
using 50 mW of 457.9 nm radiation. A Spex 1403 monochromator along 
with a RCA C31034 GaAS PM tube was used to analyze the scattered 
light. 

In studying the influence of ethanol the synthesis was carried 
out in a way which allowed the effect of the different cations and 
varying alcohol content to be explored. Clear solutions of sodium 
s i l i c a t e and aluminate were combined to produce a gel. The 
solutions were obtained by dissolving the appropriate amount of 
Si0 2 or aluminum powder in a solution of 1M NaOH. The Si/Al ratio 
of the starting composition was 0.9, 5, and 20 which upon 
f i l t r a t i o n , washing and drying produced materials with Si/Al ratios 
of 1.33, 1.48 and 4.28, respectively. The gel was f i l t e r e d and 
extensively washed with water and was then ion exchanged with 
either 0.1M L i C l or NaCl and again f i l t e r e d and washed with water. 
Two grams of this L i and Na ion exchanged material were placed in 
50 mL of 1M NaOH or LiOH solution which contained the appropriate 
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100 ZEOLITE SYNTHESIS 

amount of ethanol. This was then heated to 90-95°C and the X-ray 
diffraction pattern was periodically checked. 

Results 

In this section, we detail our results on the nucleation and growth 
of zeolite crystals with Si/Al ratios between 1 and 2. Various 
perturbations, including the effects of reaction time, D20, CH30H 
and C2H50H on the zeolite process are examined. A narrow range of 
starting compositions and reaction conditions are chosen, so that 
the effects of the perturbations can be evaluated with a minimum 
set of variables. These results are discussed in the context of 
present theories of zeolite growth in the next section. 

Zeolite X System. It is well recognized that with a fixed reactant 
composition, zeolites of different frameworks can be formed.(17) 
For example, zeolites X and Ρ are formed from the same reactants at 
100°C and 150°C, respectively. Such phenomena are usually 
discussed in terms of successive transformation, with a metastable 
phase forming at f i r s t and converting successively to the more 
stable phase. 

Starting with the composition typical for crystallization of 
zeolite X 8.6Na20 0.75 Al 20 3 3Si0 2 556H20 at 85-90°C, we examined 
the formation of zeolite crystals over a period of 32 days. 
Throughout the crystallization period, zeolites X and Ρ coexisted. 
Figure 1A shows the percent c r y s t a l l i n i t y as determined from the 
powder diffraction patterns and Figure IB is the Raman spectra of 
the solid phase at different times. In order to define percent 
cr y s t a l l i n i t y , we chose the reflection peaks at 20-6.12 for zeolite 
X and 20-28.10 for zeolite Ρ as standards. The curves in Figure 1A 
are normalized to the maximum intensity observed for these peaks 
during the crystallization period at 2 days for zeolite X and 32 
days for zeolite P. Signal from zeolite X maximizes within the 
f i r s t 48 hours and then rapidly decays to 50% of i t s peak 
intensity, followed by a slower decrease in intensity. Crystals of 
zeolite Ρ are observed from the earliest times, but their rapid 
growth does not occur u n t i l 14-16 days of reaction. The rate of 
decrease of zeolite X does not follow the growth of zeolite P. 
This is in contrast to the observation of Kostinko, who noted that 
the rate of disappearance of zeolite A matches the rate of 
appearance of hydroxysodalite.(18) In order to investigate i f any 
other species is forming during the reaction, the Raman spectra of 
the solid phase was studied. Characteristic bands due to zeolite X 
and Ρ are observed throughout the crystallization process, and no 
evidence for any intermediate species including the amorphous phase 
was observed. However, the sensitivity of Raman spectroscopy 
precludes the observation of an intermediate unless i t is present 
in the concentration range of 5-10 percent. Also, the Raman 
scattering from the crystalline phase is more pronounced than the 
amorphous phase, primarily due to the sharper bands. Therefore, 
during the 6-12 day period, the fate of the disappearing zeolite X 
crystals is unclear. However, i t is clear that nuclei for zeolite 
X and Ρ coexist during the entire cyrstallization period. The 
nucleation and growth kinetics favor the i n i t i a l formation of 
zeolite X, which results in a slower growth of zeolite Ρ due to a 
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Figure 1. (A) Percent Crystallinity as a function of synthesis 
time for reactant composition 8.6Na20 0.75 Al 20 3 3Si0 2 556 H20 at 
85-90°C. (B) Raman spectra of solid phase at (a) 1 day, (b) 11 
days, (c) 20 days, (d) 32 days. Characteristic vibrations of 
zeolites X and Ρ are marked on the figure. 
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lack of reactants. These data could also be interpreted to 
indicate that the nucleation, growth and decay kinetics of zeolites 
X and Ρ are independent, and can be controlled independently by 
external factors. These observations are in agreement with the 
studies of Kerr,(19) who found that the order of mixing of 
reactants from the same starting composition could result in 
formation of either zeolite X or P. In order to examine the role 
of the environment on growth of different crystals from coexisting 
nuclei, we studied the influence of alcohol and D20 on the 
crystallization process. 

Zeolite A System. Zeolite A was synthesized at 85-90°C starting 
with the compositions: 8.6Na20 A1203 Si0 2 556H20 and 8.6Na20 Al 20 3 

Si0 2 556D20. Figure 2A compares the crystallization curves as 
measured by X-ray diffraction. Good quality zeolite A crystals are 
obtained in both cases. The major difference between the reactant 
systems is the slower rate of crystallization in D20. However, i f 
the same reaction is carried out in aqueous methanolic solutions at 
60-65°C the crystallization is accelerated with increasing methanol 
concentration. Figure 2B shows the crystallization curves of 
zeolite A for 0%, 5% and 25% CH30H (on a volume by volume basis). 
At alcohol levels of 50 volume percent or higher, hydroxysodalite 
crystals are formed at rapid rates (-200 minutes). The role of 
alcohol on the zeolitization process was examined with ethanol at 
temperatures of 90-95°C. 

Influence of Ethanol. Three different amorphous aluminosilicate 
solids of Si/Al ratios 1.33, 1.48 and 4.28 were synthesized by 
mixing sodium s i l i c a t e and aluminate solutions of various 
concentrations. These solids were extensively ion-exchanged with 
LiCl and NaCl solutions. The lithium and sodium containing solids 
(2g) were then mixed with 50 mL of 1M LiOH and NaOH, respectively. 
The hydroxide solutions contained 0%, 10%, 25%, 50% and 75% ethanol 
(volume by volume). These samples were then heated to 90-95°C, and 
formation of zeolites was monitored by powder diffraction. In one 
experiment, the lithium aluminosilicate solid was reacted in the 
NaOH system. 

Table I details the results that were obtained. Diffraction 
measurements were made every hour and the reaction was discontinued 
i f the intensities of the diffracted peaks did not continue to 
increase. The times on the table indicate the f i n a l measurement 
times. The quality of crystals was determined by comparison with 
pure crystals and labels of poor, medium and good in the table 
correspond to -10%, 50% and 90% of the intensities of the pure 
crystals. 

There are some general trends that can be pointed out. These 
include : 

(a) No zeolite crystals are formed in the 
completely lithium system, only crystals of 
lithium hydroxide or lithium s i l i c a t e . 

(b) Increasing amounts of alcohol markedly 
speeded up the crystallization process with 
optimum speeds at the 25% alcohol content. 
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Figure 2. (A) Crystallization kinetics of zeolite A in H20/NaOH 
and D20/NaOD system at 85-90°C. (B) Crystallization kinetics of 
zeolite A in presence of 0%, 5% and 25% methanol (volume 
percent) at 60-65°C. 
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(c) The yield of total solid product increased 
with increasing alcohol content, reaching a 
maximum at the 50% alcohol level. 

(d) At low levels of alcohol, zeolites A, X and Y 
are formed, whereas at high levels, sodalite 
and cancrinite are crystallized. 

(e) The presence of both Na+ and L i + in the system 
slows down the crystallization process, as 
compared to the Na+ alone, but the products 
remain unaffected. 

Figure 3 shows the X-ray diffraction patterns observed with the 
sodium aluminosilicate solid (Si/Al - 1.33) in NaOH. A l l the data 
were collected after - eight hours (within a span of 30 minutes) of 
heating and are plotted on the same intensity scale, so they can be 
compared directly. The yield of total solids in the pure water 
system was very small (<100 mg) and no crystals were evident. At 10% 
alcohol, mostly zeolite A and small diffraction peaks due to zeolite 
X crystals are observed. With 25% alcohol, the crystallization is 
complete for zeolite X. Fif t y percent alcohol shows peaks due to 
zeolites A, X and cancrinite, whereas at 75% alcohol, cancrinite is 
the only product. 

Discussion 

It is clear from the experiments described above that both alcohol 
and D20 influence the crystallization process. There are some 
parallels between the alcohol system and previous studies reported in 
the literature. First, in the case of sodic environments at reactant 
compositions described in this paper, zeolites A, X, Y, sodalite and 
cancrinite are formed.(2) So, the presence of alcohol is not 
modifying the types of frameworks that are being formed, indicating 
that the precursor aluminosilicate species in aqueous alcoholic 
solutions and water are similar. The presence of alcohol is 
influencing the nucleation rate. Second, i t has been shown that 
increasing the hydroxide ion concentration accelerates zeolite 
growth, whereas at very high concentration of hydroxide ions, more 
condensed, stable zeolites are formed. Alcohol appears to have a 
similar effect. In explaining the effect of hydroxide ion, i t has 
been postulated that a higher concentration of OH" leads to increased 
concentration of precursor species and thereby formation of more germ 
nuclei.(2) Third, i t has been noted that in the presence of high 
concentration of salts, sodalite or cancrinite can be formed,(20) 
analogous to our observation for systems containing high alcohol 
concentrations. 

In order to understand the influence of alcohol on the 
zeolitization process, i t is useful to summarize the structural 
aspects of alcohol-water mixtures. Considerable work has been done 
in this area. It is well-recognized that at low alcohol 
concentrations the viscosity, reciprocal self-diffusion coefficient, 
the dielectric relaxation time and NMR relaxation times of the water 
molecules are a l l greater than that of pure water.(21-24) These 
observations indicate that addition of alcohol to water at low levels 
leads to an increased structure of water.(25) This concept is also 
supported by X-ray diffraction studies(26) and is commonly referred 
to as hydrophobic hydration.(27) On a molecular level, this effect 
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106 ZEOLITE SYNTHESIS 

50 

Figure 3. X-ray diffraction patterns as a function of ethanol 
content for 2g Na aluminosilicate (Si/Al - 1.33) in 50 mL of 1M 
NaOH with varying ethanol content. From top: 0%, 10%, 25%, 50% 
and 75% ethanol (volume percent). X-ray patterns taken -8 hours 
after reaction at 90-95°C. The intensity axis is the same for 
a l l the patterns. 
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7. DUTTAET AL. Influence ofD20 and Alcohols 107 

can be pictured as follows. Water is a network liquid with cavities 
which are constantly forming and collapsing. In the presence of 
alcohol, these cavities are stabilized by the penetration of the 
alkyl group into the cages. At higher levels of alcohol, after a l l 
these cages get f i l l e d , the "free" alcohol molecules bring about the 
disintegration of water. This model serves to explain the increase 
in viscosity of water t i l l alcohol levels reach -40% and subsequent 
decrease thereafter.(28) 

Free energy measurements show that cations are stabilized in 
alcohol-water mixtures. This is due to the better solvation of the 
ion because of the inductive effect of the alkyl group from the 
coordinated alcohol. Anions, on the other hand, are destabilized in 
alcoholic solutions, due to the same effect.(29) 

In discussing zeolite growth, the concept of hydrated cations as 
templates around which aluminosilicate building blocks can assemble 
has been recognized.(2.17) We have bu i l t on these ideas and proposed 
that cation-water complexes may actually electrostatically stabilize 
specific aluminosilicate building blocks.(14) These blocks can then 
assemble around the cation-water complex. Therefore, any factor 
influencing the water structure should influence zeolite nucleation 
and growth. We propose that the alcohol modifies zeolite growth by a 
combination of at least two factors: 

(a) Alcohol influences the structure of water. At levels 
of alcohol (20-40%), in which the water structure is 
most rig i d , nucleation of large pore zeolites such as 
zeolite X or Y is facilitated, since the cation-water 
templates are stabilized. At high levels of alcohol, 
the water structure is destroyed, leading to the 
nucleation of more condensed zeolites, such as 
cancrinite or sodalite. This model is also supported 
by other observations. Raising the synthesis 
temperature leads to more condensed zeolites since the 
structure of water is destroyed.(2) The same effect is 
also present at high concentrations of salts.(2) Low 
temperature aging favors the formation of large pore 
nuclei, since the water is structured.(2) 

(b) Alcohol can promote selective solvation.(30) The 
hydroxide ion, because of i t s high charge to radius 
ratio, w i l l be preferentially solvated by the water. 
The effective concentration of OH" is therefore higher. 
Such an effect can lead to accelerated growth, as has 
been noted before. Also, the solubility of s i l i c a t e 
species is decreased in aqueous alcoholic solutions, 
leading to an increased yield of the solid product.(31) 

Finally, the solvent isotope effect observed in the 
crystallization of zeolite A provides further insight into the 
mechanism. The deuteroxide anion (OD") is a stronger base than OH" 
and should promote the depolymerization equilibria.(32) Also, D20 is 
more structured than H20 and should promote nucleation. (.33) The 
isotope effect leading to a slower rate of reaction w i l l occur in the 
condensation polymerization reaction leading to crystal growth, which 
involves elimination of both H20 and OH". (2) It is a combination of 
a l l these factors that lead to the observed nucleation rate. 
However, the role of crystal growth reaction appears to have a 
predominant effect. 
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Conclusions 

In this study, we have shown that both alcohol and D20 have an 
important effect on the nucleation and crystal growth of zeolites 
with Si/Al ratios between 1-2. In the case of alcohol, the formation 
of large pore zeolites such as zeolites X or Y is markedly 
accelerated at low alcohol levels. We attribute this to a 
stabilization of the cation-water complex and structured H20 which 
act as templates. However, at high alcohol levels, the structure of 
water disintegrates and leads to the formation of more condensed 
zeolites such as sodalite or cancrinite. Synthesis of zeolite A in 
D20 is slower than that in water, which primarily arises from the 
primary and secondary isotope effect during the condensation 
polymerization reactions necessary for zeolite growth. 
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Chapter 8 

Influence of Autocatalytic Nucleation 
on Zeolite Crystallization Processes 

B. Subotić 

Ruder Bošković Institute, P.O. Box 1016, 41001 Zagreb, Croatia, Yugoslavia 

Twenty-eight kinetics of crystallization of different 
types of zeolites have been analysed using kinetic 
equation: fz = K.tqc = Kot3c/ (1 - Ka t3c) (fz is the 
fraction of zeolite formed at crystallization time 
tc, and Κ , Ko, Ka, and q are constants). The analysis 
showed that the exponent q is a function of the ratio 
between number Na of the particles formed by the 
growth of nuclei released from the gel during its 
dissolution (autocatalytic nucleation) and the number 
No of particles formed by the growth of heteronuclei. 
Functional dependences between q , Κ , Ko , Ka , No , 
Na , Kg (growth rate constant) and other factors 
relevant to zeolite crystallization have been 
established and the influences of these factors on the 
characteristics of zeolite crystallizing systems have 
been discussed. 

There i s a l o t of evidence that the c r y s t a l l i z a t i o n of z e o l i t e s from 
a l u m i n o s i l i c a t e gels i s a solution-mediated transformation process 
i n which the amorphous phase i s a precursor f o r s i l i c a t e , aluminate 
and/or a l u m i n o s i l i c a t e species needed for the growth of the 
c r y s t a l l i n e phase (1-9). Generally, i t i s well known that the 
k i n e t i c s of most g e l - z e o l i t e and z e o l i t e - z e o l i t e transformations can 
be expressed mathematically by the simple k i n e t i c equation (1,2, 
10-12), 

f z = K-t* (1) 

during the main part of the c r y s t a l l i z a t i o n (transformation) 
process. Κ and q i n Equation (1) are constants f o r given 
experimental conditions. On the other hand, many experimental 
studies of z e o l i t e c r y s t a l l i z a t i o n have shown that l i n e a r , s i z e -
-independent c r y s t a l growth during the main part of the 
c r y s t a l l i z a t i o n process i s t y p i c a l for most z e o l i t e syntheses (2,5, 

0097-6156/89/0398-0110$06.00A) 
o 1989 American Chemical Society 
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8. SUBOTIC Influence of Autocatalytic Nucleation 111 

6,12-16). In contrast to more or l e s s well defined k i n e t i c s of the 
c r y s t a l growth (5,6,12-16), various nucleation mechanisms have been 
proposed as z e o l i t e p a r t i c l e s forming processes. Most authors 
explained the formation of primary z e o l i t e p a r t i c l e s by nucleation 
i n the l i q u i d phase supersaturated with soluble s i l i c a t e , aluminate 
and/or a l u m i n o s i l i c a t e species (1,3,5,7,16-22), with homogeneous 
nucleation (1,5,7,17,22), heterogeneous nucleation (5,24), c e l l 
walls nucleation (16) and secondary nucleation (5) as dominant 
processes of z e o l i t e p a r t i c l e s formation, but the concepts dealing 
with the nucleation i n the gel phase are also presented i n the 
l i t e r a t u r e (2,6,11,12,14,23-25). 

Since some e f f e c t s , observed during the c r y s t a l l i z a t i o n of 
z e o l i t e s from gels, as f o r instance, the a u t o c a t a l y t i c nature of 
z e o l i t e nucleation (2,3,12, Katovic, Α.; Subotic, B.; Smit, I.; 
Despotovic, L j . A. Z e o l i t e s , i n press) cannot be r e a d i l y explained 
only by the c l a s s i c a l approaches to the nucleation processes i n the 
l i q u i d phase (2,6,10,12), the obje c t i v e of t h i s work i s to analyse 
the c r y s t a l l i z a t i o n k i n e t i c s of d i f f e r e n t types of z e o l i t e s by the 
k i n e t i c equation derived on the basis of Zhdanov's idea on auto
c a t a l y t i c nucleation (2), i n order to explain the influence of auto
c a t a l y t i c nucleation on z e o l i t e c r y s t a l l i z a t i o n processes. 

T h e o r e t i c a l Approach 

Our e a r l i e r studies of z e o l i t e - z e o l i t e (10,26) and g e l - z e o l i t e (11, 
12) transformations have shown that, under the assumption that the 
c r y s t a l l i z a t i o n of z e o l i t e i s a solution-mediated transformation 
process (1-Θ) and that the c r y s t a l growth i s size-independent (5,6, 
12-16), the c r y s t a l l i z a t i o n (transformation) k i n e t i c s can g e n e r a l l y 
be expressed as: 

f z = f 2 ( I ) + f 2 ( I I ) = m z(I)/m 2(t e) + m z ( I I ) / m z ( t e ) = 

t 
c 

G Ç N 0 Kg 4 / m z ( t e ) + [G§K^/ m z ( t e ) ] \ ( t c - X ) 3 d Νχ (2) 
ο 

The f i r s t term i n Equation (2), i n which G i s the geometrical shape 
f a c t o r of z e o l i t e p a r t i c l e s , § i s the s p e c i f i c density of z e o l i t e 
formed, N Q i s the number of n u c l e i ( n u c l e i - I ) present i n the l i q u i d 
phase of the system at the very s t a r t of the c r y s t a l l i z a t i o n 
(transformation) process, Kg = dL/dt c, i s the constant of the l i n e a r 
growth rate (and hence, L = Kgt c, where L i s the c r y s t a l s i z e at 
c r y s t a l l i z a t i o n time t c ) and m z ( t e ) i s the mass of z e o l i t e formed 
at the end of the c r y s t a l l i z a t i o n process, represents the change 
i n the f r a c t i o n f z ( I ) of the mass of z e o l i t e (m z(I)) formed by the 
growth of the constant number N Q of n u c l e i - I d i s t r i b u t e d through 
the l i q u i d phase of the c r y s t a l l i z i n g system at the very s t a r t of 
the c r y s t a l l i z a t i o n (transformation) process (t a* 0). Hence, 
n u c l e i - I may be heteronuclei formed i n the l i q u i d phase by the 
rapid heterogeneous nucleation catalysed by the presence of the 
a c t i v e centers on impurity p a r t i c l e s always present i n the l i q u i d 
phase (27). The second term i n Equation (2), i n which dN^is the 
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112 ZEOLITE SYNTHESIS 

differential number of nuclei (nuclei-II) formed within a 
differential time dT during the crystallization process and *r i s 
the time (0 < X < t ) at which nuclei-II appear and start to grow 
(Kg = dL/dT , L = Kn(t - X ) ) , represents the fraction f z (II) of the 
mass of zeolite (mz(II)) formed by the growth of number Ν·γ of 
nuclei-II formed by some of the time-consumed nucleation processes 
during the crystallization. Theoretically, at the constant linear 
growth rate of crystals and at constant nucleation rate (i.e., 
homogeneous nucleation in the liquid phase at constant super-
saturation; dN^ = K n dT(28)), the solution of the second term in 
Equation (2) is (1,2,10): 

f z ( I I ) = G § K n κ| t£/4 m 2(t e) = K(II) t£ (3) 

where K n i s the rate constant of the homogeneous nucleation, and 
hence, 

f z = G § N 0 Yi\ t|/m 2(t e) + G § K n κ| t^/4 m z(t e) W 

The Equation (4) can be correlated by Equation (1) with 3<q^-4 C26). 
In contrast to the conclusion arising from Equation (4), Zhdanov 
found that the numerical value of the exponent q in Equation (1) i s 
very often grater than 4 in the cases of the crystallization of 
zeolites from aluminosilicate gels, which means that the nucleation 
rate increases during the autocatalytic stage of the crystallization 
process. Zhdanov explained the increase in the particles production 
rate dN^/df, during the crystallization process by introducing the 
possibility of the formation of nuclei not only in the liquid phase 
but also the formation of aluminosilicate blocks with ordered 
structure in the gel skeleton (2). The specific short-range ordering 
of Si and Al inside the amorphous regions of aluminosilicate gels 
predicted by Zhdanov (2), has subsequently been experimentally 
evidenced by spectroscopic methods (25,29-31). Even, in some cases, 
very small particles (with the size below the detection limit by 
X-ray diffractometry) of long-range ordered phase have been observed 
inside the predominantly amorphous regions of aluminosilicate gels 
(32,33)· Hence, the dissolution of gel (containing a number N Q of 
very small particles of quasicrystalline phase inside the amorphous 
matrix) in hot alkaline media should produce both soluble s i l i c a t e , 
aluminate and/or aluminosilicate species and less soluble particles 
of quasicrystalline phase (nuclei-II) released from the dissolved 
amount of the gel. 

Now, following the assumption that the crystallization of 
zeolite from gel is a solution-mediated gel-zeolite transformation 
(1-8) and the Kacirek's and Lechert's conclusion (34) that the 
growth of crystalline particles inside the gel matrix i s 
considerably blocked and that they can grow only in the f u l l contact 
with the solution phase, the rate dN^/dTof the production of 
nuclei-II i s assumed to be proportional to the amount of the gel 
dissolved during the crystallization process (2) and hence, also 
proportional to the amount of the crystalline phase formed during 
the same time (11). For the described mechanism of the production 
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8. SUBOTIC Influence ofAutocatalytic Nucleation 113 

(releasing) of nuclei-II, the solution of Equation (2) using an 
expression for dN-c in terms of Κ , q and t c (see Equation (1)), 
results in the expression (11): 

fz = G $ V K 3 . t 3
c / ( 1 - G §β·Ν α·ΐφ4) = K 0-t 3

c/(1 - Κ α · 4 ) (5) 

where N 0 = N Q/ra z(t e) i s the number of particles-I (formed by the 
growth of nuclei-I), N a = N Q/m z(t e) i s the number of particles-II 
(formed by the growth of the number of particles of quasicrystalline 
phase, released from the mass of gel needed for the crystallization 
of a unit mass of zeolite (12)), both contained in a unit mass of 
zeolite at the end of the crystallization process ( t c > t e ) and 

β = 6/(q+1)(q+2)(q+3) (6) 

From the set of equations: 

K0't3e /(1 - K Q t 3
e) = m0 + mQ = 1; K 0-t| = 1 - K a t 3 

m0 = K Q-t 3
e = 1 - K a-t 3 and ma = 1 - K 0-t 3

e = K a-t| , 

arising from Equation (5) under the conditions: m z(t e) = mQ + mQ = 1 
and f z = 1 for t c = t e , i t can easily be calculated that the ratio 
between the mass mQ of particles formed by the growth of nuclei-II 
and the mass mQ of the particles formed by the growth of nuclei-I, 
contained in the final product of the crystallization process i s : 

mQ /m0 = KQ/KQ (7) 

Since 

K Q/K 0 = /G g Ν 0 κ | = βΝ α/Ν 0 (8) 

(see Equation (5)), the combination of Equations (7) and (8) gives: 

β = N0mQ/NQm0 (9) 

showing that β i s the ratio of average masses of particles-I and 
particles-II present in the system at the end of the crystallization 
process. 
The solution of Equation (6) in q gives: 

q = [3/β + (9/ β 2 - 1 / 2 7 ) 1 / 2 ] 1 / 3 + [*3/fl - (9/ β 2 - 1/27) 1 / 2] 

- 2 « (6/β ) 1 / 3 - 2 

and hence, in accordance with Equation (9), 

q κ[6 N am 0/N 0m QJ - 2 (10) 
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114 ZEOLITE SYNTHESIS 

Equation (10) shows that the value of the exponent q in Equation (1) 
is the function of the ratio N Q-m 0(t e)/N 0·m Q(t e) indicating that the 
numerical value of the exponent q increases with the increasing 
Na/N0 ratio, as evidenced experimentally by the analysis of the 
kinetics of crystallization of zeolite A from differently aged gels 
(12). 

Results and Discussion 

Twenty-eight kinetics of crystallization of different types of 
zeolites (A (2,12,13,35,36), X (2,6,37), L (38), Ρ (34), ZSM-5 (39-
41), synthetic mordenite (2,42) and offretite (43)), synthetized by 
various authors under various experimental conditions, have been 
analysed by using Equations (1) and (5). 

The numerical values of the exponent q in Equation (1) were 
calculated by the slope of log f 2 versus log t c plots, and the 
intersections of the straight lines with the abscissa represent the 
numerical values of log K, i.e., log f z = log Κ + q log t c . In a l l 
the kinetics analysed, log f z versus log t c plots were linear up to 
fz«0.7 - 0.8 (autocatalytic stage of the crystallization process; 
see Figures 1 - 3), with linear correlation coefficients not lower 
than 0.98. 

The numerical values of the constants K Q and K Q in equation (5) 
were calculated as average values, 

n-1 

H / Ζ [ 1 / ( t c } J " 1 / ( *ο>ϊ|/[Ί/<Γζ }j - 1/(fz)jj7(n-1)! (11) i=1 j = i+1 

Kn = 

n-1 

i=1 j=i+1 
(f z ) j /(t 3

c)j /(t 3
c)i (f z)j ( f z ) i (n-1)! (12) 

obtained by the solution of (n-1)! sets of equations: (f z )j -
K a(f z)j (t£)j = K0(t\)\ and (f z )j - K a ( f z ) j ( t | ) j = K 0(t| )j , derived 
from Equation (5). For values (f z )j = 0.025 up to 0.975 and (f z )j = 
0.05 up to 1 with stepsA(f z)j =A(f z)j = 0.025, the corresponding 
values of (t^)j and (t£)j were calculated as: = (f z/K fl^ , using 
the corresponding numerical values of Κ and q from Table I. The 
ratio Na/N0 for each kinetics analysed, was calculated by the 
combination of Equations (6) and (8), i.e., 

NQ/N0 = Ka(q+1)(q+2)(q+3)/6-K0 (13) 

using the previously determined numerical values of KQ, K Q and q. 
The numerical values of q, Κ, K a and K0, calculated as 

described above, for each kinetics analysed, are listed in Table 1. 
Figures 1 - 3 show the correlations between the experimental data 
and the f z values calculated by Equation (1) (Figures A) and by 
Equation (5) (Figures B) and the corresponding numerical values of 
K, q, Κ α and K 0 from Table I. A very good agreement between the 
measured values and the values of fz calculated by Equation (1) and 
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t (h) 

Figure 1. Kinetics of crystallization of zeolite Χ, ο (37), 
zeolite L, · (38) and offretite, Δ (43), correlated by Equation 
(1) (solid curves in Figure A) and by Equation (5) (solid curves 
in figure B), respectively, using the corresponding values of K, 
q, K 0 and K Q from Table I. 

0 20 40 60 80 
t (h) c 

Figure 2. Kinetics of crystallization of ZSM-5, Δ (39), zeolite 
L, Ο (38), offretite, · (43) and synthetic mordenite, A (42), 
correlated by Equation (1) (solid curves in Figure A) and by 
Equation (5) (solid curves in Figure B), respectively, using the 
corresponding values of K, q, K 0 and K a from Table I. 
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LU 
0 50 100 150 200 

t o (h) 

Figure 3. Kinetics of crystallization of ZSM-5, Ο (41), zeolite 
X, · (6) and zeolite Pc, Δ (34), correlated by Equation (1) 
(solid curves in Figure A) and by Equation (5) (solid curves in 
Figure B), respectively, using the corresponding values of K, q, 
K 0 and Kn from Table I.  P
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Table I Numerical values of constants K, q, K 0 and K Q obtained by 
the analysis of crystallization kinetics of different types 

of zeolites 

Type of 
zeolite Κ q Κ 0/η" 3 KQ/h"3 ref. Fig. 
SM 1.660E-6 3.055 2.031E-6 1.059E-7 42 6 
L 6.166E-5 3.15 8.845E-5 1.248E-5 38 2B 
X 1.527E-4 3.316 2.881E-4 8.457E-5 37 4 

ZSM-5 6.237E-7 3.325 2.047E-6 6.178E-7 41 1B 
A *2.130E-1 X3.60 1.928E-1 1.055E-1 12 2 
A 10.839 3.725 4.4812 2.9418 35 7 

OFFRT. 1.558E-7 3.803 2.703E-6 1.957E-6 43 2 
A *3.800E-2 *3.90 4.900E-2 3.957E-2 12 2 
A *7.080E-2 *3.98 7.955E-2 6.969E-2 12 2 
A 8.000E-1 4.30 4.400E-1 5.044E-1 2 5 
X 2.908E-10 4.417 1.641E-7 2.041E-7 6 3 

ZSM-5 9.226E-6 4.45 1.961E-4 2.493E-4 39 3 
A *1.290E-2 *4.45 2.589E-2 3.292E-2 12 2 
SM 4.440E-5 4.50 5.989E-4 7.863E-4 2 5 
X 2.240E-4 4.60 1.921E-3 2.682E-3 2 5 
L 6.918E-9 4.80 3.427E-6 5.347E-6 38 2A 
A X2.360E-3 *4.84 1.002E-2 1.597E-2 12 2 
A *4.060E-3 *4.85 1.409E-2 2.255E-2 12 2 

OFFRT. 9.948E-8 4.892 2.130E-5 3.484E-5 43 2 
ZSM-5 1.884E-4 5.0 2.360E-3 4.067E-3 40 1 
A *4.260E-4 *5.10 4.093E-3 7.388E-3 12 2 
A *4.840E-4 *5.25 4.803E-3 9.253E-3 12 2 
A X2.300E-4 *5.35 3.339E-3 6.702E-3 12 2 
A *4.640E-5 *6.22 2.399E-3 6.486E-3 12 2 
A 9.521E-4 6.379 1.082E-2 3.016E-2 13 5 
A 25.41 6.95 1.0254 3.3643 35 7 

Pc 3.909E-17 7.12 2.999E-8 1.024E-7 34 2 
A 3.129E-5 7.73 3.938E-3 1.533E-2 36 7 

OFFRT.: offretite; SM: synthetic mordenite 
The values used from Reference 12 by permission of the Elsevier 
Science Publishers. 

Small differences between values K 0 and K a in this Table and in 
Table 2 in Reference 12 are the result of the use of the improved 
computer program for the calculation of the values presented here. 
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118 ZEOLITE SYNTHESIS 

Equation (5), respectively, during the main parts of the 
crystallization processes (autocatalytic stage) indicates that 
Equation (1) is equivalent to Equation (5) and that both kinetic 
forms are suitable for the kinetic analysis of the autocatalytic 
stage of zeolite crystallization. 

Figure 4 shows the dependence of the numerical value of q on 
the ratio Na/N0. Each point in the Figure represents the relation 
between the numerical values of q and the corresponding numerical 
value of the ratio Na/N0, both calculated for each of the analysed 
twenty-eight kinetics, by the procedure explained. The numerical 
value of q tends to 3 when the numerical value of the ratio Na/N0 

tends to zero (Na-» 0), and this a marginal case in which zeolite i s 
formed by the growth of nuclei-I only. In this case, the kinetics of 
crystallization can be expressed by the f i r s t term of Equation (2), 

f z = f z ( I ) = GgNo4t^/m z(te) = G § N0Kgt?c = K0t\ . 

q versus NQ/N0 i s a monotonie function indicating that a l l 
crystallization processes analysed possibly take place by the 
simultaneous growth of nuclei-I and nuclei-II, respectively, but 
with different parameters (crystal growth rate, absolute numbers of 
nuclei-I and nuclei-II, respectively, etc.), whose interrelations 
are expressed by Equation (5). The numerical value of q depends 
neither on the absolute numbers N Q and N Q nor on the crystal growth 
rate (the same or similar values of q for very different values of 
pairs KQ and KQ; see Table I.), but on the ratio NQ/N0 only. Hence, 
the value of q can be expressed as the function of NQ/NQ only and 
vice versa, as represented by the solid curve in Figure 4, 
calculated by the semi-empirical equation, 

NQ/N0 = (1 - l.82x10 5 q"11 ) ( 1 .394 q - 2.393)3 04) 

derived by the analysis of q and K 0 and Rvalues listed in Table I. 
Equation (14) enables the direct determination of the ratio NQ/N0 

from the numerical value of q, without the previous calculation of 
the numerical values of K 0 and KQ. 

Figure 5 shows_the relations between fractions NQ/NZ and 
NQ/NZ (N z = N 0 + Na) on the number of particles-I and particles-II 
respectively, and the fractions mQ/mz(te) and mQ/mz(te) of mass of 
zeolite formed at the end of the crystallization process (by 
the growth of nuclei-I and nuclei-II, respectively). The rapid 
increase in the number FJQ of particles-II relative to the number of 
a l l particles present in the system (particles-I + particles-II) 
influences very slightly the fraction mQ of their mass in the fin a l 
product, as well as the numerical value of q, so that m0/mz(te) > 
ma/mz(te) and q < 4 for NQ/NZ < 0.97. This means that particles-I 
(formed by the growth of nuclei-I), even in small proportions, 
influence the overall crystallization process much more than 
particles-II, i.e., mQ/mz(te) = 0.95 and mQ/mz(te) = 0.05 for_ 
NQ/NZ = 0.52; m0/mz(te) = 0.876 and mQ/mz(te) = O . ^ j f o r NQ/NZ = 
0.76; m0/mz(te) = 0.646 and mQ/mz(te) = 0.354 for NQ/NZ = 0.939 (see 
Figure 5). A good ill u s t r a t i o n for the influence of nuclei-I and 
nuclei-II on the crystallization of zeolites i s shown in Figure 6. 
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y 

I I I I Ι Ι Η Ι ' I I t I 

1 2 3 5 10 20 50 100 300 500 
Ν /Ν a ο 

Figure 4. Dependence of the numerical value of the exponent q in 
Equation (1) on the ratio N a / i i 0 of particles-II and particles-I 
contained in a unit mass of zeolite at the end of the 
crystallization process. 

Figure 5. The relations between fractions NQ/NZ of particles-I 
( Ο ) , Na/Nz of particles-II (·), mQ/mz(te) of the mass of 
particles-I ( Δ ) and m Q/m z(t e)iof the mass of particles-II and the 
value of the exponent q. 

ZEOLITE X ZEOLITE L ZEOLITE Pc 

Figure 6. Change in fractions f z ( I ) (dashed curves), f z ( I I ) 
(dash-dotted curves) and f z = f (I) + f (II) (solid curves) 
during the crystallization of zeolites (X, L, Pc) with different 
fractions of particles-I and particles-II in the crystallizing 
system. 
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The change in fraction f z (I) = K 0t| (dashed curves), f z ( I I ) = 
K0t£/(1 - KQt\) - KQt* (dash-dotted curves) and f z = f z (I) + f 2 ( I I ) 
(calculated by Equation (5); solid curves), during the 
crystallization of zeolite X (see Figure 1B; o), zeolite L (see 
Figure 2B; ο ) and zeolite Na-Pc (see Figure 3B; Δ) was analysed using 
the corresponding numerical values of constants K 0 and K Q from Table 
I. The analysis of the kinetics of crystallization of zeolite X shows 
that 77 % of the mass of zeolite (m0/mz(te) = 0.77) has been formed 
by the growth of nuclei-I, although their number in the 
crystallization system is about 7 times lower than the number of 
nuclei-II (NQ/N0 = 7.09, NQ/NZ = 0.875). In the case of 
crystallization of zeolite L in which the number of nuclei-II i s 
about 80 times higher than the number of nuclei-I (NQ/NQ = 79.99, 
NQ/NZ = 0.988), 39 % of the mass of zeolite L has been formed by the 
growth of nuclei-I. Finally, during the crystallization of zeolite 
Na-Pc in which the number of nuclei-II i s even more_than 400 times 
higher than the number of nuclei-I (NQ/NQ = 426.5, NQ/NZ = 0.998), 
s t i l l 23 % of the mass of zeolite Na-Pc has been formed by the growth 
of nuclei-I. 

The duration of the "induction period" tj , relative to the 
overall crystallization time t e = tj + t£ (see Figure 6| at a 
constant crystal growth rate, increases with the ratio Na/NQ in the 
crystallizing system, i.e., t j / t e = 0.2 for Na/N0 = 7.09 (q = 3.316, 
zeolite X), t j / t e = 0.275 for NQ/N0 = 79.99 (q = 4.8, zeolite L) and 
t j / t e = 0.325 for Na/N0 = 426.5 (q = 7.12, zeolite Pc). 

The observed effects, visualized in Figures 5 and 6 are possibly 
the consequence of the "inactivity" of nuclei-II hidden by the 
undisolved amount of gel, i.e., the crystallization process starts 
by the growth of nuclei-I which are in f u l l contact with the liquid 
phase from the beginning of the crystallization process, and the 
nuclei-II start to grow after their releasing from the amount of gel 
disolved during the crystallization process. 

Now, knowing the strong influence of particles (nuclei-I) on the 
overall crystallization kinetics, the increase of the crystallization 
rate with the gel ageing at ambient temperature (6,12,13,44,45) can 
be explained by the increase in the number of nuclei-I and/or the 
number of nuclei-II, respectively, during the gel ageing (11,12). 
The recrystallization of the gel (the dissolution of small particles 
of the gel and the growth of large ones) (6) during i t s ageing at 
ambient temperature releases the number N(a) of particles of 
quasicrystalline phase (nuclei-II) from the dissolved gel particles. 
Since i t is reasonable to assume that the growth rate at ambient 
temperature is negligible in comparison to the growth rate at 
crystallization temperature, the particles of quasicrystalline phase 
released from the gel during i t s ageing (and being in f u l l contact 
with the liquid phase after the releasing) become new nuclei-I, i.e., 
N 0 = N(ht) + N(a) at crystallization time t c for any ageing time t Q , 
where Ν(ht) is the number of nuclei-I formed by rapid heterogeneous 
nucleation in the liquid phase during the precipitation of the gel 
(N 0 = N(ht) for t a = 0). Thus, the ageing of gel at ambient 
temperature decreases the ratio NQ/N0 at constant or increasing total 
number of nuclei (12), causing the shortening of the induction period 
of the crystallization and the increase of the overall 
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8. SUBOTIC Influence of Autocatalytic Nucleation 111 

crystallization rate, respectively, as shown in Figure 6 and in 
Reference 12. 

The existance of two kinds of particles, namely those formed by 
the growth of nuclei-I and nuclei-II, respectively, can explain why 
in some cases the particles size distribution of the crystalline 
product is bimodal (1,2,12,19,40,46). In the absence of nuclei-II 
(Ra =0, q = 3), the particles size distribution i s determined only 
by the size of particles-I (NQ/NZ in Figure 5). Since a l l nuclei-I 
start to grow at the same time (T = ts O ) , their size i s more or less 
uniform in the final product (see Figures 6 and 7 in Reference 13). 
For q = 3 to q = 3.7 the number of particles-II (fraction NQ/NZ in 
Figure 5) increases sharply from 0 to 0.95, and for such values of q 
bimodal distribution by number can be expected. Since i t has been 
shown from the analysis of the crystallization kinetics that the 
numerical value of q is greater than 3.7 for most kinetics analysed 
(see Table I and Figure 5), the bimodal distribution by number can be 
expected only in a limited number of fin a l products of the 
crystallization. For q > 3.6, the fraction N0/Nz of particles-I i s 
negligible and thus, the particle size distribution i s determined 
only be the size of particles-II. Since nuclei-II start to grow at 
different times (after their releasing from the dissolved amount of 
gel), particles-II are nonuniform in size (see Figures 3 and 4 in 
Reference 1 3 ) . The bimodal distribution by mass is to be expected for 
a l l values of q (except for q = 3); mQ = 0 and for very high q 
values; m0 — 0), as i t i s deducible from Figure 5 and experimentally 
evidenced earlier (12). 

The analysis of the kinetics of crystallization of different 
types of zeolites has indicated that the autocatalytic stage of the 
crystallization process can be mathematically expressed by Equation 
(1) and Equation (5), respectively. Thus, i t can be concluded that 
the constants Κ and q in Equation (1) are functions of the 
particulate characteristics of the crystallizing system. The analysis 
of the relation between the constants K, q,KQ and K Q from Table I., 
resulted in the empirical relation: 

K/(K 0+ K Q ) q / 3 = Vf(q) = 1/(1.227 - 6.612 q" 3' 0 7) (15) 

Now, combining Equations (1), (5) and (15) one obtains, 

K= ^f(q)[G§(N 0 + flNQ)]q/3 Kq
g (16) 

and thus, 

f z = Wq^GgiNo + B N a ) ] q / 3 ( K g t c ) q = K<tq
c (17) 

It can readily be calculated that in the absence of the particles of 
quasicrystalline phase, hidden by the gel matrix (N Q =0, q = 3, 
f(q) = 1, see Equation (15)), Equation (17) i s reduced to the form 
identical to the f i r s t term of the Equation (2) characteristic for 
the crystallization systems in which the change in the fraction of 
zeolte i s caused by the growth of the constant number of nuclei-I. 
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Conclusion 

The analysis of the kinetics of crystallization of different types of 
zeolites from aluminosilicate gels points to the conclusion that the 
crystallization takes place by the simultaneous growth of the 
constant number N 0 of nuclei-I present in the system at the very 
start of the crystallization process and the number N Q of nuclei-II 
released from the gel disolved during the crystallization process. 
Some characteristics of the crystallization systems such as the 
duration of the "induction period", the shortening of the "induction 
period" and the increase of the crystallization rate, respectively, 
with the gel ageing and the bimodal size distributions in the 
specific cases have been discussed and explained in relation to the 
ratio NQ/N0 of particles (nuclei)-II and particles (nuclei)-I present 
in the crystallizing systems. 
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Chapter 9 

Role of Gel Aging in Zeolite Crystallization 

A. Katović, B. Subotić, I. Šmit, Lj. A. Despotović, and M. Ćurić 

Ruder Bošković Institute, P.O. Box 1016, 41001 Zagreb, Croatia, Yugoslavia 

The tetragonal form of zeolite Ρ crystallized as the 
first crystalline phase and subsequently transformed 
into the cubic form of zeolite Ρ when freshly prepared 
gel was heated at 80°C, while zeolite X and the cubic 
form of zeolite Ρ crystallized simultaneously from 
gels aged at 25°C for 1 day and more. The increase in 
the ageing time shortened the induction periods of 
zeolite X and zeolite Ρ and increased the yield of 
zeolite X crystallized, respectively. The effects 
observed were explained by the formation of particles 
of quasicrystalline zeolite Ρ and zeolite X inside 
the gel during the ageing at ambient temperature and 
by the growth of particles of quasicrystalline 
phase during the crystallization step. 

I t i s well known that the low-temperature ageing of a l u m i n o s i l i c a t e 
g e l precursor markedly in f l u e n c e s the course of z e o l i t e c r y s t a l l i z a 
t i o n at the appropriate temperature (1-10). The primary e f f e c t s of 
the g e l ageing are the shortening of the induction period and the 
a c c e l e r a t i o n of the c r y s t a l l i z a t i o n process (1-5), but i n some 
cases the g e l ageing also influences the type(s) of z e o l i t e ( s ) 
formed (1,6,7,10). 

Thus, i n many syntheses the ge l ageing (8-11) or the a d d i t i o n 
of the " c r y s t a l d i r e c t i o n agent" (aged, X-ray amorphous alumino
s i l i c a t e gel) (7,12-14) i s a necessary step needed f o r the obtaining 
of the desired type of z e o l i t e at the desired r e a c t i o n r a t e . 

I t i s well known that z e o l i t e s of type NaP c o - c r y s t a l l i z e with 
f a u j a s i t e s (15,16). The t y p i c a l r e a c t i o n sequence under the 
appropriate synthesis c o n d i t i o n i s (17): amorphous—* f a u j a s i t e — » 
gismondine type Na-P. However, i n some cases, z e o l i t e Na-P appears 
as the f i r s t c r y s t a l l i n e phase when f r e s h l y prepared g e l has 
been heated at the appropriate temperature (15,18); i n these 
cases, f a u j a s i t e can be c r y s t a l l i z e d e i t h e r by adding the seed 
c r y s t a l s i n t o the f r e s h l y prepared g e l (6,13,18) or by ageing the 
ge l at ambient temperature p r i o r to the c r y s t a l l i z a t i o n at the 

0097-6156/89/0398-0124$06.00/0 
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9. KATOVICETAL. Role of Gel Aging in Zeolite Crystallization 125 

appropriate temperature (6,8,19). While the influence of the gel 
ageing on the kinetics of crystallization can generally be explained 
by the increase in the number of nuclei formed in the gel phase 
or/and in the liquid phase during the ageing (2-6), the explanation 
of the effect of the gel ageing on the type of zeolite formed 
requires the study of chemical and structural changes in both the 
liquid phase and the solid phase of the reaction mixture during the 
ageing and the crystallization, respectively. Thus, the objective 
of this work i s to investigate the chemical and structural changes 
in the solid and the liquid phase of the reaction mixture during 
i t s ageing as well as during the crystallization process, in order 
to explain why zeolite X crystallizes only from the aged gel of 
given composition. The influence of the gel ageing on the crystal
lization rates of zeolites X and Ρ wil l also be discussed. 

Experimental 

Aluminosilicate gels, having a molar composition 4.24 Na2Û · A I 2 O 3 ' 
3.56 Si02*230.6 H2O, were prepared by slow pouring of 150 ml of 
diluted water-glass solution (1.715 molar S1O2, 0.65 molar Na2Û), 
thermostated at 25°C, into a plastic beaker containing 150 ml of 
vigorously stirred sodium aluminate solution (0.482 molar A I 2 O 3 , 
1.39 molar Na2Û) thermostated at 25 ° C . The aluminosilicate gels were 
aged at 25°C for given times ( t a = 0 to 10 dyas). After ageing for 
a predetermined time t a , the gel was poured into a stainless-steel 
reaction vessel and heated to crystallization temperature ( 8 0 ° C ) . 

The moment the gel was added into the preheated reaction vessel was 
taken as the zero time ( t c = 0) of the crystallization process. 
The reaction mixture was stirred with a teflon-coated magnetic bar 
driven by a magnetic stirr e r . At ageing times ta = 0 to 10 days 
before the crystallization process ( t c = 0 at 2 5 ° C ) , as well as the 
times t c after the beginning of the crystallization process (at 
8 0 ° C ) , aliquots of the reaction mixture were drawn off and 
centrifuged in order to separate the solid from the liquid phase 
and to stop the crystallization process, respectively. 

Aliquots of the clear liquid phase above the sediment were 
used to measure Si and Al concentrations by atomic absorption 
spectrometry (Perkin-Elmer atomic absorption spectrometer, model 
3030B) and for the determination of the degree of Si poly-
condensation in the liquid phase by molybdate method (20). 

The solid phase, after having been washed and dried in the 
dessicator at room temperature up to the constant weight, was used 
for analyses. 

The fractions f Q of gel, fp c of zeolite Na-Pc and fx of 
zeolite X in the powdered solid samples were taken by Philips 
diffractometer with C U K - P C radiation in the region of Bragg*s 
angles 2Θ· = 10° - 46°. The weight fractions were calculated by the 
mixing method (21) using the measured integral intensity of the 
amorphous maximum (2Φ = 17° - 39°) and the sharp maximum 
corresponding to the diffraction from (533) crystal lattice planes 
of zeolite X, as well as the sharp maximum corresponding to the 
diffraction from (310) crystal lattice planes of zeolite Na-Pc. 

The average values of crysta l l i t e size were determined by the 
integral width of the diffraction maximums corresponding to the 
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diffraction from (642) and (533) crystal lattice planes of zeolite 
X and by the integral width of the diffraction maximums 
corresponding to the diffraction from (310) and (211) crystal 
lattice planes of zeolite Na-Pc, using the Scherrer formula (22). 

Si and Al contents in the solid samples were determined by 
measuring of Si and Al concentrations in the solutions obtained by 
the dissolution of the solids (75 mg) in 50 ml of 2N HC1. 

Scanning-electron micrographs of the samples were taken with 
a Jeol JSM-940 scanning-electron microscope. 

Infrared transmission spectra of the solid samples were 
measured by the KBr wafer technique. Spectra were recorded on a 
Perkin-Elmer infrared spectrometer, model 580 B. 

Results and discussion 

Figure 1 shows the kinetics of the crystallization of zeolite X 
(Figure 1A) and zeolite Na-Pc (Figure 1B), respectively, at 80°C 
from the gels aged at 25°C for 1, 3, 5, 7 and 10 days. In a l l 
cases, zeolite X appears as the f i r s t crystalline phase, thereafter 
zeolite Na-Pc co-crystallizes with zeolite X. After the maximal 
yield of zeolite X crystallized has been attained, the fraction f^ 
of zeolite X slowly decreases as the consequence of the spontaneous 
transformation of zeolite X into more stable zeolite Na-Pc (17). 
The induction periods of both zeolite X and zeolite Na-Pc shortens 
and the maximal yield of zeolite X increases, respectively, with 
the increased time of gel ageing. A l l kinetics of zeolite X and 
zeolite Na-Pc, respectively, can be mathematically expressed by 
the simple kinetic equation (5,23-26), 

f = Κ · t q (1) ζ c 

during the interval of the increasing crystallization rate. Here, 
f z i s the mass fraction of zeolite crystallized at the crystal
lization time t c , and Κ and q are constants for given experimental 
conditions. The numerical values of the constants Κ and q, 
calculated by the log f z versus log t c plots (25) using the 
corresponding experimental data from Figure 1, are listed in 
Table I. 

Table I. Numerical values of the constants Κ and q which 
correspond to the kinetics of crystallization of 
zeolite X and zeolite Na-Pc, respectively, from 
aluminosilicate gels aged for various times t a 

Time of gel Zeolite X Zeolite Na-Pc 
ageing 
(t Q/d) Κ q Κ q 
1 - - 7.84 E-9 9.86 
3 - - 2.78 E-7 7.83 
5 6.34 E-4 4.03 2.21 E-6 7.27 
7 1.28 E-3 4.36 - -10 1.35 E-3 4.69 - -
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KATOVIC ET AL. Role of Gel Aging in Zeolite Crystallization 127 

Figure 1. Kinetics of crystallization of zeolite X (Figure A) 
and zeolite Na-Pc (Figure B) at 80°C, from the aluminosilicate 
gels aged for t Q = 1 d (• ), t Q = 3 d (a), t Q = 5 d ( Δ ), t Q = 7 d 
(·) and t Q = 10 d (o) at 25°C. f x and fp c are mass fractions of 
zeolite X and zeolite Na-Pc crystallized at crystallization 
time t c . Solid curves represent the kinetics of crystallization, 
calculated by Equation (1) and the corresponding values of the 
constants Κ and q from Table I. 
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There are three typical groups of the crystallization kinetics: 
I. zeolite Na-Pc i s the dominant product of the crystallization 
from the gels aged for 0 to 3 days, II. the mixture of approximately 
same amounts of zeolite X and zeolite Na-Pc crystallizes from the 
gel aged for 5 days (see scanning-electron micrograph in Figure 5) 
and III. zeolite X i s the dominant product of the crystallization 
from the gels aged for 7 and 10 days. The scanning-electron micro
graph in the Figure 5 shows that the microcrystals of zeolite X can 
be clearly distinguished from the typical spherulites of zeolite Ρ 
in the f i n a l product of the crystallization. 

Figures 2 - 4 show the changes in chemical characteristics of 
the liquid and the solid phase, respectively, during the crystal
lization from the gels aged for t a = 1 d (group I., see Figure 2), 
for t Q : 5 d (group II., see Figure 3) and for t a = 10 d (group 
III., see Figure 4). In a l l analyzed cases, the concentration of 
both silicon and aluminum in the liquid phase increase l i t t l e from 
t c = 0 up to t c ^ 1 h as the consequence of the increase in the 
solubility of the gel with increasing temperature (heating from 
25°C up to 80°C). After the crystallization temperature has been 
reached, the concentration C ^ ( L ) of the aluminum in the liquid 
phase keeps constant during the main part of the crystallization 
process while the concentration Cgj(L) of the silicon in the liquid 
phase keeps constant during the induction period of the crystal
lization only. The gel-crystal transformation is followed by the 
increase in the concentration C 5 J (L ) up to the maximal value 
C 5 j ( L ) M G X and by the simultaneous decrease in the Si/Al molar 
ratio in the solid phase, respectively. Hence, i t i s reasonable to 
assume that the increase in the concentration of s i l i c o n in the 
liquid phase, during the crystallization, i s the consequence of the 
releasing of soluble s i l i c a t e species from the solid phase due to 
the lower Si/Al ratio in the crystalline phase(s) (CSi/AlJ s 1.305) 
than in the starting aluminosilicate gels ([Si/Al] s ~ 1.4), as 
shown in Figures 2C-4C. At the crystallization time when about 
70 % of the gel has been transformed into the crystalline phase(s), 
the rate of crystallization starts to deccelerate simultaneously 
with the sudden decrease in the concentrations of both silicon and 
aluminum in the liquid phase. This is probably the consequence of 
the decrease in the particle growth rate(s) (see Figure 6) caused 
by the decrease in the solute concentration at the time when the 
rate of deposition of the soluble species from the liquid phase 
onto the surfaces of the growing particles becomes higher than the 
rate of feeding of the solution with new soluble species (5,26). 
The chemical changes in the liquid phase and the solid phase, 
respectively, clearly indicate that the crystallization of zeolite 
X and zeolite Na-Pc, respectively, from gels is a solution-mediated 
transformation process in which the amorphous phase i s a precursor 
for s i l i c a t e , aluminate and/or aluminosilicate species needed for 
the growth of the crystalline phase(s) (2,16,19,23-26). 

Table II. shows that the concentrations Cgj and of 
silic o n and aluminum in the liquid phase of the gel as well as the 
molar ratio [ S i / A l ] s of sili c o n and aluminum in the solid phase of 
the gel keeps approximately constant during the ageing at 25°C, 
indicating that the chemical equilibrium between the solid and the 
liquid phase of the gel has been attained for to ^ 1 d. After the 
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0 2 4 6 
t (h) c 

Figure 2. The changes in: A. mass fractions f^ of zeolite X (o), 
fp c of zeolite Na-Pc (·) and f^ of gel (Δ), B. concentrations 
C^^(L) of aluminum (·) and CgjiL) of silicon (o) in the liquid 
phase and C. molar ratio [ S i / A l ] s in the solid phase (o), with 
the crystallization time t c , during the crystallization from 
the gel aged for t a = 1 d. 

0 2 4 
t (h) c 

Figure 3. The changes in: A. mass fractions f x of zeolite X (o), 
fp c of zeolite Na-Pc (·) and fç of gel (Δ), B. concentrations 
C A J ( L ) of aluminum (·) and CgjCD of silicon (o) in the liquid 
phase and C. molar ratio [Si/AlJ s in the solid phase (o), with 
the crystallization time t c , during the crystallization from 
the gel aged for t a = 5 d. 
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130 ZEOLITE SYNTHESIS 

t (h) 

Figure 4. The changes in: A. mass fractions f x of zeolite X (o), 
fp c of zeolite Na-Pc (·) and fç of gel ( Δ ) , Β. concentrations 
C A [ ( L ) of aluminum (·) and C $ j ( L ) of silicon (o) in the liquid 
phase and C. molar ratio [ S i / A l ] s in the solid phase (o), with 
the crystallization time t c , during the crystallization from 
the gel aged for t Q = 10 d. 
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Figure 5. Scanning-electron micrograph of the solid sample drawn 
off the reaction mixture at the end of the crystallization 
process from the gel aged for t Q = 5 d; t c = 6.5 h, f^ = 0.43, 
f P c = 0.57. 

4 5 6 
t (h) c 

Figure 6. The changes in the average size of the cry s t a l l i t e 
of zeolite X (solid curves) and in the average size Lp c of 
zeolite Na-Pc (dashed curves) with the crystallization time t c , 
during the crystallization from gels aged for 1 (•), 3 (*), 
5 U), 7 (·) and 10 (o) days. 
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132 ZEOLITE SYNTHESIS 

crystallization temperature has been reached, the concentrations of 
both silicon and aluminum in the_liquid phase_slowly increase, 
thereafter their average values Cgj(L) and C^(L) keep approximately 
constant during the induction period of the crystallization or even, 
during the main part of the crystallization process (for aluminum) 
(see Figures 2-4), and are not markedly influenced by the gel 
ageing, as shown in Table III. Also, the maximum value C s j ( L ) m a x 

of the silicon concentration in the liquid phase, attained during 
the crystallization, is not markedly influences by the ageing of 
the gel, as shown in Figures 2B-4B and in Table III. 

Table II. Characteristics of the aluminosilicate gels of 
4.24 Na 20-Al 20 3-3.56 Si0 2- 230.6 H20 batch 
composition aged for various times t a at 25°C 

t Q/d C5j/mol dm"3 C A l/mol dm"3 [Si/Al] s R/min"1 

1 0 . 2 0 3 0.0150 1.42 1.22 

2 0 . 2 0 3 0.0141 1.39 1.11 

3 0 . 2 1 3 0 . 0 1 3 7 1.40 1 .23 

5 0.209 0.0145 1.45 1.27 

7 0.199 0.0142 1.43 1.27 

10 0 . 1 8 6 0.0144 1.41 

Table III. Chemical composition of the liquid phase during 
the crystallization from the gels aged for 
various times t Q 

t a/d C^(L)/mol dm" 3 C^j(L)/mol dm"3 
c s i ( L W r a o 1 d m ~ 3 

1 0 . 0 2 1 0 0.224 0.251 
2 0 . 0 1 9 9 0.221 0.262 
3 0 . 0 1 6 2 0 . 2 3 7 0 . 2 6 7 

5 0.0190 0 . 2 2 3 0.255 
7 0 . 0 1 7 0 0.216 0.262 

10 0 . 0 1 6 0 0 . 2 0 3 0 . 2 3 9 

The measuring of the degree of polycondensation of s i l i c a t e anions 
in the liquid phases of the gels aged fro 1, 2, 3, 5, 7 and 10 days, 
as well as in the liquid phases of the crystallizing systems, has 
shown that in a l l the cases the logarithm In UR, of the percentage 
of Si0 2 unreacted with molybdic acid is a linear function of the 
reaction time t , with the slopes R = d(ln UR)/dt between 1.11 min~1 
and 1.27 min-1 (see Table III.). It has been appreciated from the 
results obtained, that the liquid phase of the reaction mixture 
contains a mixture of monomeric sil i c a t e species (60 % - 80 % ) , 
dimeric s i l i c a t e species (20 % - 40 %) and possibly, low-"molecular" 
aluminosilicate species that give monosilicic acid and d i s i l i c i c 
acid, respectively, in an acidic degradation (20,27,28). 

Figure 6 shows that the average growth rate of zeolite X 
(£gjX) = dL x/dt c »3x10" 5 cm/h) and of zeolite Na-Pc (K g(Pc) = 
dLp c/dt c « 1.6x10*6 cm/h), respectively, is constant during the 
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9. KATOVIC ET AK Role of Gel Aging in Zeolite Crystallization 133 

crystallization process and independent on the gel ageing. The 
independence of the growth rates Kg(X) and Kg(Pc) on the increase in 
the silicon concentration during the crystallization indicates t'.iat 
the excess of silicon, produced in the liquid phase during the 
dissolution of the gel and i t s partial transformation into 
crystalline products with lower Si/Al molar ratio, exists in the 
form of "inactive" monosilicic and d i s i l i c i c acids (8) and hence, 
does not participate in the reactions at the surfaces of the growing 
crystals (Katovic, Α.; Subotic, B.; Smit, I.; Despotovic, L j . A. 
Zeolites, in press). Thus, i t i s reasonable to assume that the 
growth process takes place by the reaction of low-"molecular" 
aluminosilicate species from the liquid phase at the surfaces of 
growing zeolite particles and that the aluminum concentration (in 
the form of "reactive" aluminosilicate species) is the determining 
factor of the growth rate of the particles of zeolite X and zeolite 
Na-Pc, respectively. 

Now, the constancy of the crystal growth rate of both zeolite X 
and zeolite Na-Pc indicates that the shortening of the induction 
periods of the crystallization of both zeolites is the consequence 
of the increase in the number of nuclei during the gel ageing. The 
simultaneous crystallization of zeolite X and zeolite Na-Pc under 
almost identical chemical conditions indicates that the nuclei of 
zeolite X and the nuclei of zeolite Na-Pc exist as separate entities. 
The analysis of the crystallization kinetics of zeolite X and 
zeolite Na-Pc, respectively, shows that the numerical value of the 
exponent q in Equation (1) i s greater than 4 in a l l kinetics (see 
Table I.), which means that the nucleation rate increases during the 
crystallization process. The changes in the crystallization kinetics 
with the gel ageing, at constant chemical composition of the 
reaction mixture, indicate that the structural changes in the solid 
phase of the gel, during i t s ageing, should be responsible for the 
effects observed. 

Figure 7 shows that the X-ray diffractogram of the solid phase 
of freshly prepared gel (0-0) exhibits the amorphous maximum at the 
2& angle corresponding to the diffraction from (310) crystal lattice 
planes of zeolite Na-Pc (strongest X-ray diffraction maximum of 
zeolite Na-Pc; see Figure 1 in: Katovic, Α.; Subotic, B.; Smit, I.; 
Despotovic, L j . A. Zeolites, in press). Figure 8 shows that the IR 
spectra of the solid phase of freshly prepared gel (spectra a), as 
well as the IR spectra of the solid phases of gels aged for 5 d 
(spectra b) and for 10 d (spectra c) have a broad band with the 
maximum at 600 cm~1, indicating the presence of D4R secondary 
building units of zeolite Na-Pc (29). These findings lead to the 
assumption that the mixing of s i l i c a t e and aluminate solutions 
produces the predominantly amorphous aluminosilicate gel containing 
a number (N Q)p c of very small particles of quasicrystalline phase 
having a structure close to the structure of the cubic modifica
tion of zeolite P. Such particles of the qusicrystalline phase, 
probybly formed by the polycondensation processes inside the gel 
matrix during i t s precipitation, can be potential nuclei (nuclei-II) 
for the crystallization of zeolite Na-Pc. At the same time (during 
the gel precipitation) a number (N Q)p c = N(ht) of nuclei (nuclei-I) 
is assumed to be formed in the liquid phase by the heterogeneous 
nucleation, catalyzed by the presence of the active centers at the 
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w c 
Q) 
C 

306 nm 

- 2* ( u) 

Figure 7. X-ray diffractograms ( r e l a t i v e i n t e n s i t i e s I r versus 
Bragg*s angles 2& and versus X-ray d i f f r a c t i o n spacings d) of 
the s o l i d phase of the gel s aged at 25°C f o r t a = 0 (0-0), 
t a = 2 d (2-0), and t Q = 10 d (10-0) and of the same gels 
heated at 80°C f o r t c = 4 h (0-4), t c = 3 h (2-3) and t c = 1 h 
(10-1). 

I I 1 1 I 1 I I 1 I I I I I I I I I I 

1800 1000 600 
wave number (cm ) 

Figure 8. IR spectra of the s o l i d phase of the gel s aged at 
25°C f o r t a = 0 (a), t Q = 5 d (b), t a = 10 d (c) as well as the 
IR spectra of z e o l i t e X (d) and z e o l i t e Na-Pc (e). 
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impurities always present in the liquid phase (30). Hence, after 
the gel has been precipitated, the system contains a number (N Q)p c = 
N(ht) of nuclei-I distributed through the liquid phase and a number 
(N Q)p c of nuclei-II distributed inside the solid phase of the gel. 
Since the positions of the amorphous maximums and their intensities 
do not change during the induction period (see Figure 7 and Figure 1 
in Katovic, Α.; Subotic, B.; Smit, I.; Despotovic, L j . Zeolites, 
in press), i t i s reasonable to conclude that the particles of quasi-
crystalline phase (nuclei-II), distributed inside the gel matrix, 
cannot grow, or their growth i s considerably deccelerated due to the 
slow material transport inside the gel matrix in comparison with the 
rate of material transport in the l i q i d phase. Such conclusion i s 
in accordance with Kacirek's and Lechert's finding (18) that the 
growth of crystalline particles inside the gel matrix is blocked 
considerably and that they can grow only in f u l l contact with the 
solution phase. On the other hand, the shift in the position of the 
amorphous maximum in the X-ray diffractograms of the solid phase of 
variously aged gels toward lower X-ray diffraction spacings (see 
Figure 7), indicates that structural changes take place in the solid 
phase of the gel during i t s ageing. At this moment, we do not know 
the fine mechanism of these changes, but on the basis of the the 
Raman spectroscopic study of the ageing of the gel prepared for the 
crystallization of zeolite Y (31), i t i s reasonable to assume that 
the structural changes obseved are the consequence of the slow 
formation of six-membered aluminosilicate rings, their ordering into 
sodalite cages and the possible formation of particles of quasi-
crystalline phase (nuclei-II) with the structure near to the 
structure of faujasite, inside the gel matrix. 

Now, assuming that the freshly prepared gel contains only the 
nuclei of zeolite Ρ (no zeolite X crystallization) (Katovic, Α.; 
Subotic, B.; Smit, I.; Despotovic, L j . A. Zeolites, in press), i t s 
ageing at ambient temperature causes two effects: (i) the formation 
of six-membered aluminosilicate rings and their ordering into quasi-
crystalline faujasite (nuclei-II of zeolite X) and ( i i ) the 
recrystallization of the gel (the dissolution of small and the 
growth of large particles of the gel) (2), releases the number 
N(a)pc of particles of quasicrystalline zeolite Na-Pc and the number 
N(a)^ of quasicrystalline particles of faujasite from the dissolved 
gel particles. Since the crystal growth rate at ambient temperature 
is assumed to be negligible in comparison with the growth rate at 
crystallization temperature, the particles of the quasicrystalline 
phase released from the gel during i t s ageing (and being in the f u l l 
contact with the liquid phase), become new nuclei-I, i.e., (N 0)p c = 
N(ht) + N(a)pc and (Ν0)χ = N(a)^at crystallization time t c = 0 for 
any ageing time t a , where N(ht) i s the number of nuclei-I of zeolite 
Na-Pc formed in the liquid phase by heterogeneous nucleation during 
the gel precipitation ((N 0)p c = N(ht) for t a = 0 and t c = 0). 
Similar process of the increase in the number of nuclei-I during 
the gel ageing was observed in zeolite A crystallizing system (5). 

The heating of the reaction mixture induces the growth of 
nuclei-I of both zeolites from the solution supersaturated with 
soluble aluminosilicate species. Since the growth rate of zeolite X 
is considerably greater than the growth rate of zeolite Na-Pc (see 
Figure 6), zeolite X appears as the f i r s t crystalline phase. The 
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starting growth of nuclei-I exhausts the soluble species from the 
liquid phase causing the dissolution of a part of the gel in order 
to keep the solid - liquid equilibrium. The particles of quasi-
crystalline faujasite and zeolite P, respectively (nuclei-II of both 
zeolites), which are released from the dissolved amount of the gel, 
start to grow from the supersaturated solution. The increase in the 
number of nuclei (that are in the f u l l contact with the liquid 
phase) accelerates the formation of the crystalline phase and at the 
same time accelerates the rate of the gel dissolution and the rate 
of the releasing of new nuclei-II. The consequence i s an "explosive" 
rate of the outcoming of nuclei-II from the gel and the increase in 
the crystallization rate during the autocatalytic stage of the 
crystallization (5,24,25). The described crystallization process can 
be mathematically expressed by Equation (1) with q 4 (5,24,25) or 
by the equivalent kinetic form: 

f z = G W 3 t 3 / ( 1 " GÇnfl aK 3t3) = KGt£/(1 - K at 3) (2) 

earlier derived (25) on the basis of Zhdanov's idea on autocatalytic 
nucleation (2,24). Here, G i s the geometrical shape factor of 
zeolite particles, § i s the specific density of zeolite formed, 
N 0 is the number of particles-I (formed by the growth of nuclei-I), 
N A = is the number of particles-II (formed by the growth of the 
particles of quasicrystalline phase released from the gel during the 
crystallization process), both contained in a unit mass of zeolite 
formed at the end of the crystallization process, Kg is the constant 
of the linear growth rate of zeolite particles and fl = 6/(q+1)(q+2) 
(q+3). The numerical values of the constants K 0 = G § N 0 K 2 and 
K a = GÇflN aK 3, calculated by the procedure described earlier (25), as 
well as the ratios Ν α/ N 0 = K a/β KQ, are listed in Table IV. as 
functions of time t Q of the gel ageing. 

Table IV. The change in the numerical values of K 0 , K Q and 
N Q / N Q with the time t a of the gel ageing 

t a/d 
zeolite X zeolite Na-•Pc 

t a/d KQ/h-3 Ka/h-3 N Q / N 0 
KQ/h-3 KQ/h"3 V ÏÏo 

1 - - - 5.56 E-4 3.09 E-3 1533 
3 - - - 8.50 E-4 3.67 E-3 775 
5 2.35 E-3 2.13 E-3 32 1.11 E-3 3.92 E-3 464 
7 5.14 E-3 6.15 E-3 50 - -10 6.52 E-3 9.58 E-3 72 - -

Figures 2A-4A show that the fractions f^ and fp c, calculated by 
Equation (2) and the corresponding values of the constants K a and 
K 0 from Table IV. (solid curves in Figures 2A-4A) agree very well 
with the measured fraction during the autocatalytic stages of the 
crystallization processes, thus indicating that the crystallization 
of zeolite X and zeolite Na-Pc, respectively, from variously aged 
gels takes place by the mechanism described above. 
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Conclusions 

The analysis of the experimental data and the numerical values of 
the constants K 0 and K Q and the ratios N0/NQ for the crystallization 
of both zeolite X and zeolite Na-Pc, leads to the following 
conclusions: 

The total number of nuclei of zeolite Na-Pc (number of nuclei-I 
+ number of nuclei-II = N Q + N Q = K Q / G § K 2 + K Q / § G β K ^ ; see 
Equation (2)), does not change, or slightly decreases during the 
ageing of the gel. A part of quasicrystalline particles of zeolite 
Na-Pc (nuclei-II) releases from the gel and becomes nuclei-I during 
the gel ageing so that the ratio N0/Na for zeolite Na-Pc_decreases 
with the gel ageing (see Table IV.). The high ratios N 0/ Na for 
zeolite Na-Pc indicate that only very small proportion of the 
particles of quasicrystalline zeolite Ρ has been released from the 
gel during i t s ageing, and this i s a possible reason for the long 
induction period of the crystallization of zeolite Na-Pc. 

The number of particles of quasicrystalline faujasite (nuclei-II 
of zeolite X) increases inside the gel matrix during the gel ageing. 
A part of the particles of quasicrystalline faujasite releases from 
the gel during i t s ageing and becomes nuclei-I for the crystalliza
tion of zeolite X. The increase of the ratio N0/Na during the gel 
ageing indicates that the rate of the formation of the particles of 
quasicrystalline faujasite inside the gel matrix i s greater than the 
rate of their outcoming from the gel during i t s ageing (re-
crystallization) . 

The absence of the IR band at 560 cm~1 (characteristic for D6R 
secondary building units of zeolite X) (29) and the presence of the 
broad band with the maximum at 600 cnH (characteristic for D4R 
secondary building units of zeolite P) (29) even in the IR spectra of 
the solid phase of the gel aged for 10 d (see Figure 8c), as well as 
the much lower values N0/Na for zeolite X than the values N0/Na for 
zeolite Na-Pc (see Table IV.), indicate that the total number of 
nuclei (nuclei-I + nuclei-II) of zeolite Na-Pc i s much greater than 
the total number of nuclei of zeolite X, for a l l the gels examined. 

The shortening of the induction periods of the crystallization 
of both zeolite X and zeolite Na-Pc is most probably the consequence 
of the increase in the number of nuclei-I of both zeolites with the 
ageing of the gel. 

The increase in the yield of zeolite X crystallized, with the 
gel ageing, is the consequence of the increase in the total number 
of nuclei of zeolite X at constant, or even decreasing total number 
of zeolite P, during the gel ageing. 

The high yields of zeolite X crystallized from the systems aged 
for 5 days and more, in which the total number of nuclei of zeolite Ρ 
is considerably greater than the total number of nuclei of zeolite X, 
are most probably influenced by the much greater growth rate of 
zeolite X particles relative to the growth rate of zeolite Na-Pc 
particles and by relatively low N0/NQ ratio for zeolite X compared 
with the NQ/NQ ratio for zeolite Ρ (see Table IV.). For illustration, 
i t i s easy to calculate by Equation (2) and the data in Table IV. 
that_in the case when the total number of nuclei of zeolite Na-Pc 
( N 0 / N Q = 464) would be 2000 times greater than the total number of 
nuclei of zeolite Χ (N0/Na = 32), and when the growth rate of zeolite 
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X particles would be 10 times higher than the growth rate of zeolite 
Na-Pc particles, 50 % of zeolite X and 50 % of zeolite Na-Pc would 
be formed at the end of the crystallization process. 
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Chapter 10 

Silicate Species with Cagelike Structure 
in Solutions and Rapid Solidification 

with Organic Quaternary Ammonium Ions 

Isao Hasegawa1 and Sumio Sakka2 

1Institute for Chemical Research, Kyoto University, Gokasho, 
Uji-City, Kyoto-Fu 611, Japan 

2Division of Molecular Engineering, Graduate School of Engineering, Kyoto 
University, Sakyo-Ku, Kyoto-City, Kyoto-Fu 606, Japan 

Organic quaternary ammonium ions are effective in 
forming silicate anions with cage-like structures. 
Formation of these silicate anions in solutions with 
the aid of the ammonium ions and the abrupt formation 
of silicate solids with the cubic octameric silicate 
structure (Si8O208-) from the solutions are described. 

Synthesis of silica-based materials with controlled skeleton 
structures, such as zeolites, requires controlling the structure of 
oligomeric s i l i c a t e species at the f i r s t reaction step. Organic 
quaternary ammonium ions, which are known as organic templates in 
zeolite synthesis (1_), have a role in making up the specific 
structures of s i l i c a t e anions, whereas s i l i c a t e anions randomly 
polymerize in aqueous solutions containing al k a l i metal ions, 
resulting in the presence of si l i c a t e anions with different 
structures. 

A number of studies on the structures of si l i c a t e species in 
organic quaternary ammonium si l i c a t e solutions and solids (2-27) 
indicated that the s i l i c a t e anions with cage-like structures, such as 
Si^Oi^ ~ (double three-membered ring), Sig02Q (double four-membered 
ring) and Si-^r / ^ (double five-membered ring) were formed. Such 
silicates with cage-like structures w i l l be utilized as starting 
materials both in the dissolved state and in the solid state. 

It i s possible to obtain such silicates as solids by evaporation 
to dryness of the organic quaternary ammonium si l i c a t e aqueous 
solutions. In this case, however, the process i s very slow and 
accordingly a problem of impurity incorporation arises. It was 
reported that s i l i c a t e solids consisting of the double four-membered 
ring structure were abruptly separated out after an exothermal 
reaction on sti r r i n g the mixture of (2-hydroxyethyl)trimethylammonium 
hydroxide aqueous solution and tetraethoxysilane (26). 

In the f i r s t section of this paper, formation of si l i c a t e 
species with cage-like structures in organic quaternary ammonium 
sil i c a t e solutions are reviewed. In the last section, the process of 
the rapid selective formation of the s i l i c a t e solids having the 

0097-6156/89Λ)398-Ο140$06.00/0 
ο 1989 American Chemical Society 
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double four-membered ring structure from the solutions i s described, 
which has been investigated in the current study. 
Formation of Silicate Anions with Cage-like Structures by Organic 
Quaternary Ammonium Ions 

In this section, some factors affecting the formation of si l i c a t e 
species with cage-like structures are described. 

Effect of the Structure of Organic Quaternary Ammonium Ions. The 
tetramethylammonium ion ( N + ( C H o ) ^ ) , f i r s t introduced in zeolite 
synthesis by Barrer and Denny (30), and Kerr and Kokotailo (31)* i s 
effective in forming the cubic octameric s i l i c a t e anion ( S i g 0 2 Q ~ , 

cubic octamer) ( 2-16). In the tetramethylammonium s i l i c a t e aqueous 
solutions at higher S 1 O 2 concentrations or cation-to-silica molar 
ratios (abbreviated to the N/Si ratios), the cubic octamer i s 
singularly formed. 

The organic quaternary ammonium ions with three methyl groups 
and another functional group (the ammonium ions in which another 
functional group for one methyl group of tetramethylammonium ions i s 
substituted), such as (2-hydroxyethyl)trimethylammonium 
(N +(CH 3) 3C 2H 4OH), phenyltrimethylammonium (N +(CH 3) 3C 6H 5) and 
benzyltrimethylammonium (N^CH^gCn^C^H^) ions, also form the cubic 
octamer selectively (12,13,22), although they do not form the same 
zeolites (32). This suggests that the interaction of si l i c a t e anions 
and the organic quaternary ammonium ions during the selective 
formation of the cubic octamer i s not influenced by a bulky group on 
the ammonium ion, and only three methyl groups on an organic 
quaternary ammonium ion are essential, regardless of the other 
functional group being hydrophilic or hydrophobic. 

By using the ammonium ions with four alkyl groups larger than 
the methyl group, the other types of si l i c a t e anions with cage-like 
structures are formed. For example, in tetraethylammonium 
(N +(C 2H 5) 4) s i l i c a t e aqueous solutions, the prismatic hexameric 
si l i c a t e anion (Si^O^ , prismatic hexamer) i s formed (13,14,17,18). 

The s i l i c a t e anion with a double five-membered ring structure i s 
mainly formed as a crystalline solid from the tetra-n-butylammonium 
(N+(n-C^Ho)4) s i l i c a t e solutions whose N/Si ratios range from 0.78 to 
1 . 0 ( 2 0 , 2 1 ) . Pyridinium ions are also effective in forming s i l i c a t e 
anions with cage-like structures (27). 

Effect of the Structure of Silicon Sources. Hoebbel et a l . used 
s i l i c i c acid sols, s i l i c i c acid gels, or Aerosil as a s i l i c a source 
of tetramethylammonium s i l i c a t e aqueous solutions (9). In the 
solutions at the conditions that a N/Si ratio i s 1 . 0 and S 1 O 2 
concentration i s ca. 1.4 mol dm" , the distributions of s i l i c a t e 
anions are almost the same, and the cubic octamer i s a dominant 
species, although the degradation rates of the s i l i c a sources are 
different. This suggests that the cubic octamer i s formed in the 
tetramethylammonium s i l i c a t e aqueous solution, regardless of the type 
of s i l i c a source with tetra-functionality. Tetraalkoxysilanes 
( S ï ( O R ) a , R denotes an alkyl group) can be used as a s i l i c a source as 
well (4 , 1 2,14). 

When methyltriethoxysilane ( 0 1 3 5 1 ( 0 0 2 ^ ) 3 ) , a tri-functional 
silane, i s used as a s i l i c a source and i s added to (2-hydroxyethyl)-
trimethylammonium hydroxide aqueous solutions, however, the species 
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with the cubic octameric structure i s not formed (Hasegawa, I.; 
Sakka, S., unpublished data.)* In the solutions, a number of 
methylsilsesquioxane species, formed by the hydrolysis of 
methyltriethoxysilane, with different structures are present even 
under the conditions where the cubic octamer i s dominant in the 
aqueous s i l i c a t e solutions. This indicates that the use of a s i l i c a 
source with tetra-functionality i s required for the selective 
structure formation with the aid of organic quaternary ammonium ions. 

Effect of Temperature. The temperature of a s i l i c a t e solution also 
affects the polymerization of s i l i c a t e anions in the solution. The 
distribution of s i l i c a t e anions in an organic quaternary ammonium 
sil i c a t e solution at a fixed N/Si ratio and S1O2 concentration varies 
with the temperature of the solution (7,8,13,14,16). Ray and 
Plaisted (8) reported the temperature dependence of the distribution 
of s i l i c a t e anions in the tetramethylammonium si l i c a t e aqueous 
solution at a N/Si ratio of 2/3 and a S1O2 concentration of 1.0 mol 
dm" . The amount of the cubic octamer in the solution decreases with 
increasing temperature, and the cubic octamer practically disappears 
above 50 C, indicating that the cubic octamer i s unstable at higher 
temperatures. However, Groenen et a l . (14) found that the cubic 
octamer remained in a significant concentration even at 85 °C, which 
was close to the temperature of actual zeolite formation, in the 
tetramethylammonium s i l i c a t e aqueous solution at a N/Si ratio of 1.0 
and a S1O2 concentration of 1.3 mol dm . 

Effect of Water. The tetramethylammonium ion also contributes to the 
selective formation of the cubic octamer in methanolic s i l i c a t e 
solutions, prepared by mixing a solution of tetramethylammonium 
hydroxide in methanol, a small amount of water and tetraalkoxysilane 
(15). In this solution, the amount of water present in the solution 
has an important role. The cubic octamer i s formed when the h^O/Si 
ratio i s above 4.0. As tetraethoxysilane i s used as a s i l i c a source, 
water i s consumed for the hydrolysis of tetraethoxysilane, and the 
ratio of 4.0 corresponds to the amount of water for the complete 
hydrolysis of tetraethoxysilane. It should be noted that, above the 
ratio of 4.0, the recovery of the cubic octamer increases with 
increasing ĥ O concentration although the N/Si ratio and S1O2 
concentration are kept constant, indicating that the presence of 
water i s necessary for the selective formation. Tetraalkylammonium 
ions are known as the structure forming agents for water; the 
structure of water around the ion has a certain degree of order (33). 
Briefly, i t appears that the selective formation of s i l i c a t e species 
results from the cooperation of organic quaternary ammonium ions and 
water. 

Effect of Water-Miscible Organic Solvent. The distribution of 
s i l i c a t e species i s different in the aqueous and methanolic system of 
tetramethylammonium s i l i c a t e solutions, although the N/Si ratio and 
S1O2 concentration are the same. In the aqueous solutions at lower 
S1O2 concentrations, low-molecular weight species, such as the 
monomer and dimer, are present together with the cubic octamer 
(5,12). In contrast, in the methanolic solutions at lower S1O2 
concentrations, highly cross-linked polymeric species are present 
along with the cubic octamer (Hasegawa, I.; Sakka, S.; Sugahara, Y.; 
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Kuroda, K. ; Kato, C. J. Chem. Soc, Chem. Commun, in press.). 
Moreover, the amount of the cubic octamer formed in the methanolic 
system at higher S 1 O 2 concentrations i s larger than that in the 
aqueous system (15), suggesting that methanol increases the degree of 
polymerization of s i l i c a t e species and stabilizes the higher 
molecular weight species. It i s reported that dimethyl sulfoxide 
( ( C H 3 ) 2 S 0 ) also has such an effect (14,34). 

Effect of Addition of Sodium Ions to Tetramethylammonium Silicate 
Aqueous Solution. In zeolite synthesis, a l k a l i metal cations are 
combined with organic quaternary ammonium ions to produce zeolites 
with different structures from the one produced with only the organic 
quaternary ammonium ion (V). It i s then expected that other types of 
si l i c a t e species are formed in the si l i c a t e solutions when organic 
quaternary ammonium ions and al k a l i metal cations coexist. In such 
si l i c a t e aqueous solutions, however, a l k a l i metal cations only act to 
suppress the ab i l i t y of the organic quaternary ammonium ions to form 
selectively s i l i c a t e species with cage-like structures (13,14,28,29). 

Sodium ions added to the tetramethylammonium s i l i c a t e aqueous 
solutions as an aqueous sodium hydroxide solution inhibit the 
formation of the cubic octamer (13,28,29). The amount of the cubic 
octamer in the solutions decreases with increasing amount of sodium 
ions added. When the concentration of the sodium ion i s higher than 
twice that of the tetramethylammonium ion, no cubic octamer i s formed 
in the system, and the distribution of si l i c a t e anions in the 
solutions becomes almost the same as that in the s i l i c a t e solutions 
containing only sodium ions (29). Engelhardt and Rademacher reported 
that the amount of the cubic octamer formed in sodium 
tetramethylammonium s i l i c a t e aqueous solutions decreased with 
increasing Na/(Na+N) molar ratio, in other words, as 
tetramethylammonium ions were displaced by sodium ions in keeping the 
amount of 0H~ ions fixed (28). This means that 0H~ ions do not cause 
the decrease in the amount of the cubic octamer but only sodium ions 
cause. Considering that water, with the aid of tetramethylammonium 
ions, i s necessary for the selective formation of the cubic octamer, 
the decrease in the amount of the cubic octamer with increasing 
amount of sodium ions may be explained by the destruction of the 
interaction between tetramethylammonium ions and water molecules by 
sodium ions which consume water for the hydration. 

Rapid Solidification of Organic Quaternary Ammonium Silicates 

In this section, the results of our study on the rapid solidification 
of organic quaternary ammonium silicates are presented. 

Experimental 

Preparation of Solutions. Tetraethoxysilane i s used as a s i l i c a 
source. By adding tetraethoxysilane to a tetramethylammonium or a 
(2-hydroxyethyl)trimethylammonium hydroxide aqueous solution, two 
kinds of mixtures in which a N/Si ratio was 1 . 0 and a S 1 O 2 
concentration was 2.22 mol kg were prepared. For comparison, 
another mixture consisting of tetraethoxysilane and a sodium 
hydroxide aqueous solution with a Na/Si molar ratio of 1 . 0 and a S 1 O 2 
concentration of 2.22 mol kg was prepared. 
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Analytical Procedure. The structures of s i l i c a t e anions in the 
solutions and solids have been examined with the trimethylsilylation 
technique combined with gas-liquid chromatography and y S i NMR. The 
molecular weight distribution was measured by applying gel permeation 
chromatography to the trimethylsilylated derivatives. 

The method of Lentz (35,36) was adopted for trimethylsilylation 
of the aqueous s i l i c a t e solutions. The mixture of cone, hydrochloric 
acid, water, 2-propanol and hexamethyldisiloxane was used as the 
trimethylsilylating reagent. Trimethylsilylated derivatives obtained 
were adaptable to gas-phase analysis. The distribution of s i l i c a t e 
species in solutions, which was analyzed quantitatively by the 
trimethylsilylation technique combined with gas-liquid 
chromatography, was expressed as the SiC^ recovery, that i s , the 
percentage of s i l i c a as a s i l i c a t e species in total s i l i c a component 
in the solutions. 

For trimethylsilylation of the s i l i c a t e solids, the method of 
Gotz and Masson (37) was used. The mixture of chlorotrimethylsilane, 
hexamethyldisiloxane and 2-propanol was used as the 
trimethylsilylating reagent. Conditions for gas-liquid and gel 
permeation chromatographies were described elsewhere (12). 

2 9 S i NMR spectra were recorded with JEOL GSX-400 and FX-200 
spectrometers. The spectra of the s i l i c a t e solutions were recorded 
at 79.42 MHz using a pulse angle of 45°, a delay time of 5 s and an 
acquisition time of 0.084 s with a GSX-400. A teflon-made tube was 
used as sample holder. The spectra of the s i l i c a t e solids were 
acquired at 39.64 MHz under conditions of magic angle spinning using 
a delay time of 6 s and an acquisition time of 0.2048 s. Chemical 
shifts are given with reference to an external sample of 
tetramethylsilane. 

Results and Discussion 

Organic Quaternary Ammonium Hydroxide-Tetraethoxysilane Mixture. The 
variation in the temperature of the mixture of (2-hydroxyethyl)tri-
methylammonium hydroxide aqueous solution and tetraethoxysilane with 
the s t i r r i n g time i s shown in Fig. 1. The temperature of the mixture 
gradually rises. It i s noticed that the exothermal reaction starts 
at ca. 29 °C. Before the exothermal reaction, the mixture i s 
heterogeneous, consisting of two phases, an organic phase of 
tetraethoxysilane and an aqueous phase of (2-hydroxyethyl)trimethyl-
ammonium hydroxide solution. The mixture becomes a single phase 
solution just when the temperature of the solution reaches a maximum 
of ca. 61 °C. When the temperature i s lowered, solids begin to 
precipitate. The whole solution completely s o l i d i f i e s into a mass of 
wet powder when the temperature drops to 44 °C. 

In the mixture of tetramethylammonium hydroxide aqueous solution 
and tetraethoxysilane, almost the same tendency i s seen in the 
variation in the temperature with the stirring time as seen in the 
mixture containing (2-hydroxyethyl)trimethylammonium ions described 
above. With decreasing temperature, the s i l i c a t e solids are also 
deposited from the solution which has become a single phase after the 
exothermal reaction. 

Sodium Hydroxide-Tetraethoxysilane Mixture. The exothermal reaction 
in the mixture of sodium hydroxide aqueous solution and 
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tetraethoxysilane also starts at ca. 29 °C, the same temperature as 
that for the mixture containing the organic quaternary ammonium ions. 
The solution becomes turbid just when the exothermal reaction starts. 
At the maximum temperature (61 °C), viscous sol starts to 
precipitate, indicating that the hydrolysis of tetraethoxysilane and 
the random polymerization of the hydrolyzed product take place very 
rapidly when the temperature of the solution reaches a maximum. 

Reaction Process. In order to elucidate the reaction process before 
the exothermal reaction, gas-liquid chromatography was performed on 
both the top and bottom phases of the sample containing (2-
hydroxyethyl)trimethylammonium ions. The top phase was analyzed by 
direct injection into a gas chromatograph. The bottom phase was 
analyzed after trimethylsilylation by the method of Lentz. 
Throughout the reaction, only tetraethoxysilane i s detected from the 
top phase. The gas chromatograms of the trimethylsilylated 
derivatives obtained from the bottom phase at various time intervals 
are shown in Fig. 2. After 1 h of stir r i n g , only the monomer 
(SiO^ ) i s detected, which would have been formed by the hydrolysis 
of tetraethoxysilane. After 2 h of stir r i n g , the small peak 
corresponding to the dimer (SioOy ) appears. It i s assumed that the 
amount of hydrolyzed product or tetraethoxysilane increases with 
time, and the polymerization proceeds in the bottom aqueous phase. 
As the exothermal reaction occurs after 200 min of stirring, the 
cubic octamer and the species with molecular weights higher than the 
cubic octamer are recovered from the bottom phase. As indicated with 
the mixture containing sodium ions, i t appears that the 
polymerization of s i l i c a t e species following the hydrolysis of 
tetraethoxysilane proceeds abruptly when the exothermal reaction 
occurs. Actually, the amount of tetraethoxysilane in the top phase 
decreases pronouncedly as the temperature rises, and the mixture 
becomes a single phase within a few minutes of the exothermal 
reaction. 

The quantitative analysis performed on the distribution of 
si l i c a t e anions obtained at the maximum temperature in the single 
phase solution with the trimethylsilylation technique combined with 
gas-liquid chromatography indicates that the recovery of monomer i s 
0.2% and that of the cubic octamer i s 10.3%. The other low-molecular 
weight species are not recovered from the solution. It i s assumed 
that the rest of s i l i c a component i s present as the species with 
molecular weights higher than the cubic octamer. The presence of 
higher molecular weight species at the maximum temperature i s clearly 
seen from Fig. 3 showing the gel permeation chromatogram of the 
trimethylsilylated derivatives obtained from the single phase 
solution at the maximum temperature. 

In the investigation of the distribution of s i l i c a t e anions in 
the (2-hydroxyethyl)trimethylammonium s i l i c a t e aqueous solutions at a 
N/Si ratio of 1.0 and different S1O2 concentrations, i t was reported 
that the recovery of the cubic octamer increased with increasing S1O2 
concentration, and the recovery was ca. 93 % in the solution at a 
Si0 2 concentration of 1.75 mol dm-3 (12). The recovery of the cubic 
octamer in the present single phase solution i s too low compared to 
the S1O2 concentration of the solution high at 2.22 mol kg" . The 
low recovery of the cubic octamer from the solution at the maximum 
temperature may be attributed to the high temperature of the 
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0 100 200 

Time / min 

Figure 1. V a r i a t i o n i n the temperature of the mixture of (2-
hydroxyethyl)trimethylammonium hydroxide aqueous s o l u t i o n and 
t e t r a e t h o x y s i l a n e with the s t i r r i n g time. (Reproduced with 
permission from Ref. 26. Copyright 1988 The Chemical Society of 
Japan.) 
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Figure 2. Gas chromatograms of the t r i m e t h y l s i l y l a t e d 
d e r i v a t i v e s obtained from the bottom aqueous phase of the mixture 
containing (2-hydroxyethyl)trimethylammonium ions at various time 
i n t e r v a l s . 
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Figure 3. Gel permeation chromatogram of the trimethylsilylated 
derivatives of s i l i c a t e species in the single phase solution 
containing (2-hydroxyethyl)trimethylammonium ions at the maximum 
temperature of ca. 61 °C. 
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solution. It i s known that the amount of cubic octamer in 
tetramethylammonium s i l i c a t e aqueous solutions diminishes with the 
rise of temperature of the solutions (7,8,13,14,16). 

Silicate Skeleton Structure of the (2-Hydroxyethyl)trimethylammonium 
Silicate Solid. Figure 4 shows the 9 S i magic angle spinning NMR 
spectrum of the solid formed from the (2-hydroxyethyl)trimethyl-
ammonium hydroxide-tetraethoxysilane mixture after standing in a 
desiccator for dryness. Only one sharp peak appears at -98.74 ppm 
which i s assigned to the s i l i c a t e building unit of the tri-branching 
group, Si(0Si) 3(0"). The value of the chemical shift i s in intimate 
agreement with that of tetramethylammonium s i l i c a t e , 
SigOoQÎNiCHg^g, which has the double four-membered ring structure 
in the s i l i c a t e skeleton (-97.7 or -99.3 ppm) (38,39). One large 
peak assigned to Sig0oQ(Si(CHo)3)g appears on the gas chromatogram of 
the solid trimethylsilylated by the method of Gotz and Masson. These 
indicate that the solid consists only of the cubic octameric s i l i c a t e 
structure. 

The mixture of tetramethylammonium hydroxide and 
tetraethoxysilane also gives the solid consisting only of the 
Sig02Q s i l i c a t e skeleton structure. 

Although the s i l i c a t e skeleton structure of the (2-
hydroxyethyl)trimethylammonium s i l i c a t e solid, deposited from the 
solution, consists of the SigO^Q s i l i c a t e structure solely, the 
recovery of the cubic octamer from the solution at the maximum 
temperature i s only 10.3%, indicating that the selective formation of 
s i l i c a t e structure in the solid i s promoted very rapidly with 
lowering temperature. 

Re-heating of the (2-Hydroxyethyl)trimethylammonium Silicate Solid. 
When the (2-hydroxyethyl)trimethylammonium s i l i c a t e solid i s heated 
again, the solid melts into a single phase solution in several 
minutes. This solution s o l i d i f i e s again on cooling. The solid 
obtained after re-heating and cooling also consists of the Sig02Q 
si l i c a t e structure, showing that the transition between the solid and 
the single phase solution of (2-hydroxyethyl)trimethylammonium 
si l i c a t e with temperature i s reversible. 

Z^S± NMR spectrum of the solution, obtained by re-heating of the 
solid at ca. 50 °C, i s shown in Fig. 5. Gel permeation chromatogram 
of the trimethylsilylated derivatives of s i l i c a t e species in the 
solution i s almost the same as that shown in Fig. 3, and the presence 
of species with molecular weights higher than the cubic octamer i s 
confirmed. A very small peak observed at -90.1 ppm i s assigned to 
the prismatic hexamer, possibly formed by the depolymerization of the 
cubic octamer. Main peaks observed at the range between -99.5 and 
-100 ppm are attributed to tri-branching units in the s i l i c a t e 
structures. The large sharp peak at -99.5 ppm i s assigned to the 
cubic octamer. The other peaks, seen at the range between -99.6 and 
-100 ppm, would be assigned to the higher molecular weight species, 
which are confirmed by gel permeation chromatography. This might 
indicate that the higher molecular weight species consist solely of 
tri-branching units and have cage-like structures larger than the 
double four-membered ring, such as the double five- or six-membered 
ring structure. 

It i s conjectured that, on heating, s i l i c a t e species with larger 
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Figure 4. Solid state y S i magic angle spinning NMR spectrum of 
(2-hydroxyethyl)trimethylammonium s i l i c a t e . (Reproduced with 
permission from Ref. 26. Copyright 1988 The Chemical Society of 
Japan.) 
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Figure 5. yS± NMR spectrum of the solution obtained by re
heating the (2-hydroxyethyl)trimethylammonium s i l i c a t e solid at 
ca. 50 °C. 
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rings would be formed by cleavage of some of the siloxane bonds in 
the cubic octamer and subsequent reformation, and on cooling, the 
cubic octamer would be easily formed by the combination of s i l i c a t e 
species with larger rings. This would explain the rapid and 
reversible transition between the solid and solution of (2-
hydroxyethyl)trimethylammonium s i l i c a t e . 

In the mixture of sodium hydroxide and tetraethoxysilane, 
viscous sol precipitates at the maximum temperature. The sol 
formation shows that polymeric s i l i c a t e species with uncontrolled 
structures are formed. It should be recalled that the sodium ion i s 
not effective in controlling the structure of s i l i c a t e species. In 
the mixture of organic quaternary ammonium hydroxide and 
tetraethoxysilane, a single phase solution i s obtained at the maximum 
temperature. This suggests that the structure of higher molecular 
weight species in the solutions containing organic cations at the 
maximum temperature i s different from that formed in the mixture 
containing sodium ions. It seems that the structure of higher 
molecular weight species in the solution containing the organic 
quaternary ammonium ions at the maximum temperature i s also 
controlled by the organic cations, possibly resulting in the rapid 
solidification of organic quaternary ammonium sil i c a t e s . 

Conclusions 

Tetramethylammonium or (2-hydroxyethyl)trimethylammonium s i l i c a t e 
solid, consisting solely of the SigC^Q si l i c a t e structure, was 
abruptly separated out by cooling the single phase solution which was 
obtained after an exothermal reaction by mixing the organic 
quaternary ammonium hydroxide aqueous solution and tetraethoxysilane. 
The change between the solid and the solution was reversible and very 
rapid. 
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Chapter 11 

Role of the Tetramethylammonium 
Cation in the Synthesis 

of Zeolites ZK-4, Y, and HS 

P. D. Hopkins 

Amoco Oil Company, Naperville, IL 60566 

The synthesis of three zeolites whose frameworks 
include the sodalite 14-hedron were investigated. In 
two reaction series the product changed from zeolite 
Y to ZK-4 as the TMA/Na ratio in the reactant mixture 
was increased; in a third series the product changed 
from gmelinite to omega, and fi n a l l y to HS as the 
TMA/Na ratio increased. In agreement with published 
work, essentially all sodalite cages in ZK-4 occluded 
a TMA ion. Sodalite cages in Y zeolites were 
occupied s t a t i s t i c a l l y by one TMA or approximately 
two sodium ions. Mechanisms for the synthesis of the 
zeolites, that are consistent with these 
observations, are proposed. 

Essentially a l l of the zeolites that can be synthesized in the 
presence of the tetramethylammonium cation (TMA) have frameworks 
that contain one of two types of 14-hedra U). The most common 
zeolites synthesized with TMA are ZK-4 (LTA)(2), omega (MAZ)(3), Ε 
(EAB)(3), and offretite (OFF)(4). (The three letter code in 
parentheses following each zeolite i s the IUPAC structure code (5). 
These codes identify each zeolite when f i r s t mentioned and are used 
elsewhere in this paper when structure types, rather than specific 
products are discussed). ZK-4 consists of sodalite or beta cages 
(14-hedra type I) joined through double four rings (D4R). Omega 
consists of columns of gmelinite cages (14-hedra type II). 
Offretite and Ε also contain columns of gmelinite cages but have 
substantial numbers of double six rings (D6R). Molecular modelling 

0097-6156/89/0398-0152$06.00/0 
ο 1989 American Chemical Society 
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shows that the spherical TMA ion f i l l s the spherical sodalite cage 
well; TMA also f i t s in the almost spherical gmelinite cage but 
somewhat more loosely. These f i t s suggest that TMA may function as 
a template during the synthesis of these zeolites as well as acting 
as the counterion to the negatively charged framework. TMA cannot 
pass through single 6-rings or 8-rings (S6R, S8R) so any TMA 
occupying space in either 14-hedron must be incorporated during 
synthesis. 

Offretite, Ε and omega syntheses are strongly aided by the 
presence of TMA. Gmelinite cage occupancy by TMA in offretite and 
omega is near unity(6). 

TMA is essential to the synthesis of ZK-4. With TMA products 
having Si/Al atomic ratios up to about three have been 
produced(7). Essentially a l l sodalite units in ZK-4 contain a TMA 
ion(8). In the absence of TMA the isostructural zeolite A, with 
Si/Al invariably equal to one, is produced. 

Zeolites Y (FAU) and HS (hydroxysodalite, SOD) both contain 
sodalite units in their framework. Both can be synthesized easily 
without TMA but can also be synthesized in the presence of 
TMA(9,10). A l l sodalite cages in HS were found to contain a TMA(8) 
but quantitative results were not reported for Y(10). The present 
work describes synthesis of the three zeolites, ZK-4, HS, and Y, 
that contain the sodalite unit. These syntheses were carried out 
to prepare samples for NMR and neutron scattering studies, results 
of which w i l l be reported elsewhere. Some results of these 
syntheses are presented here; these results may help to elucidate 
the role that TMA plays in the synthesis of the three zeolites. 

Experimental 

Syntheses were carried out according to published procedures(7,9) 
or procedures developed by us. Reactants employed were Ludox HS-40 
colloidal s i l i c a (DuPont, 40% S i l i c a ) , sodium aluminate trihydrate 
(Nalco or EM), sodium hydroxide, tetramethylammonium hydroxide 
pentahydrate (Aldrich), and d i s t i l l e d water. A l l reactant 
mixtures, except those intended to produce HS, were aged for one or 
more days at room temperature before heating to ca. 100°C for 
crystallization. HS synthesis mixtures were not aged. 
Crystallizations were carried out in three-neck flasks at reflux 
with st i r r i n g or in Teflon bottles placed in a 100°C oven without 
st i r r i n g . 

The zeolites were synthesized in one of six reaction series. 
Reactant ratios for the six series are listed in Table I. Series 1 
is one that we have used, in the absence of TMA, to synthesize 
zeolite Y (FAU). Series 2 is based on a published recipe(7) for 
synthesis of ZK-4 (LTA). Series 3 i s one which we use to 
synthesize zeolite A (LTA) at the low s i l i c a end of the range used 
here. Series 4 and 5 are Series 3 with added TMAOH or NaOH; each 
increases the pH approximately equally. Series 6 is based on a 
published recipe(9) for synthesis of zeolite HS. In Series 1, 2, 
and 6, substitution of TMAOH for NaOH causes only minor increases 
in pH. 
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Table I. Reactant Ratios 

Mole Ratios 
Series 

1 2 3 4 5 6 

17.3 9.5 (a) (a) (a) 20.3 
1.0 1.0 1.0 1.0 1.0 1.0 
(b) (b) 1.1 2.0 1.1 (b) 
(b) (b) 0 0 1.0 (b) 

13.6 4.6 1.1 2.1 2.1 7.4 
445 325 85 85 85 280 

SiO 
Al 6 
Na^0J 

(TMA) 0 
Na 0 + (TMA) 0 

(a) Varied from 1 to 8. 
(b) Varied with sum indicated in f i f t h line kept constant. 

A l l products were washed thoroughly and dried at ca. 105°C 
overnight. Product identities and phase purities were determined 
by powder XRD. Silicon and aluminum were determined by wet 
chemical methods, carbon and hydrogen were determined by a 
combustion process, and sodium was determined by atomic absorption 
spectroscopy. Framework Si/Al ratios were determined by 
established XRD correlations for Y( l l ) and ZK-4(12); some ratios 
were also determined by Si NMR. TMA, in total and in specific 
locations, was determined by C NMR(8). 

Results 

Effect of the TMA/Na Ratio on the Product. Changing the TMA/Na 
ratio in reaction series 1 and 2 had a pronounced effect on the 
nature of the zeolite product as shown in Table II. 

Table II. Effect of Tetramethylammonium on the Nature 
of the Zeolite Product 

Series 1 
TMA/Na Product TMA/Na 

Series 2 
Product 

0.0 
0.2 

8.8 

Y 
Y 
Y 

Y,ZK-4 
ZK-4 
ZK-4 

0.0 
0.6 
0.8 
1.0 
1.2 
1.5 
2.5 

Y 
Y 

Y,ZK-4,E 
Y,ZK-4,E 

ZK-4,E 
ZK-4 
ZK-4 
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Both reaction series, employing substantially different 
reactant ratios, followed the same pattern. When sodium was the 
predominant cation the synthesis product was Y but when there was 
more TMA than sodium the product was ZK-4. (A trace of zeolite Ε 
was found in Series 2 at TMA/Na ratios near 1.0). Clearly, TMA 
stabilizes the LTA structure over a wider range of S1O2/AI2O2 
reactant ratios than has been reported previously. 

The Si/Al atomic ratios of the products from series 1, both Y 
and ZK-4, were nearly invariant as shown in Table III. 

Table III. Si/Al Atomic Ratios in Series 1 Products 

Reactant 
TMA/Na Product XRD NMR 

0.0 Y 1.59 „ 

0.2 Y 1.64 1.71 
1.0 Y 1.59 1.86 
8.8 ZK-4 1.57 — 

The Si/Al ratio for the ZK-4 product from reaction series 2 
was 1.92 by XRD, 2.20 by NMR and 2.26 by chemical analysis; the 
last i s in good agreement with a ratio of 2.39 found by chemical 
analysis of a product from a similar synthesis(6). 

The TMA/Na ratio also had an effect on the products 
synthesized in Series 6 as shown in Table IV. 

Table IV. Effect of TMA/Na on Series 6 Products 

Reactant TMA/Na Zeolite Product 

0.00 gmelinite 
0.24 omega 
0.40 omega and HS 
0.62 HS 
1.39 HS 

Synthesis of HS at a TMA/Na ratio of 0.25 had been reported 
previously(6) but the same reactant mixture has also been reported 
to produce omega(_1). As shown in Table IV we synthesized omega at 
this TMA/Na ratio, but by increasing the TMA/Na ratio we were able 
to synthesize HS. 

Sodalite Cage Occupancy in Y. The sodalite cage occupancy by J^A 
of three Y zeolites synthesized in Series 1 was determined by C 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

01
1

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



156 ZEOLITE SYNTHESIS 

NMR using the intensity for sodalite cages in ZK-4 (which are 
completely f i l l e d with TMA) as a standard. The results are 
compared in Table V with values calculated for random f i l l i n g by 
one TMA ion or by either two or three sodium ions based on the 
reactant compositions. 

Table V. Sodalite Cage Occupancy by TMA in Y Zeolites 

Calculated for Random 
Occupancy by 1 TMA 

or η Na/Cage 
Reactant 
TMA/Na JC NMR n=2 n=3 

0.17 26% 25% 33% 
0.41 45 45 54 
0.99 75 66 74 

The results suggest that the sodalite cages of Y synthesized 
in the presence of TMA are f i l l e d by a random process; the f i t for 
two sodium ions/cage i s slightly better than for three sodium 
ions/cage. Sodalite cage occupancy by approximately two sodium 
ions i s consistent with many XRD studies(13)· 

TMA in Zeolite A Reactant Mixtures. Series 3, 4, and 5 differed 
only in that the cation and hydroxyl concentrations of Series 3 
were increased by adding NaOH (Series 4) or TMAOH (Series 5) to the 
reactant mixture. Series 5 products maintained higher 
c r y s t a l l i n i t y than series 3 products as s i l i c a in the reactant 
mixtures was increased as shown in Figure 1. Series 4 products 
lost c r y s t a l l i n i t y faster than those of Series 3 as the s i l i c a 
content increased, proving that the effect observed in Series 5 was 
due to TMA and not to pH (since the difference in pH between TMAOH 
and NaOH systems was small). The cry s t a l l i n i t y in Figure 1 
includes only material having the LTA structure; other crystalline 
phases appeared in some products but were not included in the 
crys t a l l i n i t y assessments. Series 3 products became amorphous as 
the s i l i c o n content of the reactant mixture increased. Series 4 
changed from A to Ρ (GIS) then to Y and gmelinite (GME) and fin a l l y 
became amorphous. Series 5 changed from ZK-4 to HS. Obviously TMA 
stabilizes the LTA structure in high s i l i c a reaction environments. 

Discussion 

The facts uncovered here that any synthesis mechanisms must account 
for are: 
1. In two reaction series, with substantially different s i l i c a to 

alumina ratios, the zeolite synthesized changed from Y to ZK-4 
as the TMA/Na ratio increased. 
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Figure 1. Crystallinity (of the LTA structure) as a function 
the Si/Al ratio in the reactant mixture. Series 3, 4, and 5 
differ in their Na and TMA contents; see Table I. 
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2. As the TMA/Na ratio increased in another reaction series the 
zeolite product changed f i r s t from gmelinite to omega and 
fi n a l l y to HS. 

3. Sodalite units of zeolite Y were f i l l e d s t a t i s t i c a l l y by one 
TMA or about two Na ions based on the relative concentrations 
of the two ions in the reaction medium. 

4. The Si/Al atomic ratio of zeolite Y was independent of the 
amount of TMA incorporated and was comparable to that of a 
ZK-4 synthesized from a reactant mixture having similar s i l i c a 
and alumina contents. 

5. As the s i l i c a content of a typical zeolite A reaction mixture 
was increased, the presence of TMA maintained the product 
(with the LTA structure) in a higher state of cry s t a l l i n i t y 
than that obtained in i t s absence. 

The f i r s t two observations have an important similarity. At 
low TMA contents in a l l three series zeolites composed 
predominantly of double six rings (D6R) are synthesized, zeolite Y 
in two series and gmelinite in the other. Gmelinite does include 
the gmelinite 14-hedron in i t s framework but the framework can be 
considered as being made up of parallel layers of D6R, the 
gmelinite cage being the consequence of D6R stacking rather than an 
important building block. As the TMA content of reaction mixtures 
increases structures that do not include D6R appear. In two series 
ZK-4, which may be thought of as built from D4R rather than D6R, 
appears. In the HS series f i r s t omega, in which gmelinite cages 
are an important part of the framework, appears followed at higher 
TMA contents by HS, which contains only sodalite cages. 

The s t a t i s t i c a l occupancy of sodalite units in Y implies that 
joining of D6R, i f that is the synthesis mechanism, i s not 
sensitive to the nature of the cation occluded. A reasonable 
assumption is that sodalite units in Y form without templating but 
cations are required for charge balancing during some step in the 
synthesis procedure. The constant alumina content observed in the 
Y synthesis supports this interpretation. 

Stabilization of the LTA structure at high reactant Si/Al 
ratios by TMA indicates some role for TMA in the synthesis. 
Published(8) and our own findings that sodalite cages in ZK-4 a l l 
contain one TMA suggest that the role i s as a template for sodalite 
cage formation. Templating of sodalite cages apparently is not 
required for synthesis of zeolite A (Si/Al ratio of one) because 
the reaction i s facile in the absence of TMA. 

The observations made here are not sufficient to prove any 
particular synthesis mechanism. However we may speculate as to 
mechanisms that are consistent with the observations. The 
synthesis of LTA probably proceeds by formation of sodalite units 
from D4R. This mechanism has been postulated before(14,15). D4R 
are present in s i l i c a t e solutions containing sodium(16), 
potassium(17), and TMA(18) and in aluminosilicate solutions 
containing TMA(19). In TMA s i l i c a t e solutions the fraction of Si 
in D4R decreases with dilution(20) and in TMA aluminosilicate 
solutions D4Rfs decrease with decreasing Si/Al(21). D4R with 
s t r i c t alternation of Si and Al, as required for zeolite A, can 
join in only one way and this i s apparently facile as no template 
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is required. However, in situations where D4R contain more Si than 
Al, a TMA template is required; the template could act to bring the 
D4R together in the absence of a strong tendency to do so or the 
TMA could act to stabilize high s i l i c a sodalite units which have 
recently been shown to be less stable than low s i l i c a sodalite 
units(22). 

Synthesis of A by a mechanism involving three S4R joined to 
form a central S6R has been proposed recently(23). The arguments 
above would also f i t this mechanism. However the mechanism using 
D4R i s more satisfactory because i t provides the sodalite unit with 
six D4R to direct further reaction to the LTA structure, but not to 
FAU or SOD. 

Analogously zeolite Y is probably formed by joining of D6R. 
The formation of Y or gmelinite, in both of which every Si and Al 
is in a D6R, suggests that D6R are plentiful in reactant mixtures. 
The existence of D6R in s i l i c a t e solutions has been 
inferred(16,24). Joining of D6R to form sodalite units appears to 
be facile and not affected by the presence of TMA, possibly because 
the Si/Al ratios of the D6R change in a non-critical range; that i s 
the Si/Al ratio does not approach one or become very large. A 
similar mechanism, using S6R, has been proposed (25). Again, the 
D6R mechanism i s more satisfying because a sodalite unit with 4 D6R 
attached i s a nucleus only for the FAU structure. 

The mechanism of HS formation is less obvious. The 
stabilizing effect of TMA on high s i l i c a sodalite units(22) may 
have some bearing. The destabilization of D4R and D6R at high 
Na/Si ratios in solution (high pH?) has been observed(16). HS 
forms as higher pH than the other zeolites studied here. This may 
lead to a mechanism involving SnR. 
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Chapter 12 

Stabilizing Role of Linear Polyamines 
as Pore Fillers During the Crystallization 

of Zeolite NU-10 

Concettina Pellegrino, Rosario Aiello, and Zelimir Gabelica1,2 

Dipartimento di Chimica, Università della Calabria, 87030 Arcavacata 
di Rende (CS), Italy 

We report a first example showing a straightforward correlation 
between the synthesis efficiency of a zeolite in terms of Al 
framework incorporation and the pore filling ability of a template. 
Zeolite Nu-10, prepared from gels of variable Si/Al ratios and using 
different alkali cations and tetraethylenepentamine (TEPA) as 
template, incorporates Al in variable amounts governed by the gel 
composition, provided its framework is stabilized y a complete 
filling by the polyamine during the growth phase. When TEPA or 
other less appropriate linear diaminoalkanes are used in such 
experimental conditions that the resulting Nu-10 framework is only 
partly filled, a further specific Al incorporation is needed to 
stabilize the lattice, so that the composition of the zeolite is no 
longer governed by the initial Si/Al ratio. In each case, structural 
Si-O - defect groups, imposed by the actual framework Al content, 
are created and charge compensated by the protonated polyamines 
and /or by the alkali cations. The latter, incorporated in low and 
non sequential amounts, play a negligible stabilizing role and only 
affect the nucleation and growth rates, or sometimes favour 
crystallization of S iO 2 polymorphs, as side phases. 

Quaternary ammonium ( A l k 4 N + ) ions have been recognized to direct the 
structure of a wide range of zeolite materials (7,2). The (Si, A1)0 2 oxide 
tetrahedra organize around the organic molecule and provide the initial building 
blocks of a particular structure. 

1Address correspondence to this author. 
2Current address: Department of Chemistry, Laboratory of Catalysis, Facultés Universitaires 
Notre Dame de la Paix, Namur, 61 Rue de Bruxelles, B-500 Namur, Belgium 

0097-6156/89A)398-0161$06.00/0 
ο 1989 American Chemical Society 
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These primary silicate or aluminosilicate complexes then form, along with the 
inorganic cations and water molecules, the first zeolite nuclei. At that stage, the 
guest molecules that especially well fit to the framework zeolite void space, are 
referred to as templates (1) and they usually tend to further act as structure 
directing agents. It is also presumed that the positively charged centers of the 
cation specifically interact with A1C>2~ tetrahedra so that the templating effect is 
further enhanced by such electric-dipole interaction. The resulting structure is 
completely filled by the organic molecules and these latter are usually found intact 
in the pore volume of the zeolite. 

Zeolites (Pr 4N +)-ZSM-5 and (Bu 4 N + ) -ZSM- l l are among the most famous 
examples illustrating this concept (3-5). Perfectly stabilized by the template, the 
zeolitic lattice is little influenced by the gel chemistry and can be built over a wide 
range of Si/Al ratios. 

In the presence of minor amounts of P r 4 N + , poorly crystalline ZSM-5 is 
obtained (6) while in complete absence of template, only limited amounts of ZSM-
5 appear after several days of crystallization (7, 8). In that case, hydrated sodium 
ions constitute a poor replacement as template or pore filling agents for P r 4 N + (8). 
The crystallization rate of such systems can be considerably increased by addition of 
amines that then primarily act as pore fillers (3, 9, 10) but not necessarily as 
specific structure directors during nucleation (3). 

Conversely, in many other cases studied, the stabilization of hydrophobic 
clathrasils, zeosils and very high silica zeolitic frameworks is induced by neutral 
guest molecules that only fill the channels and cavities (11, 12). They are thought 
to form a solid solution on the growing crystals and thereby lower the chemical 
potential of the framework (13). The energy required to stabilize such a framework 
mostly derives from weak Van der Waals bonds between the guest molecule and 
the siliceous framework (12). In that respect, the templation of ZSM-5 with 
alcohols (14) or ethers (15) would also have to be interpreted in terms of a pore 
filling model. 

Between these two extremes, a whole range of guest species may participate in 
the stabilization of a zeolitic lattice among which (poly)alkylene(poly)amines are the 
most widely used (1). The efficiency of such molecules to direct specifically a 
structure can be strongly related to their geometry. Slight changes either in the 
(poly)amine chain length (16-19) or in the length and position of the side chains 
(13, 19) often produce zeolites with different structures. However, a given zeolitic 
structure can also be directed by polyamines with variable chain lengths (18-20). 
They then stabilize to a certain degree the framework, partly aspore fillers and 
partly by interacting electrostatically in their protonated forms with the framework 
AlO^" centers or with SiO~ defect groups. The increment of the framework 
stability can be brought by other factors, the best known being the A l lattice 
incorporation. Indeed, isomorphic substitution of A l for Si in a framework results 
in its net destabilization (21) with respect to aluminosilicate lattice stabilized by 
counterions (22) or charge compensating protons (23). 
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12. PELLEGRINO ET AL. Linear Polyamines as Pore Fillers 163 

The preference of a zeolitic matrix for A l or Si can be qualitatively estimated 
by deriving "synthesis efficiency curves" that compare the Si/Al atomic ratio of the 
gel, plotted against that of the zeolite. The efficiency can be good over a wide 
[e.g.(Pr4N+)ZSM-5 (24)] or restricted [e.g., siliceous mordenite synthesized in 
presence of trioctylamine (25)] compositional range, or very poor [e.g. faujasite-type 
zeolites (26, 27)], indicating that in this latter case, other factors than templating 
effect must play a stabilizing role (27). Generally, however, a good measure for the 
potency of a template is the range of Si/Al ratios over which it is effective. This is 
generally interpreted by considering that A10 2 ~ negative centers do not request 
specifically the positive charges from the template to be neutralized. 

To our knowledge, a straightforward relation between the synthesis efficiency 
and the solely pore filling ability of a template has never been established. In the 
present paper, we describe a situation where the synthesis efficiency of a zeolite can 
be controlled and optimized by using nonspecific templates, that, under given 
experimental conditions, fill to various extents the pore volume during growth. We 
present the selected example of zeolite Nu-10 whose structure involves parallel, one 
dimensional noninterconnecting channels. This material can be synthesized in 
presence of various linear polyamines that act as templates with variable efficiency 
(20, 28—32). Typical preparations demonstrate that, when achieving a complete 
filling under specific synthesis conditions, molecules of appropriate length such as 
TEPA sufficiently stabilize the framework as to allow A l to be incorporated in 
variable amounts, governed by the gel composition. In contrast, a partial filling 
achieved by TEPA under different conditions or by other less efficient linear 
diamines results in a need of A l incorporation to stabilize the lattice by interacting 
with a positive charge, so that the zeolite composition is no * longer modulated by 
the initial Si/Al ratio. 

Experimental 

Zeolite Nu-10 was prepared from starting gels having the molar composition in the 
following range: 2-3 M 2 0 , 50-80 M'Cl , A1 2 0 3 , 40-100 S i0 2 , 30-50 R, 3880 H 2 0 , 
where M and / or M ' = Li , Na, K, Rb, Cs; R= tetraethylenepentamine (TEPA) or 
1,3 diaminopropane (DP). 

Reagents were alkali hydroxydes and chlorides (all A.R. from Merck or Carlo 
Erba), Aluminum "trihydrate gel Dry Pharm USPXX" (Serva), Precipitated silica 
(BDH), TEPA, purum, 20% soin (Merck), DP, (A.R., Fluka). Al l chemicals were 
used without further purification. 

A typical synthesis consists in adding a solution prepared by mixing A l and the 
alkali hydroxydes to an aqueous solution of the organic template in which solid 
silica has been dispersed. A third solution containing the alkali chloride dissolved in 
the remaining distilled water was added to the mixture. The so formed gel was 
homogenized under stirring for 0.5 h at 25 e C prior to heating at 180 e C in 
Teflon-coated stainless steel autoclaves, underautogeneous pressure, for various 
periods of time. A large number of syntheses were run in order to achieve a 
systematic study of the synthesis of Nu-10 under various conditions, and to describe 
the appropriate crystallization fields (30, 32). Even under improved crystallization 
conditions [optimized M/OH' ratios and use of M chlorides (30)]. Nu-10 very 
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often co-crystallizes with a variety of other zeolitic materials, mostly mordenite and 
ZSM-5. In the present study, we have selected a limited series of preparations in 
the monocationic systems (Μ = M') , from which an accurate chemical analysis of 
the as-formed Nu-10 was possible (Table I, samples 1 to 8). The as made solids 
either consisted of pure Nu-10 having various crystallinities, from which the zeolite 
crystals could be separated from the remaining amorphous phase by ultrasonic 
treatment (33), or of Nu-10 contaminated with known amounts of cristobalite. 
Syntheses in the bicationic mixed systems (Μ £ Μ') are original and the final 
composition of the 4 as made solids is given for completeness. Two of them 
(samples 9 and 11) allowed the determination of Nu-10 composition. 

Al l the solid phases were identified and characterized for crystallinity by X-ray 
powder diffraction (Philips PW 1730/10 diffractometer, Cu K a radiation equipped 
with a PW 1050/70 vertical goniometer and connected to a P.C. computer for 
quantitative analyses). Crystallinities for Nu-10 and cristobalite were computed by 
comparing the intensity of the most characteristic diffraction peaks of each sample 
to that of the corresponding pure 100% crystalline phases used as standards. In 
some cases calibration curves derived from Nu-10/cristobalite mechanical mixtures 
were used. Si, A l , and alkali contents were determined either on precursors or 
calcined samples (900 e C , air flow, 4h) by atomic absorption, using a Perkin-Elmer 
380 A A instrument after digestion and dissolution of the samples in H^S0 4 /HF 
solutions and further elimination of H F by gentle heating at 60 β C for 12 n. 

The amounts of occluded template were determined from weight losses 
measured by heating the pure Nu-10 precursors in air flow from 25 to 900 e C (10 

e C min" 1) and maintaining the residues isothermally at 900 e C for 4-6 h, in situ, 
into a Netzsch STA 429 computer controlled thermobalance (combined TG-DTA-
DTGA). DTA confirmed the previous findings of Araya and Lowe (20), namely that 
the organics start to decompose above 200 e C , temperature at which almost all the 
water was released. Amounts of hydration water and of the occluded organics were 
calculated accordingly. 

Results 

Syntheses 

Samples 1 to 12 of Table I were synthesized in monocationic or bicationic systems 
according to the recently optimized conditions, namely by using TEPA as template 
and different alkali chlorides as mineralizers (30, 32). Diaminoalkanes proved less 
efficient in yielding pure Nu-10, in agreement with the results of Hogan et al. (29), 
who showed that 1,6 diaminohexane (DH) and 1,8 diaminooctane (30) were the only 
organics directing the formation of pure Nu-10, all other diaminoalkanes yielding 
poorly crystalline Nu-10, often contaminated with cristobalite or kenyalte, 1,3 
diaminopropane also yielded only 68% crystalline Nu-10 in the Na system in our 
conditions, but the absence of other dense phases might be due to the shorter 
crystallization time (sample 3). Indeed, in most of the cases and even with TEPA, 
the Na^O-NaCl system yielded Nu-10 contaminated with cristobalite (sample 4) but 
most often with ZSM-5. In fact, it was shown that although pure highly crystalline 
Nu-10 is usually formed under a markedly wide Si/Al range, extending from 15 to 
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300 (20, 34), with Na as the only cation, the crucial Si/Al ratio narrows to 28-85 
(29) or even more precisely to 34-52 (31). Although not very clear, this poor 
efficiency of Na could be related to the formation of a less soluble solid gel phase 
outside the critical composition (20), or rather to a recrystallization of one zeolite 
nuclei to a less soluble phase like cristobalite or ZSM-5. The presence of this latter 
thermodynamically more stable zeolite is not really surprising considering that both 
Nu-10 and ZSM-5 are built up from the same 5-1 SBU. 

In the presence of K + , Nu-10 can be synthesized over a wider A l concentration 
range (20, 29, 31) and, in our case, a pure well crystalline Nu-10 is formed after 5 
days at 180 e C (samples 5 to 8). Considering other alkali cations, the nucleation 
period was shown to decrease in the series Cs (20h)>Rb (9h)> Κ (7h)> Na (6h) 
all other conditions being fixed (20). The corresponding final phases obtained in 
that case are listed on Table I. L i + failed to give Nu-10 (sample 13) and indeed 
little information on LiNu-10 is available in the literature. In our conditions, the 
shortest induction period was observed in the L i system and a 60% crystalline 
LiNu-10 is formed after only about one day (32) but the crystallinity did not 
increase further for longer heating times (samples 1 and 2). LiCl appeared 
indispensible to prevent the formation of ZSM-5 (32). 

In the presence of Cs, only amorphous phase was detected after 5 days, this 
being in line with the longer crystallization time needed to obtain poorly crystalline 
CsNu-10 (sample 17). In contrast, the bicationic Cs 20-RbCl system yielded more 
rapidly RbNu-10 (sample 11) while the Na 2 0-RbCl system was less efficient in 
yielding a pure phase (sample 12). Note also that the Na^O-KCl system only 
yielded a Κ bearing Nu-10 (sample 9). This is in agreement with the concept that 
small cations like N a + better act as structure-directing species during nucleation, 
while structure-breaking cations like K + intervene rather as mineralizing agents 
during crystallization and are therefore preferentially incorporated in the growing 
lattice (10). 

Besides our samples 9 to 12, little further information is available on 
competitive role of other inorganic ions in bicationic systems, except the 
observation by Araya and Lowe (20) that addition of traces of R b + to a K + 

bearing gel results in shorter synthesis times. This observation also goes in line with 
our findings. 

Framework composition 

Table II gives the unit cell composition of the 10 of our as synthesized samples for 
which an accurate analysis was possible. Also are included and adapted 3 other 
Nu-10 samples for which an analysis was available in the literature (samples 14, 15, 
18). We also included the composition of silica-ZSM-22, another zeolite possessing 
the same framework topology as Nu-10 (12), that was synthesized in presence of 
diethylamine (DA) under very particular conditions (12). 

It is surprising that in all cases, the A l / M ratio is very high. This clearly 
indicates that the A l O ^ - framework negative centers must also be compensated by 
positive charges stemming from the template molecules. It is indeed probable that 
under the relatively low pH values that characterize our synthesis batches (11-11.5), 
the diamines are at least partly protonated (36). Araya and Lowe also concluded 
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that under their conditions (samples 14 and 15) the D H molecules should be 
occluded in the framework in their diprotonated forms. 

To simplify our reasoning and calculations, we will reasonably assume that all 
the diamines including TEPA bear two positive charges on their extreme amino 
groups. Any partial (lower) protonation would only result in a systematically lower 
number of calculated S10~ defect groups that complete the charge balance (see 
later) without thoroughly altering the nature of the discussion. 

The chemical analysis allows to calculate the synthesis efficiency in terms of A l 
incorporation for all samples. In 8 cases, Nu-10 was prepared with nearly 100% 
efficiency, while 5 other samples show a more important lattice A l incorporation 
than that predicted from the gel composition (Figure 1). 

Pore filling 

The next remarkable observation was the close correlation between the synthesis 
efficiency and the pore filling by the organics incorporated during synthesis. The 
filling of each sample was calculated from host and guest geometries as follows. 

Zeolite Nu-10 was demonstrated to possess the identical framework topology 
than zeolites ZSM-22 (35), Theta-1 (57), KZ-2 (38) and ISI-1 (39). The complete 
crystal structure of Theta-1, ZSM-22 and of its Si end-member was elucidated 
(Table III). 

Their unit cell contains 24 Τ atoms that form a framework constructed from 
5-1 SBU and composed of solely 5, 6 and 10 MR, with no 4 MR. The one 
dimensional elliptical 10 M R channel system runs parallel to the c axis. 

Sorption of n-hexane was shown to be a remarkably simple and accurate 
method to measure the total length of the medium sized channels of a zeolitic 
matrix, as these molecules perfectly fill the pore system by achieving an end to end 
configuration (40, 41). From the n-hexane sorption values on Nu-10 reported by 
Harrison et al. (42) and by Hogan et al. (29), we found respectively 13.3 Â and 
12.03 Â for the total length of the channel system per unit cell [the sorption values 
of Hogan et al. had to be extrapolated for 25 · C (40)]. 

These values are close to that calculated from the structure, namely 10.08 Â 
(Table III). This number is obtained from unit cell dimensions, one unit cell 
containing 1 + 4 x 1 / 4 = 2 integer channels of 5.04 Â length each running along 
the c axis. Many nonreproducible n-hexane sorption data reported for other TON 
type zeolites in the patent literature can be due to the difficulty to remove the last 
traces of template from sinusoidal shaped channels, so we retained the most reliable 
value of 12.03 Â calculated from sorption data achieved on pure Η-form Nu-10 
(29). On the other hand, the degree of porefilling by the templates was calculated 
from their actual length (TEPA= 18.2 A; DH= 12.1 A; DP= 8.5 Â and DEA= 9.1 
À) (12, 19), assuming their all end to end arrangement in the Nu-10 structure at 
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Figure 1. Relationship between S i / A l r a t i o i n the gel and in 
the Nu-10 z e o l i t e s c r y s t a l l i z e d from i t (numbers r e f e r to 
compositions given in Table I I ) . 
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the Van der Waals distances (41), and neglecting the actual volumes occupied by 
water and alkali cations because of their rather low amount in each sample (Table 
II). Such end to end arrangement was directly shown to occur in (Si)ZSM-22 for 
D E A from the structure data (12): the total amount of occluded D E A in the as 
synthesized materials, 6 wt%, corresponds to a remarkably good pore filling of 96% 
(Table II). On the other hand, by estimating the diameter of the various 
diaminoalkane guest molecules, Marier (12) concluded that only unbranched flexible 
aliphatic molecules can fit into the ZSM-22 channels without considerable 
distortion of the host framework by trhe guest molecule. 

Framework charge balance 

From the actual organic content and assuming that, in each case, both amino end-
group are protonated, it was possible to compute the number of S10~ defect 
groups created in the structure during crystallization. Owing to the small amount of 
water released after calcination at 900 e C , the presence of OH~ counterions to the 
positive charges of the organics was estimated to be negligible, as also found in 
other zeolites (33). By contrast, it was established that in usual hydrothermal 
synthesis conditions leading to various zeolites, fairly large amounts of Si-O-R (R= 
positively charged template) can be formed, which recondense under calcination to 
yield a final "healed" structure (43). 

Figure 2 shows the variation of Si-O-R/ u.c. as a function of Al/u.c. for all the 
Nu-10 samples. The curve corresponds to what is usually observed in other systems, 
namely that the number of structural defect groups increases with decreasing 
framework A l content (33). Indeed, the excess of organic cationic species with 
respect to the number of A l atoms generates structural negative charges following 
the formal scheme: 

S i - O - S i + R-NH3OH - S i - O - R ' + S i - O H 

Note also that, although they preferentially neutralize the A l negative charges 
(33), alkali cations can also interact with the lattice: 

S i - O - S i + M - O H - S i - O - M + S i - O H 

The actual amount of Si-O-D groups (D= H, M or R') can be fairly 
quantitatively estimated by combining l 5 C - N M R and TG data (3J)but it was not the 
purpose of this work to compute the actual amount of all defect groups, nor to 
identify them to a particular Si-O-D species. 

Finally, samples prepared in presence of diaminoalkanes (No. 3, 14, 15, Table 
II) do not fit the general curve derived for TEPA-containing zeolites (Figure 2), 
probably because of the different degree of protonation of these amines. 
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172 ZEOLITE SYNTHESIS 

Figure 2. Variation of the number of SiO" defect groups, as a 
function of the number of Al atoms per unit c e l l of Nu-10 (num
bers refer to the composition given in Table II). 
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Discussion and conclusions 

A 100% synthesis efficiency is observed only in the case of zeolites having their 
pore volume completely filled by the organic template (Table II and Figure 1), 
irrespective to their alkali or aluminum content or to the nature of the alkali 
counterions. Except in the case of diethylamine-filled (Si)ZSM-22 (sample 19), all 
these structures were directed by TEPA, considered along with triethylene-tetramine 
(TETA), as an excellent templating agent for Nu-10 (20, 30, 31). Unfortunately, no 
other data are available on the potentiallOO% efficiency of other templates. In fact, 
many other preparations with different templates, as reported in the first patent 
describing Nu-10 (28), also show a 100% efficiency up to the value for Si/Al = 230 
(44); but the pore filling was not given. 

By contrast, in the Li systems, TEPA does not fill completely the pore system 
(samples 1 and 2). The same is observed for D H and DP-bearing zeolites (samples 
3, 14, 15). These less efficiently filled zeolites show the need to incorporate more 
A l than the amount provided from the gel composition to stabilize their 
framework. 

Note that the presence of cristobalite as side phase does not influence this 
behavior (samples 4 and 9). The only consequence due to its formation (probably 
induced by other variables) is the decrease of the overall Si content in the gel. This 
does not seem to affect the Nu-10 synthesis efficiency, provided the gel composition 
is recalculated adequately (Table II). 

Obviously, if the nucleation of Nu-10 is governed by both the inorganic cations 
and the organic templates, the growth is achieved by a total incorporation of the 
organic molecule that finally perfectly stabilizes the framework. Indeed, the 5-1 SBU 
precursors to Nu-10 are flexible enough to incorporate one or no A l atoms and 
yield units of similar stability that ultimately build up the high silica zeolite in a 
nonpreferential order, according to the actual Si/Al ratio in the precursor gel. 
Oppositely, 4MR or 6MR precursor species prefer to incorporate an even number 
of A l atoms (45). For example, for the 6MR that are precursors to zeolite ZSM-
23, an isomorphic substitution of A l for Si gives a net stabilization in the following 
order: 

(where Ο = Al) 
The instability of the 2 last species is then compensated by the introduction of 

exchangeable cations (21). 
In our particular case, two framework stabilizing possibilities are in competition 

and a slight change in the synthesis conditions may favour the A l incorporation or 
the complete pore filling by the organics. Organics with appropriate size and 
diameter such as TEPA most probably better fit the channel walls than the 
(shorter) diaminoalkanes, so that no supplementary A l needs to be incorporated. 
The system then becomes flexible enough as to incorporate Si and A l in amounts 
given by the gel composition, provided the Si/Al ratio remains within the 
compositional range where the framework is thermodynamically stable. 

The inorganic alkali cations are incorporated in Nu-10 framework in minor and 
nonregular amounts. This indicates that they probably play a less pronounced 
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stabilizing role, although they still can exhibit their structure breaking/forming 
effects as mineralizers during growth. In contrast, lithium is known to favour the 
easy formation of stable, less soluble aluminate or Al-rich aluminosilicate species. It 
can be supposed that Al-richer SBU are automatically and exclusively formed in 
such a system and that they continue to build up the framework along the growth 
process. The system might then not necessarily be demanding for a complete pore 
filling, even with TEPA, to get stabilized. 

In all cases, the stable frameworks generate a number of SiO~ defect groups, 
necessary to neutralize the excess of positive charges brought by the pore fillers. It 
was indeed demonstrated that even larger amounts of such defects do not stabilize 
a zeolitic framework to a measurable extent (33, 46). 
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Chapter 13 

Zeolite Synthesis in the Presence 
of Fluoride Ions 

A Comparison with Conventional Synthesis Methods 

J. L. Guth, H. Kessler, J. M. Higel, J. M. Lamblin, J. Patarin, A. Seive, 
J. M. Chezeau, and R. Wey 

Laboratoire de Matériaux Minéraux, Unité Associée au Centre National 
de la Recherche Scientifique No. 428, Ecole Nationale Supérieure 
de Chimie, 3 rue Alfred Werner, 68093 Mulhouse Cedex, France 

Replacement of OH- by F- makes it possible to obtain 
zeolites in media where pH values can be lowered to 
acidic ones. Under such conditions MFI-, FER-, MTT-, 
MTN- and TON-structure type materials could be prepa
red. This route is especially suited for high-silica 
materials synthesis, but partial substitution of sili
con by ΒIII, AlIII, GaIII, FeIII, GeIV and TiIV has 
been possible too. The ease of substitution decreases 
with increasing stability of the corresponding fluoro-
complezes in the solution. As the supersaturation of 
crystallizing species is lower for fluoride-containing 
media, the number of phases that could be obtained is 
smaller (fewer metastable phases), but crystallization 
is more regular (formation of large crystals with less 
defects). The choice of templates is therefore more 
critical. The new medium enables the incorporation of 
elements sparingly soluble in alkaline solutions (e.g., 
FeIII) or of cations such as NΗ4+, Co2+. Finally the 
presence of F in the materials leads to catalytic pro
perties modifications which will be discussed. 

In a recent paper ( 1). our laboratory reported the hydrothermal 
synthesis of s i l i o a - r i c h , Al, Β and (Al+B) HFI-type z e o l i t e s i n non-
a l k a l i n e medium ( 2 - 4 ). The very pure materials so obtained e x h i b i t a 
high c r y s t a l l i n i t y and a regula r morphology which seem to be r e l a 
ted to t h e i r growth i n moderately supersaturated s o l u t i o n s . Their 
c h a r a c t e r i z a t i o n (5,6) and the study of t h e i r p r o p e r t i e s ( 7) has 
di s c l o s e d d i f f e r e n c e s to z e o l i t e s of the same s t r u c t u r e and s i m i l a r 
composition obtained i n a l k a l i n e medium. 

The development of the synthesis i n f l u o r i d e medium has been 
studied i n connection with the new p o s s i b i l i t i e s opened by t h i s 
method ( i n c o r p o r a t i o n i n the framework of elements s p a r i n g l y s o l u 
ble i n a l k a l i n e medium, synthesis without a l k a l i n e cations, new 
p o s s i b l i l i t y to d i r e c t l y incorporate c a t i o n s such as N H 4 + , d i v a l e n t 
cations, the good s t a b i l i t y of usual templates i n t h i s medium,...). 

0097-6156/89/0398-0176$06.00A) 
ο 1989 American Chemical Society 
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13. GUTH ET AL. Zeolite Synthesis with Fluoride Ions 177 

Synthesis and c h a r a c t e r i z a t i o n has been s p e c i a l l y i n v e s t i g a t e d i n 
the case of 
i) HFI s t r u c t u r a l type materials with a purely s i l i c e o u s framework, 
or with s i l i c o n p a r t l y s u b s t i t u t e d by t r i v a l e n t (B,Al,Fe, Ga) or 
t e t r a v a l e n t (Ge, Ti) elements. 
i i ) purely s i l i c e o u s and s i l i c o a l u m i n a t e z e o l i t e s of the s t r u c t u r a l 
types FER, TOM, HTT and HTH (8). 

EXPERIMENTAL 

125 ml PTFB-lined s t e e l autoclaves were used. In order to remove any 
s o l i d which might have been stuck on the coating, a washing with a 
50 % HF aqueous s o l u t i o n was performed before every new synthesis. 
The s o l i d products were c a r e f u l l y examined under the o p t i c a l pola
r i z i n g microscope (morphology and s i z e , presence of amorphous impu
r i t i e s ) . I d e n t i f i c a t i o n was then performed using powder X-ray d i f 
f r a c t i o n ( P h i l i p s PR 1130 diffractometer) ( 1). C a l c i n a t i o n i n order 
to decompose and remove the template was monitored by thermogravime-
t r y ( M e t t l e r 1 Thermoanalyzer), d i f f e r e n t i a l thermal a n a l y s i s (Se
ta ram M2) or d i f f e r e n t i a l scanning calorimetry (Setaram DSC-111). 
The chemical environment of atoms i n the s o l i d s was studied by NMR 
(MAS and CP-MAS). Resonance of 1 1B, 1 3 C , 1 9 F , 2 7 A l and 2 9 S i n u c l e i 
was recorded on a Bruker MSL-300 spectrometer operating at a 7 Tesla 
magnetic f i e l d . Chemical a n a l y s i s of s i l i c o n and of i t s substituents 
was performed by atomic absorption spectroscopy a f t e r d i s s o l v i n g the 
material i n HF ( 9). In some cases, a spot a n a l y s i s and X-ray emis
s i o n mapping of these elements i n the c r y s t a l s was c a r r i e d out on a 
Castaing type ( Camebaz) e l e c t r o n microscope. 
The f l u o r i n e content was determined by neutron a c t i v a t i o n or, a f t e r 
d i s s o l u t i o n of the s o l i d , by potentiometry using a F " - s e l e c t i v e 
electrode (10). The c a t a l y t i c a c t i v i t y was estimated with a methanol 
conversion t e s t at 370°C and v a r i a b l e H. H. S. V. 

RESULTS AMD DISCUSSION 

CRYSTALLIZATION of ZEOLITES i n OH" or i n F" MEDIA. Due to the low 
s o l u b i l i t y of z e o l i t e s , the y i e l d of c r y s t a l l i z a t i o n i s poor when i t 
i s c a r r i e d out from a c l e a r s o l u t i o n . To avoid t h i s drawback, the 
s o l u t i o n i s fed by continuously d i s s o l v i n g a s o l i d which i s mostly 
an oxide or hydroxide gel of the framework-forming elements Τ (11). 
S i l i c a t e , aluminate and a l u m i n o s i l i c a t e anions are thus formed by 
s o l u b i l i z a t i o n of the S i and Al sources i n the presence of OH". The 
l a t t e r i s the m o b i l i z i n g agent used to t r a n s f e r these elements 
through the s o l u t i o n : i t i s consumed on d i s s o l u t i o n and regenerated 
on c r y s t a l l i z a t i o n . In the new route, t h i s r o l e i s played by f l u o 
r i d e ( F~) anions. The c r y s t a l l i z a t i o n becomes thus p o s s i b l e i n neu
t r a l and even i n a c i d i c media. The l i q u i d phase must f u r t h e r contain 
species which w i l l generate the microporous volume by occupying the 
c a v i t i e s and channels of the framework. These templates are e i t h e r 
c a t ions to compensate the negative charges of the framework or neu
t r a l species ( i o n pairs, molecules). Due to t h e i r i n t e r a c t i o n s , they 
s t a b i l i z e the s t r u c t u r e and make c r y s t a l l i z a t i o n possible. The syn
t h e s i s process can be represented as follows : 
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•OH" 

e. g., s i l i c a t e s 

e. g., a l unifiâtes 

S o l i d reactants source 
(mostly amorphous) 

d i s s o l u t i o n 

S o l u t i o n containing 
species f o r 

- framework b u i l d i n g 
- micropore f i l l i n g 

polycondensation 

c r y s t a l l i n e 
z e o l i t e 

e. g., f l u o s i l i c a t e s 

e. g., f luoaluminates 

The OH~and F~ synthesis media are compared i n Table I and the 
z e o l i t e s obtained so f a r i n F~ media are l i s t e d i n table II. 

Table I. Comparison of the OH" and F~ r e a c t i o n media 
used i n z e o l i t e synthesis 

0H~ medium F~ medium 

PH 
H o b i l i z i n g 
agents 

Τ element 
sources 
Template 

Temperature 
Duration 

> 10 = (1-11) 
OH" F" 
Bases: NaOH, Pr 40H,. . . Acids: HF,. . . 
Salt s : Ν β 2 σ θ 3 > . . . S a l t s : HH4F,. .. 
Molecules: amines,... Molecules: B F 3 , 
Oxides, hydroxides, alkoxides, s a l t s 
(amorphous or c r y s t a l l i n e s o l i d s ) 
Ionic compounds ( s a l t s , bases) : P^NBr,. . . 
Molecules : P r 3 N,. . . 

> 20° > 40° 
From a few hours to several days 

Table II. Z e o l i t e s obtained so f a r i n F" media 

Structure type MFI FER TOM MTT 

Τ elements S i S i * S i S i 
Si+Be, Si+Al, Si+Al* Si+Al* Si+Al Si+Al 
B, Al, Ga, Fe 
Fe, Ge, T i 

* d i f f i c u l t to synthesize ; ** non reproducible synthesis. 
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13. GUTHETAL. Zeolite Synthesis with Fluoride Ions 179 

HFI-type ZEOLITES. A large number of MFI-type z e o l i t e s could be 
obtained i n F~ media (2-4. 12-15) according to the described route 
( 1) with P r x HH +(4_ X) ( Pr = η-propyl, χ = 1 to 4) templates and f o r 
the Τ elements quoted above. P^N* i s the best template (Table I I I ) . 

Table III. Templating e f f i c i e n c y of Pr xNH +( 4_X) 
i n the absence and i n the presence 

of Al s u b s t i t u t i n g f o r S i 

Τ = Si Τ = S i , Al 

P r 4 H + 

Pr 3MH + 

Pr 2MH2 + 

PrNH 3* 

MFI 
HFI 
MTT 
HTH 

( HFI) 
(FER) (HFI) 

HFI 
HFI 
HFI 
FER 

(HTT) 
(HFI) 

( ) generally as a secondary phase. 

C r y s t a l s are always of good q u a l i t y and the s i z e exceeds gene
r a l l y the values observed i n a l k a l i n e - t y p e synthesis. A d d i t i o n of 
seeds decreases the c r y s t a l l i z a t i o n time and allows t a i l o r i n g of the 
si z e . The morphology i s the same as f o r c r y s t a l s obtained by the 
usual a l k a l i n e route. The length/width r a t i o decreases with χ i n the 
template and the s u b s t i t u t i o n degree of S i (16). The s u b s t i t u t i o n by 
t r i v a l e n t elements leads generally to c r y s t a l s with l e s s f l a t faces 
which i n d i c a t e s that c r y s t a l l i z a t i o n occured i n a more super-satu
rated medium. 

PURELY SILICEOUS HFI-tvpe ZEOLITES. Among the templating cations 
which were used, P r 4 N + proved to be the most e f f i c i e n t f o r easy and 
f a s t c r y s t a l l i z a t i o n . In Table IV are given the c r y s t a l l o g r a p h i c 
c h a r a c t e r i s t i c s of the obtained s i l i c e o u s HFI-type z e o l i t e s (16) as 
a f u n c t i o n of the template. 

Table IV. Unit c e l l formula and c r y s t a l parameters 
of the s i l i c e o u s HFI-type z e o l i t e s 
(as synthesized and (*) calcined) 

u n i t c e l l formula a (A) b ( A) c ( Α) β (°) vol. ( A ) 3 

J S i 9 6 0 1 9 2 | 4Pr 4KF 20.039(3) 19.928(3) 13.382(3) 90 5344(3) 
I S i96°19214Pr 3NHF 20.048( 2) 19.889( 2) 13.383(3) 90 5337( 3) 
8H 20 
| S i 9 6 0 1 9 2 | 4 . 8Pr 2MH 2F 20.045( 4) 19.886(3) 13.379(5) 90 5334(3) 
6. 5H 20 

* S i 9 6 0 1 9 2 13.383(5) 20.107(4) 19.887(3) 90.63(3) 5351(3) 
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Rater molecules occupy the volume of the channels which i s l e f t emp
ty by the templates c a r r y i n g l e s s than four propyl groups. The ca-
t i o n i c nature of the templates was e s t a b l i s h e d by 1 3 C NMR. Rhereas 
P^N* occupies the s t r a i g h t and zigzag channels ( 17) « the Pr3ifH + 

and Pr 2NH2 + cations are located p r e f e r e n t i a l l y i n the zigzag chan
nels. Such a conclusion could be drawn from the f o l l o w i n g observa
t i o n s (16) : 
i ) b ( p a r a l l e l to the s t r a i g h t channels) decreases, a increases 
and c stays constant on going from P^N* to Pr 2NH2 +. 
i i ) The P^NH* and Pr2NH2 + species decompose according to DSC under 
argon at about the same temperature (535 and 515°C). Such a tempera
ture i s much higher than the decomposition temperature of Pr 2NH2 + 

occluded i n the MTT s t r u c t u r e (<400°C) i n which t h i s template i s 
located i n s t r a i g h t channels analogous to those of the HFI s t r u c 
ture. A shoulder which appears on the endothermic peak at 518° i n 
the case of the Pr 3HH + template could mean that the f i r s t step of 
the decomposition would be the removal of the propyl group located 
i n the s t r a i g h t channels. 
i i i ) The 1 3 C chemical s h i f t of the β carbon of P r 2 N H 2

+ i n the MFI-
type s t r u c t u r e (6 - 18.2 ppm/TMS) i s d i f f e r e n t from the correspon
ding value f o r P r 2 N H 2

+ i n the HTT-type s t r u c t u r e (6 * 20. 1 ppm/TMS). 
iv) the morphology change i n d i c a t e s an increase of the r e l a t i v e 
growth rate along b. 

The decrease of the r e s o l u t i o n of the MAS NMR spectra ( 16) with 
decreasing number of propyl groups on the template molecule could be 
due 
i) i n the case of the 2 9 S i spectra : to an increase of the number of 
defects on the framework te t r a h e d r a l s i t e s and to a large chemical 
s h i f t d i s t r i b u t i o n owing to a d i s t r i b u t i o n of i n t e r a c t i o n s between 
the S i atoms and the organic species and the water molecules i n the 
channels. 
i i ) i n the case of the 1 3 C spectra : to i n c r e a s i n g m o b i l i t y of the 
template molecule and to i n t e r a c t i o n with water molecules. 

A f t e r removal of the templates by c a l c i n a t i o n , the 2 9 S i spectra 
are very s i m i l a r f o r the three samples. The large number of obser
ved l i n e s (from 16 to 21 depending on the synthesis and the c a l c i n a 
t i o n procedure) proves the good c r y s t a l q u a l i t y of the materials. 

A l l the preceding samples c r y s t a l l i z e d a f t e r 2 to 7 days from 
an AEROSIL s i l i c a at 170 - 200°C f o r template/Si =0.1 -0.5 and 
F/Si =0.25 - 1 r a t i o s ( pH * 5 - 8). I t was necessary to seed ( 1 -
2wt. % seeds) and to use Pr 4NBr when the synthesis was performed 
at 80°C. The c r y s t a l s obtained a f t e r 12 days were then small (1-5 
μ*) quasi hexagonal p l a t e l e t s , showing a 90° twin. Powder X-ray 
d i f f r a c t i o n showed no d i f f e r e n c e from the samples prepared between 
170°C and 200°C. But the r e s o l u t i o n of the 2 9 S i NMR spectra i s com
p l e t e l y l o s t f o r both the as-synthesized sample and the sample c a l 
cined at 550°C. This reveals the presence of defects whose nature 
and number could, however, not be determined yet. Nevertheless, as 
they do not disap-pear on c a l c i n a t i o n , t h i s could mean that empty 
te t r a h e d r a l s i t e s e x i s t beside br i d g i n g defects. 

MFI-type z e o l i t e s with S i PARTLY SUBSTITUTED by T I I J(T=B,Al,Fe,Qa). 
The f l u o r i d e route can be used to prepare MFI-type z e o l i t e s with 
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13. GUTHETAL. Zeolite Synthesis with Fluoride Ions 181 

t r i valent elements i n the framework (3.4,12.15). I f T 1 1 1 = B, Al, Fe 
or Ga ( or a combination of these elements), the S i 1 * / ! " 1 1 1 r a t i o 
v a r i e s with synthesis conditions and i s always l a r g e r than about 10. 
Beside the S i I V / T I I X r a t i o i n the r e a c t i o n mixture, f a c t o r s favou
r i n g i n c o r p o r a t i o n of the T 1 1 1 elements are : i n c r e a s i n g of the 
c r y s t a l l i z a t i o n temperature and minimizing the F / ( S i I V + T 1 1 1 ) r a t i o . 

This trend, i l l u s t r a t e d by some values concerning the incorpo
r a t i o n of A l 1 1 1 i n Table V, seems to be connected with the nature of 
the ligands i n the T 1 1 1 element complexes i n the so l u t i o n . The poly-
condensation reactions are probably unfavoured when the F/(0H, H20) 
r a t i o i n these complexes i s too high. 

Table V. Influence of the F/Si r a t i o and temperature 
on the S i / A l r a t i o i n the MFI-type z e o l i t e s 

( S i / A l ) F/Si 8(°C) % Al S i / A l 
( i n i t i a l ) ( i n the z e o l i t e ) ( i n the z e o l i t e ) 

7 1 150 1.3 30 
7 1 200 1.7 19 
7 0.25 190 2.5 15 
12 1 80 0.3 110 
12 1 150 0.9 43 
12 1 200 1.3 30 
12 0.25 150 1.6 24 
12 0.25 200 1.8 21 

A study of the d i s t r i b u t i o n of the elements within the c r y s 
t a l s could be achieved by X-ray emission mapping, owing to t h e i r 
large s i z e . The most homogeneous i n t r a - and i n t e r c r y s t a l l i n e compo
s i t i o n s are those with a S i I V / T I : t I r a t i o between about 20 and 30. 
This corresponds to nearly 4 Τ 1 1 1 » i . e., 4 negative charges balanced 
by the 4 alkylammonium ca t i o n s i n the uni t c e l l . Homogeneity decre
ases when S i I V / T 1 1 1 increases. There i s a concentration gradient ; 
the core of the c r y s t a l s being r i c h e r i n T 1 1 1 than the outer s h e l l . 
This gradient weakens from G a 1 1 1 to F e 1 1 1 and A l 1 1 1 . The s t a b i l i t y 
constants of the f l u o r i d e complexes of these elements are i n c r e a s i n g 
i n the same order (18). ( Table VI) 

Table VI. S t a b i l i t y constants of the f l u o r i d e complexes 
f o r G a 1 1 1 , F e 1 1 1 and A l 1 1 1 

G a l " F e " I A i m 

PK1 4. 4-4. 9 5. 2 6. 1 
P*2 3. 8 3. 9 5 

(pK n r e l a t e d to T 3 ++n F" ̂ ( TF n) 3" n) 
In the case of the l e s s s t a b l e gallium complexes, the element 
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182 ZEOLITE SYNTHESIS 

w i l l enter the framework quickly, e s p e c i a l l y i f a l l the gallium i s 
present i n the s o l u t i o n . The great s t a b i l i t y of fluoaluminate com
plexes reduces the a c t i v i t y of the " u s e f u l species" and hence h i n 
ders the r a p i d i n c o r p o r a t i o n of Al. 

Hhen the two elements are competing, i t can be shown by X-ray 
emission mapping that the core of the c r y s t a l i s saturated with Ga 
and that Al follows Ga towards the outside (Figure 1). But the de
gree of s u b s t i t u t i o n and the importance of the segregation w i l l 
depend on both Ί Α Χ 1 1 1 / ^ 1 1 1 and T s i

I V / ( T A 1
I ] C I + T ^ 1 1 1 ) r a t i o s i n 

the r e a c t i o n mixture. Thus, i f these r a t i o s are lower than about 1 
and 30 r e s p e c t i v e l y , Ga only w i l l be present i n the c r y s t a l s . 

The concentration gradient of T 1 1 1 i n the c r y s t a l can be 
st r o n g l y reduced when S i I V and T 1 1 1 are i n the same r e a c t i v e s o l i d 
source. I t s d i s s o l u t i o n , as c r y s t a l l i z a t i o n progresses, keeps the 
a c t i v i t y of the elements at a nearly constant l e v e l . This i s i l l u s 
t r a t e d i n the case of the c r y s t a l l i z a t i o n of F e I I I - c o n t a i n i n g HFI-
type z e o l i t e s . In Figure 2 can be compared the i r o n d i s t r i b u t i o n s i n 
two z e o l i t e s prepared, one from a ( S i , Fe)-hydrogel obtained by t e 
traethoxysilane h y d r o l y s i s i n the presence of a f e r r i c s a l t and 
d i s t i l l a t i o n of the ethanol, the other from a mixture of AEROSIL 
s i l i c a and a f e r r i c s a l t s o l u t i o n (19). A s t a r t i n g Si/Fe r a t i o of 70 
was used f o r both experiments and was found too by chemical a n a l y s i s 
of the two c r y s t a l l i n e samples. I t can be seen that the d i s t r i b u t i o n 
i s homogeneous i n the f i r s t case (Figure 2a, b). On the other hand, 
the c r y s t a l s prepared with the AEROSIL s i l i c a are heterogeneous 
(Figure 2c, d) : a l l the i r o n which was a v a i l a b l e i n the s o l u t i o n 
was b u i l t i n from the outset of the c r y s t a l l i z a t i o n ( i r o n - r i c h core 
and s i l i c o n - r i c h outer s h e l l ) . 

Hhen the synthesis i s made i n the presence of a d i v a l e n t ca
ti o n , such as C o 2 + or Hg2"1", these elements are found i n the z e o l i t e 
c r y s t a l s . In samples containing from 2. 5 to 5 A l / u n i t c e l l there are 
from 0.2 to 1.4 Co or Hg depending on the composition of the reac
t i o n mixture (20). These elements are probably i n the c a t i o n i c form 
i n the channels and not i n the framework s i t e s as i n the pale-blue 
samples synthesized from a l k a l i n e gels with a low Co/Si r a t i o ( 21 ). 
The c o b a l t - c o n t a i n i n g samples are indeed pink-orange before and 
a f t e r removal of the template. This i s the colour of the octahedral-
l y coordinated c o b a l t (II) i n aqueous s o l u t i o n . A f t e r c a l c i n a t i o n , 
the d i v a l e n t c a t i o n s can be exchanged with protons of strong a c i d 
s o l u t i o n s . 

-HFI-type z e o l i t e s with S i I V SUBSTITUTED by G e I V or T i i v . High 
s u b s t i t u t i o n degrees could be reached with germanium by using the 
f l u o r i d e synthesis route (up to Ge/Si=2/3) (14). To our knowledge, 
such values have never been observed previously f o r the HFI-type 
structure. 

The most favourable pH range l i e s between 9 and 11. Other o x i 
des containing the main part of Ge c o - p r e c i p i t a t e with the HFI-type 
z e o l i t e s i n neutral or a c i d i c medium. In a very a l k a l i n e medium, the 
formation of s o l u b l e germanates r e s t r i c t s the i n c o r p o r a t i o n of ger
manium i n the z e o l i t e . Horeover i f the pH i s adjusted with a l k a l i or 
ammonium hydroxide, the corresponding germanates admix with an 
almost purely s i l i c e o u s HFI-type z e o l i t e . These d i f f i c u l t i e s can be 
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13. G U T H E T A L . Zeolite Synthesis with Fluoride Ions 

Figure 1 : Section across | Ga, Al, Si|-MFI c r y s t a l s (a) scanning 
e l e c t r o n micrograph ; X-ray emission mapping of ( b) Ga and (c) Al. 
I 1 100 pm 
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avoided i f the pH i s adjusted near 10 with an amine such as C H 3 N H 2 . 
Under such conditions the presence of F~ allows c r y s t a l l i z a t i o n to 
occur within 15 hours at 180°C, with the r e a c t i o n mixture G e C l 4 ; 
S i 0 2 ; HF ; 0. 5NPr 4Br ; 8 CH 3NH 2 ; 35 H20. 

The orthorhombic c r y s t a l s transform i n t o monoclinic ones a f t e r 
e l i m i n a t i o n of the template at 550°C, i n a i r . Unit c e l l parameters 
of the monoclinic materials are a f u n c t i o n of the degree of s u b s t i 
t u t i o n ζ (Ge/96 tetrahedra) (Table VII). 

Table VII. U n i t - c e l l parameters of the monoclinic materials 
(calcined) vs. the number χ of Ge i n the u n i t c e l l 

X a 0 (A) b Q (A) c 0 (A) β (°) V( A 3) 

0 
17 
32. 8* 

13. 379 
13. 428 
13. 455 

20.098 
20. 137 
20. 180 

19. 878 
19. 939 
19. 968 

90. 58 
90. 57 
90. 51 

5345 
5391 
5428 

* c r y s t a l s from the r e a c t i o n mixture given i n the text. 

The monoclinic-orthorhombic t r a n s i t i o n temperature of the c a l 
cined samples increases l i n e a r l y from s 80°C (x=0) to - 250°C 
(x=32. 8). I t should be noted that the reverse phenomenon i s observed 
when t r i v a l e n t elements ( B, Al, Fe... ) are incorporated i n t o MFI-type 
z e o l i t e s : the t r a n s i t i o n temperature decreases with the s u b s t i t u 
t i o n degree ( 22). 

The i n v e s t i g a t i o n of the s u b s t i t u t i o n of T i I V f o r S i I V i n the 
s t r u c t u r e of MFI-type z e o l i t e s i s i n progress. The f i r s t r e s u l t s 
show a lower s u b s t i t u t i o n degree, s i m i l a r to the values obtained 
with the t r i v a l e n t elements. This probably r e s u l t s from the s t a b i 
l i t y d i f f e r e n c e between the germanium and the titanium fluoro-comp-
lexes. 

FER-, TON-and MTT-type ZEOLITES. The use of amines instead of qua
ternary ammoniums y i e l d s three p e n t a s i l z e o l i t e s with the FER, TON 
and MTT s t r u c t u r a l types (23-25). The f i r s t two are obtained with 
the same amine f a m i l i e s ( a l i p h a t i c l i n e a r mono-or diamines). A low 
S i / A l r a t i o leads to the FER structure, i n agreement with VALY0CSIK 
et a l . (26), whereas a high r a t i o favours the TON structure. The i n 
fluence of the carbon chain length ( x) of the amine i s shown i n 
Figure 3. The composition of the r e a c t i o n mixture was : (1-y) S i 0 2 ; 
y A1 20 3 ; 10 H 20 ; 3[CH 3( CH 2) x_-, NH2, HF] or 1 [NH2( CH2) χ NH2, 2HF] . 

For the FER-type z e o l i t e , y ~ 0.066 and synthesis duration was 
14 days at 170°C i n a s t a t i c mode. The TON-type z e o l i t e as obtained 
f o r y = 0 and heating f o r 3 days at 170°C under a g i t a t i o n with 5 wt. 
% seeds (with respect to s i l i c a ) . 

By using monoamines, FER-type and TON-type materials were well 
c r y s t a l l i z e d f o r χ equal to 3 or 4 and 4 or 5 r e s p e c t i v e l y . K i t h 
diamines, the best r e s u l t s were obtained with χ equal to 4 or 5 f o r 
the FER-type and with χ equal to 5 or 6 f o r the TON-type materials. 
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>*/o c r y s t a l l i z a t i o n 

1 2 3 4 5 6 7 8 

1 2 3 4 5 6 7 8 

Figure 3 : C r y s t a l l i z a t i o n ( %) of FERCA) TON(D) and HFI ( o) type 
materials as a f u n c t i o n of the number χ of carbons i n the mono
amines (a) and i n the diamines ( b) used as templates. 
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I t i s worth noting that with the diamines, MFI-type z e o l i t e was ob
tained instead of FER-type z e o l i t e f o r ι = 6 and of TON-type z e o l i t e 
f o r χ = 7. The i n f l u e n c e of the a g i t a t i o n and the presence of seeds 
adds to the inf l u e n c e of the S i / A l r a t i o i n the r e a c t i o n mixture i n 
d i r e c t i n g the c r y s t a l l i z a t i o n towards FER- or TON types. These three 
f a c t o r s were i n v e s t i g a t e d at 170°C f o r r e a c t i o n mixtures containing 
n-butylamine which i s able to produce the two st r u c t u r e s (Figure 4). 

I t can be seen that an agitated medium i s markedly favourable 
to the TON-type z e o l i t e , the FER-type z e o l i t e being l e s s s e n s i t i v e 
to t h i s factor. The presence of seeds increases the c r y s t a l l i z a t i o n 
rate f o r both z e o l i t e s . FER-type z e o l i t e s containing Co 2 + or H g 2 + 

could be prepared with Co 2* or Mg 2 +- exchanged a l u m i n o s i l i c a t e gels 
( 20). In a d d i t i o n to the above-mentioned templates f o r TON-type 
z e o l i t e s , two other amines, d i - n pentylamine and 1,4-diamino n-pen-
tane, y i e l d the same structure. 

A MTT-type s t r u c t u r e i s obtained by using one of the three 
f o l l o w i n g amines, di-propylamine, isopropylamine or p y r r o l i d i n e , as 
template under the same conditions as f o r the synthesis of TON-type 
z e o l i t e s . 

As f o r a l l other z e o l i t e c r y s t a l s prepared with the f l u o r i d e 
route, the c r y s t a l s of the st r u c t u r e types FER TON and MTT are of 
very large s i z e i n the absence of seeds. The FER-type c r y s t a l s are 
aggregates of plates, the s i z e of which can be l a r g e r than 200 μιη. 
The other s t r u c t u r e types ( TON and MTT) show a f i b r o u s aspect, the 
length being over 100 um f o r a diameter below 1 pm (Figure 5). 

The chemical a n a l y s i s and the 1 3 C NMR r e s u l t s show that the 
template i s always present i n the c a t i o n i c form (compensation of 
framework charges and/or F" anions i n the channels). 

OTHER MICR0P0R0ÏÏS SOLIDS. Among the other z e o l i t e s which have been 
obtained by using the f l u o r i d e route at pH = 7, appear a MTN-type 
c l a t h r a s i l (27). the z e o l i t e s NU1 ( 27) and A (28). and an unknown 
phase which i s probably a novel c l a t h r a s i l ( F i g u r e 5). The MTN-type 
c l a t h r a s i l ( Figure 5) c r y s t a l l i z e s i n the presence of Μβ4Ν + cations 
f o r a S i / A l r a t i o from 7 to i n f i n i t y , whereas the z e o l i t e NU1 ( F i g u 
re 5) i s obtained p r e f e r e n t i a l l y f o r S i / A l < 100. I t should be noted 
that the r e p r o d u c i b i l i t y of the synthesis of the l a t t e r i s very 
poor, the c l a t h r a s i l phase being formed e a s i l y instead. The 1 3 C CP-
MAS NMR study of the occluded template shows the presence of Mê N"*" 
and Μβ3ΝΗ + cations i n the c l a t h r a s i l , while Μβ4Ν + alone i s observed 
f o r the z e o l i t e NU1. I t may thus be assumed that the decomposition 
of Me 4N + i n t o Me 3NH + i s responsible f o r the d i f f i c u l t c r y s t a l l i z a 
t i o n of z e o l i t e NU1. 

The c r y s t a l l i z a t i o n of z e o l i t e A ( s t r u c t u r e type LTA) f o r a pH 
value l y i n g between 5 and 8 at 170°C i s s u r p r i s i n g (20). I t was 
obtained from an a l u m i n o s i l i c a t e gel (Al/Si= 1.2-1.5 ; Na/Al= 0.6-
1.2) which was prepared by mixing sodium aluminate and s i l i c a t e 
s o l u t i o n s at 5°C. A f t e r 3h aging, the pH was adjusted to 3 by using 
cone. HN03. The gel was then f i l t e r e d , washed and dr i e d at 80°C. The 
re a c t i o n mixture was completed by adding water (H 20/Si = 80-150), 
a h a l i d e (HF/Si = 0.3 or NaCl/Si = 0.8) and z e o l i t e A seeds (2-4 
wt. % of the s t a r t i n g g e l ) . The chemical composition and the morpho
logy of the c r y s t a l s obtained a f t e r heating f o r 264 h at 170°C are 
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the usual ones (Na/Al=1 ; S i / A l = 1) (28). The thermal s t a b i l i t y i s 
however = 100°C higher than the s t a b i l i t y of a normal z e o l i t e A. 
Less defects are presumably present i n the material prepared i n the 
neutral medium. 

The FLUORINE element i n the ZEOLITES SYNTHESIZED i n the PRESENCE 
of F~ The f l u o r i n e content of the samples i s very v a r i a b l e ; i t 
depends on the s t r u c t u r e type, on the composition and on the post-
synthesis chemical or heat treatments. I t may reach 7 wt. %. In the 
highly s i l i c e o u s materials, namely i n the MFI-type samples, the F 
content i s equal to 1-1.2 wt. % which corresponds to a F/( charge of 
the template cations) r a t i o c l o s e to one. I t may thus be assumed 
that F i s located e s s e n t i a l l y i n the channels as i o n pairs. A f t e r 
c a l c i n a t i o n i n a i r , the F content approaches zero ; however when i t 
i s performed i n argon, the concentration i s cl o s e to 0. 2 wt. %. For 
samples containing other elements beside S i , the r e s i d u a l f l u o r i n e 
concentration may be larger. For instance, i n the case of a MFI-type 
sample with a S i / A l r a t i o of 90 prepared i n the presence of P^NBr, 
there are 0. 35 wt. % F a f t e r c a l c i n a t i o n . The F/Al r a t i o i s equal to 
1 and the c a t i o n exchange capacity approaches 0 (29). No OH bands 
corresponding to =ESi - A - Α1Ξ: strong a c i d s i t e s are v i s i b l e on 
the IR spectrum. I t may thus be assumed that f l u o r i n e i s i n the 
framework ( = S i - F - A l = or = S i - F... A l = ). When such a 
sample i s d e f l u o r i n a t e d by heating i n 0.15 Ν ammonia f o r 14 h at 
170°C and r e c a l c i n e d at 550°C, the r e s u l t a n t c a t i o n exchange c a p a c i 
ty i s co n s i s t e n t with the S i / A l r a t i o . The mo d i f i c a t i o n may be des
c r i b e d by the f o l l o w i n g r e a c t i o n : 

=Si-F. . . Al= + NH40H » =Si-0-AlS + NH4F 

^ 3+ 
Another MFI-type sample which was obtained from a Ng** exchan

ged a l u m i n o s i l i c a t e gel i n the presence of a large amount of HF 
( 1 S i 0 2 ; 0.06 A1 20 3 ; 0.03 MgO ; 0.003 Na 20 ; 1.2 Pr 3N ; 2. 4HF ; 
23.5 H 20 — 170°C, 300 h) contained 3.3 Al and 3 F per u n i t - c e l l 
a f t e r c a l c i n a t i o n at 550°C. The replacement of 1.2 Pr 3N + 2.4 HF by 
1.1 Pr NH2 +1.1 HF i n the above r e a c t i o n mixture l e d to a FER-type 
material. According to chemical and thermal ( TQ, DTA) a n a l y s i s and 
to the c a t i o n exchange capacity, the chemical formulae of the as-
synthesized and c a l c i n e d samples are r e s p e c t i v e l y the f o l l o w i n g : 

Mg0. 2< PrNH 3) y β 8 [ S i 3 3 < 5 A 1 2 > 5 0 7 1 7 F 0 . 3 ] 1. 4PrNH 3F 1. 5H 20 
and M g 0 2 ^ 8 [ S i 3 3 > 5 A 1 2 # 5 0 7 1 β 7 F 0 . 3 ] 18H20. 

I t may then be concluded that 12 % of the negative charges i n 
duced by Al are not revealed owing to the presence of F ( 20). 

The e f f e c t of the a d d i t i o n of F to the s t a r t i n g mixture on the 
adsorption and the c a t a l y t i c p r operties i s quite s i g n i f i c a n t . For 
example, the hydrophobicity of purely s i l i c e o u s samples i s conside
rably enhanced ( l e s s Si-OH groups). Figure 6 shows that such a ma
t e r i a l adsorbs more n-propanol from a d i l u t e n-propanol + water 
s o l u t i o n than a material which was prepared i n a l k a l i n e medium. 

The complete or p a r t i a l c a n c e l l i n g by F of the negative charges 
induced by the i n c o r p o r a t i o n of t r i v a l e n t elements such as Al i n f l u -
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A 
2 0 d a y s (static) T O N 50°/ . TON 50·/. 

FERIOO'/ .FERIOOV.FER+TON T O N 20'/ . 

10 

' F E R 9 0 V . 

7 3 0 35 50 3 0 0 S i/AI(start ing) 

•TON 100V. 

• F E R 60*/. T O N 100V. T O N 95V. 

10 d a y s (ag i ta ted) 
Ψ 

(•in p r e s e n c e of seeds) 

Figure 4 : Influence of s t a r t i n g S i / A l r a t i o , time, a g i t a t i o n and 
seeding on FER- and TON-type materials c r y s t a l l i z a t i o n with 
n-butylamine template. 
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190 ZEOLITE SYNTHESIS 

Figure 5. Scanning e l e c t r o n micrographs of (a) FER-, (b) TON-, 
and (c) MTT-type ma t e r i a l s . Continued on next page. 
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13. GUTHETAL. Zeolite Synthesis with Fluoride Ions 191 

Figure 5. Continued. Scanning electron micrographs of (d) MTN-, 
(e) NUl-type materials, and (f) of a novel clathrasil. 
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192 ZEOLITE SYNTHESIS 

Figure 6 : n-propanol adsorption ( from d i l u t e aqueous n-propanol 
solutions) of HFI-type z e o l i t e s prepared (a) i n a l k a l i n e medium 
and ( b) i n f l u o r i d e medium . 
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ences the a c i d c a t a l y s i s properties. I t was found, f o r example, that 
methanol to hydrocarbon conversion was very low on the above-men
tioned Mg-MFI sample containing 3. 3 Al and 3 F per un i t c e l l . The 
conversion reached however 100 % on the d e f l u o r i n a t e d r e c a l c i n e d 
sample. A FER-type sample which was prepared by using conditions 
c l o s e to the conditions employed f o r the above FER-type sample 
(2.5A1 and 0. 3F per u n i t c e l l ) but containing Co 2+instead of Hg 2 +, 
showed a methanol conversion y i e l d of about 100 %, which decreased 
slowly with i n c r e a s i n g time-on-stream (90 % conversion a f t e r 26h, 
H. H. S. V. » 0 . 4 ) . The a c t i v i t y of the same sample which was f i r s t de-
f l u o r i n a t e d and recalcined, decreased more r a p i d l y owing to strong 
and r a p i d coking on the a c i d s i t e s which were a v a i l a b l e from the 
outset. In contrast, i n the case of the non-defluorinated sample, 
the formation of water during the conversion leads to the gradual 
e l i m i n a t i o n of F and thus makes the ac i d s i t e s slowly a v a i l a b l e . 

CONCLUSIONS 

By using f l u o r i d e anions i n z e o l i t e synthesis, i t i s po s s i b l e to 
extend the usual a l k a l i n e pH range to a neutral or a c i d i c one. 

The replacement of OH" by F" f o r the formation of soluble f r a 
mework b u i l d i n g species f a c i l i t a t e s the i n c o r p o r a t i o n of Τ elements 
which are sp a r i n g l y s o l u b l e (e.g., F e 1 1 1 , T i I V ) or do not polycon-
densate e a s i l y (e.g., Ge I V) i n a l k a l i n e medium. The nature of the 
sol u b l e species i s s t i l l not well known, i . e . , coordination and 
type of the other ligands beside F~( e. g., H20, OH). P a r t i c u l a r l y , 
the F/( other ligands) r a t i o seems to be c r i t i c a l . A compromise has 
to be found, a low f l u o r i d e content hinders s o l u b i l i z a t i o n and a 
high content prevents polycondensation. The compromise leads to 
systems which are l e s s supersaturated than f o r a l k a l i n e media. Hen
ce, fewer metastable phases are obtained. This i s however a l s o an 
advantage since b e t t e r c o n t r o l l e d nucleation and slower growth rate 
y i e l d c r y s t a l s with fewer defects and with c o n t r o l l e d s i z e . The 
r e l a t i v e s t a b i l i t y of the fluoro-complexes of the elements which 
were studied, i s strongly i n favour of s i l i c o n incorporation. This 
F~ route i s therefore well s u i t e d f o r obtaining s i l i c a - r i c h mater
i a l s , i . e., of the p e n t a s i l type. But the small number of framework 
negative charges leads to fewer templating cation-framework i n t e r 
actions. This, and the lower supersaturation, make the synthesis 
more c r i t i c a l and enhance the r o l e of the template f o r the s t a b i l i 
z a t i o n of the z e o l i t e stucture. Choice of the template becomes thus 
more c r i t i c a l . A good s t e r i c and chemical f i t to the framework has 
to be reached i n order to increase the favourable i n t e r a c t i o n s and 
als o those between the species which are present i n the pores. I t 
should be mentioned f u r t h e r that many organic species such as the 
quaternary ammonium ions are more s t a b l e i n a neutral medium than i n 
an a l k a l i n e one. 

Neutral or a c i d i c pH values make i t po s s i b l e to s t a r t with ca
t i o n s which are sp a r i n g l y s o l u b l e i n a l k a l i n e medium (e.g. d i v a l e n t 
cations) or do not e x i s t i n such a medium ( e. g. N H 4 + ) . Hhen the NH4' 1 ' 
cations replace the usual a l k a l i cations, the materials obtained are 
therefore a l k a l i - f r e e and a simple c a l c i n a t i o n y i e l d s the a c i d i c 
form of the z e o l i t e . The c a t i o n exchange step i s thus bypassed. 
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F i n a l l y a m o d i f i c a t i o n of exchange, adsorption and c a t a l y t i c 
p r o p e r t i e s has been found (e. g., increased hydophobicity, c a n c e l l i n g 
of framework charges). 

He thank Dr Ζ. GABELICA from Namur u n i v e r s i t y f o r h i s c o n t r i b u 
t i o n to the study of the germanium i n c o r p o r a t i o n and Miss A. C. FAUST 
f o r the synthesis and the a n a l y s i s of many samples. 
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Chapter 14 

Cancrinite Crystallization from Alkaline 
Aluminosilicate Systems Containing 

Large and Small Cations 

C. Colella1 and M. de' Gennaro2 

1Dipartimento di Chimica, Ingegneria Chimica e Materiali, Università 
de L'Aquila, 67040 Monteluco di Roio (AQ), Italy 

2Dipartimento di Scienze della Terra, Università degli Studi 
di Napoli, Via Mezzocannone 8, 80138 Naples, Italy 

Cancrinite crystallization, promoted by the joint pre
sence in the reaction system of lithium and a large 
cation, has been thoroughly investigated, pointing 
out the specificity of the cationic couple for the synthe
sized phase. The products obtained have been characte
rized by means of X-ray diffraction, chemical, micro
scopy and thermal analyses. A hypothesis on the mecha
nism of cancrinite formation has been worked out, also 
on the basis of the preliminary results of structural 
analysis. 

The s p e c i f i c i t y c a t i o n - s t r u c t u r e i n framework s i l i c a t e s 
c r y s t a l l i z a t i o n has been recognized f o r a long time, as most 
synthesized phases form only i f a given c a t i o n i s present i n the 
re a c t i o n mixture (1). Although i t i s very seldom c l e a r the mechanism 
through which the s i n g l e cations develop t h e i r a c t i o n , i t i s l i k e l y 
that the main r o l e played by them i s a templating one, as i t i s 
evident i n some instances, e s p e c i a l l y when syntheses are performed 
i n the presence o f organic cations (1). Referring to syntheses i n 
po l y c a t i o n i c systems, there i s evidence that a s i n g l e c a t i o n , often 
the l a r g e r one (_2_), normally plays the s t r u c t u r e - d i r e c t i n g r o l e ; 
nevertheless cases are known of c a t i o n i c couples which determine the 
formation of s p e c i f i c frameworks, f o r instance z e o l i t e s RHO, 
synthesized i n mixed Na,Cs systems (3), edingtonite, formed from 
Ba+Li (_4_), EAB and mazzite, both of them obtained i n the presence of 
sodium and tetramethylammonium (TMA) (_5). 

A recent paper (6) reports an i n t e r e s t i n g case of a fe l s p a t h o i d , 
c a n c r i n i t e , p r eviously obtained i n t y p i c a l l y sodic environments with 
(7) or without added s a l t s (8), synthesized i n b i c a t i o n i c systems 
formed by l i t h i u m and a large a l k a l i n e c a t i o n (rubidium or cesium). 
Such syntheses suggest that c a n c r i n i t e i s a furt h e r phase, the 

0097-6156/89/0398-0196$06.00A) 
ο 1989 American Chemical Society 
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14. COLELLAANDDEGENNARO Cancrintie Crystallization 197 

formation of which may depend on the j o i n t presence of two cations 
and, moreover, that the coupling of a large and a small a l k a l i n e 
c a t i o n produces the same r e s u l t of the presence of sodium hydroxide 
alone or plus a sodium s a l t . 

This works aims, f i r s t of a l l , to strengthen t h i s a s s e r t i o n , 
optimizing C s , L i - and R b , L i - c a n c r i n i t e c r y s t a l l i z a t i o n and extending 
the i n v e s t i g a t i o n also to the couple T l , L i , inasmuch as T l + i o n i c 
radius i s very close to that of Rb + and as the three large cations 
behave also i n other occasions i n a s i m i l a r way (see f o r instance 
the formation of phases belonging to the s t r u c t u r a l type ABW (9)). 
Further purposes of t h i s study are: i ) to v e r i f y that c a t i o n i c 
couples, excluding sodium and d i f f e r e n t from the above three, do not 
give r i s e to c a n c r i n i t e ; i i ) to characterize the synthesized 
c a n c r i n i t e s from a physico-chemical point of view; i i i ) to work out 
a hypotesis on the r o l e played by the two cations i n c a n c r i n i t e 
formation. 

Experimental 

Referring to the r e a c t i o n conditions previously found (6), synthesis 
runs were performed at 200°C and at autogenous pressure i n sealed 
t e f l o n containers, rotated f o r programmed times (usually one day) i n 
a thermostated oven.Particular care has been taken i n avoiding the 
contact of the r e a c t i o n magma with atmospheric carbon dioxide. 
Reagent grade chemicals were used f o r preparing the r e a c t i o n 
mixtures and the s o l u t i o n s f o r ion exchange t e s t s (see below): 
s i l i c a suspension (Ludox, 40% S i 0 2 ), d r i e d aluminum hydroxide 
(Serva, 61.35% A l 2 0 3 ) , concentrated RbOH or CsOH s o l u t i o n ( A l f a 
Products), T1 2S0 4 (Fluka) , LiOH-H 20, NaOH, KOH, Ba(0H)2 · 8 H 2 0 
(Merck), TMA hydroxide s o l u t i o n (Merck), ammonium hydroxide s o l u t i o n 
(Carlo Erba). 

The oxide batch composition tested f o r c a n c r i n i t e 
c r y s t a l l i z a t i o n was as follows: 

η L i 2 0 · mMe20 - A l 2 0 3 - 2 S i 0 2 -100-110 P^O 
where Me i s Rb, Cs, T l or mixtures of them, η ranges between 1 and 
2, m between 2 and 10. R e f e r r i n g i n p a r t i c u l a r to the runs i n mixed 
Li,Ba and Li,NH^ systems, the r a t i o s 2Ba/2Ba+Li and NH /NH^+Li were 
sys t e m a t i c a l l y v a r i e d , c e t e r i s paribus, between 0 and 1, while the 
t o t a l a l k a l i n i t y ranged between 1 and 4. 

At the end of the r e a c t i o n the products were separated from 
mother l i q u o r s by f i l t r a t i o n , washed and d r i e d overnight at 100°C. 

X-ray powder d i f f r a c t i o n i n v e s t i g a t i o n s were made i n cooperation 
with P. Norby (Oslo U n i v e r s i t y ) and I.G. and E. Krogh Andersen 
(Odense U n i v e r s i t y ) . For phase i d e n t i f i c a t i o n and l a t t i c e costants 
determination a Guinier-Hagg camera has been used (CuKo^ =1.5451 Â 
(10); quartz i n t e r n a l standard a=4.91309 À, c=5.40426 % (11). The 
diagrams were indexed and l a t t i c e constants r e f i n e d by l e a s t square 
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c a l c u l a t i o n s (programme PARAM (1.2)). Extra framework ca t i o n 
p o s i t i o n s were determined by the programmes i n the XRS-82 system 
(13). The data used f o r these determinations were obtained with a 
Siemens D5000 diffractometer 4° < 2 # < 9 0 ° , step scan 0.02°, CuKa 
radiation).The Li,Cs-C (see below) structure has been r e f i n e d . 
Refinement of the L i , T l - C s t r ucture i s not yet f i n i s h e d , but some 
conclusive r e s u l t s have been obtained. 

E l e c t r o n microscope examination of the samples was performed on 
sele c t e d Au-coated products, using a Cambridge Stereoscan 250 TP 
apparatus. 

Thermal a n a l y s i s was c a r r i e d out on sel e c t e d samples using a 
Netzsch STA thermoanalyzer mod. 409. 

Ion exchange t e s t s were c a r r i e d out on sel e c t e d c a n c r i n i t e s , 
suspending 0.2 g samples i n 60 ml of 1M s u i t a b l e n i t r a t e s o l u t i o n s 
and r o t a t i n g them i n t e f l o n containers at 100°C f o r about 4-6 hours. 
Solutions were replaced several times, u n t i l no change has been 
recorded i n t h e i r chemical c o n s t i t u t i o n . 

Chemical analyses of o r i g i n a l s o l i d s and of l i q u i d s a f t e r ion 
exchange t e s t s were made using standard procedures : S i and A l have 
been determined g r a v i m e t i c a l l y ; Li,Rb,Cs,Tl by atomic absorption 
spectrophotometry (Perkin-Elmer 370). 

Results 

Synthesis Runs. The i n v e s t i g a t i o n on the physico-chemical conditions 
which lead to c a n c r i n i t e c r y s t a l l i z a t i o n confirms the previous data 
(6) i n d i c a t i n g that t h i s phase forms i n wide ranges of L i / l a r g e 
c a t i o n mole r a t i o and 0H~ a l k a l i n i t y . Moreover the r e s u l t s of the 
synthesis runs have pointed out that, i n agreement with the 
hypothesis done (see i n t r o d u c t i o n ) , t h a l l i u m a l s o shows a noteworthy 
a b i l i t y to give r i s e , when mixed with l i t h i u m , to c a n c r i n i t e . 
Preliminary t e s t s with T10H (Fluka) and LiOH have produced good 
c a n c r i n i t e , but constantly contaminated by some T 1 2 0 3 . So most of 
the f u r t h e r runs have been c a r r i e d out using TI2SO4 as source of 
thal l i u m with a consequent reduction of the t o t a l a l k a l i n i t y of the 
re a c t i o n magma. In t h i s case research has demonstrated that at lower 
L i / T l mole r a t i o s (close to 0.2) c a n c r i n i t e forms r e a d i l y , while at 
higher r a t i o s (about 0.7) a phase analogous to Tl-C (4) 
c r y s t a l l i z e s . Runs have been performed als o i n ternary c a t i o n 
systems ( l i t h i u m plus two large cations) and i n quaternary ones, 
allowing the mole r a t i o s between the large cations to vary,while 
leaving constant and equal to 0.67 the mole r a t i o between l i t h i u m 
and the sum of the other cations.The whole of the r e s u l t s obtained 
can be summarized as follows (note that the synthetic phases are 
r e f e r r e d to, i n d i c a t i n g the c a t i o n i c evironment i n which they form, 
a c a p i t a l l e t t e r symbolizing the phase, and, when known, the 
structure code): 
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14. COLELLA AND DE GENNARO Cancrinite Crystallization 199 

-) i n binary c a t i o n systems ( l i t h i u m plus one large cation) 
c a n c r i n i t e forms very r e a d i l y with Cs + (very good specimens 
a f t e r only four hours ), e a s i l y with T l + , on the contrary Rb + 

shows l e s s e r aptitude to give r i s e to c a n c r i n i t e : synthesis 
products are us u a l l y badly c r y s t a l l i z e d and often contain 
impurities (mostly a phase analogous to K-F, EDI (14); 

-) i n ternary c a t i o n systems i t has been confirmed the superior 
a b i l i t y of the couple Cs,Tl to those formed by Cs+Rb and Tl+Rb. 
I t looks l i k e Cs + and T l + are somewhat interchangeable, so that 
an,optimal r a t i o between them f o r c a n c r i n i t e c r y s t a l l i z a t i o n i s 
not e a s i l y deducible. I t should be noted that runs with 
p r e v a i l i n g cesium give p o l l u c i t e c o c r y s t a l l i z a t i o n , while those 
with more t h a l l i u m also give r i s e to the formation of Tl-C (see 
above); 

-) i n quaternary c a t i o n systems c a n c r i n i t e formation i s strongly 
hindered. Usually mixtures of phases are obtained with 
p r e v a i l i n g p o l l u c i t e , Rb-A, ABW (6) and Tl-C or T l - F (analogous 
to K-F , see above), according to the r e l a t i v e abundance of Cs, 
Rb or T l , r e s p e c t i v e l y , i n the r e a c t i o n magma. 
Among the various c a n c r i n i t e samples obtained three have been 

considered f o r f u r t h e r c h a r a c t e r i z a t i o n , namely those formed 
s t a r t i n g from the magmas having the fol l o w i n g oxide composition: 
a) 1.4Li 20 · 2.1Cs 20 · A1 20 3- 2Si0 2« 102H 20 
b) 1.4Li 20 · 7.5T1 20 · A1 20 3* 2 S i 0 2 ' 110H 20 
c) 1.4Li 20 · 2.1Cs 20 • 7.5Τ1 20' A1 20 3* 2S i 0 2 * 102H 20 

The r e l a t i v e products have been r e f e r r e d to as Li,Cs-C, CAN 
L i , T l - C , CAN and Li,Tl,Cs-C, CAN, r e s p e c t i v e l y . Figures 1 and 2 
report i n p a r t i c u l a r two scanning e l e c t r o n micrographs of the second 
ar.d the t h i r d samples, i n which the exagonal cross s e c t i o n of the 
prismatic c a n c r i n i t e c r y s t a l s i s well v i s i b i l e . 

Cation s p e c i f i c i t y has been tested performing syntheses i n the 
same conditions as those g i v i n g c a n c r i n i t e (see the f i r s t of three 
oxide compositions reported above), s u b s t i t u t i n g the small or the 
large c a t i o n with other c a t i o n s . 

Table I summarizes the r e s u l t s obtained, p o i n t i n g out that 
c a n c r i n i t e does not form, i f even one of the prescribed cations i s 
absent. The l o g i c a l exception of t h i s , as i t w i l l be discussed 
l a t e r , i s the system Na,Cs.-

Referring i n p a r t i c u l a r to B a + + and NH4 , inasmuch as t h e i r 
anhydrous r a d i i are the c l o s e s t among those of the cations examined, 
to Rb + and T l + , i t has been considered u s e f u l to i n v e s t i g a t e more 
widely on the phases synthesizable, when they are coupled with 
l i t h i u m (see experimental). Figures 3 and 4 report the respective 
c r y s t a l l i z a t i o n f i e l d s , from which i t i s po s s i b l e to notice that no 
c a n c r i n i t e forms at any composition of the r e a c t i o n system. The 
phases obtained r e f e r to Li-A, ABW (A) and Li-K (K) (9) i n both 
f i e l d s , Ba,Li-M, PHI (4) and Ba-P, analogous to c e l s i a n or cymrite 
(15) i n Ba,Li f i e l d . Am denotes no c r y s t a l l i z a t i o n . 
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200 ZEOLITE SYNTHESIS 

Figure 1 . Scanning e l e c t r o n micrograph of c a n c r i n i t e c r y s t a l s . 
Sample L i , T l - C (see synthesis s e c t i o n ) . 
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Figure 2 D Scanning e l e c t r o n micrograph of c a n c r i n i t e c r y s t a l s 
Sample Li,Tl,Cs-C (see synthesis s e c t i o n ) . 
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3 4 

O H " m o l a l i t y 

Figure 3. C r y s t a l l i z a t i o n f i e l d of the phases obtained from 
magmas with Si(yAl2 0 3 =2, reacted f o r one day at 200°C i n the 
presence of mixed barium and l i t h i u m hydroxides. A=Li-A, ABW 
(9) ; K=Li-K (90; M=Ba,Li-M, PHI (4), P=Ba-P (4, 15). PhasesTn 
parentheses c o c r y s t a l l i z e with Ba-P, but u s u a l l y i n l e s s e r 
amount. 

1 2 3 4 

O H " m o l a l i t y 

Figure 4. C r y s t a l l i z a t i o n f i e l d of the phases obtained from 
magmas with S i 0 2 / A l 2 0 3 =2, reacted f o r one day at 200°C i n the 
presence of mixed ammonium and l i t h i u m hydroxides. A=Li-A, ABW 
(9); K=Li-K (9). Am denotes no c r y s t a l l i z a t i o n . 
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Table I .Phases synthesized i n the presence of c a t i o n i c couples 

203 

Binary c a t i o n system Phases obtained References 
and structure type code 

L i - Na Like Na-I, SOD 8 
L i - Κ Like K-M, PHI 14 
L i - TMA No c r y s t a l l i z a t i o n -
Na - Rb Rb-A, ABW + Na-J* 6, 8 
Na - T l Tl-C** 4 
Na - Cs Na,Cs-C, CAN This paper 
Κ -- Rb K-F, EDI + Rb-A, ABW 14, 6 
Κ -- T l T l -C** 4 
Κ -- Cs Cs-A, ABW 6 
Rb - T l Rb-A, ABW 6 
Rb - Cs Rb-A, ABW + Cs-P, ANA 6 
Cs - T l Cs-A, ABW + Cs-P, ANA 6 

(*) Hydrated nepheline; (**) Unknown nature. 

X-Ray D i f f r a c t i o n Data. The X-ray d i f f r a c t i o n powder patterns of the 
c a n c r i n i t e s , r e f e r r e d to i n the synthesis s e c t i o n , have been indexed 
i n accordance with the space group P63 as found by Jarchow (16). 
Table II reports the c e l l parameters of the three synthetic 
c a n c r i n i t e samples and of a natural sample (16) f o r comparison. 
Chemical A n a l y s i s . Data f o r the three c a n c r i n i t e samples on 
anhydrous basis are shown i n Table I I I . Values of water content are 
reported i n the next s e c t i o n . 

Table I I . C e l l parameters of c a n c r i n i t e - l i k e phases* 

Phase 
a 

0 

C e l l dimensions, A 
b 7 

Li,Cs-C 12.433(1) 4.969(1) 120° 
L i , T l - C 12.442(1) 4.988(1) 120° 
Li,Tl,Cs-C 12.450(1) 4.998(1) 120° 
Ca n c r i n i t e (16) 12.75 5.1 120° 

(*) Standard d e v i a t i o n i n parentheses. 

S i / A l r a t i o i s near 1 i n any sample, i n good agreement with the 
value found i n the mineral. Notice that i n a previous paper (6) a 
higher value had been reported, p o s s i b l y because of the presence i n 
the synthesized products of some unreacted s i l i c a , e i t h e r i n mixture 
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or included (see a l s o Ref. 17). As i t i s deducible from the data of 
Table IV, a l l the c a n c r i n i t e s appear strongly s e l e c t i v e f o r l i t h i u m . 
When the two large cations are i n competition, Cs + i s preferred to 
T l +, i n agreement with the already mentioned greater a b i l i t y of C s + 

to promote c a n c r i n i t e c r y s t a l l i z a t i o n . The data are however 
consistent with a d i f f e r e n t r o l e played by the small and the large 
cation, being evident that the l a t t e r may occupy only well defined 
s i t e s i n the s t r u c t u r e (most l i k e l y c a n c r i n i t e cages). 

Table I I I . Chemical a n a l y s i s and molar r a t i o data f o r c a n c r i n i t e 
samples 

Wt. percent (anhydrous basis) 
Sample L i 2 0 Cs 20 T l 2 0 A 1 2 0 3 S i 0 2 

Li,Cs-C 7.21 22.10 32.37 38.31 
L i , T l - C 2.98 49.32 21.39 26.30 
Li,Tl,Cs-C 5.34 10.11 22.91 28.21 33.43 

Moles per mole AI2O3 

Li,Cs-C 0.76 0.25 1.00 2.01 
L i , T l - C 0.47 0.55 1.00 2.09 
Li,Tl,Cs-C 0.65 0.13 0.20 1.00 2.01 

Thermal Analysis Data. The thermal behaviour of the synthesized 
c a n c r i n i t e s i s not very s i g n i f i c a n t . The phases contain small 
amounts of water (roughly 2-2.5%) which i s removed smoothly between 
room temperature and several hundred degrees centigrade. Water i s i n 
part readsorbable, but only i f the thermal treatment does not exceed 
400°C. Thermal s t a b i l i t y i s l i m i t e d at about 500°C f o r L i , T l - C , 
while the sample containing cesium a p p e a r s s l i g h t l y more s t a b l e . The 
three c a n c r i n i t e s melt at about 900°C. 
Ion Exchange Studies. Table V summarizes the data obtained ion 
exchanging exhaustively the three c a n c r i n i t e samples f o r T l + , L i + or 
Na +. I t i s e a s i l y observed that cesium contained i n the framework i s 
p r a c t i c a l l y not exchangeable; thallium can s u b s t i t u t e f o r l i t h i u m or 
be s u b s t i t u t e d by i t only p a r t l y ; only minor amounts of sodium can 
enter the framework pref e r a b l y i n place of t h a l l i u m . These 
observations suggest that C s + and some T l + are located i n 
i n a c c e s s i b l e s i t e s ( c a n c r i n i t e cages); L i + and some T l + are i n the 
large channel, even i f i t appears a l i t t l e obscure why l i t h i u m does 
not exchange f o r sodium. The explanation of t h i s i s given i n charge 
to s t r u c t u r a l a n a l y s i s . 
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Table IV. Comparison between ca t i o n molar r a t i o s i n the r e a c t i o n 
magmas and i n the c r y s t a l l i z e d c a n c r i n i t e s 

Amorphous and Cation molar r a t i o s 
c r y s t a l l i n e phases Cs/Li T l / L i Cs+Tl/Li 

Magma a 1.50 - -
Li,Cs-C 0.33 - -

Magma b _ 5.36 _ 

L i , T l - C - 1.17 -

Magme c 1.50 5.36 6.86 
Li,Tl,Cs-C 0.20 0.31 0.51 

Table V. Cation molar f r a c t i o n s i n the o r i g i n a l c a n c r i n i t e samples 
and a f t e r i on exchange 

Can c r i n i t e X X X X 
sample L i Cs T l Na 

Li,Cs-C 0.760 0.246 _ _ 

Tl-exchanged 0.568 0.213 0.225 -
Li-exchanged 0.771 0.235 - -
Na-exchanged 0.720 0.246 - 0.040 

Li,T1-C 0.475 _ 0.554 _ 

Tl-exchanged 0.402 - 0.627 -
Li-exchanged 0.622 - 0.407 -
Na-exchanged 0.466 - 0.395 0.169 

Li,Cs,Tl-C 0.648 0.130 0.196 _ 

Tl-exchanged 0.648 0.130 0.196 -
Li-exchanged 0.768 0.122 0.083 -
Na-exchanged 0.644 0.130 0.180 0.020 

The structure of Li,Cs-C and L i , T l - C . The anion l a t t i c e o f Li,Cs-C 
and L i , T l - C i s s i m i l a r to that found by Jarchow (16). No attempt has 
been made to determine whether the S i / A l arrangement i s ordered. 

In the Li,Cs-C a l l cesium ions are located i n the c a n c r i n i t e 
cages. They have 12 framework oxygen atoms as neighbours at 

0 

distances from 3.2 to 3.8 A. The l i t h i u m ions are s i t u a t e d i n the 
channels. 

In the L i , T l - C d i f f e r e n c e electron-density maps there are large 
peaks at four p o s i t i o n s . These p o s i t i o n s we assume to be p a r t i a l l y 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

01
4

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



206 ZEOLITE SYNTHESIS 

occupied by th a l l i u m ions. The three p o s i t i o n s are i n the c a n c r i n i t e 
cage and have l a t t i c e oxygen atoms at distances i n the range from 

ο 
2.5 to 3.1 A. The fourth p o s i t i o n i s i n the channel and has l a t t i c e 
oxygen atoms at distances from 2.6 to 2.7 Â. The l i t h i u m ions and 
water molecules have not been located, and no attempt has been made 
to r e f i n e parameters of the thallium ions. 
Discussion 

The r e s u l t s of the present study provide evidence of the d i f f e r e n t 
mechanisms through which c a n c r i n i t e forms i n e s s e n t i a l l y sodium 
environments with and without sodium s a l t s (18) and i n systems 
containing large and small cations. In the former case there i s no 
evident r e l a t i o n s h i p between shape and dimension of the anion, which 
may be al s o 0H~, and dimension of c a n c r i n i t e cage; the anion i s 
found both i n the wide channel and sometimes i n the cage, so that i t 
appears that anion enters the c a n c r i n i t e structure e s s e n t i a l l y f o r 
charge balancing. In the l a t t e r , c r y s t a l l i z a t i o n i s a d i r e c t r e s u l t 
of the s p e c i f i c i t y of c a n c r i n i t e cage f o r C s + mainly, but als o , even 
i f to a d i f f e r e n t extent, f o r T l + and Rb +. The templating a c t i o n i s 
the one most frequently r e f e r r e d to f o r explaining the s p e c i f i c i t y 
c a t i o n - s t r u c t u r e . This has been demonstrated i n the case of large 
organic cations (see f o r instance the ex c e l l e n t f i t t i n g of TMA ion 
i n gmelinite and s o d a l i t e cages (19) and of TPA ion i n ZSM-5 
i n t e r s e c t i o n of the channels (_20) ), while no proof, as f a r as we 
know, has been c o l l e c t e d before now of a templating a c t i o n of the 
rather small anhydrous inorganic c a t i o n s . In the c a n c r i n i t e 
c r y s t a l l i z a t i o n the evidence i s s t i l l more convincing, i f we 
consider that three inorganic cations, i r r e s p e c t i v e of t h e i r nature, 
only on the basis of t h e i r rather close dimensions, determine the 
formation of the same framework s t r u c t u r e . The s p e c i f i c i t y of 
c a n c r i n i t e cage f o r the large ionorganic c a t i o n i s obviously not 
v a l i d i n general: as matter of f a c t c a n c r i n i t e cage i s a rather 
common t e r t i a r y b u i l d i n g u n i t , present i n e r i o n i t e , o f f r e t i t e , Linde 
L, and Losod (besides l i o t t i t e and afghanite) but these types, when 
synthesized, are obtained i n other c a t i o n i c environments, i n which 
often Κ and TMA p r e v a i l . Since the i o n i c r a d i i of these cations are 
rather d i f f e r e n t from those of Cs +, T l + and Rb + , one must deduce 
that t h i s s t r u c t u r a l u n i t , although favoured by the presence of 
s p e c i f i c cations, i s the r e s u l t of the arrangement of other simpler 
b u i l d i n g u n i t s , rather than the d i r e c t precursor of the species 
which i s going to c r y s t a l l i z e . In the case of c a n c r i n i t e an a c t i v e 
r o l e should be claimed f o r l i t h i u m , inasmuch as ass o c i a t i o n s of 
other inorganic cations with Cs +, T l + and Rb+ do not lead normally 
to i t s c r y s t a l l i z a t i o n . The exception of sodium must be r e l a t e d 
l i k e l y to the already mentioned p o s s i b i l i t y that environments of 
NaOH may give r i s e to c a n c r i n i t e . A hypothesis may be then worked out 
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f o r l i t h i u m , that i t i s responsible f o r the formation i n s o l u t i o n of 
the " l a d d e r - l i k e " s t r u c t u r a l u n i t , present i n c a n c r i n i t e but also i n 
ABW s t r u c t u r a l type, another Li-dependent framework st r u c t u r e (9). 
Figure 5 reports an i d e a l i z e d representation of t h i s chain u n i t and 
the possible ways through which, i n presence or i n absence of the 
large inorganic c a t i o n , c a n c r i n i t e or Li-A, ABW types form, 
r e s p e c t i v e l y . I t appears evident the templating r o l e of the large 
c a t i o n , while i t i s s t i l l obscure the mechanism of a c t i o n of l i t h i u m 
i n the formation of the chain u n i t s . 

c<7 

- - a 

Figure 5. Schematic representation of CAN and ABW types 
formation from systems containing l i t h i u m and i n c l u d i n g (a) or 
excluding (b) a large c a t i o n (symbolized by +). 

Conclusion 

Can c r i n i t e c r y s t a l l i z a t i o n from mixed c a t i o n i c systems i s an 
example, c e r t a i n l y not genera l i z a b l e , of the determinant r o l e played 
by the cations i n framework s i l i c a t e c r y s t a l l i z a t i o n . In the present 
case the s p e c i f i c i t y i s even double, because e i t h e r the small c a t i o n 
( L i + ) or the large one (C s + , T 1 + , or Rb +) are e s s e n t i a l f o r the 
synthesis and a r o l e f o r each of them has been hypotized. The 
completion of the s t r u c t u r a l a n a l y s i s , now i n progress, may confirm 
the hypotheses, exp l a i n i n g a l s o some s t i l l unclear p o i n t s . 
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Chapter 15 

Nonaqueous Synthesis of Silica Sodalite 

D. M. Bibby, N. I. Baxter, D. Grant-Taylor, and L. M. Parker 

Chemistry Division, Department of Scientific and Industrial Research, 
Private Bag, Petone, New Zealand 

The synthesis of ethylene glycol-silica sodalite from the 
non-aqueous systems SiO2-Na2O-ethylene glycol and 
SiO2-Na2CO3-ethylene glycol is described. Addition of 
water up to a water/ethylene glycol ratio of 0.05 has 
no effect, above this sodium metasilicate is produced in 
increasing amounts until it is the only product at a 
water/ethylene glycol ratio 0.5. Each sodalite cage 
contains one ethylene glycol molecule which can be removed 
by a combination of pyrolysis and high pressure oxidation. 
These oxidation products can be decapsulated at low 
pressures to produce a pure silica sodalite. 

We describe here the synthesis of s i l i c a s o d a l i t e containing 
ethylene g l y c o l i n the s o d a l i t e cages, a mate r i a l r e f e r r e d to as 
ethylene g l y c o l - s i l i c a s o d a l i t e , EG-SS. We also describe a method 
f o r removing the ethylene g l y c o l to leave a pure s i l i c a s o d a l i t e . 
Unlike the usual systems f o r synthesis of z e o l i t i c materials ^ ) 
these are non-aqueous, namely s i l i c a - s o d i u m hydroxide-ethylene 
g l y c o l and s i l i c a - s o d i u m carbonate-ethylene g l y c o l . Our f i r s t 
syntheses were described elsewhere ^ 2 ) . Subsequently, a wide range 
of allowable reagent compositions f o r s u c c e s s f u l EG-SS production 
have been studied and the c r y s t a l l i s a t i o n f i e l d s are presented here. 

The a v a i l a b l e evidence suggests that the mate r i a l as 
synthesised contains one ethylene g l y c o l molecule i n each s o d a l i t e 
cage. The high temperature weight lo s s i n thermogravimetric 
a n a l y s i s corresponded to nearly two ethylene g l y c o l molecules per 
u n i t c e l l , with a carbonaceous residue i n the black c a l c i n e d 
m a t e r i a l . A neutron d i f f r a c t i o n study 

(3) 
produced data of such a 

q u a l i t y t h a t e s s e n t i a l l y one ethylene g l y c o l molecule must be 
present i n each cage. 

With a free diameter of the s o d a l i t e cage of about 6 
angstrom, the s i z e of the molecules tha t can be accommodated i s 
l i m i t e d . Ethylene g l y c o l , propanol and also tetramethyl ammonium 
ions (5) can be e a s i l y encapsulated. However, molecules such as 

0097-6156/89/0398-0209$06.00/0 
ο 1989 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

01
5

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



210 ZEOLITE SYNTHESIS 

propylene g l y c o l or g l y c e r o l , which might als o be s u i t a b l e 
s olvents, would be too large to f i t comfortably i n the cage. 

Experimental 

The reagents were r e d i s t i l l e d ethylene g l y c o l (EG) (laboratory 
reagent), fumed s i l i c a (Degussa A e r o s i l 200), NaOH (laboratory 
grade) and Na2C03 (laboratory grade). A l l reactions were c a r r i e d 
out a t a temperature of 170°C, f o r periods of up to 21 days, i n 
s t a i n l e s s s t e e l vessels with a g i t a t i o n when the v i s c o s i t y was low 
enough. In syntheses using NaOH where the S 1 O 2/EG r a t i o was less 
than 0.1, the hydroxide was added as the s o l i d as i t r a p i d l y 
d i s s o l v e d i n the EG at the r e a c t i o n temperature. For SÎ02/EG r a t i o s 
between 0.1 and 1.0, the NaOH was generally d i s s o l v e d i n the EG 
p r i o r to mixing with the Si02« For r a t i o s above 1.0, NaOH was 
di s s o l v e d i n methanol and a s l u r r y with the S 1 O 2 was prepared. The 
methanol was then removed at low temperature (below 50°C) i n vacuo, 
and the appropriate amount of EG was added. In syntheses using 
Na2C03 the carbonate was mixed i n t o the r e a c t i o n mixture i n a f i n e l y 
ground anhydrous form. 

Thermogravimetric a n a l y s i s was performed on a Stanton Redcroft 
thermobalance i n a flowing oxygen atmosphere at a heating rate of 
10°C/minute. Thermal desorption/mass spectrometry (TD/MS) was 
c a r r i e d out using an Extranuclear quadrupole mass spectrometer.^) 
To analyse the evolved gases a mass range of 1 to 100 was scanned, 
while the sample was heated i n a p a r t i a l vacuum (ca. 0.1 bar argon) 
at 10°C/minute. 

The high pressure oxidation studies were c a r r i e d out i n t e s t 
v essels (American Instrument Co.) with a working pressure l i m i t of 
1000 bar at room temperature and only s l i g h t l y lower at a 
temperature l i m i t of 400°C. High pressure oxygen (commercial grade) 
was introduced from a c y l i n d e r with up to 140 bar a v a i l a b l e at room 
temperature. The oxygen pressure at 400°C could be c a l c u l a t e d from 
values of the c o m p r e s s i b i l i t y f a c t o r a n d the f i l l i n g pressure at 
room temperature. Sample powders were spread t h i n l y along the wa l l 
of the h o r i z o n t a l v e s s e l to reduce any l o c a l heating to a minimum. 

Sodium analyses were c a r r i e d out by flame photometric methods 
a f t e r d i s s o l u t i o n of the sample i n HF. X-ray d i f f r a c t i o n was 
c a r r i e d out on standard powder d i f f r a c t i o n equipment. 

Results and Discus s i o n 

Synthesis of Ethylene G l y c o l - S i l i c a S o d a l i t e (EG-SS)· The 
c r y s t a l l i s a t i o n f i e l d f o r the system Si02~Na0H-EG at 170°C i s shown 
i n Figure 1. At low values of the r a t i o S 1 O 2-EG the products were 
e i t h e r c l e a r s o l u t i o n s or translucent g e l s . At low Na20/EG r a t i o s 
and high S 1 O 2/EG r a t i o s no obvious r e a c t i o n products were found and 
the m a t e r i a l was s t i l l amorphous a f t e r r e a c t i o n . At Na20/EG r a t i o s 
above 0.025 and S 1 O 2/EG r a t i o s between 0.05 and 0.5 both 3-sodium 
s i l i c a t e and c r i s t o b a l i t e were formed. Pure EG-SS was formed a t 
S 1 O 2/EG r a t i o s between 0.05 and 3.0 and Na20/EG r a t i o s from 0.007 t o 
0.4. Mixed EG-SS and amorphous mat e r i a l was produced up to a 
S 1 O 2/EG r a t i o of ca.10. 

Assuming that each s o d a l i t e cage i s occupied by one EG 
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molecule (a u n i t c e l l composition Si-j 2 Ο 2 4 · 2EG), the S 1 O 2/EG r a t i o 
of the pure EG-SS i s 5.81. Above t h i s r a t i o i t i s i n e v i t a b l e that 
EG-SS w i l l be mixed with other products, u s u a l l y unreacted 
m a t e r i a l . In p r a c t i c e t h i s work shows that pure EG-SS can be 
formed up to Si0 2/EG = 3 w i t h i n the r e a c t i o n times used here. 

As Figure 1 shows, as the amount of EG i n the system f a l l s , the 
r a t i o Na20/EG has to increase f o r s u c c e s s f u l EG-SS synthesis. For 
S 1 O 2/EG r a t i o s below 0 . 4 the c a l c u l a t e d S i 0 2 / N a 2 0 r a t i o v a r i e s from 
ca. 3 t o ca.10. For Si0 2/EG above 0 . 4 the S i 0 2 / N a 2 0 r a t i o can 
increase from ca. 10 t o a maximum of ca. 50. Thus as the amount of 
EG i n the system f a l l s , the proportion of Na20 required f o r 
s u c c e s s f u l synthesis of EG-SS a l s o f a l l s . 

For values of S Î 0 2 / E G above 1 the reactant mixture has the 
appearance of a dry powder. Although EG has a high vapour pressure 
at 170°C and was r a p i d l y and uniformly d i s t r i b u t e d throughout the 
reactants, i t was c l e a r from preliminary experiments i n these "dry" 
systems that the NaOH could not be uniformly d i s t r i b u t e d . I t was 
f o r t h i s reason that the procedure of mixing the S 1 O 2 with the 
appropriate amount of NaOH d i s s o l v e d i n methanol was adopted. The 
presence of any small r e s i d u a l amounts of methanol i n the reactants 
a f t e r drying i n vacuo d i d not appear to be detrimental. 

In the system S i02~Na0H-EG, water may be present i n trace 
amounts as an impurity or as a product of a r e a c t i o n between NaOH 
and EG to form sodium g l y c o l a t e . In an i n v e s t i g a t i o n i n t o the 
p o s s i b i l i t y that water acts as a c a t a l y s t , EG-SS was synthesised 
from a system where sodium metal was d i s s o l v e d i n r e d i s t i l l e d EG 
before being mixed with S 1 O 2 p r e v i o u s l y d r i e d at 500°C. No 
d i f f e r e n c e s were observed i n the rate of formation of the EG-SS or 
i n the p u r i t y of the product. However, the experimental 
d i f f i c u l t i e s of ensuring complete removal of water from the system 
are such that, as yet, a c a t a l y t i c r o l e f o r water cannot be e n t i r e l y 
e l i m i n a t e d . 

The e f f e c t the d e l i b e r a t e a d d i t i o n of water on the 
c r y s t a l i z a t i o n of s i l i c a s o d a l i t e was i n v e s t i g a t e d i n a separate 
s e r i e s of experiments where i n c r e a s i n g amounts of water were added 
to the system. A d d i t i o n of water up to water/ethylene g l y c o l r a t i o s 
of 0.05 had no observable e f f e c t , x-ray d i f f r a c t i o n showing 100 
percent s i l i c a s o d a l i t e . Above t h i s r a t i o i n c r e a s i n g amounts of 
meta sodium s i l i c a t e were formed u n t i l t h i s became the only product 
a t water/ethylene g l y c o l r a t i o s above 0.5. 

The e f f e c t of Na2C03 on the S i02~Na20-EG system was 
i n v e s t i g a t e d because of the reported ( Ί) synthesis of c a n c r i n i t e 
from hydrothermal systems containing Na2C03. However, we found no 
product here other than EG-SS. Figure 2 shows the c r y s t a l l i s a t i o n 
f i e l d f o r EG-SS i n the system S i02-Na2C03-EG. Within the 
composition range studied, there appears to be no upper boundary to 
the allowable Na20/EG r a t i o over a range of values of S 1 O 2/EG from 
ca. 0.03 to ca.2. Considering the l i m i t e d s o l u b i l i t y of Na2C03 i n 
EG, t h i s i s perhaps not s u r p r i s i n g . The EG i s e s s e n t i a l l y saturated 
at room temperature at Na20/EG r a t i o s >0.02( 7). Above the 
s a t u r a t i o n r a t i o the Na2C03 acts as an i n e r t d i l u e n t . Although 
r e a c t i o n periods were l i m i t e d to 21 days, there was no i n d i c a t i o n 
that products other than EG-SS would form. 

As seen i n Figure 3, powder X-ray d i f f r a c t i o n showed that EG-SS 
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Figure 2. SiO /EG versus Na O/EG for the system SiO :Na CO :EG. 
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products from both systems (NaOH and Na2C03) were extremely 
c r y s t a l l i n e . Inspection of a pure EG-SS sample by scanning e l e c t r o n 
microscopy showed regular cuboctahedra up to 25 microns i n diameter 
(Figure 4). Chemical a n a l y s i s of the products from e i t h e r system 
showed e s s e n t i a l l y no i n c o r p o r a t i o n of sodium unless 
aluminium was present, when sodium was present i n amounts 
appropriate to balance the framework charge, as has been reported 
p r e v i o u s l y ( 2 , 8 ) # 

I t i s d i f f i c u l t to determine the r o l e of the EG i n these 
systems. C l e a r l y i t i s a reactant since, at the l i m i t , the amount 
of EG present governs the y i e l d of EG-SS. At low S 1 O 2/EG r a t i o s i t 
would appear that EG had a s i m i l a r s o l v a t i o n behaviour to that of 
water i n t y p i c a l hydrothermal z e o l i t e syntheses. However, a t high 
S 1 O 2/EG r a t i o s a p o s s i b l e comparison would be with pneumatolysis^) 
where reactions take place not i n excess solvent but i n the presence 
of small amounts of r e a c t i v e v o l a t i l e s which transport the reactants 
to the c r y s t a l l i s i n g surface. This i s supported by the formation of 
r e l a t i v e l y large regular c r y s t a l s of EG-SS, suggesting that they 
grow from s o l u t i o n , and i n d i c a t e s that the EG does a c t as a solvent 
to t r a nsport the s i l i c a to the c r y s t a l l i s i n g surface. This solvent 
need not n e c e s s a r i l y be more than a t h i n layer over the growing 
surface as long as there i s s u f f i c i e n t to bridge the amorphous 
s i l i c a p a r t i c l e s and the EG-SS c r y s t a l s . 

As the S 1 O 2/EG r a t i o i n the reactants approaches the 
compositional l i m i t of 5.81, and a large proportion of the EG 
i n i t i a l l y present becomes incorporated i n t o the EG-SS s o l i d , the 
Na20/EG r a t i o increases r a p i d l y . Eventually the Na20/EG r a t i o r i s e s 
to the po i n t where apparently no f u r t h e r EG-SS formation occurs. At 
t h i s point, the remaining EG i s presumably saturated with sodium 
s i l i c a t e and conditions become unfavourable f o r furth e r conversion 
of the amorphous s i l i c a . 

I t should be noted that z e o l i t e s w i l l form from reactant gels 
with very low water c o n t e n t s a l t h o u g h r e a c t i o n rates are low. 
Also, the conversion of the z e o l i t e chabazite i n the absence of 
added water to give a range of other more compact framework 
s t r u c t u r e s has been reported. P a r t i c u l a r l y r e l evant was the 
conversion of a s i l i c a c e o u s sodium-form of chabazite to nosean 
( s o d a l i t e ) at ca. 3 0 0 ° C . ( 1 2 ) 

R e m o v a l o f O c c l u d e d E t h y l e n e G l y c o l . Since the smallest cross 
s e c t i o n of the EG molecule i s greater than the free dimension of the 
6-window of the s o d a l i t e cage, the removal of occluded EG t o y i e l d a 
pure S 1 O 2 s o d a l i t e was not straightforward. 

I n i t i a l l y removal was attempted by c a l c i n a t i o n i n a i r or i n 
oxygen but the s o d a l i t e became black, with the e v o l u t i o n of large 
amounts of v o l a t i l e s , and i t remained black even a f t e r being heated 
to 900°C f o r s e v e r a l days. The formation of a r e s i s t a n t black 
product on c a l c i n a t i o n i s i n contrast to another r e p o r t ^ ) that 
c a l c i n a t i o n of EG-SS i n a i r at 500°C y i e l d e d a white product. 
Thermogravimetric a n a l y s i s showed that the majority of the EG was 
l o s t but a s i g n i f i c a n t carbonaceous residue remained. The X-ray 
d i f f r a c t i o n pattern of the black s i l i c a s o d a l i t e showed no change 
except that the peaks became s i g n i f i c a n t l y broader. This suggests 
the generation of some degree of s t r u c t u r a l d isorder or the 
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Figure 4. Scanning electron micrograph of EG-SS prepared from 
the SiO :NaOH:EG system. 
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generation of defects a r i s i n g from the i n t e r n a l forces generated by 
the decomposition products of the EG, which w i l l have a greater 
volume than that of the parent molecule. Water generated during the 
decomposition may also promote some s t r u c t u r a l breakdown. 

A d e t a i l e d i n v e s t i g a t i o n of the v o l a t i l e decomposition products 
products was c a r r i e d out using TD/MS. The r e s u l t s of heating a 
sample of EG-SS at 10°C/minute are shown i n Figure 5. At ca. 400°C 
there was rapi d e v o l u t i o n of large q u a n t i t i e s of water, carbon 
monoxide, carbon dioxide, and hydrogen. The black carbonaceous 
product c l e a r l y s t i l l contained oxygen as carbon oxides s t i l l 
continued to be evolved as the temperature was increased, peaking 
again between 600°C and 700°C. Carbon monoxide production continued 
to r i s e from ca. 800°C (not shown here), p o s s i b l y due to the 
reduction of the S 1 O 2 framework by the i n t i m a t e l y associated 
carbonaceous m a t e r i a l . The carbonaceous product a l s o dehydrogenated 
at the higher temperatures, the y i e l d of hydrogen peaking between 
600°C and 700°C. 

The lack of success i n removing the remaining carbonaceous 
m a t e r i a l by ox i d a t i o n i n a i r i s not s u r p r i s i n g i n view of the 
diameter of the 6-ring opening (ca. 2.3 A) and c r o s s - s e c t i o n a l 
diameter of the oxygen molecule (2.8 A). However, there have been 
studies (10,11) of the encapsulation i n z e o l i t e s of molecules which, 
under normal conditions of temperature and pressure, could not 

encapsulated i n the s o d a l i t e cage of zeolite-Α and that argon and 
krypton (diameters 3.8 and 3.9 A r e s p e c t i v e l y ) can be encapsulated 
i n s o d a l i t e . ^ ^ 

A sample of EG-SS was pyrolysed i n vacuo at a heating rate of 
ca. 2°C/minute from 300°C to 700°C. The r e s u l t a n t black product was 
then treated with high pressure oxygen f o r 15 minutes at ca. 400°C. 
A f t e r t h i s treatment, the decapsulated products evolved on heating 
were analysed using TD/MS. A f t e r the f i r s t treatment, only carbon 
dioxi d e and a small amount of oxygen were evolved with no i n d i c a t i o n 
of carbon monoxide. Repeating the high pressure oxygen procedure 
produced a sample which evolved both oxygen and carbon dioxide i n 
s i m i l a r q u a n t i t i e s (Figure 6). A f t e r 5 c y c l e s , a sample was 
produced which evolved mainly oxygen and which was a l i g h t grey i n 
colo u r . 

A f t e r p y r o l y s i s , i t appeared that most of the s o d a l i t e cages 
s t i l l contained some carbonaceous m a t e r i a l . On treatment with 
oxygen at high temperatures, some degree of oxygen encapsulation 
occurred with the oxygen r e a c t i n g with the carbon to give carbon 
d i o x i d e . As shown i n Figure 6, t h i s décapsulâtes from 400°C. On 
repeating the c y c l e , the same r e a c t i o n occurred but t h i s time there 
were more i n i t i a l l y empty s o d a l i t e cages which now became occupied 
with oxygen only and thus on decapsulation both oxygen and carbon 
dioxi d e evolved. The r a t i o of oxygen to carbon dioxide increased 
with each c y c l e as the carbonaceous ma t e r i a l was removed as carbon 
d i o x i d e . Water was not observed as any water formed from hydrogen 
associated with the carbonaceous residue would be desorbed at 400°C 
or lower during the high pressure oxygen treatment as the water 
molecule r e a d i l y passes through the 6-ring opening. The colour of 
the m a t e r i a l darkened s l i g h t l y during decapsulation. This was 
probably due to the gas-saturated s o d a l i t e having a higher 

penetrate the framework. that oxygen can be 
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Figure 6. Ion signal versus temperature for pyrolysed EG-SS 
containing encapsulated 0« and CCL. 
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r e f r a c t i v e index than that of the decapsulated m a t e r i a l . The l i g h t 
s c a t t e r i n g power of the saturated s o d a l i t e would, therefore, be 
higher and as a r e s u l t the powdered sample appeared l i g h t e r i n 
colour. 

Since carbon dioxide décapsulâtes from 400°C, an extended 
treatment i n high pressure oxygen at that temperature should be 
e f f e c t i v e i n removing the carbonaceous residue i n one step. A 
pyrolysed sample of s i l i c a s o d a l i t e was heated at 400°C i n high 
pressure oxygen f o r 64 hours. The gases subsequently decapsulated 
contained predominantly oxygen with a small amount of carbon 
d i o x i d e . This experiment confirms that during the high pressure 
treatment carbon dioxide can desorb and be replaced by oxygen. 
However, the sample was s t i l l black a f t e r 64 hours and s u b s t a n t i a l l y 
longer times - or p o s s i b l y higher temperatures would be required f o r 
a l l of the carbon to be o x i d i s e d and f o r the carbon dioxide to be 
desorbed and replaced with oxygen. 

Caution has to be used i n the high pressure treatment. As the 
s t r u c t u r e becomes depleted of carbon i t tends to c o l l a p s e to an 
amorphous s o l i d i f temperatures and pressures are increased too 
r a p i d l y . 

Conclusion 

The c r y s t a l l i s a t i o n f i e l d s f o r synthesis of s i l i c a s o d a l i t e from two 
non-aqueous systems have been determined. The s i l i c a s o d a l i t e 
synthesised i s i n a form containing ethylene g l y c o l i n the s o d a l i t e 
cages. I t has a l s o been shown po s s i b l e to remove the ethylene 
g l y c o l from the s o d a l i t e cages using a combination of p y r o l y s i s 
followed by repeated cycles of high temperature, high pressure 
o x i d a t i o n . 
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Chapter 16 

Contribution of Propylammonium Species 
to the Stabilization 

of the MFI-Type Structure 

J. Patarin, H. Kessler, M. Soulard, and J. L. Guth 

Laboratoire de Matériaux Minéraux, Unité Associée au Centre National 
de la Recherche Scientifique No. 428, Ecole Nationale Supérieure 
de Chimie, 3 rue Alfred Werner, 68093 Mulhouse Cedex, France 

Of the numerous organic species leading to the MFI
-structure type, the tetrapropylammonium cations are 
known to be the most efficient. However few thermodyna
mic data have been determined to corroborate this expe
rimental result. Three highly siliceous MFI-type sam
ples were synthesized by using a fluoride-containing 
neutral or slightly acidic medium in the presence of 
tetra-(TPA+), tri-(TRIPA+), or dipropylammonium (DIPA+) 
cations. Determination of their solution enthalpy in 
25% HF enabled their standard enthalpy of formation to 
be calculated and hence the contribution of the organic 
species to the stabilization of the structure could be 
estimated. The results show, as expected, the following 
stabilization effects: DIPA+ = TRIPA+ < TPA+. 

The favorable i n f l u e n c e of organic molecules i n the synthesis 
of MFI-type z e o l i t e s i s widely recognized. For example. aluminium-
containing ZSM-5 can be obtained also i n the absence of an organic 
template ( L..2K but the synthesis of s i l i c a t e I seems to require the 
presence of an organic molecule i n the re a c t i o n mixture (_3J_. 

Many studies have been devoted to determining the exact r o l e of 
these organic species. Stucture d i r e c t i n g e f f e c t s , v o i d - f i l l e r ef
fec t s , and s t a b i l i z a t i o n of s p e c i f i c secondary b u i l d i n g units i n the 
s o l u t i o n have been considered ( 4-6) . 

Numerous organic species are known to lead to the c r y s t a l l i z a 
t i o n of the MFI-type st r u c t u r e (7) but the tetrapropylammonium ca
tio n s can be considered to be the most s p e c i f i c . To our knowledge no 
thermodynamic data such as standard formation enthalpies (AfH°) and 
s t a b i l i z a t i o n energies a t t r i b u t e d to the organic species have been 
published to corroborate t h i s experimental observation. The p u b l i 
shed thermodynamic data (AfG°, AfH°, AfS°, Cp) are f o r natural zeo
l i t e s (8-11) or f o r organic-free synthetic z e o l i t e s . However, some 
data have been obtained by c a l c u l a t i o n s using l a t t i c e energy minimi
z a t i o n and extended Hiickel theory ( 1_2) or by semi-empirical methods 
based on ad d i t i o n of the thermodynamic functions of the oxide compo-

0097-6156/89/0398-0221$06.00A) 
o 1989 American Chemical Society 
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222 ZEOLITE SYNTHESIS 

nents of the z e o l i t e ( 1_3) and on c o r r e l a t i o n s between thermodynamic 
data and s t r u c t u r a l properties ( 1 4 ) . 

In order to compare the e f f e c t of various organic species, 
three highly s i l i c e o u s MFI-type samples containing t e t r a - , t r i - and 
di-n-propylammonium cations Here synthesized according to the new 
synthesis route that He have developed rec e n t l y i n our laboratory 
( 1 5 - 1 7 ). In place of the usual a l k a l i n e r e a c t i o n medium, our synthe
s i s uses a neutral or s l i g h t l y a c i d i c r e a c t i o n medium i n the presen
ce of f l u o r i d e . In such a medium, F~ acts as a s o l u b i l i z i n g agent of 
s i l i c a and of other oxide sources, i f any are present, and enters 
i n t o the channels of the s t r u c t u r e n i t h the organic species. Gene
r a l l y , Hell-formed c r y s t a l s are obtained without any undesirable 
a d d i t i o n a l phase. This route i s p a r t i c u l a r l y i n t e r e s t i n g here becau
se i t a l l o n s the i n c o r p o r a t i o n of tripropylamine and dipropylamine 
i n the c a t i o n i c form comparable to the c a t i o n i c TPA + species. Accor
ding to the IUPAC recommandations (1 8 ) the designations used f o r the 
samples are TPA[si]-MFI, TRIPA[si]-MFI and DIPA[si]-MFI. 

The standard enthalpies of formation of the samples Here o b t a i 
ned by s o l u t i o n calorimetry i n 25% HF; a l s o the s t a b i l i z a t i o n e f f e c t 
on the MFI-type s t r u c t u r e of the three organic species could be 
determined. For comparison, an aluminium-containing sample TPAJjSi, Al] 
-MFI Has a l s o studied. 

EXPERIMENTAL 

The products used f o r the c a l o r i m e t r i c measurements and f o r the 
synthesis of the MFI-type materials Here high p u r i t y reagents: 40% 
aqueous HF ( Prolabo); (n-C 3H 7) 4NBr (Fluka, purum, 99%); (n-C 3H 7) 3N 
( Fluka, purum, > 98%); ( n-C 3H 7) 2NH ( Fluka, purum, 99%); n-C 3H 7Br 
(Prolabo, Rectapur, > 97%); A1C13, 6H 20 (Fluka, purum, > 99%); 
A1(0H) 3 (Merck g i b b s i t e , pure, > 98%); S i 0 2 ( Degussa, A e r o s i l 1 3 0 , > 
98 . 5%). 

SYNTHESIS The s t a r t i n g molar compositions are given i n Table I. 
The r e a c t i o n mixture Has heated at 1 7 0 ° C i n a T e f l o n - l i n e d s t a i n l e s s 
s t e e l autoclave f o r 15 to 50 days depending on the sample. 

Table I. S t a r t i n g chemical molar composition 

Sample S i 0 2 A1C1 3 ( C 3 H 7 ) 4 N B r ( C 3 H 7 ) 3 N (C 3H 7) 2NH NH4F HF 
(40%) 

H 20 

T P A [ S Î ] - M F I 1 / 0. 1 2 5 / / 0. 5 / 30 

TPAJjSi, Al] -MFI 1 0. 0 3 3 0. 125 / / 0. 5 / 30 

TRIPA[Si]-MFI 1 / / 1 / / 2 30 

DIPA[Si]-MFI 1 / / / 1 / 2 30 
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16. PATARIN ET A L Propylammonium Species 223 

For the TRIPA[sij -MFI and DIPA[si]-MFI samples, the amines were 
f i r s t n e u t r a l i z e d with HF; seeding (4-5 wt % of the s t a r t i n g S i 0 2 ) 
with f i n e l y ground c r y s t a l s was necessary. In the case of the 
TRIPAfsi]-MFI sample, f o r example, the seeds were obtained as f o l 
lows. A f i r s t r e a c t i o n mixture containing tripropylamine was seeded 
with c r y s t a l s of a TPA[si]-MFI sample. A f t e r c r y s t a l l i z a t i o n , new 
seeds were taken from the obtained c r y s t a l l i n e s o l i d f o r a second 
synthesis of TRIPA|Si]-MFI. Therefore, the quantity of seeds of 
TPA[siJ-MFI s t i l l present i n the second seeds and i n the f i n a l 
TRIPA[Si] -MFI sample was n e g l i g i b l e . The same procedure was used f o r 
the DIPAlSi]-MFI sample. The synthesis of the l a t t e r was rather 
d i f f i c u l t since the MTT-type (19) z e o l i t e KZ-1 (20) forms e a s i l y i n 
the same synthesis conditions. Only two of f i f t e e n attempts yielded 
a X-ray pure DIPA[si]-MFI sample. 

Af t e r heating, the s o l i d s were f i l t e r e d , washed with water and 
dried i n a i r at 90°C. O p t i c a l and e l e c t r o n microscopy, powder X-ray 
d i f f r a c t i o n , thermal a n a l y s i s and high r e s o l u t i o n s o l i d - s t a t e 1 3 C 
and 2 9 S i NMR spectroscopy were used to check the pu r i t y of the sam
ples. Chemical analyses were performed by using atomic absorption 
spectroscopy ( Al and Si) and i o n - s e l e c t i v e electrodes (F~ and NH 4

+) 
fo r F~. TPA+, TRIPA + and DIPA+. The propylammonium cations were 
f i r s t transformed i n t o NH4

 + by heating i n cone. H 2S0 4 (180°C, 2 
days) i n the presence of Se as a c a t a l y s t a f t e r the s o l i d s had been 
di s s o l v e d i n aqueous HF. The water content of the materials was 
determined by thermogravimetry. The chemical formula per unit c e l l 
of the as-synthesized and of the c a l c i n e d samples i s given i n Table 
II. 

Table II. Chemical formula per unit c e l l 

TPAJ^Si] -MFI 

dehydrated 

S i 9 6 °192 

The organic-free [si]-MFI and H[Si,Al]-MFI samples were o b t a i 
ned by c a l c i n a t i o n of the as-synthesized samples performed i n a i r at 
550°C. The H[si,Al]-MFI sample was hydrated at room temperature i n a 
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H a t e r vapor atmosphere ( P / P Q = 0.80). The three other c a l c i n e d sam
ples are hydrophobic. 

The water of hydratation of the t r i - and dipropylammonium ca
t i o n s occluded i n the as-synthesized TRI PA [sij-MFI and DIPA[Si]-MFI 
samples can be removed i r r e v e r s i b l y . For instance, the heating of 
the TRIPAÎjSi]-MFI sample i n argon at 240°C leads to the dehydrated 
TRIPA[Si] -MFl" sample. 

CALORIMETRIC MEASUREMENTS Sol u t i o n calorimetry was performed at 
298. 2±0.1 Κ by using a C-80 d i f f e r e n t i a l f l u x calorimeter manufac
tured by Setaram. The energy equivalent of the c a l o r i m e t r i c s i g n a l 
was determined by e l e c t r i c c a l i b r a t i o n . The r e l i a b i l i t y of the 
equipment was checked by the d i s s o l u t i o n of t r i s - ( hydroxymethyl) 
aminomethane (THAM). Agreement within 0.4% with the published value 
of +17.75 kJ. mol" 1 ( 21 ) was obtained. 

Both c e l l s ( Figure 1), f o r sample and reference, made of Kel-F, 
were designed and manufactured i n our laboratory (22). They c o n s i s t 
of a body (a) ( i n n e r diameter : 17 mm) f i t t e d i n t o the lower part 
with a trough ( b) and i n the upper part with a plug ( c). The whole 
i s held together by two brass rings (d,e) which are screwed i n t o the 
body. The tightness i s ensured by two Viton 0-rings ( f ) . The volume 
a v a i l a b l e to HF i s about 6 ml. 

For the determination of the enthalpies of d i s s o l u t i o n of so
l i d s i n HF, a 5. 5 ml a l i q u o t of 25% HF was placed i n the sample c e l l 
and the a c i d was covered with a t h i n l a y e r ( h) of p a r a f f i n o i l ( Pro-
labo, Rectapur) which i s i n e r t to HF. The Kel-F capsule ( g) con
t a i n i n g the s o l i d was placed on the o i l layer. S u f f i c i e n t buoyancy 
was ensured by the l a t t e r ; any attack of the sample powder by HF 
vapor or by the s o l u t i o n was thus avoided. The reference c e l l con
tained the same volume of HF than the sample c e l l . 

The heat of s o l u t i o n of t r i propylamine and of dipropylamine i n 
HF was determined by using the same c e l l with some s l i g h t modifica
tions. Instead of using the sample capsule, the amine was introduced 
i n the empty lower trough which was then closed with a Teflon sphe
re. Afterwards, the HF was poured i n t o the volume above the sphere. 
A t h i n V o l t a l e f grease l a y e r on the sphere ensured a t i g h t seal. 

The heat of r e a c t i o n between tripropylamine and propyl bromide 
was determined by using the standard commercial s t a i n l e s s s t e e l 
c e l l s from Setaram. 

In a l l types of measurements, complete mixing of the reactants 
was ensured by continuous tumbling of the calorimeter block. 

RESULTS AND DISCUSSION 

According to chemical a n a l y s i s (Table II) and CP 1 3 C MAS NMR spec
troscopy, i t can be concluded that the three propylammonium cations 
are occluded as ion p a i r s with F~ i n the channels of the s t r u c t u r e 
of the TPA[Si]-MFI, TRIPA[Si] -MFI and DIPA j"sij-MFI samples. In the 
case of the two l a t t e r samples, the organic cations are hydrated 
(Table I I ) ; i t w i l l be seen l a t e r that the water molecules c o n t r i b u 
te s i g n i f i c a n t l y to the formation enthalpy of both materials. Also, 
CP 1 3 C MAS NMR spectroscopy shows f o r the DIPA Si -MFI sample a 
small amount of TRIPA + beside the DIPA + cations (molar TRIPA +/DIPA + 
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16. PATARIN ET AL. Propyhmmonium Species 225 

Figure 1. Sample c e l l : a, body; b, trough; c, plug; d, e: brass 
rings; f, O-rings; g, capsule; h, p a r a f f i n o i l l a y e r (22). 
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226 ZEOLITE SYNTHESIS 

~ 0.10); d i s p r o p o r t i o n a t i o n of DIPA + could have occured under the 
synthesis conditions (23). 

Thermochemical c y c l e s (Figure 2) i n v o l v i n g the formation of 
compounds (α-quartz, g i b b s i t e , amines, tetrapropylammonium bromide, 
e t c . ) , the d i s s o l u t i o n of these compounds and of the MFI-type sam
ples i n 25% HF, and the d i l u t i o n of aqueous HF allow the c a l c u l a t i o n 
of the standard enthalpy of formation of the samples. 

As an example, i n Table III are given the reactions and the 
corresponding enthalpies used f o r the d e r i v a t i o n of the standard 
formation enthalpy of the TRIPA[Si]-MFI sample. 

Table III : Thermochemical scheme f o r the d e r i v a t i o n of the 
standard enthalpy of formation of the TRIPAfjSi]-MFI sample 

REACTIONS AH°(kJ) Ref 

(1) 96Si(s) + 96 0 2(g) — > 96Si0 2a-quartz -874501136 24 

(2) 96cc-Si0 2 + 19453. 5HF · 64810. 0H2O — > A -1 3016. 6±1 7. 3 8 

(3) Β — > C + 19449. 5HF · 64802. 0H2O +1 3623. 7±93. 2 22 

(4) 2H 2(g) + 2F 2(g) — > 4HF( I) - 1214.2H.0 25 

(5) 4HFU) + 13. 3H 2OU) — > 4HF · 13.3H20 - 70. 60±0. 02 25 

(6) 2N 2(g) + 36C(s) + 42H2( g) — > 4( C3H7) 3NU) - 828.6 ±4.0 26 

(7) 4 ( C 3 H 7 ) 3 N U ) + A — > Β - 244.7 ±4.5 22 

( 8) 19449. 5HF»64796. 7H 20+4HF»13. 3H 20 —>1 9453.5HF 
•64810.0H20 0 22 

( 9) 19449.5HF»64802.0H 2O — > 19449.5HF«64796.7H 20 =0 25 
+5. 3H 20 (£) 

( 10) 40 2(g) + 8H 2(g) — > 8H 20(A) -2286. 6±0. 3 27 

Δ ΓH°( TRIPA[Si] -MFI) = ΔΗ° 9+ΔΗ° 1 0 + ΔΗ° 4 + ΔΗ° 5 + ΔΗ° 8 + ΔΗ° 1 +ΔΗ° 6 + ΔΗ° 2 + 

ΔΗ°7+ΔΗ°3 = -91487.6 ± 165.8 kJ. mol" 1 

A = 96H 2SiF 6 18877.5HF 65002.0H2O 
Β = 4£(C 3H7) 3NH+J(aq)-»-4F"~(aq)+96H 2SiF 6»18873. 5HF»65002. 0H 20 
C = [ ( C 3 H 7 ) 3 N H ] 4 S i 9 6 0 1 9 2 F 4 ( H 2 0 ) 8 
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16. PATARIN ET AL. Propylammonium Species i n 

Elements A fH°(Z) 
• 

( S i , 0 2, H2, C, F 2, N2,. . . ) 

Σ A F H°( compounds) 

quartz, amino compounds, gi b b s i t e , . . . 

Σ Δ 3 Ο 1 Η ° ( c o m p o u n d s ) 

As-synthesized or 

c a l c i n e d sample ( Z) 

A s o l . H°< z> 

H 2 s i F 6 ( aq) +A1F 6
3" ( a q ) +propylammonium( a q ) +F~( a q ) . 

Δ Γ Η ° ( Ζ ) = Σ Δ Γ Η Ο (Ο Ο Π Φ . ) + Σ A G O L Η ° ( comp. ) - Δ
δ ο 1 . Η ° ( ζ ) 

Figure 2. Thermochemical c y c l e considered f o r the d e r i v a t i o n of 
the standard formation enthalpy of the MFI-type samples ( Z).  P
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228 ZEOLITE SYNTHESIS 

The standard formation enthalpy of many compounds (H 20(£ ), 
(C 3H7)3N ( , etc.) taking part i n the c y c l e s are taken from the 
l i t e r a t u r e . The standard enthalpy of formation of TPABr ( t a k i n g 
part i n the c y c l e s r e l a t i v e to the TPAJjSi]-MFI and TPA[si, Al] -MFI 
samples i s not a v a i l a b l e ; therefore, i t had to be determined. F o l l o 
wing the synthesis of tetraalkylammonium bromides and iodides (28), 
the r e a c t i o n of formation of TPABr Has c a r r i e d out i n butanone on 
s t a r t i n g with tripropylamine and propyl bromide. The other reactions 
that were considered are the d i s s o l u t i o n of TPABr, ( ( ^ 7 ) 3 ^ and 
C 3H.7Br i n butanone. The value obtained f o r A f H°( TPA Br) i s -322. 9± 
1.0 kJ. mol" 1. 

STANDARD SOLUTION ENTHALPY The measured standard s o l u t i o n enthalpy 
of α-quartz and of the as-synthesized and the c a l c i n e d MFI-type sam
ples are as follows : 

Sample 

α-quartz 

TPA[si] -MFI 

TRIPAJjSi] -MFI 

TRIPA[si] -MFI, dehydrated 

DIPA[Si] -MFI 

TPAJjSi, Al] -MFI 

H[Si, Al] -MFI 

[Si] -MFI 

Asol.H° (kJ) 
( per 96 T0 2, T=Alv Si) 

-13245. 1±48. 0 

-12653. 0±89. 0 

-13623. 7±93. 2 

-1 3527. 5±91.2 

-13688. 6±25. 9 

-12628. 8±26. 8 

-13054. 8±29. 5 

-1 3250. 8±86. 5 

The standard d e v i a t i o n of the mean i s expressed by 
(Tj= VS( χ^-χ) 2/n( n-1 ), nhere Σ(χ^-χ) 2 i s the sum of the squares of 

the d e v i a t i o n s from the mean value χ and η the number of measure
ments ( 30). 

The s o l u t i o n enthalpy of α-quartz found here ( A S o l . H ° = "137.97 
±0.52 kJ. mol" 1Si0 2) i s s l i g h t l y l a r g e r than the value published by 
Johnson et a l . ( 8) (-135.59±0.18 kJ. mol" 1). For our f u r t h e r c a l c u 
l a t i o n s we have chosen t h i s published value since our quartz sample 
contained traces of c r i s t o b a l i t e . 

There i s a s 4% d i f f e r e n c e betneen our value of the s o l u t i o n 
enthalpy of the highly s i l i c e o u s c a l c i n e d [ s i ] -MFI sample and the 
value published r e c e n t l y by Johnson et a l . ( 29) f o r the d i s s o l u t i o n 
i n 24. 456 HF of a sample of s i l i c a l i t e I prepared i n a l k a l i n e medium 
i n the absence of f l u o r i d e (-144.93±0.18 k J / S i 0 2 f o r a Si0 2/HF r a t i o 
equivalent to the r a t i o used here). Such a d i f f e r e n c e could be 
r e l a t e d to the nature of the samples and to morphology di f f e r e n c e s . 
Our c a l c i n e d sample contained traces of f l u o r i n e nhereas the s i l i c a -
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16. PATARIN ET AL. Propylammonium Species 229 

l i t e I sample studied by Johnson et al.(29) was prepared i n a l k a l i n e 
medium i n the presence of TPAOH, which may have contained the usual 
KOH impurity. Such an a l k a l i n e compound, which s t i l l may be present 
i n the c a l c i n e d s o l i d could lead to an increase i n the s o l u t i o n 
heat. The c r y s t a l s i z e of our sample (80x40x20 gm3) Has much l a r g e r 
than the s i z e (4um) of the sample studied by Johnson et a l ( 29). 

STANDARD ENTHALPY of FORMATION The standard enthalpies of forma
t i o n of the as-synthesized and the c a l c i n e d samples are as f o l l o n s : 

Sample H° ( kJ per 9 6 T O 2 ) 

TPA[si]-MFI -89925. 0±163. 5 

TRIPA[Si] -MFI -91487. 6±165. 8 

TRIPA[Si] -MFI -89297. 2±164. 7 

DIPA[Si] -MFI -91 308. 3±1 39. 5 

TPA[Si, Al]-MFI -89317. 0±136. 0 

H[Si, Al]-MFI -95976. 2±138. 4 

[Si] -MFI -87216. 6±1 62. 1 

The uncertainty i c t ) of Δ^Η° given above i s equal to the square 
root of the sum of the squares of the standard deviations of the 
means f o r the i n d i v i d u a l reactions taking part i n the thermochemical 
c y c l e considered \/Σ σ 2 χ ^ ( 30). 

The enthalpy term can be considered here as g i v i n g a d i r e c t 
measure of the l a t t i c e energy. Comparison of the A fH° values ac
counts f o r the v a r i a t i o n s of l a t t i c e energy and hence f o r the s t a b i 
l i t y of the s t r u c t u r e of the samples. 

The as-synthesized TPAjjSi] -MFI sample appears to be s l i g h t l y 
more stable than the aluminium-containing TPA[si, Al]-MFI sample. This 
r e s u l t i s i n agreement n i t h the semi-empirical c a l c u l a t i o n s of Ooms 
et a l . ( 12) nhich shon that i n the absence of nater, the aluminium-
r i c h samples are l e s s s t a b l e than the purely s i l i c e o u s ones. Honever 
the observed d i f f e r e n c e betneen the A fH° values i s small because 
the aluminium content of the TPAJj3i, Al] -MFI sample i s not very high 
( S i / A l = 31). 

On the other hand, i n agreement n i t h the nork of Barrer ( 31 ), 
i t i s found f o r the c a l c i n e d samples that the H[si,Al]-MFI sample i s 
more stable than the highly s i l i c e o u s [si] -MFI one; the hydration of 
the compensating cations increases the s t a b i l i t y of the structure. 
The AfH°= -908.5±1.7 kJ. mol""1 S i 0 2 f o r the [Si]-MFI sample i s s l i g h 
t l y l a r g e r (absolute value) than the value determined f o r s i l i c a l i t e 
I by Johnson et a l . ( 29) by fluorine-combustion calorimetry (-905.20 
±0.84 kJ. mol" 1 S i 0 2 ) . V i e i l l a r d ( 14) has published a smaller value 
(-900.45±0.28 kJ. mol" 1 S i 0 2 ) nhich Has not determined c a l o r i m e t r i -

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

01
6

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



230 ZEOLITE SYNTHESIS 

c a l l y but semi-empirically by using c o r r e l a t i o n s between ther
modynamic da t a ^ a n d s t r u c t u r a l properties such as mean Si-0 bond 
length, mean SiOSi angle and the p o l a r i z a b i l i t y of S i and 0. 

The magnitude of AfH° f o r the as-synthesized DIPA[Si]-MFI and 
TRIPA [Si]-MFI samples i s l a r g e r than f o r the TPAfsi]-MFI sample; 
t h i s observation i s unexpected. In f a c t AfH° takes i n t o account the 
enthalpy of formation of the water occluded i n the DIPA[si]-MFI and 
TRIPA [Si]-MFI samples. The AfH° of both dehydrated samples are 
s l i g h t l y d i f f e r e n t , and the order of i n c r e a s i n g magnitude of AfH° i s 
then as expected: 

DIPA[si]-MFI dehydr. s TRIPA[si]-MFI dehydr. <TPA[SÎ]-MFI. 

A good estimate of the c o n t r i b u t i o n of the organic species to 
the s t a b i l i z a t i o n of the as-synthesized samples may be obtained by 
considering the f o l l o w i n g i n i t i a l and f i n a l states: 

[Si]-MFI( s) t4TPA +( aq)+4F"( aq) > TPA[si]-MFK s) 

[Si]-MFI(s>+4TRIPA+(aq)+4F"(aq)+8H 20( £) > TRIPA [Si]-MFK s) 

[Si]-MFI(s)+4.8DIPA +(aq)+4.8F~(aq)+6.5H 2OU) > DIPA Csi] -MFK s) 

By using the f o l l o w i n g standard formation enthalpies that were 
obtained from various thermochemical c y c l e s ( t h i s work): 

Af H° (TPA +(aq), F"( aq) ) = - 527.9±1.1 kJ. mol" 1 

AfH° ( TRIPA +( aq), F~( aq) ) = - 604.0±1.5 kJ. mol" 1 

AfH° (DIPA +(aq), F"( aq) ) = - 571.211.2 kJ. mol" 1 

the ΔΗ° of s t a b i l i z a t i o n are -596.8±230.3 kJ. mol" 1, +431.6±231.9 
kJ. mol" 1 and + 508. 0±21 3. 9 kJ. mol" 1 f o r the TPAJjSi] -MFI, TRIPA[si]-
MFI and DIPA[si]-MFI samples r e s p e c t i v e l y . 

I t appears that the TPA F ion pai r only contributes s i g n i f i c a n 
t l y to the s t a b i l i z a t i o n of the MFI structure. This r e s u l t agrees 
with the observed s p e c i f i c i t y of the three organic species with 
respect to the MFI-structure type. The tetrapropylammonium species 
lead to the MFI-type s t r u c t u r e alone, whereas the two other species 
lead a l s o to the s t r u c t u r e types MEL ( 32) and MTT re s p e c t i v e l y . 

CONCLUSION 

The determination of the standard enthalpy of formation of the 
as-synthesized and c a l c i n e d highly s i l i c e o u s MFI-type samples made 
i t p o s sible to estimate the i n t e r a c t i o n between the framework and 
the organic species. This i n t e r a c t i o n i s s i g n i f i c a n t i n the case of 
the TPAF species only, due presumably to t h e i r neat f i t i n t o the 
channels. For the aluminium-containing sample, the s t a b i l i z i n g e f 
f e c t of water molecules, when occluded i n the channels, was eviden
ced. 
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Chapter 17 

Effect of Gravity on Silicalite Crystallization 

David T. Hayhurst1, Peter J. Melting2, Wha Jung Kim1, 
and William Bibbey2 

1Department of Chemical Engineering, Cleveland State University, 
Cleveland, OH 44115 

2Advanced Materials Center for the Commercial Development of Space, 
Battelle Columbus Division, 505 King Avenue, Columbus, OH 43201-2693 

Silicalite was synthesized from a batch 
composition of 2.55Na20-5.OTPABr-100SiO2-2800H2O 
at 180°C and at times ranging from one to seven 
days. Autoclaves containing the synthesis mixture 
were centrifuged during reaction, providing an 
elevated gravitational force field. Tests were 
conducted at 30 and 50G and at normal gravity. 
For synthesis performed under elevated gravity, 
average and maximum crystal sizes were 
substantially greater than those measured under 
normal gravity. Average and maximum crystal 
lengths were 42 and 132µm for the 1G synthesis. 
For the elevated gravity crystallizations, two 
separate nucleations and growths were observed. 
For 50G, the first growth was rapid, producing 
135µm silicalite crystals in two days. The 
second crystallization produced larger 200µm 
crystals in five days. The maximum crystal 
sizes measured were 190 and 300µm for the two 
crystallizations. Elevated gravity was also 
found to affect product yield. At normal 
gravity, crystal yields were less than 5%. 
For elevated gravity reactions, these yields 
increased to over 55% based on total si l ica in 
the ini t ia l reaction mixture. A discussion of 
how elevated gravity affects nucleation, growth, 
yield and crystal size of silicalite is presented. 

The synthesis of large z e o l i t e c r y s t a l s has received much a t t e n t i o n 
i n both the open and patent l i t e r a t u r e . The f i r s t report on the 
growth of large c r y s t a l s of types A, Ρ and X z e o l i t e s was by C i r i c 
i n 1967(1). Recent reports have focused on the p e n t a s i l z e o l i t e s , 
i n p a r t i c u l a r ZSM-5 and s i l i c a l i t e (2-20). The l a r g e s t 
Z S M - 5 / s i l i c a l i t e c r y s t a l s are reported to range up to 420 um i n 
length (Γ7,19). In each report, i n v e s t i g a t o r s have v a r i e d and 
optimized the chemistry of the r e a c t i n g mixture i n order to 

0097-6156/89/0398-0233$06.00/0 
ο 1989 American Chemical Society 
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maximize the s i z e . The r e a c t i o n temperature and degree of 
a g i t a t i o n have a l s o been considered as r e a c t i o n v a r i a b l e s . 

The e f f e c t of g r a v i t y on c r y s t a l growth has r e c e n t l y come 
under study, p a r t i c u l a r l y i n the micro- or z e r o - g r a v i t y regime. 
Zet t e r l u n d and Fredriksson (22) studied the growth of indium 
antimonide from i t s melt under microgravity conditions and 
formulated mathematical expressions form the e f f e c t s of g r a v i t y on 
f r e e l y growing c r y s t a l s . Rodot et a l . (23) have studied the 
e f f e c t s of g r a v i t a t i o n a l f o r c e s up to 5G on c r y s t a l s grown from 
t h e i r own melt (Bridgeman Method) and concluded that the q u a l i t y of 
the c r y s t a l s was s i m i l a r to those grown i n space. Studies on the 
e f f e c t of g r a v i t y on c r y s t a l s grown by techniques other than from a 
c r y s t a l melt are more l i m i t e d . Sand et a l . (24) have postulated 
that the synthesis of z e o l i t e s i n microgravity would r e s u l t i n the 
formation of l a r g e r c r y s t a l s as p a r t i c l e s e t t l i n g and thermal 
convective currents would be avoided. Z e o l i t e n u c l e i should remain 
suspended i n s o l u t i o n , growth would continue i n the n u t r i e n t - r i c h 
mother-liquor and l a r g e r c r y s t a l s would form. Although 
microgravity experiments have not been performed, 
c r y s t a l l i z a t i o n s conducted i n viscous s o l u t i o n s support t h i s 
hypothesis (24). 

As with micro-gravity, reports on the e f f e c t s of elevated 
g r a v i t y on z e o l i t e c r y s t a l growth are absent from the l i t e r a t u r e . 
The a p p l i c a t i o n of high g r a v i t y during c r y s t a l growth s t r a t i f i e s 
the s o l i d and l i q u i d reactants. Nucleation and c r y s t a l growth 
occurs at the s o l i d - l i q u i d i n t e r f a c e i n contrast to a homogeneous 
g e l as i s p o s t u l a t e d f o r microgravity. In t h i s research the 
e f f e c t of applying an e x t e r n a l g r a v i t a t i o n a l force during 
synthesis was studied. The high g r a v i t y was achieved by 
c e n t r i f u g i n g the r e a c t i o n v e s s e l s during synthesis. Reactions were 
c a r r i e d out using a c e n t r i f u g e placed i n an oven. The e f f e c t s of 
elevated g r a v i t y on growth r a t e , c r y s t a l s i z e , y i e l d and morphology 
are presented. 
EXPERIMENTAL 
Synthesis 
The reactants used i n t h i s study were a c o l l o i d i a l s i l i c a , Ludox 
AS-40 (Dupont), reagent-grade tetrapropylammonium bromide ( A l d r i c h 
Chemical Co.) and a 50wt% sodium hydroxide s o l u t i o n (Mallinckrodt 
Inc.) . The r e a c t i o n mixture had the oxide formula, 
2.55Na 20-5.0TPABr-100Si0 2-2800H 20. The mole r a t i o s of the 
reactants are l i s t e d i n Table 1. The synthesis batch was prepared 
using the f o l l o w i n g procedure. The c o l l o d i a l s i l i c a was weighed 
i n t o a tared p l a s t i c beaker. To t h i s , weighed amounts of water, 
sodium hydroxide s o l u t i o n and tetrapropylammonium bromide were 
added. The mixture was a g i t a t e d u n t i l a uniform g e l was obtained. 
Reactants were then r a p i d l y t r a n s f e r r e d i n t o 15-ml t e f l o n - l i n e d 
Morey-type autoclaves. The v e s s e l s were sealed, weighed and placed 
i n t o an eight p o s i t i o n c e n t r i f u g e contained within a preheated 
forced convection oven set at 180°C. Weighed vessel s were 
c a r e f u l l y placed to achieve the best p o s s i b l e balance of the 
c e n t r i f u g e . 
Procedure 
The c e n t r i f u g e was f a b r i c a t e d using an e i g h t p o s i t i o n sample 
bracket mounted wit h i n a forced-convection oven. I n d i v i d u a l sample 
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Table 1. Molar Ratios of Reacting Species 

Species Ratio 

S i V A 1 2 ° 3 * 00 

H 2 0 / S i 0 2 

OH"/SiO 
+ z 

Na /SiO 
+ z 

TPA / S i 0 2 

28.0 
0.051 
0.051 

0.050 

*Alumina was not added to the r e a c t i o n mixture although some 
aluminum may be present as a trace impurity i n the reagents. 

mounts were machined to support the 15-ml autoclaves. 
The c e n t r i f u g e was rot a t e d at a pre-determined speed using a high-
torque L i g h t n i n g Mixer motor mounted outside the oven using 
graphite bearings. R o t a t i o n a l speed was maintained with a 
Reliance E l e c t r i c v a r i a b l e speed c o n t r o l l e r . G r a v i t a t i o n a l 
forces i n excess of 100G were obtainable using t h i s c e n t r i f u g e , 
although the p r e f e r r e d operating range was 10 to 50G. 

The c e n t r i f u g e was rot a t e d at predetermined speeds y i e l d i n g 
d i f f e r e n t g r a v i t a t i o n a l f o r c e s . A set speed was maintained 
throughout the experiment. At d a i l y i n t e r v a l s , the c e n t r i f u g e 
was stopped, and a v e s s e l was removed from the oven. The v e s s e l 
was replaced with a v e s s e l of s i m i l a r weight (loaded with water), 
then the c r y s t a l l i z a t i o n was continued. 

The product v e s s e l was quenched to room temperature using 
c o l d tap water. The autoclaves were immediately opened, and the 
pH of the mother l i q u o r was measured. The s o l i d products were 
placed i n a Buchner funnel, washed a minimum of three times with 
100ml of d i s t i l l e d water, and d r i e d overnight at 110°C. 

Product y i e l d was measured f o r a l l runs. The y i e l d was 
determined by emptying the e n t i r e contents of the autoclave i n t o 
a pyrex beaker. Sodium hydroxide s o l u t i o n (100ml, 0.1N) was 
added to the beaker, and the s l u r r y was heated to b o i l i n g (100°C) 
f o r one hour to completely d i s s o l v e the amorphous s o l i d s . The 
remaining p u r i f i e d s i l i c a l i t e c r y s t a l s were d r i e d at 110°C. The 
weight of s i l i c a i n i t i a l l y charged to the autoclave was 
c a l c u l a t e d from the i n i t i a l c o l l o i d a l s i l i c a . The r a t i o of the 
f i n a l weight of p u r i f i e d s i l i c a l i t e c r y s t a l s to the i n i t i a l 
weight of s i l i c a charged to the autoclave gives the product y i e l d . 
A n a l y s i s 
Phase i d e n t i f i c a t i o n of the product c r y s t a l s was performed by 
powder x-ray d i f f r a c t i o n , using C u K

a l r a d i a t i o n . The instrument 
was a P h i l i p s Model PW1730/10 x-ray generator equipped with a PW 
1050/70 v e r t i c a l goniometer. Diffractograms were measured f o r the 
as-synthesized product; that i s , c r y s t a l s plus g e l . C r y s t a l s i z e 
and morphology were determined by scanning e l e c t r o n and o p t i c a l 
microscopy. The e l e c t r o n microscope was an AMRay Model 1200B 
microscope equipped with a KEVEX Model 7000 Energy x-ray d i s p e r s i o n 
analyzer f o r q u a l i t a t i v e chemical a n a l y s i s . 
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The p a r t i c l e s i z e d i s t r i b u t i o n of the s i l i c a l i t e c r y s t a l s 
was determined using o p t i c a l microscopy. To analyze s i z e , the 
as-synthesized samples ( c r y s t a l s plus gel) were dispersed onto 
g l a s s s l i d e s from an a l c o h o l suspension and then examined under an 
o p t i c a l microscope using p o l a r i z e d l i g h t . P o l a r i z e d l i g h t a s s i s t s 
i n the separation of unreacted g e l and c r y s t a l s i n the image. The 
image was then acquired by a t e l e v i s i o n camera connected to a Traco 
Northern 8502 Image a n a l y s i s system. The image was analyzed using 
the Tracor Northern software by f i r s t converting the image to a 
bi n a r y (black-white) image, and then the software analyzes each 
p a r t i c l e i n the f i e l d . Before i n i t i a t i n g a t e s t , the system was 
c a l i b r a t e d by viewing standard p a r t i c l e s . Because of ambiguities 
introduced by the use of p o l a r i z e d l i g h t , i t was necessary to 
manually o u t l i n e many of the p a r t i c l e s using a mouse. This allows 
f o r the removal of spurious p a r t i c l e s , i n s u r i n g a true accounting 
of a l l c r y s t a l s . The image a n a l y s i s software uses the binary image 
to i n d i v i d u a l l y analyze each p a r t i c l e (assuming a rectangular 
geometry), thereby obtaining a length and width f o r each c r y s t a l . 
To assure that meaningful data was being c o l l e c t e d , a minimum of 
three image f i e l d s were c o l l e c t e d f o r each sample. 

RESULTS AND DISCUSSION 

The mixture used i n the study was found to produce only 
s i l i c a l i t e . C r y s t a l l i z a t i o n s were c a r r i e d out under normal g r a v i t y 
and at 30 and 50G. Sample v e s s e l s were removed from the 
oven/centrifuge assembly at one day i n t e r v a l s and t e s t e d f o r 
average c r y s t a l length, f o r the average length of the l a r g e s t 10% 
of the c r y s t a l s , f o r c r y s t a l y i e l d and f o r the pH of the mother 
l i q u o r . Results are shown i n Figures 1, 2, 4 and 5, r e s p e c t i v e l y . 
The value f o r average p a r t i c l e s i z e was determined using the 
p a r t i c l e s i z e d i s t r i b u t i o n system described e a r l i e r . Three 
r e p l i c a t e s i z e d i s t r i b u t i o n s were determined f o r each experimental 
run. Each image was found to have from twenty to f o r t y c r y s t a l s . 
An average c r y s t a l length was determined by using a l l the 
i n d i v i d u a l c r y s t a l lengths from the three r e p l i c a t e s ; that i s , 
averaging a t o t a l of 60 to 120 c r y s t a l lengths. This average 
c r y s t a l length i s p l o t t e d i n Figure 1 as a f u n c t i o n of r e a c t i o n 
time. Under normal g r a v i t y , t r a c e amounts of c r y s t a l l i z e d product, 
having an average c r y s t a l length of 93um, appeared a f t e r one day. 
This i n i t i a l growth occurred heterogeneously on the t e f l o n - l i n e d 
v e s s e l w a l l s . Few c r y s t a l s were observed to form i n the bulk g e l . 
At longer times, s i l i c a l i t e was found to c r y s t a l l i z e homogeneously 
i n the g e l . These c r y s t a l s averaged 45 to 60um i n length. I t i s 
i n t e r e s t i n g to note that at seven days l a r g e r s i l i c a l i t e c r y s t a l s 
were found to form, some exceeding lOOum i n length. These r e s u l t s 
suggest a secondary c r y s t a l l i z a t i o n forming these l a r g e r c r y s t a l s . 

The average c r y s t a l lengths determined f o r the elevated 
g r a v i t y experiments were s u b s t a n t i a l l y greater than those found 
f o r the 1G experiment. At 30 and 50G, the average c r y s t a l lengths 
were found to be 160 and 156um r e s p e c t i v e l y as determined by 
averaging the mean c r y s t a l lengths f o r r e a c t i o n times of two to 
seven days. For the high g r a v i t y runs, large c r y s t a l s formed i n 
one day. These c r y s t a l s were of comparable length to the 1G run. 
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With i n c r e a s i n g r e a c t i o n times, average c r y s t a l length increased to 
maximums of 192 and 198um f o r the 30 and 50G experiments. In both 
elevated g r a v i t y experiments there was an i n i t i a l formation of 
r e l a t i v e l y large c r y s t a l s followed two to three days l a t e r by a 
second growth of l a r g e r c r y s t a l s . These r e s u l t s suggest a 
d i s s o l u t i o n of the smaller c r y s t a l l i t e s p r o v i d i n g n u t r i e n t s f o r 
the continued growth of the l a r g e s t c r y s t a l s . 

Mean c r y s t a l s i z e s f o r the l a r g e s t 10% of the c r y s t a l s were 
c a l c u l a t e d using c r y s t a l s i z e d i s t r i b u t i o n data. Results f o r 
normal g r a v i t y and f o r the high g r a v i t y runs are p l o t t e d i n 
Figure 2. The l a r g e s t c r y s t a l s were produced at high g r a v i t y 
during the second phase of c r y s t a l growth. The average s i z e of 
the l a r g e s t 10% was 295 and 297um f o r the 30 and 50G runs. In the 
normal g r a v i t y run, some large 130um c r y s t a l s were observed forming 
i n one day; although as noted p r e v i o u s l y , these c r y s t a l s nucleated 
heterogeneously on the walls of the t e f l o n autoclave l i n e r . The 
l a r g e s t c r y s t a l s which formed homogeneously at 1G ranged from 50 to 
95um. A second growth, producing l a r g e r lOOum c r y s t a l s , was found 
to begin at seven days. Although Figures 1 and 2 qu a n t i f y the 
d i f f e r e n c e s i n average and maximum c r y s t a l lengths between normal 
and elevated g r a v i t y syntheses, the e f f e c t of g r a v i t y on c r y s t a l 
s i z e i s best demonstrated by a d i r e c t comparison. O p t i c a l 
micrographs of s i l i c a l i t e produced a f t e r f i v e days of r e a c t i o n at 1 
and 30G are shown i n Figure 3. Both micrographs were taken at 
i d e n t i c a l magnifications of 50X and c l e a r l y demonstrate the 
enhancement i n c r y s t a l s i z e caused by elevated g r a v i t y . 

In a d d i t i o n to i n c r e a s i n g c r y s t a l s i z e , the a p p l i c a t i o n of 
elevated g r a v i t y a l s o a f f e c t s c r y s t a l y i e l d . Y i e l d s were measured 
f o r the 1, 30, and 50G runs. Results are p l o t t e d i n Figure 4. For 
synthesis conducted at normal g r a v i t y , c r y s t a l y i e l d s never 
exceeded 4.3% of the i n i t i a l charge of s i l i c a . For the 30 and 
50G preparations, c r y s t a l y i e l d s of 46.7 and 55.5 were measured. 
At elevated g r a v i t y , i t was observed that c r y s t a l s formed i n a 
la y e r d i r e c t l y above a dense l a y e r of the amorphous s i l i c a g e l . 
With i n c r e a s i n g r e a c t i o n times, the c r y s t a l l a y e r thickens while 
the s i l i c a g e l la y e r diminished. At seven days, no separate 
amorphous s i l i c a l a y e r was present. The commercial s i g n i f i c a n c e of 
enhanced product y i e l d using elevated g r a v i t y i s obvious. 

The pH of mother l i q u o r was measured f o r a l l three 
experimental runs. These data are p l o t t e d on Figure 5. The 
a l k a l i n i t y of the r e a c t i n g s o l u t i o n was found to d e c l i n e with 
time. The pH of the i n i t i a l mixture was 11.85 d e c l i n i n g to l e s s 
than 10.00 upon completion of the c r y s t a l l i z a t i o n . The changes i n 
pH with time were found to e x h i b i t minima. For a l l three cases, 
the lowest pH values were measured f o r the r e a c t i o n times which 
produced the l a r g e s t c r y s t a l s . Under normal g r a v i t y , minimum pH 
values were noted at one and seven days. These times correspond to 
the formation of the two maximum c r y s t a l s i z e s . S i m i l a r trends are 
observed f o r the elevated g r a v i t y synthesis. 

Based on the c r y s t a l s i z e , y i e l d and pH data, i t i s p o s s i b l e 
to p o s t u l a t e a model f o r s i l i c a l i t e c r y s t a l l i z a t i o n i n a high 
g r a v i t y environment. The primary e f f e c t of applying high g r a v i t y 
during the c r y s t a l l i z a t i o n i s to segregate the c o l l o d i a l s i l i c a 
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Figure 1. Average crystal size of the 1, 30 and 50G synthesis. 
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Figure 2. Average size of largest 10% of crystals synthesized 
at 1, 30 and 50G. 
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1G 30G 

Figure 3. O p t i c a l micrograph of c r y s t a l s produced a f t e r 5 days 
of r e a c t i o n at 1 and 30G (magnification 50x). 

i g 

20 \-

Figure 4. Y i e l d of c r y s t a l s synthesized at 1, 30 and 50G. 
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from the l i q u i d phase which contains both the template and the 
a l k a l i . This separation of the s o l i d and l i q u i d phases requires 
that d i s s o l u t i o n , n u c l e a t i o n and c r y s t a l l i z a t i o n occur only at the 
i n t e r f a c e between the d e n s i f i e d s o l i d s i l i c a and the a l k a l i 
s o l u t i o n . This l i m i t e d i n t e r f a c e reduces the number of c r i t i c a l -
s i z e d n u c l e i which form. As c r y s t a l growth occurs at a l i m i t e d 
number of s i t e s , l a r g e r c r y s t a l s are produced. In t h i s type of 
c r y s t a l l i z a t i o n , true s o l u t i o n phase c r y s t a l l i z a t i o n i s expected 
to predominate. As noted p r e v i o u s l y , c r y s t a l s were found to form 
a l a y e r d i r e c t l y above the d e n s i f i e d s i l i c a l a y e r i n a l l elevated 
g r a v i t y r e a c t i o n s . With increased r e a c t i o n time the c r y s t a l l a y e r 
increases i n thickness while the s i l i c a g e l la y e r diminishes. The 
reasons f o r a second c r y s t a l l i z a t i o n , and increased product y i e l d , 
are l e s s obvious and require f u r t h e r i n v e s t i g a t i o n . 

CONCLUSIONS 

Results reported i n t h i s study demonstrate that the a p p l i c a t i o n 
of an exte r n a l g r a v i t a t i o n a l f o r c e during synthesis profoundly 
a f f e c t s the c r y s t a l s i z e and product y i e l d of s i l i c a l i t e . 
C r y s t a l s grown under high g r a v i t y are s u b s t a n t i a l l y l a r g e r than 
those formed under normal g r a v i t y . Correspondingly, product 
y i e l d i s enhanced with elevated g r a v i t y . Although the scope of 
t h i s report i s l i m i t e d , the changes i n s i l i c a l i t e c r y s t a l l i z a t o n 
due to elevated g r a v i t y appear to r e s u l t from the separation of the 
l i q u i d and s o l i d s i l i c a phases; suggesting that s o l u t i o n phase 
c r y s t a l l i z a t i o n may predominate. The commercial i m p l i c a t i o n s of 
these r e s u l t s to z e o l i t e producers are equ a l l y s i g n i f i c a n t . 
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Chapter 18 

Crystallization of Pentasil Zeolite 
in the Absence of Organic Templates 

Feng-Yuen Dai1, Minoru Suzuki, Hiroshi Takahashi†, and Yasukazu Saito 

Institute of Industrial Science, University of Tokyo, 7-22-1 Roppongi, 
Minato-ku, Tokyo 106, Japan 

As-synthesized Na-ZSM-5, which possesses an isostructure 
with TPA-ZSM-5, exhibits a hexagonal-lath-shaped 
morphology. Liquid phase S i O 2 / A l 2 O 3 ra t io i s important 
in contro l l ing the formation of Na-ZSM-5 and mordenite, 
and the silica source influences the l i q u i d phase 
composition. High y i e l d of Na-ZSM-5 i s obtained only 
when a small-sized silica sol is employed. A l inear 
re lat ionship between Na/Al s tart ing atomic ra t io and the 
nucleation rate indicates that charge neutral izat ion of 
SBU i s required for zeo l i t e c r y s t a l l i z a t i o n . 

As ZSM-5 z e o l i t e p o s s e s s e s e x c e l l e n t c a t a l y t i c p r o p e r t i e s , s y n t h e s i s 
o f t h i s m a t e r i a l w i t h o u t o r g a n i c t e m p l a t e s would be e c o n o m i c a l l y 
i m p o r t a n t f r o m t h e i n d u s t r i a l s t a n d p o i n t . ZSM-5 c r y s t a l s can be 
s y n t h e s i z e d w i t h o u t u s i n g e x p e n s i v e and t o x i c o r g a n i c t e m p l a t e s ( 1 ^ 
4 ) . S i n c e t h e raw m a t e r i a l s and h y d r o t h e r m a l s y n t h e s i s c o n d i t i o n s 
used by s e v e r a l workers a r e q u i t e d i f f e r e n t , t h e i r s t a r t i n g composi
t i o n s f o r o r g a n i c - f r e e Na-ZSM-5 s y n t h e s i s a r e not t h e same. I t i s 
w e l l known t h a t t h e s i l i c a s o u r c e has a c o n s i d e r a b l e i n f l u e n c e on t h e 
k i n d o f z e o l i t i c p r o d u c t s ( 5 ) , however, r e a s o n f o r t h i s i s not c l e a r . 
I n o r d e r t o seek optimum c o n d i t i o n s f o r Na-ZSM-5 f o r m a t i o n i n t h e 
absence o f o r g a n i c t e m p l a t e , t h e e f f e c t s o f b o t h s t a r t i n g c o m p o s i t i o n 
and s i l i c a s o u r c e were examined. Some q u e s t i o n s r e g a r d i n g t h e as-
s y n t h e s i z e d Na-ZSM-5 c h a r a c t e r i z a t i o n were a l s o d i s c u s s e d . 

E x p e r i m e n t a l 
Z e o l i t e C r y s t a l l i z a t i o n . The raw m a t e r i a l s used i n t h e s t u d y were: 
1) sodium a l u m i n a t e (AI2O3 51.51 wtX, Na2U 40.24 wtX), sodium 
h y d r o x i d e (10 wtX NaOH aqueous s o l u t i o n ) , and c o l l o i d a l s i l i c a s o l s , 
2) aluminum s u l f a t e , water g l a s s (S1O2 24.3 wtX, Na2Û 8.12 wtX, and 
AI9O3 0.023 wt7.) and 0.1 Ν s u l f u r i c a c i d . F o r t h e s i l i c a s o l , b o t h 
S-20 L ( w i t h p a r t i c l e s i z e o f 10-20 nm; S i 0 2 20.3 wt 7., Na 20 0.04 
1Current address: Department of Chemical Engineering, Worcester Polytechnic Institute, 
Worcester, MA 01609 
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18. DAI ET Crystallization of Pentasil Zeolite 245 

wtX, A 1 2 0 3 0.024 wtX) and SI-80 Ρ (70-90 nm; S i 0 2 40.8 wtX, Na 20 0.43 wtX, AI2O3 0.030 wtX), obtained from C a t a l y s t s fe Chemical Industry, 
Ltd., were used. 

The amounts of S i 0 2 (0.287 mol) and H 20 (13.15 mol) were kept 
constant i n hydrogels, while those of sodium hydroxide and sodium 
aluminate were v a r i e d a p p r o p r i a t e l y . For example, t o adjust a 
composition of 9.33 NaoO-1.0 A l 2 0 3 - 7 0 Si0 2-3213 H 20, which i s 
t y p i c a l l y one f o r ZSM-5 synthesis (6), a s t a r t i n g g e l was prepared by 
adding sodium aluminate (0.7708 g ) , 10 wtX NaOH (26.05 g) and H 20 (76.49 g} s o l u t i o n g r a d u a l l y i n t o an aqueous s o l u t i o n of S-20 L 
(85.10 g) and H 20 (68.86 g ) , then s t i r r e d f o r 1 h at room tempera
tu r e . Z e o l i t e c r y s t a l l i z a t i o n was c a r r i e d out i n a 400 ml T e f l o n 
v e s s e l i n s i d e an autoclave, under autogeneous pressure at 190 ± 2 °C 
without a g i t a t i o n . To avoid seed e f f e c t s , the T e f l o n v e s s e l was 
cleaned with h y d r o f l u o r i c a c i d p r i o r to each succeeding s y n t h e s i s . 
C h a r a c t e r i z a t i o n of S o l i d Product. Chemical a n a l y s i s of s o l i d 
product was c a r r i e d out by means of wet method; the SiOo component 
was d i s s o l v e d with h y d r o f l u o r i c a c i d and then evaporated, the 
contents of Na 20 and A1 2U3 were determined by flame photometry and 
atomic absorption spectrophotometry, r e s p e c t i v e l y . The content of 
SiOo was estimated by su b t r a c t i n g the value of l o s s of i g n i t i o n 
(L.O.I.) (at 1200 °C) and the contents of Na 20 and AI0O3 from i n i t i a l 
mass of s o l i d product. 

X-ray powder d i f f r a c t i o n (XRD) p r o f i l e was measured by an X-ray 
d i f f r a c t o m e t e r (Rigaku Denki, Ltd., D-9 C, equipped with a 
s c i n t i l l a t i o n counter), using Cu-Κα r a d i a t i o n with the s l i t system of 
RS = 0.15 mm and DS = SS = 1/2°; the 2Θ scan r a t e was 1/4 or 1/8 
°/min. The 29 values were adjusted by the Si(111) r e f l e c t i o n , using 
s i l i c o n powder (300 mesh) as the i n t e r n a l standard. C r y s t a l 
morphology of z e o l i t e s was observed by means of scanning e l e c t r o n 
microscopy (Akashi, L t d . , Alpha-10). 

The z e o l i t e products with the highest XRD i n t e n s i t i e s and with 
the lowest amorphous m a t e r i a l i m p u r i t i e s were used as the quan
t i t a t i v e standards f o r both Na-ZSM-5 and mordenite. The degree of 
c r y s t a l l i z a t i o n was estimated by comparing the sum of the r e s p e c t i v e 
XRD peak areas (around 2Θ = 20-30°) with those of the standard. 

To c h a r a c t e r i z e the or g a n i c - f r e e Na-ZSM-5, the f o l l o w i n g samples 
(with s i m i l a r S i 0 2 / A l 2 U 3 r a t i o s of ca. 50) were prepared (7). TPA-
ZSM-5 (Ai) was synthesized from s t a r t i n g composition of 2.0 TPA 20-1.0 A l 2 0 3 - 6 5 Si0 2-3000 HoO at 170 °C f o r 48 h with s t i r r i n g , using 
tetrapropylammonium bromide (TPABr) as the TPA source. The sample A^ 
was c a l c i n e d at 620 °C f o r 3 h to obtain an or g a n i c - f r e e z e o l i t e 
( B i ) . To obtain DEA-ZSM-5 (Α^'), z e o l i t e Bj^ was f i r s t degassed at 
150 °C f o r 1 h i n a g l a s s tube, and then excess amount of d i e t h y l -
amine (DEA) was vacuum-transferred i n t o the g l a s s tube to immerse the 
z e o l i t e Bi at 15 °C f o r 12 h. Na-ZSM-5, synthesized at 190 °C f o r 16 
h from 8.75 Na 20-1.0 AI0O3-7O Si0 2-3150 H 20 system , was converted i n t o i t s hydrogen-form (Bo) through ammonium-exchange (15 °C f o r 12 
h) and c a l c i n a t i o n (540 °C f o r 4 h), followed by loading DEA (15 °C 
f o r 12 h) to give a DEA-zeolite (Ao), and f i n a l l y by c a l c i n i n g the 
sample Ao (540 °C f o r 4 h) to y i e l d another o r g a n i c - f r e e z e o l i t e 
(Βο'). To view c l e a r l y the XRD p r o f i l e changes, the XRD region of 2Θ 
=22-25° was enlarged by using a 2Θ scan rat e of 1/8 °/min. 
^ S i NMR C h a r a c t e r i z a t i o n of S i l i c a t e Species. NMR spectra were 
measured on a JEOL GX-270 NMR spectrometer at 53.69 MHz (8); the 
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gated decoupling mode was a p p l i e d to avoid the Nuclear Overhauser 
e f f e c t (NOE). 2 y S i chemical s h i f t was r e f e r r e d to the i n t e r n a l 
standard of tetramethyl s i l a n e (TMS), which was mixed with chloroform 
i n volume r a t i o TMS/CHClq =1/3, sealed i n a 5 mm g l a s s tube and 
s e t t l e d i n t o each 10 mm T e f l o n sample tube. The pulse width and 
pulse i n t e r v a l were 10 and 6 s, r e s p e c t i v e l y . 500-800 FID decays 
were accumlated to gain s u f f i c i e n t S/N r a t i o s . 
Results and Discussions 
C h a r a c t e r i s t i c s of Na-ZSM-5. The XRD p r o f i l e s of as-synthesized, 
TPA- and Na-ZSM-5 are not ex a c t l y i d e n t i c a l (Figure 1). Around the 
main-peak region of 2Θ = 23.0-23.5°, Na-ZSM-5 z e o l i t e gives a well-
resolved p r o f i l e i n contrast with TPA-ZSM-5; such a p r o f i l e has been 
accepted as grounds f o r the ZSM-8 assignment (9). The s t r u c t u r e of 
ZSM-8 has been suggested to be an intergrowth of ZSM-5 and ZSM-11 
(10). A question a r i s e s t h e r e f o r e , whether as-synthesized Na-ZSM-5 
belongs t o TPA-ZSM-5 or s o - c a l l e d ZSM-8. When the as-synthesized 
TPA-ZSM-5 i s c a l c i n e d to decompose the organic species i n the 
skeleton, the main peaks s p l i t w e l l and resemble that of Na-ZSM-5 
(Figure 1). Decomposition and readsorption of organic species f o r 
both TPA- and Na-ZSM-5 were th e r e f o r e examined, to e l u c i d a t e the 
e f f e c t of organic species. 

As shown i n Figure 2a, only f i v e s i g n i f i c a n t peaks appeared 
around the region of 2Θ = 22.0-25.0° f o r e i t h e r TPA- or Na-ZSM-5. 
When sample A^ was converted i n t o B^, the p o s i t i o n of i t s strongest 
peak (marked as (1)) remained unchanged, whereas other peaks ((2)-
(5)) were s l i g h t l y s h i f t e d toward higher angles. On the contrary, 
i n c o r p o r a t i o n of DEA i n t o the sample B^ producing A^', induced the 
peak s h i f t s toward lower angles. The trends of the peak s h i f t s due 
to content of organics were observed a l s o f o r z e o l i t e s prepared from 
Na-ZSM-5, as can be seen i n Figure 2b, where the XRD p r o f i l e changes 
B 2 — — • B o 1 are shown. 

Since both kinds of s i l i c e o u s z e o l i t e s e x h i b i t high s t a b i l i t y 
against thermal treatment, as can be seen i n the r e v e r s i b l e changes 
of XRD p r o f i l e s from A^ to A^ 1 or from B 2 to B 2', no t o p o l o g i c a l changes i n the host skeleton occur throughout these conversion 
processes. These p r o f i l e changes can the r e f o r e be a t t r i b u t e d to 
l a t t i c e expansion induced by the guest organic amine. 

Over the XRD region of 2Θ = 5-50°, a l l the p o s i t i o n s of 
calcined-(TPA)-ZSM-5 (Bi) c o i n c i d e d well (within e r r o r of ± 0.02°) 
with those of H-ZSM-5 fBo). Furthermore, f o r both kinds of z e o l i t e s 
48.6 throughout the above treatments. This i s i n agreement with the 
previous data (11), which showed that n e i t h e r c a l c i n a t i o n nor ion 
exchange change tne orthorhombic symmetry of as-synthesized ZSM-5 
z e o l i t e s with S i 0 2 / A l 2 0 3 < 147. 

On these grounds, i t i s concluded that the as-synthesized Na-
ZSM-5 possesses an i s o s t r u c t u r e with TPA-ZSM-5 but d i f f e r s i n 
framework topology from the s o - c a l l e d ZSM-8 s t r u c t u r e . 

Hexagonal-lath-shaped c r y s t a l s (Na-ZSM-5) are always obtained 
from the o r g a n i c - f r e e system, whereas sphe r e - l i k e or crossed-discus 
(twinned) c r y s t a l s (TPA-ZSM-5) are e a s i l y formed i n the system 
conta i n i n g TPABr (Figure 3). From XRD measurements of the la t h -
shaped Na-ZSM-5, c e r t a i n peak i n t e n s i t i e s were found to be s e n s i t i v e 
to the manner of mounting the specimen onto an X-ray sample holder. 

appeared at 2Θ = 24.4, 29.2, and 
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10 20 
2Θ 

30 

F i g u r e 1. XRD p r o f i l e s of a s - s y n t h e s i z e d TPA-ZSM-5(top), 
Na-ZSM-5(bottom) and calcined-(TPA)-ZSM-5(middle). 

American Chemical Society 
Library 
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Washington, D.C. 20036 
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23 0 24.0 25.0 23.0 24.0 25.0 
2Θ 2Θ 

F i g u r e 2. E f f e c t of guest o r g a n i c amine on the XRD p r o f i l e s of 
both TPA-ZSM-5(a) and Na-ZSM-5(b). 
(Reproduced with permission from Ref. 7. Copyrig h t 1988 
B u l l . Chem. Soc. Jpn.) 

Fi g u r e 3. SEM morphologies of Na-ZSM-5 and TPA-ZSM-5. 
(Reproduced with p e r m i s s i o n from Ref. 7. Cop y r i g h t 1988 
B u l l . Chem. Soc. Jpn.) 
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With regard to the sph e r e - l i k e TPA-ZSM-5, such a phenomenon has never 
been experienced p r e v i o u s l y . Those s p e c i f i c XRD peaks, s e n s i t i v e to 
the specimen p r e s s i n g , were summarized i n Table I, together with the 
corresponding M i l l e r Indices of ZSM-5 (12). The peaks that 
diminished i n i n t e n s i t y were c l a s s i f i e d to belong t o the group of 
(Λ0Ζ) r e f l e c t i o n , whereas those i n t e n s i f i e d - to the (Okff) group. 

I t i s conceivable that the hexagonal-flat planes of c r y s t a l s are 
apt to o r i e n t p a r a l l e l to the board surface of XRD sample holder due 
to the p r e f e r r e d o r i e n t a t i o n by pressing. The peaks of d i f f r a c t i o n 
planes that are p a r a l l e l to the hexagonal f l a t planes can th e r e f o r e 
be i n t e n s i f i e d . This supports the view that the hexagonal f l a t 
planes of Na-ZSM-5 c r y s t a l belong to the (010) r e f l e c t i o n plane. 
Since those planes with (OAK)) M i l l e r Indices i n t e r s e c t perpendicu
l a r l y the V a x i s , the s t r a i g h t 10-membered-ring channels of ZSM-5 
(elongated along the 'b' ax i s (13)) are the r e f o r e deduced, to 
penetrate p e r p e n d i c u l a r l y the hexagonal f l a t planes of the Na-ZSM-5 
c r y s t a l s . 
C o r r e l a t i o n of S t a r t i n g Composition with C r y s t a l l i z a t i o n of P e n t a s i l 
Z e o l i t e s . Z e o l i t e s were synthesized at 190 °C f o r 24 h, by using the 
S-20 L s o l as the s i l i c a t e source. The s t a r t i n g compositions were 
v a r i e d s y s t e m a t i c a l l y within the molar-ratio ranges of 10.0 < S1O2/ 
A1 20 3 < 100 and 0.11 < NaoO/SiOo < 0.26, as shown i n the extended 
t r i a n g l e diagram (Figure 4). ZSM-5 (marked as · hereafter) i s 
formed p r e f e r e n t i a l l y to mordenite ( Ο ) at high S i i ^ / A ^ O q and 
Na2U/SiU2 s t a r t i n g r a t i o s . Phase transformation ZSM-5—•ΖδΜ-δ + 
mordenite —• mordenite i s induced e a s i l y by i n c r e a s i n g the Na20/SiU2 
or decreasing the S1O2/AI2O3 r a t i o s . 

Table I I summarizes the a n a y t i c a l data of ZSM-5 prducts 
synthesized i n the or g a n i c - f r e e system (at 190 °C f o r 24 h). At the 
s t a r t i n g S1O0/AI2O3 molar r a t i o of 100, ZSM-5 c r y s t a l s were 
accompanied By large q u a n t i t i e s of amorphous gçl (observed by SEM), 
and small amount of a-quartz (observed by XRD), and, th e r e f o r e , tney 
were not s u i t a b l e f o r elemental a n a l y s i s . For the s t a r t i n g SiU2/ 
AI2O3 r a t i o higher than 100, ZSM-5 phase was not obtained and only 
amorphous a l u m m o s i l i c a t e g e l and a-quartz were formed. The maximum 
S1O2/AI2O3 r a t i o of ZSM-5 c r y s t a l s obtained i n t h i s study was 49.3. 

I t i s concluded that the optimum compositions which y i e l d a high 
amount of c r y s t a l s are: SiOo/AloOo = 50-70, Na 20/Si0 2 = 0.13-0.20 f o r 
ZSM-5, and S i 0 2 / A l 2 0 3 = 20-25, Na 20/Si0o > 0.20 f o r mordenite (when 
the S-20 L s o l i s used as s i l i c a source) (6). 
S i g n i f i c a n c e of S i l i c a Source on C o n t r o l l i n g P e n t a s i l Z e o l i t e Phase 
The use of d i f f e r e n t s i l i c a sources often produces d i f f e r e n t z e o l i t i c 
products, even from the same s t a r t i n g composition (5,8). For 
instance, when compositions of SII^/A^OQ = 50 and Nao0/Si02 = 0.13 
were used, s i l i c a s o l s with small p a r t i c l e s i z e s (10-20 nm) gave pure 
ZSM-5 phase, whereas large p a r t i c l e s i z e s of s o l s (35-55 and 70-90 
nm) produced mordenite i n high extent (6). This could be 
r a t i o n a l i z e d by assuming that the z e o l i t e precusor appeared i n the 
l i q u i d phase, since the l i q u i d composition plays an important r o l e i n 
c o n t r o l l i n g the type of z e o l i t e which i s formed (14). Large-sized 
s i l i c a s o l d i s s o l v e s more d i f f i c u l t than the s i l i c a s o l with small 
p a r t i c l e s (15), and th e r e f o r e a lower S1O2/AI2O3 r a t i o of l i q u i d 
composition i s induced by the l a r g e - s i z e d p a r t i c l e s . This favors the 
formation of l o w - s i l i c a mordenite rather than ZSM-5. This point of 
view i s consis t e n t with the f a c t that formation of mordenite phase i s 
pre-determined by decreasing the s t a r t i n g S1O2/AI2O3 r a t i o . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

01
8

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



250 ZEOLITE SYNTHESIS 

Table I. E f f e c t of P r e f e r r e d - O r i e n t a t i o n on XRD of 
Na-ZSM-5 C r y s t a l 

(A k 0 2Θ ( ΐ / ι 0 ) α 

(A k 0 2Θ 
normal s e t t i n g extreme p r e s s i n g 

1 0 2 13.90 76 47 
2 0 2 15.86 69 49 
1 0 3 20.34 40 28 
3 0 3 23.91 219 156 
0 4 0 17.79 38 69 
0 5 1 23.25 436 526 
1 5 1 23.68 186 213 
0 10 0 45.46 57 73 

a) The i n t e n s i t y of (111) r e f l e c t i o n (20=9.08°) was 
used as IQ, because t n i s was the strongest peak 
i n s e n s i t i v e to the p r e f e r r e d o r i e n t a t i o n . 

25Na20 20Al203 

F i g u r e 4. Formation f i e l d s of p e n t a s i l z e o l i t e s of Na-ZSM-5 and 
mordenite i n the absence of o r g a n i c templates. 
(Reproduced with permission from Ref. 6. Copyrigh t 1986 
Kodansha L t d . , Japan) 
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Table I I . ZSM-5 C r y s t a l s Synthesized i n 
Na 20-Al203-Si02-H 20 System 

hydrogel s o l i d product 
S i 0 2 / A l 2 0 3 N a 2 0 / S i 0 2 7. ZSM-5^ S i 0 2 / A l 2 0 3 

100 0.22 50 
100 0.16 60 
100 0.13 56 
70 0.20 88 37.4 
70 0.16 97 44.3 
70 0.13 95 49.3 
50 0.20 78 33.4 
50 0.13 85 39.2 

a) Degree of c r y s t a l l i z a t i o n estimated by XRD method. 
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Figure 5 summarizes the z e o l i t e phases synthesized from water 
g l a s s , S-20 L and SI-80 Ρ s o l s i n the range of S i 0 2 / A l 2 0 3 = 8-100, at 190 °C f o r 48 h, at constant Ho0/Si0 2 (45.9) and N a 2 0 / S i 0 2 (0.13) 
r a t i o s . For the water g l a s s , Na 20/Si0o = 0.32 can not be reduced. 
In order t o reduce the pH values of hyarogels prepared from water 
g l a s s , an appropriate amount of s u l f u r i c a c i d was added. 

At the s t a r t i n g r a t i o of Si0 2/A1 2UQ = 40.0, f o r example, a pure 
mordenite phase was obtained from the SI-80 Ρ s o l , whereas the S-20 L 
gave the c o e x i s t i n g phases of ZSM-5 and mordenite. The water g l a s s 
produced ZSM-5 + mordenite + a-quartz phases. I t i s apparent that 
z e o l i t e f o r each s i l i c a source. This minimum r a t i o f o r producing 
e i t h e r ZSM-5 or mordenite increased i n the order of water g l a s s < S-
20 L < SI-80 P. S i l i c a t e components i n water g l a s s are expected to 
contr i b u t e immediately to the l i q u i d composition without a subsequent 
d i s s o l u t i o n process. Therefore, water g l a s s would increase the 
Si0o/Al 2U3 r a t i o of l i q u i d phase more r a p i d l y than the s i l i c a s o l s 
would, p r o v i d i n g thus the lowest minimum Si0 o / A l 2 0 g r a t i o among these 
s i l i c a sources. The sm a l l - s i z e d s o l (S-20 L j could produce more 
r e a d i l y a v a i l a b l e s i l i c a t e species i n the a l k a l i n e s o l u t i o n than the 
large s o l (SI-80 P), and give the lower minimum S i 0 2 / A l 2 0 3 r a t i o . 

2 y S i NMR spectra of these three kinds of s i l i c a sources, 
together with the a l k a l i n e s i l i c a t e s o l u t i o n s are shown i n Figure 6. 
The a l k a l i n e s i l i c a t e s o l u t i o n s were prepared by d i s s o l v i n g the 
s i l i c a s o l s with the sodium hydroxide aqueous s o l u t i o n s , at room 
temperature f o r 1 h, g i v i n g the f o l l o w i n g compositions: H 2 0 / S i 0 2 = 45.9 and N a 2 0 / S i 0 2 = 0.13 ( S i 0 2 = 14.33 mmol). These experimental 
con d i t i o n s were s i m i l a r to the conditions f o r preparation of the 
s t a r t i n g g e l f o r z e o l i t e s ynthesis, except f o r a d d i t i o n of 
aluminates. 

The water g l a s s gave at l e a s t f i v e d i s t i n c t ^ S i NMR peaks 
s i m i l a r to previous data (16.17). Those peaks have been assigned as 
Q u-q 4. No q u-Q 2 peaks were found i n the NMR spectra of both S-20 L 
and SI-80 Ρ s o l s , i n contrast to the water g l a s s (Figure 6a). A 
broad band which appeared around -112 ppm was a l s o assigned to the Q 4 

(18). A f t e r the s i l i c a s o l s d i s s o l v e d i n the sodium hydroxide 
aqueous s o l u t i o n f o r 1 h at room temperature, the S-20 L s o l gave 
fou r a d d i t i o n a l peaks of Q°-Q , whereas Q° and weak peaks of Q 1 and 

were generated from the SI-80 Ρ (no s i g n i f i c a n t changes of these 
spectra occurred within 3 h a f t e r the NMR measurements had been 
s t a r t e d ) . 

Because no NOE was operative at the present NMR co n d i t i o n s , the 
peak i n t e n s i t i e s should correspond to the amounts of d i s s o l v e d 
s i l i c a t e s pecies. NMR study supported the evidence that the small-
s i z e d s o l (S-20 L) gave more s i l i c a t e species than the large s o l (SI-
80 P) d i d . Also, the nature of the d i s s o l v e d s i l i c a t e species from 
d i f f e r e n t s o l s was not the same, as can be seen from Figure 6b, where 
the species from the S-20 L contain the middle group (Q 2) and 
branching group (Q^) i n l a r g e r quantity than species from the SI-80 Ρ 
(Figure 6b). T h i s could be a l s o a t t r i b u t e d to the p a r t i c l e s i z e s . 
I t has been pointed out that the appearance of the and ψ groups 
are important to the z e o l i t e c r y s t a l l i z a t i o n (19). From Figure 6, i t 
can be seen that the amount of these groups are i n c r e a s i n g i n the 
order of SI-80 Ρ < S-20 L < water g l a s s , p r o v i d i n g strong evidence to 
support the above viewpoint i n e x p l a i n i n g the r e s u l t s of Figure 5. 

s t a r t i n g r a t i o necessary t o form 
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SI-80P o c o o o ο ρ 3 m 

/ 
::οοορ'(κι s s m 

S-20L 

w a t e r 

g l a s s c o o c é o m m 

0 50 100 
S 1 O 2 / A I 2 O 3 molar r a t i o 

Ο : Amorphous MZSM-5 + α-Quartz 
Ο : Mordenite 3 : Mordenite + ZSM-5 

E l : Mordenite + ZSM-5 + a-Quartz 

F i g u r e 5. E f f e c t of s i l i c a source on z e o l i t e c r y s t a l l i z a t i o n . 
(Reproduced with permission from Ref. 8. Copy r i g h t 1988 
Chem. L e t t . ) 

F i g u r e 6. ^ y S i NMR s p e c t r a of a) water g l a s s , s i l i c a s o l s of 
d i f f e r e n t p a r t i c l e s i z e s , and b) a l k a l i n e s o l u t i o n s of those s o l s . 
(Reproduced with permission from Ref. 8. Copy r i g h t 1988 
Chem. L e t t . ) 
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Although water g l a s s contains s u f f i c i e n t amounts of ( r and Q** 
groups, i t i s not the best source f o r pure ZSM-5 c r y s t a l l i z a t i o n i n 
the absence of organic templates. We had succeeded i n the synthesis 
of pure Na-ZSM-5 c r y s t a l s i n high extent, using only the S-20 L s o l , 
whereas the contamination with mordenite was i n e v i t a b l e by using 
e i t h e r water g l a s s or the SI-80 Ρ s o l (8). The a c t i v i t y of s i l i c a t e s 
i n water g l a s s i s considered to be very nigh, t h e r e f o r e , they react 
e a s i l y with aluminates producing an a l u m i n o s i l i c a t e species with 
lower S1O2/AI2O3 r a t i o s that f a v o r the occurrence of l o w - s i l i c a 
precursors. 

I t i s suggested, t h e r e f o r e , that choosing the proper s i l i c a 
source i s e s s e n t i a l to synthesize pure ZSM-5 m the o r g a n i c - f r e e 
system. The proper s i l i c a source would be the s i l i c a s o l with small 
p a r t i c l e s i z e s such as 10-20 nm, or one that could produce s i l i c a t e 
species with appropriate amounts of and (P groups i n the a l k a l i n e 
s o l u t i o n . 
I n i t i a t i o n of Z e o l i t e C r y s t a l l i z a t i o n . An induction p e r i o d ( t j ) i s 
always observed at z e o l i t e c r y s t a l l i z a t i o n , and i s accepted to f>e the 
period necessary f o r the formation of z e o l i t e n u c l e i (20). The 
inverse value of induction period, 1/t^, i s c a l l e d the r a t e of 
n u c l e a t i o n . The c r y s t a l l i z a t i o n curves were p l o t t e d as the degree of 
c r y s t a l l i z a t i o n (estimated by the XRD method) versus synthesis time. 
The values of t j were obtained by e x t r a p o l a t i n g the time when c r y s t a l 
growth s t a r t e d . 

From the s t a r t i n g compositions that are within the range stated 
above (Figure 4), s e v e r a l values of t ^ were examined and p l o t t e d 
against the Na/Al atomic r a t i o i n s t a r t i n g composition (Figure 7). 
The value of t\ decreases as a f u n c t i o n of the Na/Al value, along 
each curve A, B, and C. The molar r a t i o s of Na2U/H2U f o r curve A, B, 
and C are 0.0029, 0.0044, and 0.0058, r e s p e c t i v e l y . The a d d i t i o n of 
NaCl without changing the a l k a l i content increases only the magnitude 
of Na/Al r a t i o to a higher value along the same l i n e . A d d i t i o n of 
NaCl to hydrogel of composition 1 and 2 r e s u l t e d i n compositions 1' 
and 2', r e s p e c t i v e l y . 

A l i n e a r r e l a t i o n s h i p was found between the r a t e of n u c l e a t i o n 
1/t^) and the Na/Al atomic r a t i o , as shown i n Figure 8. The 
ollowing f e a t u r e s are worth mentioning: 1) For constant amount of 

a l k a l i i n hydrogel, the n u c l e a t i o n r a t e of z e o l i t e increases l i n e a r l y 
with i n c r e a s i n g Na/Al atomic r a t i o of the hydrogel. 2) The slope of 
each l i n e increases with i n c r e a s i n g the a l k a l i content. 3) The 
a d d i t i o n of NaCl, which i s known as a m i n e r a l i z e r , increases the 
Na/Al value. 4) A l l s t r a i g h t l i n e s i n t e r c e p t at the o r i g i n (0,0), 
suggesting that z e o l i t e n u c l e a t i o n w i l l never s t a r t when the Na/Al 
atomic r a t i o of hydrogel i s zero. 

The p o s t u l a t e (21), that the c r y s t a l framework of z e o l i t e i s 
formed by the progressive a d d i t i o n s of secondary b u i l d i n g u n i t s (SBU) 
instead of s i n g l e (Si,Al)U4 tetrahedra, i s widely accepted. The 
s i l i c a t e species observed by 2 7 S i NMR (Figure 6) could be r e l a t e d to 
the S B l M i k e species. Assuming that an SBU c o n s i s t s of at l e a s t one 
(AIO4)" anion, i t s charge compensation with a Na + c a t i o n would be 
required. The Na/Al r a t i o could be r e a l i z e d as the encounter 
p r o b a b i l i t y between Na + c a t i o n and (AIO4)" anion, or i n terms of the 
p r o b a b i l i t y between Na + c a t i o n and SBU. The Na/Al r a t i o can be 
increased by a d d i t i o n of e i t h e r NaOH or NaCl. 
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Να / A l 
Fig u r e 8. R e l a t i o n s h i p between Na/Al s t a r t i n g atomic r a t i o and 
n u c l e a t i o n r a t e . 
(Reproduced with p e r m i s s i o n from Ref. 6. C o p y r i g h t 1986 
Kodansha L t d . , Japan) 
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As germ n u c l e i must reach a c r i t i c a l s i z e before becoming v i a b l e 
f o r spontaneous f u r t h e r growth (22), species of the ch a r g e - s t a b l i z e d 
SBU would be requi r e d t o compose tne c r i t i c a l - s i z e d germ n u c l e i . 
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Chapter 19 

Crystal Growth Regulation and Morphology 
of Zeolite Single Crystals of the MFI Type 

J. C. Jansen, C. W. R. Engelen1, and H. van Bekkum 

Department of Organic Chemistry, Delft University of Technology, 
Julianalaan 136, 2628 BL Delft, Netherlands 

Crys ta l growth phenomena in z e o l i t e MFI formation 
have been monitored. Two new s ing le c r y s t a l forms 
of z e o l i t e s of the MFI type are reported . Pyramidal 
s ing le c r y s t a l s were found to grow at the surface 
of gel spheres, the formation of which is thought 
to be induced by the decomposition of t e t r a p r o p y l 
ammonium ion during z e o l i t e synthesis and by the 
presence of t r i v a l e n t metal ions . The pyramidal 
c r y s t a l s are shown to be precursors of the 
cube-shaped ZSM-5 s ing le c r y s t a l s described 
earlier. Another morphology known for MFI-type 
s ing le c r y s t a l s , the elongated pr i smat ic habit 
i s shown to transform into a shelf-shape morphology 
when increas ing amounts of bor ic ac id are added 
to the synthesis mixture. 

S y n t h e s i s procedures t o o b t a i n l a r g e z e o l i t e c r y s t a l s are w e l l 
developed (1,2). In p a r t i c u l a r much a t t e n t i o n has been p a i d t o the 
s y n t h e s i s o f ZSM-5 c r y s t a l s (3-6). Elongated p r i s m a t i c ( F i g . l a ) and 
cubic-shaped orthorhombic ( F i g . lb) ZSM-5 c r y s t a l s o f s i z e s between 
2-50 /zm were r e p o r t e d i n the f i r s t r e c i p e s (7) i n the patent 
l i t e r a t u r e . L a t e r on, sy s t e m a t i c s t u d i e s have l e d t o e x c e l l e n t 
s y n t h e s i s p r e s c r i p t i o n s f o r the growth o f l a r g e c r y s t a l s o f the 
p r i s m a t i c (8) as well as o f the orthorhombic form ( 9 ) . The s y n t h e s i s 
parameters which are dominant i n the c r y s t a l l i z a t i o n o f pure ZSM-5 
s i n g l e c r y s t a l s , are s t i l l under study (10,11). 
1Current address: Exxon Chemical Holland BV, P.O. Box 7335, 3000 HH Rotterdam, 
Netherlands 

0097-6156/89A)398-0257$06.00/0 
ο 1989 American Chemical Society 
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258 ZEOLITE SYNTHESIS 

Figure 1. Four different single crystal forms of ZSM-5. 
(a) Elongated prismatic; (b) cubic-shaped orthorhombic. 
Continued on next page. 
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Figure 1. Continued, (c) Pyramidal shaped and (d) shelf
like shaped. 
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A f u l l understanding o f z e o l i t e growth p r i n c i p l e s i s d i f f i c u l t 
because hydrothermal c r y s t a l l i z a t i o n o f z e o l i t e s takes p l a c e i n 
heterogeneous r e a c t i o n media. Domains d i f f e r i n g i n composition and 
i n v i s c o s i t y e x i s t i n the same r e a c t i o n mixture and can g i v e r i s e t o 
d i f f e r e n t products due t o l o c a l d i f f e r e n c e s i n s u p e r s a t u r a t i o n , i n 
ion t r a n s p o r t v e l o c i t y , e t c . For t h i s reason i t i s o f t e n d i f f i c u l t 
t o c o r r e l a t e the c r y s t a l shape and type t o the s t a r t i n g s y n t h e s i s 
parameters because the c r y s t a l morphology, composition and s i z e w i l l 
r e f l e c t the l o c a l c r y s t a l growth c o n d i t i o n s . So f a r o n l y the c r y s t a l 
growth h i s t o r y o f c r y s t a l s with the elongated p r i s m a t i c form i s w e l l 
d e s c r i b e d . The o b j e c t i v e o f our s t u d i e s i s t o i d e n t i f y l o c a l c r y s t a l 
growth c o n d i t i o n s which l e a d t o d i f f e r e n t c r y s t a l forms o f ZSM-5 by 
i n f l u e n c i n g n u c l e a t i o n and growth behaviour. In t h i s paper we r e p o r t 
on two new morphologies ( F i g . l c , Id) o f s i n g l e c r y s t a l s o f the MFI 
type. Growth h i s t o r y as well as r e l a t i o n t o the morphologies 
r e p o r t e d e a r l i e r ( F i g . l a , b) w i l l be d i s c u s s e d . 
Experimental 
M a t e r i a l s . Table I l i s t s the s t a r t i n g chemicals t o g e t h e r with the 
c o n c e n t r a t i o n o f the main i n o r g a n i c i m p u r i t i e s . 

T a b l e I. Inorganic i m p u r i t y contents ( i n ppm)of source 
chemicals a p p l i e d 

Al T i Cr Fe 
S i 0 2 , A e r o s i l 200, 440 90 10 110 

Degussa * 
S i 0 2 , FO O p t i p u r , Merck < 10" 3 < 0.01 
NaOH, Merck < 5 < 5 
aq. NaOH, Suprapur, < 0.05 < 0.05 

Merck * TPA.Br, Janssen 0.2 0.18 0.004 0.2 
R e g u l a r l y used c h e m i c a l s . 

S y n t h e s i s . Two types o f s y n t h e s i s f o r m u l a t i o n s were a p p l i e d . The 
f i r s t one i s the s y n t h e s i s procedure as d e s c r i b e d by Lermer et a l . 
(9) r e s u l t i n g i n l a r g e c u b i c ZSM-5 c r y s t a l s ( F i g . l b ) with 
composition (molar r a t i o ) i n the c l e a r s t a r t i n g s o l u t i o n as f o l l o w s : 

S i 0 2 A 1 2 0 3 Na 20 TPA 20 H 20 
(I) 

12 <0.5 20 20 2000 
The o t h e r f o r m u l a t i o n y i e l d i n g elongated o r s h e l f - s h a p e d ZSM-5 
c r y s t a l s ( F i g . l a and d, r e s p e c t i v e l y ) has the f o l l o w i n g molar 
composition: 

S i 0 2 B 2 0 3 Na 20 TPA 20 H 20 
(Π) 

12 0-2.5 4.5 4.5 2000 
C r y s t a l l i z a t i o n s were performed at 180 °C, i n T e f l o n - l i n e d 
a u t o c l a v e s o f 35 ml c a p a c i t y . 
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C h a r a c t e r i z a t i o n . The TPA c o n c e n t r a t i o n i n the r e a c t i o n mixtures 
was determined by Induced Coupled Plasma Atomic Emission 
Spectroscopy (ICPAES) carbon a n a l y s i s , which was preceded by 
n-hexane e x t r a c t i o n i n order t o remove t r i propyl ami ne. 
- A l , Cr, Fe, T i were analyzed i n the r e a c t a n t s and i n t e r m e d i a t e 

products with ICP and Atomic A b s o r p t i o n Spectroscopy (AAS). 
- Al-ZSM-5 s i n g l e c r y s t a l s were c h a r a c t e r i z e d by E l e c r o n Probe Micro 

A n a l y s i s (ΕΡΜΑ) on a JEOL XRAY m i c r o a n a l y z e r (Superprobe 733). 
- B-ZSM-5 as well as Al-ZSM-5 s i n g l e c r y s t a l s were f o r p a r t i c u l a r 

c h a r a c t e r i z a t i o n embedded i n r e s i n and subsequently p o l i s h e d . 

R e s u l t s and d i s c u s s i o n 
Growth o f ZSM-5 c r y s t a l s from gel spheres. The events t h a t take 
p l a c e d u r i n g the hydrothermal treatment o f s y n t h e s i s mixture ( I ) , 
with r e g u l a r l y used chemicals, see Table I, but without added 
alumina, are shown i n F i g u r e s 2a and 2b. I n i t i a l l y the s i l i c a i s , 
c o n s i d e r i n g the high 0H/Si0 2 r a t i o o f the s y n t h e s i s mixture, mainly 
present as monomers (12). During the f i r s t day about two t h i r d s o f 
the TPA + r e a c t s with OH" ac c o r d i n g t o the Hoffmann d e g r a d a t i o n 
r e a c t i o n y i e l d i n g t r i propyl ami ne and propene. The decrease i n pH 
accompanying t h i s r e a c t i o n induces p o l y m e r i z a t i o n o f the s i l i c a 
monomers to s i l i c a s o l p a r t i c l e s . When A e r o s i l 200 s i l i c a i s used, 
t r a n s p a r e n t s i l i c a bodies up to s e v e r a l mm i n s i z e are formed a f t e r 
the f i r s t day (see F i g u r e 3a). A c c o r d i n g t o SEM o b s e r v a t i o n s (see 
F i g u r e 3b) these gel spheres are composed o f c l o s e - p a c k e d p a r t i c l e s 
o f about 200-400 A i n diameter. The s i l i c a bodies t h e r e f o r e have 
been formed by aggregation o f the e a r l i e r formed s o l p a r t i c l e s . As 
estimated from the decrease i n S i 0 2 c o n c e n t r a t i o n , some 5-10 pe r c e n t 
o f the o r i g i n a l s i l i c a i s converted i n t o the gel b o d i e s . 

During hydrothermal treatment o f a very pure s y n t h e s i s mixture 
composed o f O p t i p u r S i 0 2 , U l t r a p u r e NaOH (both o f Merck), TPA-Br, 
and water with a r e s i s t a n c e h i g h e r than 1 0 1 8 ohm, no gel bodies were 
formed at 180 °C not even a f t e r two weeks. T h i s i m p l i e s (13) t h a t 
the aggregation o f the s i l i c a s o l p a r t i c l e s t o gel bodies i s 
f a c i l i t a t e d by the presence o f T-atoms o t h e r than S i . I t has been 
proposed (14) t h a t t r i v a l e n t c a t i o n s - which are p r e s e n t i n the 
A e r o s i l source ( c f . Table I ) , adsorb onto the s o l s u r f a c e and cause 
the f o r m a t i o n o f i n t e r p a r t i c l e bonds which i s observed as g e l a t i o n . 
Indeed chemical a n a l y s i s by AAS showed the f o l l o w i n g non-Si elements 
to be present i n the gel b o d i e s : Cr - 63 ppm, Fe - 538 ppm, Al - 588 
ppm, T i - 513 ppm ( c o n c e n t r a t i o n s r e l a t i v e t o S i ) ; the t o t a l r a t i o 
S i / T being 588 (T = C r 3 + , F e 3 + , T i 4 + , and A l 3 + ) . Assuming t h a t the 
T-atoms are adsorbed onto the s u r f a c e s o f the s o l p a r t i c l e s , t h i s 
would mean f o r a 400 A p a r t i c l e with d e n s i t y 2 g/cm 3 t h a t each 
T-atom occupies 440 A 2 o u t e r s u r f a c e , which i s a r e a l i s t i c f i g u r e 
(15). The c o n c e n t r a t i o n o f Al i n the gel bodies i s about equal t o 
the c o r r e s p o n d i n g c o n c e n t r a t i o n i n the s i l i c a source ( A e r o s i l ) which 
i s a c c o r d i n g t o Table I the main s u p p l i e r o f i n o r g a n i c i m p u r i t i e s . 
By c o n t r a s t , the c o n c e n t r a t i o n s o f Cr, Fe and T i are h i g h e r than the 
i n i t i a l ones mentioned i n Table I. The water content o f the gel 
bodies as determined by AAS and TGA measurements ranged from 30 t o 
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Hydrothermal treatment o f s y n t h e s i s mixture I without 
added alumina at 180 °C. 
a. The s o l u t i o n c o n c e n t r a t i o n s o f s i l i c a and 

tetrapropylammonium ion (TPA) as measured by ICP 
versus time; 

b. The formation o f s o l i d phases as observed by 
1ight-microscope. 
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F i g . 3. a. L i g h t micrograph (50 x) o f s i l i c a bodies formed d u r i n g 
the f i r s t days o f hydrothermal treatment o f s y n t h e s i s 
mixture I without added alumina at 180 °C; 

b. SEM p i c t u r e (30,000 x) o f a f r a c t u r e plane o f a s i l i c a 
body. 
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50%. S u r p r i s i n g l y TPA c o u l d not be d e t e c t e d by FTIR, e i t h e r on the 
o u t e r s u r f a c e , i n the d i f f u s e r e f l e c t i o n mode, or i n f l a k e s from the 
i n t e r i o r o f the gel spheres i n the t r a n s m i s s i o n mode. 

A f t e r about two days, see F i g u r e s 4 and 5a, c r y s t a l l i z a t i o n i s 
observed at the s u r f a c e o f the gel spheres. Pyramids o f which the 
basal plane c o i n c i d e s with the sphere s u r f a c e p e n e t r a t e i n t o the 
sphere body. D e s p i t e the s u p e r s a t u r a t i o n o f the s i l i c a source no 
abundant n u c l e a t i o n i s observed on the sphere s u r f a c e . A c c o r d i n g t o 
XRD and FTIR measurements the pyramids c o n s i s t o f ZSM-5 framework 
with TPA as guest molecules. 

The f a c t t h a t ZSM-5 framework formation i s s t r o n g l y promoted by 
TPA + and the o b s e r v a t i o n t h a t j u s t a r e l a t i v e l y low number o f 
pyramids i s present i n the sphere s u r f a c e are i n harmony with DRIFT 
measurements on the sphere s u r f a c e which do not i n d i c a t e the 
presence o f TPA. Thus i t i s concluded t h a t the c o n c e n t r a t i o n o f TPA + 

i s low i n the c a t i o n l a y e r o f the gel sphere s u r f a c e . 
The o r i e n t a t i o n o f the pyramids, see F i g u r e 4, i s unique. 

G e n e r a l l y , the ac plane which i s the l a r g e s t c r y s t a l plane, i s 
p a r a l l e l t o the s u r f a c e o f the gel sphere. As shown i n Scheme 1(a) 
the c r y s t a l a d i r e c t i o n i s i n i t i a l l y r e l a t i v e l y l a r g e with r e s p e c t 
to the c r y s t a l ç d i r e c t i o n . A p p a rently c r y s t a l l i z a t i o n proceeds 
f a v o r a b l y i n the a d i r e c t i o n under the a c t u a l c r y s t a l growth 
c o n d i t i o n s . The continuous TPA s t r i n g s and s i l i c a l a y e r s i n the 
c r y s t a l a d i r e c t i o n might be the s t a b i l i z i n g f a c t o r (16). The c 
d i r e c t i o n , under more homogeneous c r y s t a l growth c o n d i t i o n s the 
l o n g e s t ZSM-5 c r y s t a l dimension, i s i n i t i a l l y r e l a t i v e l y small as 
shown i n Scheme 1(a) and F i g u r e 4. The absence o f f l a t c r y s t a l f a c e s 
i n the c d i r e c t i o n o f the pyramid c r y s t a l and the smoothly curved 
ends o f the c r y s t a l suggest a volume d i f f u s i o n c o n t r o l l e d 
c r y s t a l l i z a t i o n mechanism. The mechanism i s most l i k e l y imposed (17) 
by the extremely high s u p e r s a t u r a t i o n p r e v a i l i n g . 

A f t e r some time a new ac plane i s observed at the top o f the 
pyramid as shown i n F i g u r e 5b (by arrows) and Scheme 1(b). The new 
a/c c r y s t a l dimension r a t i o d e v i a t e s s t r o n g l y from the a/c r a t i o o f 
the p l a n e . I t i s t h e r e f o r e suggested t h a t the l o c a l c r y s t a l growth 
c o n d i t i o n s are changed. The new a/c r a t i o resembles the a/c r a t i o o f 
the f i n a l cube-shaped c r y s t a l s . As shown i n F i g u r e 5c,d and Scheme 
Ic the pyramidal c r y s t a l i s now growing i n the a and c c r y s t a l 
d i r e c t i o n , a p p a r e n t l y i n the l i q u i d i n t e r f a c e which a l s o p r o v i d e s 
supply o f TPA from the l i q u i d phase. At l a s t the w e l l known c u b i c -
shaped ZSM-5 c r y s t a l i s formed, F i g u r e 5e and Scheme 1(d). 

Two types o f c r y s t a l s can be grown, depending upon the h i s t o r y 
o f the pyramid. As d e p i c t e d i n F i g u r e l c and F i g u r e 6 massive and 
hollow pyramids are observed, r e s p e c t i v e l y . The massive as well as 
the hollow pyramids both r e s u l t i n ZSM-5 cubic-shaped c r y s t a l s , 
shown i n F i g u r e 5d f o r the hollow s p e c i e s . As separate pyramids are 
observed i n the s y n t h e s i s mixture, a f t e r 48 h, h o l e s o f such 
pyramids must be present i n the s u r f a c e o f the gel spheres, as 
marked i n F i g u r e 7. We p o s t u l a t e t h a t a p r e o r i e n t a t i o n o f s i l i c a 
w ith TPA i n the wall o f such holes r e s t a r t s a pyramid 
c r y s t a l l i z a t i o n . The pyramid growth process i s then analogous t o the 
s o l i d pyramid growth. At l a s t a ZSM-5 c r y s t a l with a hollow ac plane 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

01
9

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



19. JANSENETAL. Crystal Growth Regulation 265 

F i g . 4. L i g h t micrograph (50 x) o f the lower s u r f a c e o f a s i l i c a 
gel body present a f t e r 2 days hydrothermal treatment; 
ZSM-5 c r y s t a l s with a pyramidal shape p e n e t r a t e (upwards) 
i n t o the body. The a-c plane i s f o r a l l d e p i c t e d c r y s t a l s 
p a r a l l e l to the o u t e r s u r f a c e o f the s i l i c a body. 
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F i g . 5. Genesis o f a c u b i c ZSM-5 c r y s t a l . 
a. Small ZSM-5 pyramids ( l i g h t micrograph - 30 x) pre s e n t 

on s u r f a c e o f gel bodies, see arrows; 
b. Development o f a new a-c plane on the top o f the 

pyramids (SEM p i c t u r e - 150 x ) , see arrows; 
c and d. Growth o f the pyramids mainly i n the a and c 

d i r e c t i o n (SEM - 600 x ) ; 
e. F u l l grown hollow c u b i c ZSM-5 c r y s t a l (SEM - 240 x ) . 
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a / c r a t i o s views on gelsphere surface 

P y r a m i d a l c r y s t a l s 

b a s a l p l ane 2 n d a / c p l a n e 

3 

.6 

perpendicular 
a 
1 c 

along 
c 

gei sphere 

.7 

Scheme I. Average a/c r a t i o s o f d e v e l o p i n g pyramid c r y s t a l s with 
t r a n s i t i o n i n t o cubes and schematic drawing o f growth 
process i n the gel spheres. 

F i g . 6. SEM p i c t u r e (360 x) o f a pyramidal ZSM-5 c r y s t a l with 
pyramid-shaped h o l e . 
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F i g . 7. SEM p i c t u r e (100 x) o f a gel sphere covered with ZSM-5 
pyramids p e n e t r a t i n g the gel s u r f a c e ( o n l y the ac planes 
are v i s i b l e ) and holes (see arrows) where pyramids have 
been p r e s e n t . 
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i s observed, see F i g u r e 5e. As shown i n F i g u r e 8 s e v e r a l 
i n t e r m e d i a t e c r y s t a l forms o f ZSM-5 elongated and cubic-shaped 
c r y s t a l s are p o s s i b l e . Extreme forms with r e s p e c t t o a/c c r y s t a l 
dimension r a t i o and c r y s t a l f a c e s i n c d i r e c t i o n are the l e f t and 
r i g h t c r y s t a l s i n t h i s s e r i e s . The w e l l known elongated p r i s m a t i c 
c r y s t a l form o f ZSM-5 i s observed i n r e l a t i v e l y homogeneous c r y s t a l 
growth c o n d i t i o n s . As d e s c r i b e d above the c u b i c form i s grown i n 
heterogeneous c r y s t a l growth c o n d i t i o n s . Intermediate c r y s t a l forms 
might be developed when both c r y s t a l growth c o n d i t i o n s have been 
pr e s e n t , the probable growth order being from c u b i c t o e l o n g a t e d . As 
c u b i c c r y s t a l s are developed i n gel spheres an enrichment o f c r y s t a l 
f a c e s i n the c d i r e c t i o n i s p o s s i b l e when the gel spheres are 
consumed and the c r y s t a l growth c o n d i t i o n s become more homogeneous. 
I t i s supposed t h a t a change from heterogeneous to homogeneous 
c r y s t a l growth c o n d i t i o n s , thus c r y s t a l growth i n a gel sphere to 
c r y s t a l growth i n s o l u t i o n , i n f l u e n c e s the c o n c e n t r a t i o n and 
g r a d i e n t o f isomorphously s u b s t i t u t e d framework S i . The Al g r a d i e n t 
o c c u r r i n g i n elongated shaped ZSM-5 c r y s t a l s i s well documented 
(17) . By c o n t r a s t the Al d i s t r i b u t i o n among and w i t h i n the cube-
shaped c r y s t a l s , shows a more homogeneous p a t t e r n as d e p i c t e d i n 
F i g u r e 9. F i g u r e 9a p r e s e n t s the A l / u c o f seven c r y s t a l s , w i t h 
d i f f e r e n t s i z e s , o f the same batch prepared a c c o r d i n g t o Lermer e t 
a l . ( 9 ) . A c c o r d i n g t o l i n e a r c r y s t a l growth th e o r y small c r y s t a l s 
are formed l a t e r than l a r g e c r y s t a l s . A homogeneous d i s t r i b u t i o n 
among the c r y s t a l s was observed. F i g u r e 9b p r e s e n t s the EMPA 
scanning p a t t e r n on two planes o f the l a r g e s t c r y s t a l . No 
h e t e r o g e n e i t y was found, r e g a r d i n g the Al d i s t r i b u t i o n . The 
homogeneous p a t t e r n might be due t o c r y s t a l growth i n a gel phase 
with a homogeneous Al d i s t r i b u t i o n . To e s t a b l i s h T-atom d i s t r i b u t i o n 
i n the cube-shaped c r y s t a l s i t i s i m p e r a t i v e t h a t no homogeneous 
c r y s t a l growth c o n d i t i o n s have been s t a r t e d i n the l a s t p e r i o d o f 
the hydrothermal c r y s t a l l i z a t i o n . As the cube c r y s t a l l i z a t i o n i s 
f i n i s h e d when the gel spheres are consumed the a c t u a l [ S i ] and S i / A l 
r a t i o o f the remaining s y n t h e s i s mixture w i l l then be opportune. 
Consequently a f u r t h e r growth o f the o r i g i n a l cube c r y s t a l w i l l 
change the c r y s t a l shape and the Al d i s t r i b u t i o n . The 
c r y s t a l l i z a t i o n time o f the cube c r y s t a l s i n t h i s study was 4 days 
and no Al g r a d i e n t was found. On the o t h e r hand c u b i c c r y s t a l s which 
were grown 10 days indeed were r e p o r t e d t o e x h i b i t an Al g r a d i e n t 
(18) . 

The main d i f f e r e n c e s between the elongated and cube-shaped 
c r y s t a l forms are i n the d i f f e r e n t f a c e t i n g i n the c r y s t a l 
c - d i r e c t i o n and the r e l a t i v e l y s h o r t c r y s t a l c dimensions o f the 
c u b i c c r y s t a l . In terms o f c r y s t a l growth i t i s p l a u s i b l e t h a t the 
e longated c r y s t a l growth i s governed by the framework t o p o l o g y . The 
growth i s r e l a t i v e l y slow i n d i r e c t i o n s p e r p e n d i c u l a r t o framework 
l a y e r s with high t e t r a h e d r a l d e n s i t y , the p e n t a s i l l a y e r s i n the ac 
and be plane being examples (16). A 001 plane i s g e n e r a l l y not 
observed. The c r y s t a l c d i r e c t i o n f l a t f a c e t s are hOl p l a n e s , though 
hkl planes have a l s o been observed. I t i s w e l l known t h a t i n c r e a s i n g 
s u p e r s a t u r a t i o n s o f c r y s t a l b u i l d i n g molecules can change the 
c r y s t a l form. In the gel sphere c r y s t a l l i z a t i o n i t appears t h a t the 
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F i g . 8. S c a l a o f shapes o f ZSM-5 c r y s t a l s . 
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Al/uc 
in the crystal 

F i g . 9. Al d i s t r i b u t i o n among and w i t h i n cubic-shaped ZSM-
c r y s t a l s . 
a. A l / u . c . o f c u b i c ZSM-5 c r y s t a l s grown from the same 

s y n t h e s i s mixture as f u n c t i o n o f the c-dimension; 
b. EMPA A l - s c a n n i n g p a t t e r n at h a l f and one t h i r d h e i g h t 

w i t h i n a c u b i c ZSM-5 c r y s t a l . The ac planes were 
exposed by p o l i s h i n g the c r y s t a l i n the b d i r e c t i o n . 
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c r y s t a l form i s a f u n c t i o n o f the above mentioned mechanism which 
i s , however, p a r t l y o v e r r u l e d by the extremely high s i l i c a 
s u p e r s a t u r a t i o n r e s u l t i n g i n smooth curved ends o f the c r y s t a l i n 
the r e l a t i v e s h o r t c - d i r e c t i o n . 
E f f e c t o f borate a d d i t i v e on ZSM-5 morphology. I f c r y s t a l 
morphology i s s t u d i e d i n r e l a t i o n t o isomorphous s u b s t i t u t i o n o f S i 
by T-atoms i n the framework then i t looks l i k e homogeneous c r y s t a l 
growth c o n d i t i o n s should be pr e s e n t . By adding b o r i c a c i d t o the 
r e a c t i o n mixture ( I I ) the elongated c r y s t a l morphology o f F i g u r e l a 
was found t o be changed as a f u n c t i o n o f the c o n c e n t r a t i o n o f the 
borate source. Scheme II presents s c h e m a t i c a l l y the c r y s t a l 
morphology changes observed. At hig h e r boron c o n c e n t r a t i o n s the ac 
plane develops s t r o n g l y with r e s p e c t t o the be plane. At the h i g h e r 
boron c o n c e n t r a t i o n a p p l i e d s h e l f - t y p e c r y s t a l s ( F i g . Id) are 
formed. I t i s suggested t h a t a l l c r y s t a l f a c e s are i n v o l v e d i n a 
c r y s t a l growth i n h i b i t i o n by the presence o f B(0 H ) 3 / B ( 0 H ) 4 ~ , as the b u i l d - i n o f Β as a T-atom - t r i g o n a l o r t e t r a h e d r a l - w i l l 
c o n s t i t u t e an i r r e g u l a r i t y at the growing c r y s t a l s u r f a c e which w i l l 
hamper. 

I t i s w e l l d e s c r i b e d t h a t c r y s t a l growth i n h i b i t i o n i s caused by 
s p e c i a l a d d i t i v e s . The p e n t a s i l l a y e r s o f the ac plane and be plane 
are more or l e s s i d e n t i c a l . The ac plane p e n t a s i l l a y e r s , however, 
are generated v i a a c r y s t a l l o g r a p h i c m i r r o r plane o p e r a t i o n , the be 
plane p e n t a s i l l a y e r s not. As the c r y s t a l growth r a t e o f both l a y e r s 
i s decreased by the B0 3/B0 4 presence the above mentioned d i f f e r e n c e 
i n the s t a c k i n g o f the p e n t a s i l l a y e r s w i l l be r e f l e c t e d i n the a/b 
c r y s t a l dimension r a t i o (16). P r e s e n t l y a d e t a i l e d study i s being 
c a r r i e d out r e g a r d i n g t h i s i n t e r e s t i n g e f f e c t on morphology e x e r t e d 
by borate (19). 

In c o n c l u s i o n two new s i n g l e c r y s t a l forms o f z e o l i t e s o f the 
MFI type have been observed which can be i n t e r r e l a t e d on the b a s i s 
o f c r y s t a l growth c o n s i d e r a t i o n with two e x i s t i n g morphologies. 

morphology 
c b 
l a Ί β 

molar B 2Og 
synthesis 2 

< > • Ο 

c • .5 

D 2.5 

Scheme I I . Morphology o f B-ZSM-5 c r y s t a l s as a f u n c t i o n o f the 
boron c o n c e n t r a t i o n i n the s y n t h e s i s f o r m u l a t i o n . 
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Chapter 20 

Synthesis of Pentasil Zeolites 
With and Without Organic Templates 

W. Schwieger1, K.-H. Bergk1, D. Freude2, M. Hunger2, and H. Pfeifer2 

1Sektion Chemie der Martin-Luther-Universität Halle-Wittenberg, 
Schlossberg 2, DDR-4020 Halle, German Democratic Republic 

2Sektion Physik der Karl-Marx-Universität Leipzig, Linnestrasse 5, 
DDR-7010 Leipzig, German Democratic Republic 

Magic-angle-spinning nuclear magnetic resonance spec
troscopy (MAS NR) yields quantitative information 
about Brönsted acidity and structural defects in zeo
lites. We have studied samples of pentasil zeolites 
synthesized with and without organic templates using 1H 
and 27Al NMR. The influence of mono-, di- and tri-n-
alkylamine and tetraalkylammonium compounds (alkyl = 
methyl, ethyl, propyl and butyl) upon the rate of 
crystallization, yield and the properties of the pro
ducts is discussed. By varying the SiO2/AlO3 ratio and 
the lengths of the period of crystallization at 175 °C, 
H2O/SiO2=30, Na2O/SiO2=0.1 we have arrived optimal 
reaction conditions for a template-free synthesis of 
zeolites of ZSM-5 type at SiO2/Al2O3=30-50 and 36-48 h. 
In all samples the concentration of non-acidic hydroxyl 
groups (silanol groups) is much higher than could be 
accounted for by the number of terminal hydroxyls on 
the external surface of the crystallites. In the H-form 
of the zeolites the number of acidic OH groups is equal 
to the number of framework aluminium atoms. We demon
strate that it is possible to synthesize defect-free 
zeolites of type ZSM-5 without an organic template. 

The synthesis of pentasil zeolites i s supported by organic cations. 
Argauer et a l . (_1) f i r s t described syntheses with tetraalkylammonium 
and tetraalkylphosphonium compounds. The organic cations may not only 
i n i t i a t e and sustain a certain crystallization process but also may 
lead to products of a new structure. This "templating" behaviour i s 
explained by the structure-directing effect of the organic cations in 
the process of crystallization (2,3;. 

0097-̂ 156/89A)398-O274$06.00/0 
© 1989 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
0

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



20. SCHWIEGERETAK Synthesis of Pentasil Zeolites 275 

In the past numerous syntheses were described using compounds 
which were assumed to possess this templating property. A few refe
rences are given in Table I, beginning with the classic templates, 
going to more simple molecules and ending with the template-free 
synthesis. A group-specific arrangement i s presented in Table II. 

Table I. Organic compounds, which were mostly used in syçtheses of 
zeolites of pentasil-type. Abbreviations are TPA for te
trapropylammonium cation, TEPA for triethylmonopropylam^ 
monium cation, TBA for tetrabutylammonium cation, TBP 
for tetrabutylphosphonium cation, TPA for tripropylamine 
and C-DN for hexamethyldiamine 

Product Group of compounds Preferred comp. References 

ZSM-5 tetraalkylammonium cation 

trialkylamine and 
alkylhalogenide 

TPA+ 

TEPA 
TPA and 
propylchloride 

(1,4.5) 
(6,7) 

(8-11) 

ZSM-11 tetraalkylammonium or 
tetraalkylphosphonium cation ™ t + TBA , TBP 

(12) 
(5) 

ZSM-5 
like 

alkanolamine 
diamine 
mono-n-alky lamine 
alcohols and ammonia 
alcohols 
template-free 

NHgCH^OH 

propylamine 
C,HQ0H 
CJĤ OH 

(13-15) 
(16) 
(17-19) 
(20) 
(21) 
(22,23) 

Table II. The different types of organic compounds, which can be 
used for the syntheses of pentasil zeolites 

Type Examples References 

organic 
cations 

R 4N +, R 4P + 

polymeric cationic compound 
(1,4,5,7) 
(24) 

organic 
molecules 

diamine 
amine 
alcohols 
dioxane 
2-aminopyridine 

(16) 
(17-19) 
(20.21) 
(25) 
(26) 

organic 
anions 

alkylbenzolsulfonate 
polymeric anionic compound 

(27) 
(28,29) 

In consideration of the fact that even a template-free synthesis i s 
possible i t is not easy to understand that a l l different groups of 
compounds should have the same structure-directing effect. For a more 
plausible explanation we must consider the reaction mixture as a 
whole and discuss the combined effects of a l l components. Table III 
is an attempt to systematize the effects of different components. 
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Table III. The influence of the relative (referred to SiO^) amount 
of different compounds of the reaction mixture upon the 
properties of the reaction mixture and of the product 

Molar ratio Properties 

A^2°3^ S^°2 composition of the network 
HLO/SiCL viscosity, concentration of hydroxyde ions 
0H~/Si02 molecular weight of si l i c a t e s , cone, of hydroxide ions 

RNN+/SiO^ ) c a t i o n distribution, templating effect, Al-content 

To draw conclusions concerning the templating effect of different 
molecules, comparable conditions for the crystallization process must 
be used. In this paper we present a systematic investigation on the 
effect of mono-, d i - and tri-n-alkylamine and tetraalkylammonium 
compounds (alkyl = C. - C,) upon the rate of crystallization, yield 
and the properties of the products. Also the f i e l d of a template-
free synthesis i s studied. The products were characterized by magic-
angle-spinning nuclear magnetic resonance spectroscopy (MAS NMR) and 
X-ray diffraction. 

Experimental 

The template containing samples were synthesized using a procedure 
based on those given by Union Carbide (30). The batch composition 
expressed in mole ratios was as follows: 

1 R20 * 4.1 Na20 * 50 Si0 2 * 0.417 A l 2 0 3 * 691 H20 
with R = CJSI, (C i) 2N, (Q^N, ( C ^ N * and C± = C^-C^ = methyl-butyl. 
Some of the samples were synthesized without Al 20«. The syntheses 
with tetrapropylammonium iodide (TPA J") as template were carried 
out with a varying Si0 2/Al 20o ratio in the range 25 - 400. The batch 
composition of the template-free synthesis was 

4 Na20 * 1 A1 20 3 * x Si 0 2 * 1200 H20 
where χ varies from 10 to 100. 

Sodium s i l i c a t e , sodium aluminate and NaOH were obtained from 
VEB Chemiekombinat Bitterfeld. The organic templates were guaranteed 
reagents. At f i r s t NaOH was diluted in water and then sodium s i l i c a t e 
and sodium aluminate in liquid or diluted form were added under 
st i r r i n g . Afterwards, the organic compound was added under vigorous 
s t i r r i n g . The obtained mixture was stirred for further 15 min^ and 
then distributed over several autoclaves in portions of 50 cm çer 
autoclave. The crystallization was conducted in a furnace at 175 C. 
The reaction vessels were placed on rotating shafts. After the time 
of crystallization the autoclave was quickly cooled down. The pro
ducts were fi l t e r e d , washed and dried at 100 °C. The procedure of the 
template-free synthesis was different in only one point: To the 
diluted aqueous solution of sodium s i l i c a t e the sodium aluminate was 
added. 
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The synthesized samples were analyzed by X-ray powder diffraction for 
qualitative and quantitative phase identification. The unit used was 
a Philips Model with a vertical goniometer and a sc i n t i l l a t i o n coun
ter, u t i l i z i n g Ni-filtered CuK^ radiation. For quantitative phase 
identification an external standard sample of oe-A^O^ was used. The 
percentage crystallization was calculated using the averaged peak 
intensities at 20=35.2° and 20=47.3° of the reference sample and 
the peak intensity at 20=23.2° for the sample under study (31). 

X-ray and aluminium MAS NMR measurements were carried out on 
samples rehydrated in a desiccator over an aqueous NH,C1 solution. A 
portion of the zeolites synthesized with organic temp^at^s was heated 
for 5 h at 600 °C to remove organic compounds. The Na /H ion exchan
ge was carried out at room temperature with an aqueous solution of 
0.5 N HC1. The preparation of Η MAS NMR samples was performed under 
shallow bed activation conditions in a glass tube of 5.5 mm inner 
diameter and 10 mm height of the zeolite layer. The temperature was 
increased at a rate of 10 K/hr. After maintaining the samples at^the 
f i n a l activation temperature of 400 °C under a pressure below 10 Pa 
for 24 hrs., they were cooled and sealed. 

NMR measurements were performed on a home-made spectrometer 
HFS 270 and on a BRUKER spectrometer MSL 300. As a reference for 
intensity measurements of the aluminium NMR a well-characterized 
sample of ZSM-5 with a framework Si/Al-ratio of 15 was used. The 
total concentration of OH groups in the activated samples was deter
mined by comparison of the maximum amplitude of the free induction of 
the samples with those of a capillary containing an aqueous solution 
in a probe with a short ring-down time... To separate the relative i n 
tensities of different lines i n an Η MAS NMR spectrum quantita
tively, the signals of the spinning side bands were added to the main 
signal. The home-made MAS equipment for the rotation of the fused 
glass ampoules was carefully cleaned to avoid spurious proton 
signals. 

Results and Discussion 

Synthesis. Figure 1 shows the crystallization of template-containing 
zeolites +as a function of time. The aluminium-free syntheses using 
TEA , TPA and TBA as template give products wjj-th pentasil structure 
( s i l i c a l i t e I or II) without other phases. ΊΜΑ and a l l other amines 
mentioned above yield in the aluminium-free syntheses as the f i r s t 
crystalline phase only magadiite, an aluminium-free sheet s i l i c a t e . 
The aluminium containing syntheses give different phases with penta
s i l structure, sheet structure and an amorphous phase. Table IV pre
sents the maximum percentage ccystaj.lizatj.on of the pentasil phase. 
The value of about 100% for TEA ,ΤΡΑ , TBA , di-and tri-n-propylamine 
and d i - and tri-n-butylamine proves that these syntheses y i e l d + only 
the + pentasil phase. X-ray diffraction analysis shows that TPA and 
TBA lead to the ZSM-5 and ZSM-11 structure type, respectively. 
Figure 2 shows a comparison of the X-ray diffraction patterns. The 
most intense diffraction lines occur at 20 =20°-27°. Going from the 
tetraalkylammonium to the alkylamine compounds a spl i t t i n g of the 
23.2° line can be observed. The form of the s p l i t ted line seems to be 
typical for the template. Similar patterns have been measured for the 
following zeolites of pentasil type (32): NU-5 (EP 54 386), ZSM-8 (NL 
7 014 807) and ZETA-1 (DE 2 548 695). It is not clear whether the 
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Yield/% 

10 Η 1β 22 26 30 t/h 

2k t/1j 

Figure 1. Yield of pentasil zeolites (percentage cr y s t a l l i z a 
tion) as a function of time. Abbreviations are for mono-n-
butylam5ne, for mono-n-propylamine, C 2 for mono-n-ethylamine, 
CL for mono-n-me thy lamine, di-C, for di-n-propy lamine, di-C« for 
di-n-propylamine,+di-C2 for di-n-ethylamine, di-n-C. for ai-n-
methylamine, TPA Al-free for the aluminium-free synthesis with 
the tetrapropylammonium cation, TPA for tetrapropylammonium 
cation, TEA Al-free for the+aluminium-free synthesis with the 
tetraethylammonium cation, TEA for tetraethylammonium cation and 
tri-Co for tri-n-propylamine. 
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Table IV. The yields of syntheses measured in mass% of crystalline 
pentasil in dependence on the template. The experimental 
error i s about +10% 

Template methyl ethyl propyl butyl 

mono-n-alkylamine 21 40 50 70 
di-n-alkylamine 20 55 100 100 
tri-n-alkylamine 11 77 106 101 
tetraalkylammonium 23 90 100 103 
cation 

patterns are due to a special phase or due to an intergrowth 
ZSM-5/ZSM-11, cf. (33,34). 

Magadiite apart from pentasil phases can be found in zeolites 
synthesized with mono-n-methyl-, -ethyl-, -propyl- or -butylamine, 
with di-n-methyl-, -ethyl- or -propylamine, with tri-n-methyl- or 
-ethy lamine and with te trame thy lammonium iodide. Table IV shows that 
the zeolite content increases with the number of carbon atoms per 
group and with the number of alkyl groups. 

Values describing the kinetics of crystallization with organic 
compounds are presented in Table V. Figure 3 shows how the values 
t = induction period, t = period of growth and k = percentage crys
ta l l i z a t i o n per hour can^be determined from the curves presented in 
Figure 1. Aluminium decelerates the synthesis as can be shown by 
comparison of +the aluminium-containing and the aluminium-free sythe-
ses using TPA and TEA as template. Compounds containing the propyl 
group give the best structure directing effect and+among them the 
shortest induction period has beeen found for TPA and the maximum 
crystallization rate for tri-n-propylamine. 

Table V. The induction period t , the period of growth t , the 
crystallization rate k °(percentage crystallization^ per 
hour) and the maximum percentage crystallization (mpc) i n 
dependence on the different templates used in pentasil 
syntheses 

Template t (h) 
0 x ' 

t R ( h > k (% h' 1) mpc (%) 

mono-n-methylamine 20.8 3.5 6 21 
mono-n-ethylamine 18.8 4.2 10 40 
mono-n-propylamine 12.7 3.6 14 50 
mono-n-butylamine 11.8 3.2 22 70 
di-n-me thy lamine 21.0 4.1 5 20 
di-n-ethy lamine 18.8 2.9 19 55 
di-n-propy lamine 16.0 2.2 46 100 
di-n-buty lamine 18.5 2.0 50 100 
tri-n-propy lamine 13.2 0.9 118 106 
TEAT 6.0 4.0 24 98 
TPAT 4.3 1.0 100 100 
TEA]; (Al-free) 5.2 4.2 25 104 
TPA (Al-free) 3.0 0.5 216 108 
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Figure 4 presents the isothermal phase transformation diagram of the 
template-free syntheses in which the Si0 2/Al 20« ratio and the time t 
of crytallization are varied. The S i C L / ^ O and t^O/SiO^ ratios 
are 10 and 30, respectively. The pentasil phase could only be synthe
sized for η = S i 0 2 / A l 2 0 3 = 3 0 - 5 0 and t = 36 - 72 h. Outside of this 
area amorphous material, mordenite, sheet structures similar to 
kenyaite, quartz and crystobalite can be found. For values of 
η less than 25 the crytalline product i s mordenite. For 30 < η < 50 a 
yield of 95% (related to the S i 0 2 content) ZSM-5 type, which was 
proved by X-ray diffraction pattern, could be found. Depending on η 
and the crystallization time, t, a more or less large amount of 
amorphous material is produced. This is shown in Figure 5. A long 
crystallization time causes recrystallization and i s harmful to the 
yield of ZSM-5 products. 

The influence of the compounds in the crystallization mixture 
upon the morphology of crystallites is illustrated by the scanning 
electron micrographs presented in +Figures 6-8. Figure 6 shows that in 
the aluminium-free syntheses +TPA gives spherical crystallites with 
a diameter of 2-3 μπι and TEA gives rhombic crystallites with sizes 
of about 1x2x5 μπι. Figure 7 demonstrates the influence of the 
Si0 2/Al 20o ratio on the morphology. With increasing ratio the size 
and the smoothness of the crystallites increase. The template-free 
synthesized zeolites with a SiOVAl^O- ratio of 30 show flaking 
surfaces (see Figure 8). 

In conclusion the syntheses performed in this work showj. + 

- The + r e a l structure directing effect is caused by the TEA , TPA , 
and TBA cations. These cations cause the structure directing effect 
also in the aluminium-free syntheses. 
- Amines support the synthesis of aluminium containing pentasils in 
dependence on their number of carbon atoms. 
- A template-free synthesis can be performed in a limited range of 
the S i 0 2 / A l 2 0 3 ratio. Based on these results a zeolite of pentasil-
type is industrially produced by Chemiekombinat Bitterfeld, GDR. 

NMR-characterization. 27 Corbin et a l . (35) were able to show by a 
systematic study that Al MAS NMR gives the true Si/Al ratio with a 
mean error of 10 %, i f two conditions are met: a) The amount of 
paramagnetic species is less than 0.05 % and b) the sample does not 
contain MNMR-invisible" aluminium. Chemical analyses of the samples 
under study showed that condition one i s f u l f i l l e d . If samples con
tain "NMR-invisible" aluminium a difference between the concentration 
determined by chemical analysis and the framework aluminium concen
tration determined by NMR should be observed. From the absence of 
such a difference we conclude that "NMR-invisible" aluminium species 
do not exist in our samples. Also a line at the position of about 
0 ppm due to octahedrally coordinated non-framework aluminium and a 
broad line at about 30 ppm due to tetrahedrally coordinated non-
framework aluminium (36) could not be observed. The values for the 
concentration of framework aluminium atoms derived from the intensi
ties of the line at about 60 ppm (see below) are in good agreement 
with those corresponding to the amount of alumina u s e d in the syn
thesis mixtures. In conclusion, through the A l MAS NMR measu
rements i t was possible to show that a l l aluminium atoms are incorpo
rated in tetrahedrally oxygen coordinated framework positions. 
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Figure 3. Crystallization as a function of time, t denotes the 
induction period, t the period of growth and the°rate of crys
t a l l i z a t i o n , k, can^be calculated using the maximum percentage 

k = Y It max -crystallization, Y m a x> by g 

100 

80 •-

60 -

40 

SMqnd SS quartz 

amorph. 
and 
ISM 

ZSMand SS / 
r 

. ^ Z S M o f i d SS 

ZSM 

" rs*MQnd~mordên ι?Γ 

/ ZSM and quartz 
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2 0 - / 
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Figure 4. Isothermal phase transformation diagram of the template 
free syntheses. SS denotes sheet structures. 
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Yield 

20 40 60 80 100 Si0i/AI203 

Figure 5. Yield of pentasil zeolites as a function on the 
SiCL/Al^Oo ratio for different crystallization times. 
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Figure 6. Scanning electron micrographs of tjjie products of the 
aluminium-free syntheses with TPA (A) and TEA (B) as template. 

(3000 x) 
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Figure 7. Morphology of pentasil zeolites synthesized with TPA 
as template in dependence on the Si0 9/Al 90~ ratio of 25 (A), 
50 (B), 100 (C), 200 (D) and 400 (Ε). Z Z J (5000x) 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
0

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



286 ZEOLITE SYNTHESIS 

Figure 8. Scanning electron micrographs of the products of the 
template-free syntheses performed at 175 °C (A) and 200 °C (B). 

(8000x) 
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27 
The line width of the corresponding A l MAS NMR signal i s determined 
by second-order quadrupole interaction. That means, i t is determined 
by the deviation from the ideal tetrahedral symmetry of the AIO^ 
units. The highest degree of symmetry resulting in a line width of 
7+1 ppm (at 6.3 T) i s observed for the pentasil phase. The quartz 
phase, mordenite and the amorphous phase gave line widths of 9 ppm, 
14 ppm and 18 ppm, respectively. The sh i f t of the centre of gravity 
of the lines with respect to the resonance position of the aluminium-
hexaaquo complex i s 47-56 ppm. Taking into account the quadrupole 
correction for the shift, which has a maximum value equal to the line 
width (37) a chemical shift of ca. 60 ppm results for a l l lines. 
2η Therefore, through a measurement of the chemical shift of the 

Al MAS NMR line i t i s not possible to distinguish between different 
phases in the product. The amorphous and the crystalline phases give 
a difJerence only in the line width. 

Η MAS NMR spectra are presented in Figure 9. Two different 
signals can be seen in the spectra of the hydrogen forms. Line (a) at 
2 ppm i s due to non-acidic hydroxyl groups (silanol groups) at the 
outer surface of zeolite c r y s t a l l i t e s , at framework defects and in 
the amorphous part of the sample. Line (b) at 4.3 ppm i s caused by 
bridging (acidic) OH groups (38). Further lines due to different 
types of acidic OH groups or A10H groups on non-framework aluminium 
species (38), could not be observed in these spectra. Values for the 
concentration of framework aluminium atoms and of the hydroxyl pro
tons giving rise to lines (a) and (b) are presented i n Tab. 6. The 
number of terminal OH groups ^Qper.gram of dried zeolite, ru,, i s 
calculated by Up = 0.12 χ 10 d" , where d denotes the diame
ter of the crystallites (pm). 

The intensities of line (a) in Table VI show that for a l l speci
mens the values for the concentration of SiOH groups are much greater 
than the values obtained from a calculation of the number of terminal 
OH groups. Jhe extremely high concentration of silanol groups obser
ved for TPA /ZSM-5 zeolites is in accordance with our previous f i n 
dings (38,39). The number of these SiOH groups i s larger, by a factor 
of up to 1000, than the number which is necessary to terminate the 
external crystal surface. From the absence of amorphous material 
(within the accuracy of the X-ray measurements) i t follows that up to 
8% of the framework Si are present as SiOH groups. This means, that 
the ZSM-5 synthesis with TPA as template leads to a highly disturbed 
la t t i c e with a high concentration of non-intact Si-O-Si bonds. The 
enhanced concentrations of SiOH groups in the hydrogen form of the 
zeolites indicate that, after sample calcination, about half the 
defect sites are present as Si-O-Na, the other half being present as 
internal silanol groups. The treatment with 0.5 N+HC1 leads to the 
exchange of Na cations on the defect sites with Η , thus forming a 
maximum number of silanol groups. This behaviour can be explained 
(36) by the following reaction scheme of a defect site: 

Na TPA Na H H H 
I l I I I I 

? ? 850 K, 10 h ? ? 0.5 N HCl, 15 h ? ? 
Si Si Si Si S i Si 

m m m m m /i\ 
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Table VI. Concentrations of hydroxyl species and framework aluminium 
atoms in the hydrogen (H) or sodium (Na) form of pentasil 
zeolites synthesized with different organic templates and 
without organic templates 

Form/Template 

Crystallite 
diameter 

(μπι) S i 0 2 / A l 2 0 3 

ratio 

2Q Concentration 
(10 species per gram) 

Protons. Protons. Framework 
line (a; line (b) Al atoms 

H/none 
H/none 
H/mono-n-propy lamine 
H/mono-n-butylamine 
Na/TPA 
H/TPA 
Na/TPA 
H/TPA 
Na/TPA 
H/TPA 

3.2 30 0.6 4.9 5.8 
3.0 52 0.5 3.2 3.6 
1.2 70 0.4 3.2 2.7 
1.1 60 0.5 3.5 3.2 
1.7 60 1.5 0.0 3.2 
1.7 60 3.7 3.5 3.2 
1.5 220 1.3 0.0 0.9 
1.5 220 3.6 1.2 0.9 
2.1 360 1.6 0.0 0.6 
2.1 360 3.8 0.5 0.6 

Since a hydrothermal treatment at 1100 Κ for 5 days leads to a hea
ling of the z e o l i t i c framework, most of the internal SiOH groups must 
be v i c i n a l : Neighbouring framework defects (vicinal SiOH groups) are 
transferred via dehydration into intact Si-O-Si bonds (36). 

By contrast, ZSM-5 specimens from organic-free batches and those 
synthesized by η-butyl- and η-propylamine possess relatively intact 
lattices with only a small concentration of internal silanol groups 
(see Figure 9 and Table VI). 

Concerning the concentration of Bronsted sites (acidic bridging 
OH groups) we found that for the hydrogen form of the zeolites the 
number of bridging hydroxyl groups i s i n good agreement with the 
number of framework aluminium atoms. 
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Chapter 21 

Synthesis of VPI-5 

Mark E. Davis1, Consuelo Montes1, and Juan M. Garces2 

1Department of Chemical Engineering, Virginia Polytechnic Institute 
and State University, Blacksburg, VA 24061 
2Dow Chemical Company, Midland, MI 48640 

We report here, for the first time, the synthetic 
procedures used to crystallize the 
aluminophosphate molecular sieve VPI-5. Two 
synthesis methods are illustrated. The step by 
step procedures are discussed i n d e t a i l and 
reveal the precise nature of synthesizing VPI-5. 

The f i r s t discovery of a zeolite was recorded in 1756 (1). Since 
that time numerous natural and synthetic ze o l i t e s , s i l i c a 
polymorphs, and aluminophosphate-based molecular sieves have been 
reported. The largest ring i n these materials consists of 12 
tetrahedral (12 T) atoms. This boundary has been in existence for 
over 180 years since the f i r s t zeolite to contain 12 T-atom rings, 
gmelinite, was discovered i n 1807 (1). Recently, we have 
synthesized the f i r s t molecular sieve with rings that possess 
greater than 12 T-atoms (2,3). Virginia Polytechnic Institute 
number 5 (VPI-5) is a family of aluminophosphate based molecular 
sieves with the same three-dimensional topology. The extra-large 
pores of VPI-5 contain unidimensional channels circumscribed by 
rings which have 18 T-atoms and possess free diameters of 
approximately 12 À (2,3). 

We report here, for the f i r s t time, the synthesis procedures 
used to c r y s t a l l i z e the extra-large pore, aluminophosphate, 
molecular sieve VPI-5. Synthesis techniques for cr y s t a l l i z a t i o n 
of element substituted VPI-5 are forthcoming (Davis, M. E. , et 
a l . , Zeolites '89, in press) 

Experimental Section 

Pseudoboehmite alumina (Catapal-B) and 85 wt% H3PO4 were used 
exclusively as the aluminum and phosphorus starting materials. 
Aqueous (55 wt%) tetrabutylammonium hydroxide (TBA) and 
n-dipropylamine (DPA) were purchased from A l f a and Aldrich, 
respectively. 

0097-6156/89/0398-0291$06.00/0 
ο 1989 American Chemical Society 
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292 Z E O L I T E S Y N T H E S I S 

A typical synthesis procedure involves the following steps: 
(i) alumina is slurried in water, ( i i ) phosphoric acid is diluted 
in water, ( i i i ) the phosphoric acid solution i s added to the 
alumina slurry, (iv) the aluminophosphate precursor mixture i s 
aged at ambient conditions, (v) an organic i s added to the 
precursor mixture and aged with rapid agitation to form the f i n a l 
gel, which (vi) is charged into the autoclave and heated. The gel 
composition can be written as 

χ R · y A I 2 O 3 · ζ Ρ 2 0 5 · g H20. 

Exploratory syntheses were accomplished i n 15 ml 
Teflon-lined autoclaves which were sta t i c a l l y heated at autogenous 
pressure in forced convection ovens. Larger autoclaves (300 ml, 
600 ml, and above) have also been successfully employed. At 
specified times, the autoclaves were removed from the oven, 
quenched in cold water, and the pH of the contents measured. 
Product VPI-5 was recovered by slurrying the autoclave contents in 
water, decanting the supernatant l i q u i d , f i l t e r i n g the white 
solid, and drying the crystals in ambient air. 

A Stoe 12 X-ray diffractometer was used to collect X-ray 
powder diffraction data. Figure 1 illustrates the X-ray powder 
diffraction pattern for VPI-5. Scanning electron micrographs were 
obtained using a Cambridge Instruments Stereoscan 200 scanning 
electron microscope. 

Results and Discussion 

We have synthesized VPI-5 with a variety of organic agents such as 
amines and quaternary ammonium cations. The synthesis procedure 
depends upon the type of organic agent and we w i l l i l l u s t r a t e an 
"amine" synthesis with DPA and a "quat." synthesis with TBA. 
Table I l i s t s reproducible procedures. We have provided an 
example of a "small" scale synthesis (DPA) and a f a i r l y "large" 
scale synthesis (TBA) to show that these procedures can be 
scaled-up. Below we discuss the essential details of these two 
procedures. VPI-5 that has been crystallized with the use of DPA 
and TBA w i l l be denoted DPA-VPI-5 and TBA-VPI-5, respectively. 

Synthesis Using DPA. The synthesis of DPA-VPI-5 is summarized in 
Table I and is f u l l y described as follows. Upon combining the 
alumina slurry with the phosphoric acid solution, the pH of the 
precursor mixture rises with aging (see Fig. 2). Thus, the 
phosphoric acid i s slowly reacting with the alumina. The pH 
stabilizes around 1.2-1.3 after approximately 1.5 hours. This 
aging process i s important for the formation of VPI-5. If the 
precursor mixture is not aged and a l l other steps of the procedure 
followed, H3 (4,J>) i s usually c r y s t a l l i z e d . H3 i s an 
aluminophosphate hydrate ( A I P O 4 · 1.5 H20) f i r s t synthesized by 
d'Yvoire (4) . The structure of H3 has been solved (5) and 
contains 4,6, and 8 membered rings. Aging times as long as 
approximately 10 hours s t i l l y i e l d VPI-5. Upon addition of the 
DPA to the s t i r r i n g precursor mixture the pH immediately increases 
to above 3 and then gradually climbs to a f i n a l value of 
approximately 3.75 (see Fig. 2). Again, the aging of the complete 
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2© d ( Â ) 
5.38 16.43 100 
9.32 9.49 2 

10.75 8.23 14 
14.26 6.21 6 
16.16 5.48 2 
18.68 4.75 6 
21.76 4.08 20 
21.92 4.05 22 
22.39 3.97 14 
22.56 3.94 15 
23.59 3.77 10 
24.46 3.64 4 
26.12 3.41 2 
27.17 3.28 16 
28.19 3.17 5 
28.96 3.08 7 
29.48 3.03 4 
30.28 2.95 8 
30.88 2.90 5 
32.71 2.74 7 
34.05 2.63 2 
35.86 2.50 3 
38.32 2.35 3 

Figure 1 0 X-ray powder diffraction pattern of VPI-5, 
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gel i s important. Since the pH slowly rises during this time 
period, a chemical reaction is occurring. If the gel is aged for 
too long of period, e.g., 24 hours, H3 is crystallized rather than 
VPI-5. 

τ ι 1 1 1—ι 1 1 Γ 
Gel Preporot ion Crys ta l l i za t ion 

0 I 1 1 I I I I I I I 
0 40 80 120 160 200 0 8 16 24 32 

Minutes Hours 
Time 

Figure 2. pH versus time for the synthesis of DPA-VPI-5. 

The c r y s t a l l i z a t i o n of VPI-5 occurs at 142°C, and the 
crystallization time is fast. From Figures 2 and 3 i t is observed 
that within five hours the pH of the autoclave contents has 
reached a plateau and the product is quite crystalline. In Figure 
3 we illus t r a t e the degree of cr y s t a l l i n i t y estimated from X-ray 
powder d i f f r a c t i o n data as a function of time. Since VPI-5 
quickly crystallizes, the values shown at short times are rough 
estimates only. Notice, however, that the DPA-VPI-5 is not stable 
for long periods of time in the mother liquor, and that the loss 
of c r y s t a l l i n i t y is not accompanied by a change in pH. We specify 
a cry s t a l l i z a t i o n time of 20-24 hours in Table I since we have 
observed that slight variations in the procedure normally lengthen 
the time for the onset of crystallization. However, we almost 
always observe the highest c r y s t a l l i n i t y in the samples which have 
been crystallized for 20-24 hours. 

The crystallization temperature can be varied ± 5°C with no 
adverse effects. At temperatures above 150°C VPI-5 forms with H3 
then quickly decomposes and ultimately AlPO^-ll is crystallized. 
At temperatures around 125°C the solid product is amorphous at 24 
hours but eventually forms H3 after several days. 

Table II illustrates the effect of gel composition on the 
fi n a l product crystallized using the procedure l i s t e d in Table I. 
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100 -

° 50-

12 16 20 24 
Crystallization Time, hours 

Figure 3. Degree of c r y s t a l l i n i t y estimated from X-ray powder 
diffraction data versus crystallization time. 

Notice that small compositional variations (preparations 1-3) are 
allowable. However, ± 25% variations in gel composition do not 
cryst a l l i z e pure DPA-VPI-5. It is interesting to note that the 
water content is important and that excess DPA (preparation 11) 
hinders the crystallization of VPI-5. 

Synthesis With TBA. As with the DPA-VPI-5 crystallization, the 
TBA synthesis involves the use of a precursor aluminophosphate 
mixture. (This is summarized also in Table I.) However, there is 
an important distinction between the two types of syntheses during 
step 4. When TBA is used, the precursor mixture is not agitated. 
The quiescent mixture exhibits a pH profile in time nearly that 
with agitation (see Figures 2 and 4). If the precursor mixture is 
agitated during aging, either TBA-VPI-5 is formed and accompanied 
by H3 or only H3 is crystallized. 

The precursor gel is vigorously agitated just prior to the 
addition of TBAOH. When the TBAOH i s combined with the 
aluminophosphate mixture the pH instantly rises to around 5. The 
fi n a l pH is dependent upon the degree of mixing during addition of 
TBAOH. Incomplete mixing produces pH's below 5 and can lead to 
the formation of impure TBA-VPI-5 (with small amounts of H3 
present). 

The TBA gel crystallizes VPI-5 rapidly and reaches a fi n a l 
pH equivalent to that observed with DPA (see Figures 3 and 4). 
For reasons similar to those outlined in the DPA synthesis, we 
specify approximately 24 hours of crystallization time when using 
TBA (in Table I). Notice that the TBA-VPI-5 does not decompose in 
the mother liquor. We have observed that the TBA-VPI-5 is stable 
in the mother liquor for many days. It is interesting that the 
fi n a l pH of the TBA and DPA syntheses are approximately the same 
yet the TBA-VPI-5 is stable while the DPA-VPI-5 is not. 
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τ 1 Γ 

Gel Preparat ion Crys ta l l i za t ion 

0 40 80 120 160 200 0 8 Γ6 24, 32 
Minutes Hours 

Time 

Figure 4. pH versus time for the synthesis of TBA-VPI-5. 

Morphology. Figures 5 , 6 , and 7 show scanning electron 
micrographs which i l l u s t r a t e the morphology of TBA-VPI-5, 
DPA-VPI-5, and H3 respectively. The TBA-VPI-5 crystals have 
"needle-like" morphology and are aggregated into bundles. The 
crystals are approximately 10 microns in length and are submicron 
in diameter. We suspect that the c-axis and thus the 12 Â pore 
is oriented in the direction of the needle length. On the other 
hand, the DPA-VPI-5 shows large spherical aggregates (greater than 
100 microns). Inspection of these aggregates reveals particles 
which adopt a variety of morphologies. Spheres of approximately 5 
microns are observed as well as needles (see Figure 6 b ) . From 
adsorption experiments (ref. 3, sample 1 - TBA-VPI-5, sample 2 -
DPA-VPI-5), i t has been determined that the void volume of 
TBA-VPI-5 is equivalent to DPA-VPI-5. Therefore, the 5 micron 
spheres in DPA-VPI-5 are not impurities but must also be DPA-VPI-5 
with a different or very small crystal habit. The morphology of 
H3 is illustrated since i t typically is the impurity present when 
VPI-5 is not crystallized properly. H3 is observed as spherical 
aggregates of approximately 20 micron diameter. These aggregates 
are easily distinguished from TBA-VPI-5 by optical microscope. 
However, since DPA-VPI-5 grows in large spherical aggregates i t is 
more d i f f i c u l t to differentiate from H3 with only a optical 
microscope. However, we presently are able to do so and use the 
difference in size (Λ/ 100 μ versus Λ/20 μ) as the distinguishing 
feature. 

Adsorption. Table III shows the adsorption capacity of AlPO^-5 
and VPI-5 for various adsorbates. A l l values l i s t e d are obtained 
at P/P 0 - 0.4. The data f or A I P O 4 - 5 (except f o r 
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Figure 5. Scanning e l e c t r o n micrographs of TBA-VPI-5. (A) bar 
s i z e i s 50 microns, (B) bar s i z e i s 20 microns. 
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Figure 6. Scanning electron micrographs of DPA-VPI-5. (A) bar 
size is 100 microns, (B) bar size is 20 microns. 
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Figure 7. Scanning electron micrographs of H3. (A) bar size is 
100 microns, (B) bar size is 20 microns. 
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triisopropylbenzene) are from Union Carbide (6). The VPI-5 data 
were obtained using a McBain-Bakr apparatus and the samples were 
activated by heating to 350°C under vacuum overnight (Davis et 
a l . , J. Am. Chem. Soc, submitted). ΑΙΡΟ^-δ adsorbs oxygen and 
the hydrocarbons l i s t e d except for triisopropylbenzene. The 
triisopropylbenzene is too large to penetrate the 12 T-atom ring. 
Notice that the adsorption capacity of AlPO^-5 is the same, within 
experimental error, for a l l adsorbates listed. VPI-5 reveals two 
phenomena not observed for AlPO^-5. First, triisopropylbenzene is 
adsorbed. Second, the adsorption capacity monotonically decreases 
with increasing adsorbate size. Since VPI-5 contains pores that 
are s l i g h t l y larger than 12 Â, a l l adsorbates other than 
triisopropylbenzene have the possibility of f i t t i n g more than one 
molecule across the diameter. In other words, packing of 
adsorbate molecules may be important in these extra-large pores. 
Further evidence to support this ideas is provided elsewhere 
(Davis et a l . , J. Am. Chem. Soc, submitted). 

Perfluorotributylamine (PFTBA) has a kin e t i c diameter 
greater than 10 Â (Λ, 10.5 Â ) . After repeated attempts to adsorb 
PFTBA into VPI-5, we were convinced that our data were influenced 
by e x t r a c r y s t a l l i n e adsorption. Thus, we performed PFTBA 
desorption experiments u t i l i z i n g a thermogravimetric analyzer in 
which the off-gas was transferred into a mass spectrometer. 
A I P O 4 - 5 was used for comparison since PFTBA cannot adsorb in a 12 
T-atom ring. A I P O 4 - 5 and VPI-5 were loaded with PFTBA. Next, 
A I P O 4 - 5 was heated to 100°C in flowing helium in the apparatus 
described previously. After several hours, a stable weight was 
obtained (PFTBA loss observed i n the mass spectrometer). Upon 
heating AlPO^-5 to_550°C, no further weight loss was observed. 
Thus, PFTBA can be desorbed from an A I P O 4 surface by flowing 
helium at 100°C. The same treatment was employed for VPI-5. 
After reaching a stable weight in flowing helium at 100°C, the 
sample was heated to 550°C. Several higher temperature desorption 
peaks were due to the loss of PFTBA. We interpret this result to 
indicate that PFTBA can adsorb within the 18 T-atom rings of 
VPI-5. Thus, adsorption of molecules with kinetic diameters above 
10 Â is possible with VPI-5. 
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Chapter 22 

Synthesis of Microporous 
Silicoaluminophosphates 

in Hexanol—Water Biphasic Systems 
Johan A. Martens, Bart Verlinden, Machteld Mertens, 

Piet J. Grobet, and Peter A. Jacobs 
Laboratorium voor Oppervlaktechemie, Katholieke Universiteit Leuven, 

Kardinaal Mercierlaan 92, B-3030 Heverlee, Belgium 

Microporous silicoaluminophosphates are 
synthesized in the hexanol-water biphasic 
system using tetrapropylammonium hydroxide 
(Pr4N-OH) and dipropylamine (Pr2N) as 
templates. The outcome of the crystallization 
depends on phase separation and agitation 
during synthesis. MCM-1 crystallizes in a broad 
range of conditions and in the presence of 
Pr4N-OH or Pr2N. The mechanism of Si 
substitution in and the ion-exchange and 
catalytic properties of MCM-1 materials are 
influenced by the template used. A silicon-free 
homolog of MCM-1 exists and was formerly 
denoted as A1PO4-H3. The structural identity of 
MCM-1 and AlPO4-H3 is demonstrated. The 
crystallization of AlPO4-H3 from an inorganic 
synthesis mixture is an example of the growth 
of microporous aluminophosphates in absence of 
template. The intracrystalline void structure 
of MCM-1 is determined with the decane test. 

C r y s t a l l i n e microporous silicoaluminophosphates have been 
patented as SAPO-n (1) or MCM-n (2) materials. The SAPO 
materials c r y s t a l l i z e from an aqueous medium i n the 
presence of organic templates, the MCM materials from a 
biphasic medium, using similar templates. Most of the 
actually known MCM's and SAPO's are cry s t a l l o g r a p h i c a l l y 
d i f f e r e n t apart from SAPO-34, SAPO-44, SAPO-47 and MCM-2 
which have the chabasite topology (2., 3) . The structure of 
other MCM materials i s presently unknown. 

From the available l i t e r a t u r e i t appears that the S i , 
Al and Ρ ordering i n the two groups of microporous 
silicoaluminophosphates should be di f f e r e n t . The 
anhydrous chemical composition of SAPO-n corresponds to 
( 1 ) : 

R (SiO ) (A10 ) (PO ) (1) 0-0.3 2 χ 2 y 2 ζ 

0097-6156/89/0398-0305$07.00A) 
ο 1989 American Chemical Society 
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306 ZEOLITE SYNTHESIS 

i n which R i s the template molecule. A SAPO-n material 
can be considered to originate from S i substitution into 
an hypothetical aluminum phosphate framework (4,5). The 
predominant substitution mechanisms are S i for Ρ 
(mechanism 2) and two S i atoms for one A l and one Ρ 
simultaneously (mechanism 3). S i substitution for A l 
(mechanism 1) does not occur with SAPO's (4). The 
negative charge of a SAPO i s , therefore, proportional to 
the mole fraction of S i incorporated v i a mechanism 2, as 
mechanism 3 does not create any l a t t i c e charge. The 
general anhydrous formula of MCM-n i s (2): 

m+ - + n-R M (A10 ) (PO ) (SiO ) Ν (2) ν x/m 2 1-y 2 1-x 2 x+y y/n 
When the incorporation of S i i s again considered as a 
replacement of Al and/or Ρ in an hypothetical aluminum 
phosphate l a t t i c e , the MCM formula precludes isomorphic 
substitution v i a mechanism 3 and allows only for 
mechanism 1 and 2 to occur. According to the MCM formula, 
S i 0 2 tetrahedra replace A10 2~ and introduce positive 
framework charge, which i s neutralised by the anions N n~ 
or replaces POp+ and creates negative framework charge, 
which i s neutralised by the cations M m +. 

As a result of these suggested differences i n 
isomorphic substitution mechanism, SAPO and MCM materials 
should have di f f e r e n t ion-exchange and c a t a l y t i c 
properties. SAPO's are cation exchangers and potential 
Br0nsted acid catalysts. MCM7s are expected to be cation 
and/or anion exchangers and are potential Bronsted acid, 
Bronsted base or Bronsted acid/base catalysts. 

In t h i s work the potential of biphasic synthesis 
mixtures for the synthesis of microporous silicoalumino
phosphates i s investigated. The influence of 
emulsification of the synthesis mixture, agitation and 
temperature on the c r y s t a l l i z a t i o n i s studied. The 
structural identity of MCM-1 and A1P0^-H3, which i s an 
aluminum phosphate hydrate that c r y s t a l l i z e s i n absence 
of template, i s demonstrated. Special attention i s paid 
to the mechanism of S i substitution i n MCM-1, to i t s 
c a t a l y t i c a c t i v i t y and i t s i n t r a c r y s t a l l i n e void 
structure. 

Experimental 

Materials. The components of the biphasic synthesis 
mixture were hexanol (HEX), tetraethyl o r t h o s i l i c a t e 
(TEOSi), orthophosphoric acid (85%), Pr^N and Pr4N-0H 
(25%), a l l from Janssen Chim., pseudoboehmite (Vista, 70% 
A1 20 3, 30% H20) and water. These compounds were mixed i n 
the following way. To hexanol f i r s t TEOSi was added and 
subsequently phosphoric acid, pseudoboehmite, the 
template and water. The synthesis mixtures were 
transferred into autoclaves with a capacity of 120 ml. 
Agitation was performed by rotating the autoclaves at 50 
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22. MARTENS ET AL. Synthesis of Microporous Silicoaluminophosphates 307 

rpm. After c r y s t a l l i z a t i o n the s l u r r i e s were f i l t e r e d , 
and the s o l i d products washed and dried. 

A 1 P 0 4 - H 3 was prepared according to experiment No.3 of 
ref.6. From pseudoboehmite, phosphoric acid and water a 
1 0 0 ml aqueous solution containing 1 0 g of A I 2 O 3 and 38 g 
of Ρ 2°5 was prepared. This solution was diluted seven 
times and refluxed under vigorous s t i r r i n g during 3 h. 
A 1 P 0 4 - H 3 was recovered by f i l t r a t i o n , washing and drying. 

Methods. X-ray powder d i f f r a c t i o n (XRD) patterns were 
recorded using a modified Siemens type F diffractometer, 
automated and equipped with a McBraun position sensitive 
detector (22). 

Scanning electron micrographs were taken with a 
P h i l l i p s instrument. 

MAS NMR spectra were obtained with a Bruker 400 MSL 
spectrometer. The exDerimental conditions used i n the 
2 9 S i DEC, 2 9 S i CP, 2 7 A l , 2 7 A 1 CP and 3 1 P DEC were as 
follows: 

Parameter 2 9 S i DEC CP 
2 7A1 

CP 
31 p 

DEC 
MAS frequency (MHz) Pulse length (με) Repetition time (s) Spinning rate (kHz) CP MAS contact time (ms) Decoupling (ms) Number of scans 

79.5 3 5.2 3 5 3 5 
1 18000 10000 

104.2 0.6 0.1 3 0.5 
3000 

161.9 4 10 5 
1 
48 

Infrared spectra were recorded on a PE-580B 
instrument with data station. Lattice vibration spectra 
were obtained using the KBr technique. Hydroxyl spectra 
were scanned on self-supporting wafers of the samples 
mounted i n a vacuum c e l l . Spectral averaging was usually 
9 times. 

The as-synthesized materials were converted into 
bifunctional catalysts by heating i n inert atmosphere at 
723 K, impregnation with P t ( N H 3 ) 4 C l 2 solution to obtain a 
1% by weight loading with Pt and activation i n flowing 
oxygen and hydrogen at 673 K. A description of the 
reactor used for decane conversion was given previously 
(7) . The H2/decane molar r a t i o i n the feed was 100 and 
W/FQ was 2 kg h mole" 1. The use of the c a t a l y t i c 
conversion of decane to characterize the void volume of 
microporous crystals was described previously (8-10). 

Results and Discussion 

Influence of Agitation and Synthesis Temperature of a Two 
Phase System. A synthesis mixture with the following 
molar composition per mole of A1 20 3: 
( H E X ) 4 > 2 8 ( T E O S i ) 0 > 3 6 ( P 2 0 5 ) 0 f 7 5 ( P r 2 N ) 1 > 0 3 ( H 2 0 ) 3 0 . 7 5 
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308 ZEOLITE SYNTHESIS 

i s a two phase system which does not emulsify. I t w i l l be 
further denoted as mixture A. I t was autoclaved under 
di f f e r e n t conditions of temperature, time and agitation. 
The c r y s t a l l i z a t i o n products obtained are l i s t e d i n Table 
I. MCM-1, MCM-9, SAPO-11 and mixtures thereof were 
obtained depending on the nature of the hydrothermal 
treatment (Table I) . In Figures 1-3 the XRD patterns of 
the respective phases are compared to l i t e r a t u r e data. 
The patterns of MCM-1 and SAPO-11 are i n agreement with 
l i t e r a t u r e . Some of the l i n e positions i n the pattern of 
MCM-9 are shifted with respect to data from the patent 
l i t e r a t u r e and supplementary d i f f r a c t i o n s of medium 
intensity are found at 2Θ values of 6.7 and 13.5. 

Table I. Influence of Temperature, Time and Agitation on 
the Nature of the C r y s t a l l i z a t i o n Products from Mixture A 

Exp 
No. 

». T x
a T 2 t 2 

(KÎ ( κ ί (R) (K? \h 
T4 (K) (h) 

A g i t . b Product P u r i t y c 

(%) 
1 _ 403 24 443 24 Y MCM-1 100 
2 - 423 24 473 24 - - Y MCM-l+SAPO-11 50+50 
3 298 403 24 448 24 458 24 Y MCM-1 100 
4 298 418 24 458 24 - - Y MCM-1 100 
5 - 473 48 - - - - Y MCM-l+SAPO-11 60+40 
6 298 403 24 458 24 - - Y MCM-1 100 

7 - 403 24 443 24 _ _ N MCM-9+Ud 70 
8 - 403 24 443 72 - - N MCM-l+SAPO-11 90+10 
9 - 403 24 443 72 - - N MCM-l+SAPO-11 60+40 
10 - 393 24 443 24 - - N MCM-1+Ud 60 
11 - 393 24 443 96 - - N MCM-1+Ud 30 
12 298 403 24 458 24 - - N MCM-l+SAPO-11 80+20 
13 298 403 24 458 24 - - N SAPO-11 80 
14 298 403 24 458 24 - - N SAPO-11 60 
15 - 408 24 458 24 - - N SAPO-11 60 
16 - 408 24 473 24 - - N SAP0-11+MCM-1 70+30 
17 - 423 24 473 24 - - N MCM-l+SAPO-11 70+30 
18 - 423 48 473 120 - - N MCM-l+SAPO-11 50+50 
19 - 458 48 - - - - N MCM-l+SAPO-11 60+40 

a, T(emperature, t(ime), using a temperature increase of 
0.1 K s" 1 between two T̂  values, t ^ O h; b, Y(es), N(o) ; 
c, from XRD; d, unidentified phase. 

When synthesis mixture A i s agitated, MCM-1 
c r y s t a l l i z e s as a pure phase i f the temperature i n the 
f i r s t step of the hydrothermal treatment i s low 
(Nos.1,3,4 and 6). When t h i s temperature i s 423 Κ or 
higher, c o - c r y s t a l l i z a t i o n of SAPO-11 i s observed (Nos.2 
and 5) . MCM-9 was obtained under s t a t i c conditions after 
heating at 403 Κ and at 443 Κ for one day (No.7). When 
the heating period at the second temperature i s prolonged 
MCM-9 i s transformed into a mixture of MCM-1 and SAPO-11 
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22. MARTENS ET AL. Synthesis of Microporous Silicoaluminophosphates 309 

(Nos.8 and 9). MCM-1, SAPO-11 or a mixture of both were 
obtained i n a l l other syntheses performed without 
agitation (Nos.10-19). The c r y s t a l l i z a t i o n of SAPO-11 
seems to be favoured generally when a high temperature 
step (>443 K) i s involved (Nos.12-19) or after prolonged 
heating at 443 K (Nos. 8 and 9). I t seems that MCM-9 and 
MCM-1 are unstable with respect to SAPO-11 and 
accordingly the following successive phase 
transformations must occur: 

MCM-9 -> MCM-1 -> SAPO-11. 
The importance of s t i r r i n g of biphasic systems during 

synthesis becomes apparent when comparing the results 
from experiments Nos.l and 7. Under s t a t i c conditions 
MCM-9 c r y s t a l l i z e s (No.7) while after agitation MCM-1 i s 
obtained (No.l). A SEM photograph of MCM-1 No.l i s shown 
in Figure 4. The MCM-1 crystals are about 1 μία. large. 
The picture also shows a high degree of c r y s t a l l i n i t y and 
homogeneous morphology of the c r y s t a l s . 

Synthesis i n non-Emulsifying Conditions with Pr 2N usiner 
Increasing Amounts of S i . Mixtures were prepared "with the 
following molar composition : 
( H E X ) 4 > 2 8 ( Α 1 2 Ο 3 ) 1 β 0 0 ( P 2 0 5 ) 0 e 7 5 ( P r 2 N ) l e 0 3 ( Η 2 Ο ) 3 0 . 7 5 

and containing various amounts of TEOSi. The amount of 
hexanol had to be increased when more than 0.8 mole of 
TEOSi were used. A l l mixtures were s t i r r e d during the 
hydrothermal treatment. The products obtained are l i s t e d 
i n Table I I . When no TEOSi was added to the synthesis 
mixture, ALPO-11 was obtained (Nos.20 and 21). With 0.095 
mole of TEOSi, the same c r y s t a l l i n e phase was obtained 
and denoted as SAPO-11, although the incorporation of S i 
in the material was not v e r i f i e d (No. 22). Pure MCM-1 
crysta l s were obtained when the amount of TEOSi was 
between 0.36 and 0.65 mole per mole Al^O^ (Nos. 4,24-28) . 
With higher amounts of TEOSi c o - c r y s t a l l i z a t i o n of MCM-1 
with an unidentified phase (Sample No.29) or with SAPO-11 
(Samples Nos.30 and 31) or poorly c r y s t a l l i n e MCM-1 
(Sample No.32) was obtained. Thus, under the present 
experimental conditions, the S i content of the mixture 
for MCM-1 c r y s t a l l i z a t i o n cannot be varied widely. 

Synthesis i n Emulsifying Conditions with Pr4N-OH. The 
results of the syntheses performed withr mixtures 
containing Pr4N-OH are presented i n Table I I I . The 
dif f e r e n t molar ratios of the components of the synthesis 
mixture were varied around those given i n the or i g i n a l 
patents on MCM-1 (11) , MCM-3 (12) and MCM-4 (13) 
synthesis. MCM-1 was obtained i n a l l experiments (Nos.33-
36). In experiment No.34, traces of other unidentified 
c r y s t a l l i n e phases have co - c r y s t a l l i z e d . 

The synthesis mixture i n a l l instances was an 
emulsion. With t h i s synthesis mixture there seems to be 
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310 ZEOLITE SYNTHESIS 

No 6 Ref. 11 
d(nm) V i 0 

d(nm) I 

0.976 33 0.967 m 
0.695 100 0.686 vs 
0.657 77 0.649 s 
0.490 40 0.486 s-vs 
0.428 80 0.425 vs 
0.341 47 0.339 m 
0. 308 66 0. 306 vs 
0.295 16 0.293 w 
0.291 19 0.289 w 
0.269 37 0.268 π 

Figure 1. XRD pattern of MCM-1 sample No.6 and 
comparison of the l i n e positions and i n t e n s i t i e s with 
the data from ref.11. 

No 7 Ref 25 
d(nm) I/Io d(nm) I/Io 

1.650 100 1. 641 100 
1.084 32 1. 084 7 
0.948 44 0. 933 15 
0.824 43 0. 820 31 
0.670 28 0. 668 8 
0.629 28 0 617 14 
0.568 46 0 565 13 
0. 550 25 0 546 5 
0.489 30 0 474 14 
0.438 29 0 434 15 
0.417 24 0 421 54 
0. 395 71 0 394 43 
0.386 43 0 383 25 
0. 380 27 0 377 20 
0. 361 25 0 359 9 
0. 340 26 0 339 6 
0. 330 35 0 328 32 
0.318 22 0 316 10 
0.313 31 0 .309 14 
0. 308 31 0 .303 9 
0. 297 30 0 .295 19 
0.269 22 0 .263 7 

Figure 2. XRD pattern of MCM-9 sample No.7 and 
comparison of the l i n e positions and i n t e n s i t i e s with 
the data from ref.22. 
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22. MARTENS ET AL. Synthesis of Microporous Silicoaluminophosphates 311 

d (nm) I/Io d(nm) I/Io 

1.097 38 1.085 34 
0.940 54 0.931 49 
0.665 40 0.666 16 
0.568 33 0.564 30 
0.437 58 0.432 50 
0.424 100 0.423 100 
0.402 55 0.400 58 
0.392 78 0.393 75 
0. 386 58 0. 383 67 
0.308 30 0. 302 9 

Figure 3. XRD pattern of SAPO-11 sample No.13 and 
comparison of the l i n e positions and i n t e n s i t i e s with 
the data from r e f . l . 

Figure 4. Scanning electron micrograph of MCM-1 sample 
No.l. 
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312 ZEOLITE SYNTHESIS 

no influence of agitation on the cr y s t a l phase obtained. 
The morphology of the MCM-1 crystals obtained with Pr 4N-
OH i s shown i n Figure 5. The size of the cryst a l s i s 
around 1 μπι. The nature of the template (Pr 2N or Pr4N-OH) 
also seems unable under these conditions to influence the 
morphology and dimensions of MCM-1 cryst a l s (Figures 4 
and 5). 

Table I I . C r y s t a l l i z a t i o n Products from S t i r r e d Mixtures 
with Molar Compostion per Mole of A1 20 3 

( H E X ) 4 e 2 8 (TEOSi) x ( P 2 O 5 ) 0 e 7 5 ( P r 2 N ) l e 0 3 ( H 2 O ) 3 0 e 7 5 

Exp. TEOSi T n a T 2 t 2 T 3 t 3 T 4 t 4 Product 
No. χ (K) (Kj (fi) (KT (fi) (K) (h) 

20 0 298 418 24 458 24 ALPO-11 
21 0 298 408 24 458 96 - - ALPO-11 
22 0. 095 298 408 24 458 96 - - SAPO-11 
23 0. 24 298 408 24 458 96 - - MCM-l+SAPO-11 
4 0. 36 298 418 24 458 24 - - MCM-1 
24 0. 39 298 403 24 448 24 458 24 MCM-1 
25 0. 42 298 403 24 448 24 458 24 MCM-1 
26 0. 49 298 403 24 448 24 458 24 MCM-1 
27 0. 51 298 403 24 448 24 458 24 MCM-1 

0. 65 298 403 24 448 24 458 24 MCM-1 
29 d 0. 81 298 403 24 448 24 458 24 MCM-1 + U b 

3 0 H 0. 84 298 418 24 458 24 - - MCM-l+SAPO-11 
3 1 d 0. 97 298 403 24 448 24 458 24 MCM-l+SAPO-11 
32 d 1. 13 298 403 24 448 24 458 24 MCM-1+AMC 

a, T(emperature), t(ime), using a temperature increase of 
0.1 K s" 1 between two T^ values; b, unidentified phase; 
c, amorphous; d, with (HEX) = 5.14. 

Table I I I . Synthesis with Pr4N-OH under S t i r r i n g 3 

Ref. 11 11 12 13 _ _ _ _ 
Exp. No. 1 3 1 1 33 34 35 b 36 

HEX 4.38 6.0 8.6 3.8 4.38 8.6 3.8 3.8 
TEOSi 0.36 0.49 0.70 0.31 1.07 0.70 0.31 0.31 
P2°5 ° - 7 5 1.02 1.46 1.18 0.75 1.46 1.19 1.19 
A1 20 3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Pr4NOH 0.77 1.06 1.51 0.67 0.77 1.21 0.67 0.67 
H 90 42.2 57.7 82.4 39.2 60.2 88.3 48.9 48.9 

Τ (Κ) 433 453 423 423 448 423 423 423 
t (h) 72 168 72 168 72 120 192 192 

MCM-1 MCM-1 MCM-3 MCM-4 MCM-Ie MCM-1 MCM-1 MCM-1 

a, a l l synthesis mixtures were emulsified; b, under 
s t a t i c conditions; c, containing trace of unidentified 
phase. 
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Figure 5. Scanning electron micrograph of MCM-1 sample 
No.34. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
2

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



314 ZEOLITE SYNTHESIS 

Characterization of A1P0 4-H 3 and MCM-1. In 1961 d'Yvoire 
reported on the synthesis o~f aluminum phosphate hydrates 
(6). Α1Ρ0 4-Η^ i s of par t i c u l a r interest among these 
materials. Literature data on the XRD l i n e positions and 
r e l a t i v e i n t e n s i t i e s for A1P0 4-H 3 and MCM-1 are collected 
in Figure 6. The materials show i d e n t i c a l XRD patterns 
and thus should have the same structure type. 

Infrared spectroscopy of the l a t t i c e vibrations of 
A1P0 4-H 3 and MCM-1 synthesized with Pr4N-OH and Pr 2N are 
shown i n Figure 7. The identity of the structures i s also 
clear from those data. 

The 2 7A1, 2 7A1 CP and 3 1 P MAS NMR spectra of A1P0.-H? 

are shown in Figure 8. A sharp 2 7A1 l i n e i s observed at 
41.2 ppm. In aluminum phosphates 2 7A1 li n e s i n the range 
41-29 ppm are ascribed to tetrahedrally co-ordinated Al 
(14) . An additional 2 7A1 signal appears with maxima at 
-11, -16, -19 and -24 ppm. This signal according to i t s 
position can be assigned to octahedrally co-ordinated 
aluminum. The 41 ppm l i n e and those i n the range -11 t i l l 
-26 ppm are also v i s i b l e under CP, indicating that 
protons (structural water) are i n the v i c i n i t y of A l . The 
aluminum phosphate hydrates v a r i s c i t e and metavariscite 
have structures composed of alternating A l and P, with Al 
and Ρ exhibiting octahedral and tetrahedral co
ordination, respectively (15,16). The formula of 
v a r i s c i t e and metavariscite i s A1P04.2H20. The two waters 
of hydration occupy c i s positions i n the co-ordination 
sphere of aluminum. With metavariscite the 2 7A1 MAS NMR 
chemical s h i f t i s -13.2 ppm (14) and with v a r i s c i t e i t i s 
-12.5 (17), which i s i n the range found for A1P0 4-H 3. 
With A1P0 4-H 3 the shape of the octahedral 2 7A1 l i n e 
suggests the presence of a well-defined octahedral Al 
complex deviating from ax i a l c y l i n d r i c a l symmetry pând 
which i s subjected to quadrupolar interaction. The 2 7A1 
line s i n the range from -11 t i l l -24 ppm can be assigned 
to A l containing two water molecules i n c i s position i n 
i t s octahedral co-ordination s h e l l . The chemical formula 
of AlP0 4 - H o i s A1P04.1.50H20 (6,18). Accordingly, not 
every Al atom can take two water molecules i n i t s co
ordination s h e l l . This necessitates the presence of 
tetrahedral aluminum, j u s t i f y i n g the 41.2 ppm 2 7A1 
signal. The r a t i o of the intensity of the l i n e at 41.2 
ppm to the sum of those between -11 and -24 ppm i s 1.00 ± 
0.05. Therefore, the structure should contain an equal 
amount of octahedrally and tetrahedrally co-ordinated A l . 
From the 1.50 mole of hydration water, only 1.00 mole i s 
in the co-ordination s h e l l of A l , corresponding to twice 
the amount of Al(VI). 

The 3 1 P spectra consist of two lin e s at -24 and -26 
ppm with equal intensity (Figure 8) . Dense aluminium 
phosphates and AlPO-n materials generally show a single 
symmetrical l i n e i n the range from -19 t i l l -30 ppm, 
consistent with the presence of tetrahedral phosphorus 
(14) . AlP0 4 - H o i s actually the f i r s t aluminum phosphate 
for which a 31P spectrum with two tetrahedral l i n e s i s 
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M CM 

1— 

1 

-M- II 
9 17 25 33 20 

Figure 6. XRD l i n e positions and r e l a t i v e i n t e n s i t i e s 
for A1P0 4-H 3 (data adapted from ref.6) and for MCM-1 
(data from ref.11). 
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reported. The two l i n e spectrum could res u l t from 
di f f e r e n t co-ordinations of Ρ with Al(IV) and Al(VI). 

The 2 7A1 and 3 1 P MAS NMR spectra are i n agreement 
with the structural data available i n l i t e r a t u r e (18-20) . 
A1P0 4-H 3 contains P0 4 tetrahedra alternating between A10 4 

and A10 4(H 20) 2 octahedra (18). When the water molecules 
are ignored the structure can be regarded as a 4-
connected tetrahedral framework, containing 6 3 and 4.82 

two-dimensional nets j g i n t by up-down linkages (18). 
The 2 7A1, 2 9 S i , 2 9 S i CP and 3 1 P MAS NMR spectra of 

MCM-1, prepared with Pr 2N i n experiment No.27 are shown 
in Figure 9. The 2 9 S i signal i s very broad. Using 2 9 S i CP 
MAS NMR i t becomes narrower and r e s t r i c t e d to the -80 
t i l l -120 ppm range, which i s t y p i c a l for S i i n zeolites 
(21) and SAPO's (22). The 2 9 S i spectrum of SAPO-5, e.g., 
consists of a l i n e at -92, ascribed to Si(4Al) 9go-
ordination and -112 ppm, representing S i ( 4 S i ) . The 2 9 S i 
spectrum shown i n Figure 9 suggests that the co
ordination and the T-atom positions of S i i n MCM-1 are 
much more complex. 

The 2 7A1 spectrum shows a sharp l i n e at 41.2 ppm, a 
broad signal around 7 ppm and additional signals from -11 
t i l l -24 ppm. We have experienced that the broad l i n e 
around 6 ppm arises from non-ideal synthesis conditions, 
when an excess of amorphous Al i s present i n the sample. 
Chemical analysis (Table IV) confirms that there i s an 
excess of A l in the product, when the Al T-atom fraction 
exceeds 50%. Apart from the 7 ppm signal, the 2 7A1 
spectrum of MCM-1 i s very similar to that of A1P0 4-H 3. 
The intensity r a t i o of the 41.2 ppm l i n e to the sum of 
the li n e s between -11 and -24 ppm i s 1.07 ± 0.05. This 
indicates that within experimental error the proportion 
of Al(IV) to Al(VI) i s fixed by the framework topology 
and does not change with the incorporation of S i . 

With MCM-1, 3 1 P lines at -24 and -26 ppm are 
observed, as expected (Figure 9). The incorporation of S i 
does not influence the r e l a t i v e amounts of the two types 
of Ρ atoms, giving r i s e to -24 and -26 ppm signals, 
respectively. 

The 2 9 S i , 2 7A1 and 3 1 P MAS NMR spectra of MCM-1 
sample No.34 prepared with Pr4N-0H are shown i n Figure 
10. Apparently, the replacement of Pr 2N with Pr 4N and the 
differences i n chemical composition (Table IV) do not 
influence the 2 9 S i and 2 7A1 l i n e positions. The intensity 
r a t i o of the 41.2 ppm l i n e to the sum of those between 
-11 and -24 ppm i s 0.98 ± 0.05. If S i i s incorporated in 
the l a t t i c e , i t does not influence the proportion of 
Al(IV) to Al(VI). In the 3 1 P MAS NMR spectrum the most 
intense signals are at -24 and -26 ppm. Signals at higher 
f i e l d (1,-7 and -19 ppm) should be assigned to Ρ not 
incorporated i n the crystals which cannot be removed by 
washing. The intensity r a t i o of the two major 3 1 P lines 
i s again close to unity, as observed for A1P0 4-H 3 and 
MCM-1 prepared with Pr 2N. 
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Conditions for A1PQ4-H3 and MCM-1 Synthesis. From 
previous section i t can "De concluded that as far as the 
coordination of A l i s concerned, A1P04-EU i s a hybrid 
between the aluminum phosphate hydrates l i k e v a r i s c i t e 
and metavariscite and the aluminophosphate molecular 
sieves. I t can be expected that the synthesis conditions 
under which i t c r y s t a l l i z e s w i l l also be intermediate 
between those of hydrates and molecular sieves. 
Literature together with the present new data seem to 
confirm t h i s . 
i . PH of Gel. According to the data of d'Yvoir (6) , 
A1P0 4-H 3 c r y s t a l l i z e s from inorganic synthesis mixtures 
with composition: 

( A 12°3>1.00 (p2°5>2.73 (Η2°>Χ' 
x ranging from 42 to 3,600. The pH of the solution was in 
a l l experiments lower than 2.5. Under these conditions 
A1P0 4-H 3 i s metastable and appears i n the following 
sequence of successive phase transformations: 

amorphous -> A1P0 4-H 1 -> A1P0 4-H 2 -> A1P0 4-H 3 -> 
metavariscite and v a r i s c i t e . 

Wilson et a l . reported after 24 h heating at 423 Κ 
the synthesis of A1P0-5 i n the following system (23): 

( P r 3 N ) 1 Q ( A l 2 O 3 ) 1 0 ( P 2 O 5 ) l e 0 ( H 2 0 ) 4 0 . 

A1P0 4-H 3 c o - c r y s t a l l i z e d with A1P0-5 and metavariscite 
when i n the gel the (Pr 3N)/(A1 20 3) r a t i o was decreased 
from 1.0 to 0.6. A concommittant decrease of the i n i t i a l 
pH occurred from 3.0 to 2.3. The importance of gel pH was 
further i l l u s t r a t e d by adding to the gel 0.5 mole of HC1, 
or by increasing the amount of Ρ 20ς to 1.2 mole per mole 
Al20 3. After these changes, A1P0 4-H 3 c o - c r y s t a l l i z e d with 
AlPO-5 and AlP0 4-tridimite, or with metavariscite, 
respectively. 

The c r y s t a l l i z a t i o n of MCM-1 occurs at low pH too. 
The pH of mixture A from which MCM-1 succèsfully 
c r y s t a l l i z e s (Table I) was 2.4. 
i i . Temperature. The conditions of temperature at which 
A1P0 4-H 3 c r y s t a l l i z e s are i l l u s t r a t e d by the data of 
Wilson et a l . (23.)· A1P0 4-H 3, v a r i s c i t e and metavariscite 
were formed after heating a gel at 373 Κ for 168 h with 
composition: 

( P r3 N>1.0 ( A 12°3)l.O (P2°5>1.0 (H2°>40-
After a reaction of 24 h at 398 Κ A1P0 4-H 3 appears 
together with AlPO-5 and metavariscite. Pure AlPO-5 
c r y s t a l l i z e s at higher temperatures (423 and 473 K) . If 
in t h i s gel Pr 3N i s replaced with Pr4N-0H, metavariscite 
i s obtained after 384 h of heating at 328 K. 
Metavariscite, A1P0 4-H 3 and v a r i s c i t e are formed at 373 Κ 
and a reaction time of 168 h. After 24 h at 398 Κ AlPO-5 
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c r y s t a l l i z e s together with A1P0 4 - H 3 . The use of higher 
temperatures results i n AlPO-5 formation. 

Wilson et a l . concluded that high synthesis 
temperatures are necessary to overcome the tendency of Al 
to be octahedrally co-ordinated i n ac i d i c media (23.) . 
From the data of Table I i t follows that the same rule 
applies for silicoaluminophosphates. When a high 
temperature step i s involved i n the synthesis, the 
c r y s t a l l i z a t i o n of SAPO-11 containing only Al(IV) i s 
favoured over MCM-1, having Al(VI) next to Al(IV). 
i i i . Agitation. S t i r r i n g i s an important synthesis 
parameter i n the c r y s t a l l i z a t i o n of A l P O ^ H o . We 
experienced that for A1P0 4 - H 3 synthesis according to the 
recipe of d'Yvoir (6) mechanical s t i r r i n g was necessary 
during reflux of the synthesis mixture. Without s t i r r i n g 
only amorphous solids could be recovered. The 
c r y s t a l l i z a t i o n of MCM-1 from biphasic mixtures which are 
not emulsified seems also to be favoured i f the synthesis 
mixture i s s t i r r e d (Table I) . 

Table IV. Chemical composition of MCM-1 

Exp. S i A l Ρ Ν Template 3 T-atoms/ 
No. (%) (%) (%) (%) (%) template 

molecule 3 

MCM-1 synthesized with Pr4N-OH 
33 6.6 45.0 ~48.4 0.88 11.7 17 
34 6.2 36.1 57.7 0.74 9.8 22 
MCM-1 synthesized with Pr 2N 
1 12.0 51.5 "36.5 0.38 2.7 50 
3 9.2 54.5 36.3 0.55 4.0 33 
25 11.8 53.6 34.6 -
26 12.0 53.0 35.0 -
27 13.3 51.5 35.2 0.64 4.6 29 
28 18.0 48.9 33.1 0.59 4.3 29 

a, assuming no template degradation. 

Isomorphous Substitution of S i i n MCM-1. In Table IV the 
chemical composition of some of the MCM-1 materials of 
Tables I-III i s given. When MCM-1 i s synthesized with 
Pr^N-OH the fraction of Ρ i s higher than of A l (Nos. 33 
ana 34). According to the MCM formula given i n eqn. 2, 
MCM-1 sample No.33 should have cation- as well as anion-
exchange capacity, the l a t t e r being highest. The Ρ 
content of MCM-1 sample No.34 exceeds 50% (Table IV). I f 
amorphous Ρ present i n the sample (Figure 10) i s taken 
into account, the actual l a t t i c e Ρ content should be 
lower. Anyway, S i substitution i n t h i s structure appears 
to occur v i a mechanism 1 and the material should behave 
as an anion exchanger. When MCM-1 i s synthesized with 
Pr 2N, the Al fraction i s close to 50% and S i seems to 
replace Ρ (mechanism 2) . The materials are, therefore, 
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cation exchangers. Infrared spectroscopy indicates that 
the as-synthesized MCM-1 contains residual dipropyl-
ammonium cations vibrating at 1460 cm"1 (Figure 11). Pr 2N 
shows an infrared band at 1560 cm"1. 

Hydroxyl Groups i n A1P0^-H3 and MCM-1. The infrared 
spectra of the hydroxyl vibrations of A1P0 4-H 3 and MCM-1 
are shown i n Figure 12. A1P0 4-H 3 does not contain 
infrared active hydroxyl groups. In MCM-1 synthesized 
with Pr 2N hydroxyl groups are observed at 3740 and 3670 
cm"1. These bands s h i f t to 3620 and 3450 cm"1, 
respectively, upon adsorption of benzene, which acts as a 
hydrogen bond acceptor molecule (spectra not shown). This 
indicates that the Bronsted a c i d i t y of the 3 670 cm"1 

hydroxyls i s higher than of the ones at 3740 cm"1. 
Therefore, the 3740 cm"1 hydroxvls should be ascribed to 
s i l a n o l groups and the 3670 cm"-1" bands to bridging Si-OH-
A l . The appearence of the l a t t e r hydroxyl groups i n the 
MCM-1 materials i s consistent with S i substitution 
according to mechanism 2. 

MCM-1 sample No.34 synthesized with Pr4N-0H shows 
hydroxyl vibrations at 3740 cm"1 and 3670 cm"1. The 
chemical composition given i n Table IV suggests that 
isomorphous substitution according to mechanism 2 does 
not occur i n th i s material. I f the 3670 cm"1 band 
represents Al-OH-Si groups, there should be a 
contribution of mechanism 2 and the Ρ content should be 
lower than 50%. An alternative explanation i s that the 
3670 cm"1 band i n t h i s sample represents P-OH groups, 
associated with the excess of Ρ i n the sample. 

Catalytic A c t i v i t y of MCM-1. For selected MCM-1 samples 
the temperature at which 5% isomerisation of decane i s 
obtained i s given i n Table V. MCM-1 catalysts are active 
when synthesized with Pr 2N. The a c t i v i t y of sample Nos.l 
and 27 i s comparable. These samples have a similar 
chemical composition (Table IV) and contain strong 
Br0nsted acid s i t e s , v isualised by 3670 cm"1 infrared 
bands (Figure 12). Sample No.3 contains less S i (Table 
IV) and i s less active. 

The reaction temperature necessary to obtain 5% 
isomerisation of decane with MCM-1 sample No.33 prepared 
with Pr.N-OH i s about 100 Κ higher than with the MCM-1 
prepared with Pr^N (Table V) . The very weak Br0nsted 
a c i d i t y i s consistent with the v i r t u a l absence of 
isomorphous substitution mechanism 2 in t h i s sample. 

In conclusion, i t seems that i n MCM-1 besides the 
isomorphic substitution mechanism 2, which i s found i n 
SAPO's, mechanism 1 can also be operative. In MCM-1 
synthesized with Pr4N-0H according to the l a t t e r 
mechanism Al i s replaced with S i . The presence of both 
octahedral and tetrahedral Al i n MCM-1 could be the 
reason for t h i s unexpected behaviour. 
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1900 1700 1500 1300 
cm"1 

Figure 11. Infrared spectrum of the organic material 
i n MCM-1 sample No.l at 295 Κ (a) and after evacuation 
at 400 Κ (b). 

3750 3650 
cm"1 

Figure 12. Infrared spectrum of the hydroxyl groups of 
A1P0 4-H 3 and MCM-1 samples Nos. 1, 27 and 34. 
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Table V. Temperature (T5&) necessary to reach 5% 
isomerisation of decane over MCM-1 

Exp. No. T 5% (K) 

MCM-1 synthesized with Pr 2N 
3 - 538 
1 527 

27 510 
MCM-1 synthesized with Pr4N-OH 

33 - 636 

Pore f i l l i n g i n A1P0 4-H 3 and MCM-1. The MCM-1 samples 
synthesized with Pr 4N=0H —contain 17 to 22 mol T-atoms per 
mol Pr 4N (Table IV, Nos.33 and 34), which i s comparable 
to the 26 mol T-atoms found per Pr 4N molecule i n AlPO-5 
(24) . I t indicates that the potential void volume i n the 
MCM-1 framework i s at least comparable to that of AlPO-5. 
The stoicheometry of A1P0 4-H 3 i s A1P04.1.50H2O, 
corresponding to 17.7 weight-% of H20. As discussed above 
there i s 11.8 weight-% of structural water (in the co
ordination sphere of octahedral Al) and the remaining 5.9 
weight-% i s z e o l i t i c water. Apparently, t h i s f r a c t i o n i n 
MCM-1 can be replaced with 10 to 12% of Pr 4N (Table IV, 
Nos.33 and 34). The template content of the MCM-1 samples 
synthesized with Pr 2N i s much lower (Table IV, Nos.l, 3, 
27 and 28) and consequently, the number of T-atoms per 
Pr 2N molecule i s systematically higher (Table IV) . As 
Pr 2N i s a smaller molecule than Pr4N-0H, t h i s means that 
the void volume of the MCM-1 crystals i s only p a r t i a l l y 
f i l l e d with Pr^N i n these instances. The chemical nature 
of the additional pore f i l l i n g molecules was not 
determined. The presence of water i s most l i k e l y . I t was 
not v e r i f i e d whether hexanol was also present i n these 
cr y s t a l s . 

Void Structure of MCM-1 Determined with the Decane Test. 
The results from the decane test for determining the void 
structure are presented i n Table VI. The test could not 
be applied to MCM-1 synthesized with Pr4N-0H as t h i s 
material i s too weakly a c i d i c . 

The f i r s t c r i t e r i o n allows to discriminate between 
10-and 12-MR structures (9) . MCM-1 behaves l i k e a 12-MR 
z e o l i t e . The second c r i t e r i o n allows to make a ranking 
according to the size of the windows (10). MCM-1 i s among 
the most shape-selective 12-MR ze o l i t e s . A CI of 2.0 and 
1.8 i s situated between that of o f f r e t i t e (CI =1.8) and 
ZSM-12 (CI =2.2) and corresponds, therefore, to a window 
size of about 0.6 nm. Important differences are found i n 
the values of c r i t e r i o n 3 and 4, indicating that the 
voids of the di f f e r e n t materials are s i g n i f i c a n t l y 
d i f f e r e n t . In t h i s respect, there seems to be no r e l a t i o n 
with the S i content. According to C r i t e r i o n 5 MCM-1 i s 
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intermediate between 10- and 12-MR zeo l i t e s . C r i t e r i a 6 
to 8 should be considered with caution. A l l catalysts 
exhibit hydrogenolysis and therefore the application of 
these c r i t e r i a i s not allowed (8.9). For MCM-1 sample 
No.27 which i s the most active catalyst (Table V) and 
exhibits almost no hydrogenolysis, the isopentane y i e l d 
i s i n agreement with large pore characteristics (Table 
VI) . The molar values obtained i n c r i t e r i o n 7 and 8 are 
equal indicating that secondary hydrocracking occurs (9). 
As t h i s phenomenon i s not strongly pronounced, the pore 
system could be b i - or tridimensional. Definite proof for 
th i s could be obtained i f a more ac i d i c MCM-1 catalyst 
were available. 

A1P0 4-H 3 i s an 8-MR structure (18). Consequently, the 
largest pore openings i n MCM-1 should also be 8-MRs. The 
results of the decane test suggest that the pores of MCM-
1 become enlarged after calcination. 

Table VI. Characterization of the Pore Structure of MCM-1 
using the Hydroconversion of Decane 

Exp. No. Zeolites 
1 27 3 10-MR 12-MR 

1. Ethvloctanes i n monobranched isomers at 5% 
isomerisation (%) 

7.6 8.4 7.7 < 1.0 > 5 
2. 2-/5-methylnonane r a t i o at 5% isomerisation 

2.0 1.8 1.8 > 2.7 1.0-2.2 
3. 3-/4-ethyloctane at 5% isomerisation 

0.6 0.7 0.9 
4. 4-propylheptane i n monobranched isomers at 75% 

conversion 
2.6 1.4 1.8 0.0 > 0 

5. Multibranched isomers at maximum isomerisation (%) 
18 27 19 3-11 >26 

6. Mole isopentane/100 mole C10 cracked at 35% cracking 
* 26 * 11-21 >37 

7. Mole C3/100 mole C10 cracked - mole C7/100 mole C10 
cracked/2 at 35% cracking 

* 2.9 * 
8. Mole C4/100 mole C10 cracked - mole C6/100 mole C10 

cracked 
* 3.1 * 

*, hydrogenolysis superimposed. 

Wilson et a l . have stated that i n absence of organic 
template molecules no microporous aluminum phosphates can 
be synthesized (24). The synthesis of A1P0 4-H 3 from an 
inorganic gel i s a clear exception to t h i s statement. 
Aluminum-rich zeolites are generally c r y s t a l l i z e d i n 
absence of organic molecules. The synthesis of high-
s i l i c a zeolites i n absence of organic molecules i s very 
d i f f i c u l t , i n agreement with the hydrophobic nature of 
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t h e i r i n t r a c r y s t a l l i n e surface. Aluminum phosphates with 
f u l l y cross-linked tridimensional frameworks are 
moderately hydrophilic (24). As the dehydrated forms of 
A1P0 4-H 3 are very hydrophilic (6) i t i s i n our opinion 
not surprising that the presence of organic template 
molecules i s not required. 

Conclusions 

A1P0 4-H 3 i s the aluminum phosphate homolog of MCM-1. 
The framework topology of MCM-1 and A1P0 4-H 3 i s the same. 
A ch a r a c t e r i s t i c structural feature of A1P0 4-H 3 and MCM-1 
materials i s the presence of an equal amount of Al(IV) 
and Al(VI) i n the framework. A1P0 4-H 3 i s , therefore, a 
hybrid between the aluminum phosphate hydrates, 
containing Al(VI) and the aluminophosphate molecular 
sieves, containing Al(IV). For the same reason MCM-1 can 
be distinguished from the SAPO-n family of materials. In 
the co-ordination s h e l l of Al(VI) i n A1P0 4-H 3 and MCM-1, 
two structural water molecules are present i n c i s 
position. Phosphorus i s present i n two dif f e r e n t and 
equally abundant co-ordinations with Al(IV) and Al(VI). 
The co-ordination and the T-atom positions of S i i n MCM-1 
are complex. The isomorphous substitution mechanisms are 
probably S i for A l (mechanism 1) and S i for Ρ (mechanism 
2). MCM-1 materials i n which mechanism 2 i s operative are 
active i n hydrocarbon conversion reactions catalysed by 
Br0nsted a c i d i t y . 

The presence of Al(VI) i n A1P0 4-H 3 explains why i t 
c r y s t a l l i z e s at lower temperatures than AlPO-n materials 
as the tendency of Al to be octahedrally co-ordinated i n 
acid media i s only maintained at low synthesis 
temperatures. Alternatively, at higher temperatures the 
c r y s t a l l i z a t i o n of A1P0 4-H 3 can be favoured by decreasing 
the pH of the gel. For the same reason, the temperature 
and/or gel pH at which MCM-1 c r y s t a l l i z e s are lower than 
for the synthesis of SAPO's. A1P0 4-H 3 can be synthesized 
with the same templates as MCM-1, or i n absence of 
template. The synthesis of the microporous aluminum 
phosphate A1P0 4-H 3 from an inorganic gel i s a clear 
exception to the statement that " i n absence of organic 
template molecules no microporous aluminum phosphates can 
c r y s t a l l i z e " (24). The c r y s t a l l i z a t i o n of MCM-1 from 
biphasic mixtures which are not emulsified i s favoured i f 
the synthesis mixture i s s t i r r e d . S t i r r i n g i s also an 
important parameter i n the synthesis of A1P0 4-H 3 from an 
inorganic gel. If the synthesis mixture i s emulsified 
agitation seems to be less important. 

Calcined MCM-1 behaves c a t a l y t i c a l l y l i k e a 12-MR 
structure with 0.6 nm pore openings. 
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Chapter 23 

Synthesis and Characterization of Metal 
Aluminophosphate Molecular Sieves 

Stephen T. Wilson and Edith M. Flanigen 

Union Carbide Corporation, UOP Molecular Sieve Technology Department, 
Tarrytown Technical Center, Tarrytown, NY 10591 

Novel metal aluminophosphate molecular sieves 
(MeAPO-n) have been synthes ized, where Me can be the 
d iva len t form of Co, Fe, Mg, Mn, or Zn, or trivalent 
Fe. These MeAPO molecular sieves have te trahedral 
frameworks containing metal , aluminum, and phosphorus, 
and e x h i b i t a wide range o f compositions within the 
general formula 0 - 0.3 R : (MexAlyPz)O2 where 
x, y , and z represent normalized mole f r a c t i o n s with χ 
= 0.01-0.25, y = 0.15-0.52 and z = 0.35-0.6 and R 
refers to the organic template, an amine or quaternary 
ammonium s a l t . The structures can be envisioned as 
hypothet ical AlPO4 frameworks with metal 
incorporated into some of the Al s i t e s . The anionic 
framework charge generated by such s u b s t i t u t i o n leads 
to Bronsted a c i d i t y . The 18 reported MeAPO 
s tructure- types include s tructures t o p o l o g i c a l l y 
re la ted to z e o l i t e s , A1P04, and SAPO molecular 
sieves as well as novel s t r u c t u r e s . The c a t a l y t i c 
propert ies o f MeAPO's are both metal and s tructure 
dependent, and as a c i d i c c a t a l y s t s they range in 
activity from low to h igh . 

The h i s t o r y o f molecular s i e v e s y n t h e s i s encompasses some 40 years 
and i n c l u d e s the p r e p a r a t i o n o f aluminosi 1 i c a t e z e o l i t e s (1_>, 
ph o s p h o r u s - s u b s t i t u t e d a l u m i n o s i l i c a t e s ( 2 ^ 3 ) , and the microporous 
s i l i c a polymorphs ( 4 ) . More r e c e n t l y , the compositional and 
s t r u c t u r a l range o f molecular s i e v e s has been s i g n i f i c a n t l y 
i n c r e a s e d by the d i s c o v e r y o f c r y s t a l l i n e microporous 
aluminophosphate-based frameworks, beginning with the 
aluminophosphates (5^7) o r A l P 0 4 - n molecular s i e v e s . T h i s 
i n i t i a l d i s c o v e r y was f o l l o w e d by the s i l i c o a l u m i n o p h o s p h a t e s ( 8 ) , 
t i t a n i u m aluminophosphates ( 9 ) , metal aluminophosphates (10-13), 
and metal s i l i c o a l u m i n o p h o s p h a t e s ( H ) des i g n a t e d SAP0-n, TAP0-n, 
MeAP0-n, and MeAPS0-n, r e s p e c t i v e l y . The acronym SAPO i s d e r i v e d 
from ( S i x A l y P 2 ) 0 2 and ΤΑΡ0, MeAPO, and MeAPSO are d e r i v e d 

0097-6156/89/0398-0329$06.00/0 
ο 1989 American Chemical Society 
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s i m i l a r l y where the Τ = Ti and Me = Metal as d e s c r i b e d . The 
s u f f i x "n" denotes a s p e c i f i c s t r u c t u r e type o r framework to p o l o g y . 

The MeAPO f a m i l y d e s c r i b e d here marks the f i r s t demonstrated 
i n c o r p o r a t i o n o f the d i v a l e n t forms o f c o b a l t (CoAPO), i r o n 
(FAPO), magnesium (MAPO), manganese (MnAPO), or z i n c (ZAPO) i n t o 
microporous frameworks d u r i n g s y n t h e s i s . 
Experimental 
The s y n t h e s i s o f a MeAPO molecular s i e v e t y p i c a l l y uses an aqueous 
r e a c t i o n mixture formed by combining a d i s s o l v e d form o f the 
d i v a l e n t metal, o r t h o p h o s p h o r i c a c i d , a r e a c t i v e alumina, and an 
amine o r quaternary ammonium templating agent ( R ) . The metal i s 
t y p i c a l l y i n t r o d u c e d as the a c e t a t e or s u l f a t e s a l t , or as the 
metal oxide d i s s o l v e d i n d i l u t e phosphoric a c i d . A s y n t h e s i s 
mixture i s prepared i n one o f two ways: 
1) An alumina source (e.g., pseudo-boehmite o r aluminum 

i s o p r o p o x i d e ) i s mixed with d i l u t e o r t h o p h o s p h o r i c a c i d , then 
combined with an aqueous s o l u t i o n c o n t a i n i n g the metal s a l t . 
F i n a l l y the template, an amine or quatern a r y ammonium 
hydroxide, i s added. 

2) The alumina source i s combined with an aqueous s o l u t i o n o f the 
metal s a l t f i r s t , then d i l u t e o r t h o p h o s p h o r i c a c i d i s added, 
and f i n a l l y the template. 

T y p i c a l r e a c t i o n mixtures have the molar c o m p o s i t i o n : 
y R : 2x MeO : (1-x) A 1 2 0 3 : P 2 0 5 : 40 H 20 

where y = 1.0 - 2.5, and χ = 0.005 - 0.333. These r e a c t i o n 
mixtures are then heated q u i e s c e n t l y a t a temperature o f 
100-200°C f o r s u f f i c i e n t time t o c r y s t a l l i z e the MeAPO mol e c u l a r 
s i e v e . The p a r t i c u l a r time/temperature c o n d i t i o n s depend on the 
metal, the template, and the s t r u c t u r e - t y p e . In many cases a 
giv e n r e a c t i o n mixture w i l l produce the same s t r u c t u r e s with each 
metal although the time/temperature c o n d i t i o n s may vary. The 
template R i s occluded i n the MeAPO product d u r i n g s y n t h e s i s and 
appears e s s e n t i a l t o the s y n t h e s i s o f these novel phases. I t can 
be removed t h e r m a l l y a t 400-600°C. 
S t r u c t u r e s 
There are 18 r e p o r t e d MeAPO s t r u c t u r e - t y p e s ( T a b l e I ) . E i g h t o f 
these are z e o l i t e s t r u c t u r e analogs (17, 20, 34, 35, 37, 43, 44, 
47) which were subsequently observed i n A l P 0 4 - b a s e d m a t e r i a l s . 
Seven s t r u c t u r e - t y p e s were f i r s t i d e n t i f i e d i n the A1P0 4 (5, 11, 
14, 16, 31), SAPO (4 1 ) , or MeAPSO (46) f a m i l i e s (14,15). The 
remaining s t r u c t u r e s (36, 39, 50) were f i r s t observed i n the MeAPO 
f a m i l y . The x-ray powder d i f f r a c t i o n p a t t e r n s c h a r a c t e r i s t i c o f 
the s t r u c t u r e - t y p e s 5, 11, 17, and 20 (6,16,17); and 14, 18, and 
31 (7) have been p r e v i o u s l y p u b l i s h e d . The x-ray powder p a t t e r n s 
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23. WILSON AND FLANIGEN MeAPO Molecular Sieves 331 

f o r the s t r u c t u r e - t y p e s 16, 46, and 50 (both c a l c u l a t e d and 
observed) are Included i n rec e n t reviews o f AlP 0 4 - b a s e d s t r u c t u r e s (16,17), For the remaining novel s t r u c t u r e s 36, 39, 
and 41, x-ray powder p a t t e r n s are shown i n F i g u r e s 1-3. 

The 34 (18), 44 (19), and 47 (19) types are a l l now known t o 
be s t r u c t u r e s with the c h a b a z i t e framework topology (as determined 
by s i n g l e - c r y s t a l methods) but prepared with d i f f e r e n t templates, 
TEAOH, cyclohexy1 ami ne, or Ν,N-d1 e t h y l - e t h a n o l a m i ne, 
r e s p e c t i v e l y . As i n i t i a l l y prepared, there was s u f f i c i e n t 
v a r i a t i o n i n the x-ray powder p a t t e r n s o f the a s - s y n t h e s i z e d forms 
f o r d i f f e r e n t framework t o p o l o g i e s t o be co n s i d e r e d . Once 
c a l c i n e d , the three s p e c i e s e x h i b i t e s s e n t i a l l y i d e n t i c a l powder 
p a t t e r n s , c o n s i s t e n t with the framework topology. Other 
p r o p e r t i e s vary s u b s t a n t i a l l y among the three s p e c i e s . There 
s t i l l remains the p o s s i b i l i t y o f unique, template mediated, 
framework s i t i n g f o r the metal i n these and ot h e r tempiated forms 
o f the c h a b a z i t e t o p o l o g y . 

Table I. T y p i c a l Templates and Str u c t u r e - T y p e s f o r MeAPO 
Mol e c u l a r S i e v e s 

MeAPO S t r u c t u r e T y p i c a l Template Pore S i z e 
S p e c i e s Type (nm) 
5 A1P04-5 Ν,N-diethylethanolami ne 0.8 

36 Novel t r i propyl ami ne 0.8 
37 F a u j a s i t e ΤΡΑ0Η + ΤΜΑ0Η 0.8 
46 MAPS0-46 di-n-propylamine 0.7 
50 Novel di-n-propylamine 0.8 
11 ΑΙΡΟ4-ΙΙ di-n-propylamine 0.6 
31 A1P04-31 di-n-propylamine 0.7 
41 SAP0-41 di-n-propylamine 0.65 
14 A1PÛ4-14 isopropylamine 0.40 
17 e r i o n i t e q u i n u c l i d i n e 0.43 34 c h a b a z i t e tetraethylammoni urn 0.43 
35 l e v y n i t e q u i n u c l i d i n e 0.43 
39 novel di-n-propylamine 0.40 
43 gismondine di-n-propylamine 0.43 
44 c h a b a z i t e cyclohexylamine 0.43 
47 c h a b a z i t e Ν,N-di ethylethanolami ne 0.43 
16 ΑΙΡΟ4-Ι6 q u i n u c l i d i n e 0.3 
20 s o d a l i t e tetramethylammoni urn 0.3 

S y n t h e s i s 
The s t r u c t u r e - t e m p l a t e r e l a t i o n s h i p s p r e v i o u s l y observed i n the 
ΑΙΡΟ4 f a m i l y are compounded now by the p a r t i c i p a t i o n o f the 
metal i n s y n t h e s i s . At one extreme the template 
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(?) Ζ 
L U H Z 
L U 
> 

ω 
cc uu 

d(A) 1 d(A) 1 
11.2 100 4.03 13 
10.8 31 3.95 14 
6.54 4 3.72 5 
5.59 11 3.27 12 
5.39 31 3.15 7 
4.64 13 3.08 6 
4.27 34 2.80 7 
4.10 15 2.58 5 

16 24 32 40 48 
DEGREES 20, CuKa 

56 

F i g u r e 1. X-ray Powder D i f f r a c t i o n P a t t e r n o f MAP0-36. 

ζ 
LU 

LU 
> 

LU 
OC 

JJ 

d(A) 1 d(A) 1 
9.34 33 3.01 15 
6.60 64 2.95 35 
4.91 54 2.74 14 
4.18 87 2.64 10 
3.94 100 2.36 10 
3.30 7 1.78 5 
3.11 10 

16 24 32 40 48 
DEGREES 20, CuKa 

56 

F i g u r e 2. X-ray Powder D i f f r a c t i o n P a t t e r n o f MAPO-39. 

i M i 
20 3.88 23 
20 3.83 18 
20 3.53 14 
9 3.46 17 
5 3.03 12 

100 2.39 9 
64 

8 16 24 32 40 48 56 
DEGREES 20, CuKa 

É 
z 
LU 
Z 
LU 

d(A) 
12.9 
9.08 
6.47 
4.86 
4.31 
4.21 
4.01 

F i g u r e 3. X-ray Powder D i f f r a c t i o n P a t t e r n o f MAPO-41. 
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23. WILSON AND FLANIGEN MeAPO Molecular Sieves 333 

tetramethylammoniurn (TMAOH) behaves c o n s i s t e n t l y a c r o s s a l l the 
AlP0 4-based f a m i l i e s , producing the s o d a l i t e o r 20 
st r u c t u r e - t y p e under most c o n d i t i o n s . At the o t h e r extreme, 
di-n-propylamine templates at l e a s t seven s t r u c t u r e - t y p e s 
depending on s y n t h e s i s c o n d i t i o n s and gel composition. 
Te trame th y1ammon i um (TMAOH). Tetramethylammonium y i e l d s the 20 
st r u c t u r e - t y p e over a wide range o f gel composition and 
temperature (Table I I ) . Using a r e a c t i o n mixture prepared with 
magnesium a c e t a t e : 
1.0 TMAOH : 2x MgO : (1-x) A 1 2 0 3 : P 2 0 5 : 40 H 20 : 4x HOAc 
where χ = 0.083, 0.167, and 0.333, the 20 s t r u c t u r e i s the o n l y 
type observed at 100, 150, o r 200°C. Gel and product analyses 
f o r samples prepared a t 200°C are expressed as mole f r a c t i o n s , 
normalized t o 1 mole o f t o t a l product o x i d e , T 0 2 . The product oxide compositions r e f l e c t the gel composition and 
each e x h i b i t s TMA contents up t o , but not exceeding, one TMA per 
s o d a l i t e cage (or 0.167 TMA/T0 2). Product 3 e x h i b i t s an 
a n a l y s i s c o n s i s t e n t with o c c u p a t i o n o f 1/6 o f the framework 
T - s i t e s by Mg, with one TMA per s o d a l i t e cage. The framework 
charge i s completely balanced by occluded TMA+. The remaining 
products have lower framework charge and l e s s than one TMA per 
s o d a l i t e cage. The amount o f TMA+ occluded i s n e v e r t h e l e s s 
g r e a t e r than the c a l c u l a t e d framework charge and t h i s excess 
charge i s probably balanced by n e g a t i v e l y charged s p e c i e s , such as 
phosphate o r hydroxide, occluded i n some o f the s o d a l i t e cages. 

Table I I . Reaction Mixture and Product Analyses f o r MAPO-20 
S t r u c t u r e s ( T 0 2 formula, anhydrous b a s i s ) 

TMA : ( Mg Al Ρ ) 0 2 T0 2/R Framework 
Charge* 

1) Gel 0. .250 0.042 0. 458 0. 500 
Product 0. .131 0.041 0. 454 0. 505 7. .6 -0. 031 

2) Gel 0. .250 0.083 0. 417 0. 500 
Product 0. .135 0.084 0. 401 0. 515 7, .4 -0. 054 

3) Gel 0, .250 0.167 0. 333 0. 500 
Product 0, .167 0.158 0. 330 0. 512 6. .0 -0. 134 

*Framework charge c a l c u l a t e d from chemical a n a l y s e s . 

Tetraethylammonium (TEAOH). In A1P0 4 s y n t h e s i s , ΤΕΑ0Η templates 
the s t r u c t u r e - t y p e s 5 and 18. In SAPO and i n MeAPO s y n t h e s i s , 
s t r u c t u r e s 5 and 34 are produced. Both 18 and 34 have pore 
systems c o n t r o l l e d by 8-rings and both have comparable, l a r g e v o i d 
volumes. The presence o f the Me or Si i n the gel composition 
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f a v o r s s t r u c t u r e - t y p e 34 over 18. In MeAPO s y n t h e s i s the r a t e o f 
c r y s t a l l i z a t i o n o f the 34 s t r u c t u r e depends on the metal. The 
metals Mg, Co, and Zn r e a d i l y form pure 34 at 100°C i n 2-4 days 
from the gel composition: 
1.0 TEAOH : 0.4 MeO : 0.8 A 1 2 0 3 : P 2 0 5 : 55 H 20 : 
4.8 iPrOH : 0.8 HOAc 
where the a c e t i c a c i d and isopropanol d e r i v e from the metal 
a c e t a t e s a l t and aluminum iso p r o p o x i d e (AIP) used as r e a c t a n t s . 
Under s i m i l a r c o n d i t i o n s , MnAPO-34 r e q u i r e s more than 7 days t o 
c r y s t a l l i z e and FAP0-34 f a i l s t o c r y s t a l l i z e i n 21 days. Higher 
temperatures are r e q u i r e d t o c r y s t a l l i z e FAPO-34. The elemental 
a n a l y s i s o f three MeAPO's prepared from the above gel at 100°C 
are shown below (expressed as normalized T0 2 f r a c t i o n s ) : 
Species TEAOH : ( Me Al Ρ ) 0 2 T0 2/R Framework 

These an a l y s e s and o t h e r s are c o n s i s t e n t with the occupancy o f 
each c h a b a z i t e cage by one TEA molecule, i . e . 1 TEA/12 T0 2.(lj>) Using a d i f f e r e n t gel composition, with pseudo-boehmite 
i n s t e a d o f AIP, the e f f e c t s o f gel metal c o n c e n t r a t i o n and 
c r y s t a l l i z a t i o n temperature on MAP0-34 s y n t h e s i s with TEAOH can be 
i l l u s t r a t e d ( F i g u r e s 4 and 5). Reaction mixtures were prepared 
d i f f e r i n g o n l y i n Mg c o n c e n t r a t i o n ( x ) : 

1.0 TEAOH : χ MgO : 0.8 A 1 2 0 3 : 1.0 P 2 0 5 : 40 H 20 : 2x HOAc 
The i n i t i a l gel pH ranged from 3.5 - 4.5, i n c r e a s i n g with Mg 
content. At 100°C and a 2 day r e a c t i o n time ( F i g u r e 4 ) , the 
lowest Mg c o n c e n t r a t i o n (0.05) y i e l d s p r i m a r i l y t e m p l a t e - f r e e 
aluminophosphate hydrate s t r u c t u r e - t y p e s such as m e t a v a r i s c i t e and 
v a r i s c i t e (A1P0< : 2 H 20) and H 3 (A1P0< : 1.5 H 20) (20,21). 
As the Mg c o n c e n t r a t i o n i s i n c r e a s e d toward 0.25, MAP0-34 becomes 
the major product and then the o n l y product. At higher Mg 
c o n c e n t r a t i o n s non-microporous, Mg-rich s t r u c t u r e s i n c r e a s e a t the 
expense o f MAP0-34. 

The same s e r i e s o f gel compositions d i g e s t e d f o r 5-7 days at 
100°C show s i m i l a r b e h a v i o r , except f o r the g r e a t e r prominence 
o f the H 3 s t r u c t u r e - t y p e at the expense o f m e t a v a r i s c i t e and 
v a r i s c i t e s t r u c t u r e s . 

T h i s s e r i e s o f g e l s c r y s t a l l i z e d at 150°C f o r 3 days y i e l d s 
e x c l u s i v e l y mixtures ( F i g u r e 5 ) . Nhen no Mg i s p r e s e n t , o n l y the 
5 and 18 s t r u c t u r e s are observed. At the lowest Mg c o n c e n t r a t i o n 
(0.05) the 18 s t r u c t u r e c o e x i s t s with the 34, and as the Mg 
c o n c e n t r a t i o n i n c r e a s e s , the r e l a t i v e amount o f MAPO-34 i n c r e a s e s 
as the MAP0-5 decreases. At the h i g h e s t Mg c o n c e n t r a t i o n examined 
the r a t i o o f MAP0-5 t o MAPO-34 i s about 2:1. 

Charge 
ZAP0-34 
MAPO-34 

CoAPO-34 
0.083 0.095 0.396 0.509 
0.079 0.095 0.400 0.505 
0.108 0.085 0.407 0.508 

12 
13 
9 

-0.077 
-0.085 
-0.069 
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23. WILSON AND FLANIGEN MeAPO Molecular Sieves 335 

% b y X - R a y 

Gel Mg/P 20 5 

F i g u r e 4. Product D i s t r i b u t i o n vs. Gel Mg C o n c e n t r a t i o n i n 
MAPO-34 S y n t h e s i s with TEAOH (100°C, 2 Days). 

F i g u r e 5. Product D i s t r i b u t i o n vs. Gel Mg Co n c e n t r a t i o n i n 
MAPO-34 S y n t h e s i s with TEAOH (150°C, 3 Days). 
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To summarize these r e s u l t s , a t constant template c o n c e n t r a t i o n 
and higher gel Mg c o n c e n t r a t i o n s , Mg-rich, non-molecular s i e v e 
s t r u c t u r e s seem to nuc l e a t e at the expense o f MAPO-34. At gel 
c o n c e n t r a t i o n s o f 0.4 and below, some MAPO-34 i s formed as long as 
there i s any Mg i n the g e l . 

These o b s e r v a t i o n s suggest t h a t under t h i s set o f c o n d i t i o n s 
there i s a p r e f e r r e d range o f gel compositions f o r making pure 
MAPO-34 with TEAOH. Reaction mixtures o u t s i d e the p r e f e r r e d range 
produce mixtures c o n t a i n i n g at l e a s t some MAPO-34 but the amount 
o f MAPO-34 d e c l i n e s as the Mg content o f the gel d e v i a t e s too f a r 
in e i t h e r d i r e c t i o n . The tendency o f gels with low Mg 
c o n c e n t r a t i o n s t o g i v e mixtures r a t h e r than simply a pure, low Mg 
MAPO-34 a l s o suggests t h a t MAPO-34 has a p r e f e r r e d product 
s t o i c h i o m e t r y . The products o b t a i n e d along with the MAPO-34 are 
t y p i c a l o f low Mg or Mg-free g e l s , i . e . , MAPO-5 and 
aluminophosphates such as H 3 or m e t a v a r i s c i t e . I t i s p o s s i b l e 
t h a t some Mg i s a l s o i n c o r p o r a t e d i n Al s i t e s o f these 
aluminophosphate s t r u c t u r e s . 
Q u i n u c l i d i n e (QUIN). The template q u i n u c l i d i n e y i e l d s the 
s t r u c t u r e - t y p e s 16 and 17 (ERI) i n A1P0 4 s y n t h e s i s and types 16, 
17, and 35 (LEV) i n SAPO and MeAPO s y n t h e s i s . T y p i c a l s y n t h e s i s 
g e l s f o r the p r e p a r a t i o n o f MeAPO-16 and -35 are: 

1 6 - 1 . 0 QUIN : 0.17 MeO : 0.92 A1 2 0 3 : P 2 0 5 : 40 H 20 0.33 HOAc 
3 5 - 1 . 0 QUIN : 0.50 MeO : 0.75 A1 2 0 3 : P 2 0 5 : 40 H 20 1.00 HOAc 

In g e n e r a l , higher c r y s t a l l i z a t i o n temperatures (150-200°C) 
and lower gel Me f a v o r s t r u c t u r e s 16 and 17. Since these 
s t r u c t u r e s are a l s o tempiated i n the absence o f Me, a broad 
c o m p o s i t i o n a l range i s e a s i e r t o ac h i e v e . The 35 s t r u c t u r e i s 
f a v o r e d a t low temperatures (100°C) and higher gel Me 
c o n c e n t r a t i o n s . Table I I I shows t y p i c a l gel and product 
compositions f o r MeAPO-16 and MeAPO-35. The fou r gel compositions 
shown f o r MeAPO-35 produce product compositions t h a t m i r r o r the 
g e l s , and demonstrate compositional l a t i t u d e f o r t h i s framework 
a l s o . 

D e spite the v a r i a t i o n i n framework composition, both the 16 
and 35 s t r u c t u r e - t y p e s show c h a r a c t e r i s t i c r a t i o s o f approximately 
10 and 9, r e s p e c t i v e l y , f o r the number o f T0 2 u n i t s per 
template. These values are completely c o n s i s t e n t with s t r u c t u r a l 
knowledge. For the 16 s t r u c t u r e (1_9) there are 10 T0 2 per cage 
and room f o r 1 QUIN i n each. For the 35 s t r u c t u r e there are 9 
T0 2 per cage and room f o r 1 QUIN i n each. The remaining 
s t r u c t u r e templated by QUIN, 17, a l s o possesses 9 T 0 2 per QUIN 
but 2 QUIN occupy each l a r g e cage. 
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Table I I I . Elemental Compositions o f Gel and Product f o r T y p i c a l 
MeAPO-16 and -35 <T02 Formula, Anhydrous B a s i s ) 

16-TYPE OUI Ν : ( Me Al Ρ ) 0 2 T0 2/R 
Gel 
Products CoAPO 

MnAPO 
ΜΑΡ0 

0.250 
0.094 
0.103 
0.099 

0.042 
0.050 
0.050 
0.051 

0.458 
0.456 
0.456 
0.462 

0.500 
0.495 
0.494 
0.486 

10.6 
9.7 

10.1 
35-TYPE 
Gel 
Products FAP0 

0.250 
0.130 

0.050 
0.040 

0.450 
0.470 

0.500 
0.490 7.7 

Gel 
Products CoAPO 

MnAPO 
ΜΑΡ0 

0.250 
0.099 
0.112 
0.092 

0.100 
0.104 
0.104 
0.121 

0.400 
0.377 
0.390 
0.397 

0.500 
0.519 
0.506 
0.481 

10.1 
8.9 

10.9 
Gel 
Products CoAPO 

MnAPO 
0.250 
0.110 
0.110 

0.125 
0.117 
0.130 

0.375 
0.366 
0.371 

0.500 
0.517 
0.499 

9.1 
9.1 

Gel 
Product ΖΑΡ0 

0.250 
0.109 

0.132 
0.131 

0.342 
0.354 

0.526 
0.514 9.2 

T r i propyl ami ne ( P r 3 N ) . As i n the case o f A l P 0 4 - 5 , MeAP0-5 i s 
r e a d i l y s y n t h e s i z e d with a v a r i e t y o f templates, i n c l u d i n g 
t r i propyl ami ne ( P r 3 N ) , tetrapropylammonium (ΤΡΑ0Η), 
tetraethylammoni urn (TEAOH), Ν,N-di e t h y l e t h a n o l a m i ne (DEEA), 
2 - m e t h y l p y r i d i n e , and t r i e t h a n o l a m i ne. Of these, P r 3 N and ΤΡΑ0Η 
a l s o template an a d d i t i o n a l n o v e l , l a r g e pore s t r u c t u r e , 
des i g n a t e d 36. The two s t r u c t u r e - t y p e s are f r e q u e n t l y observed i n 
admixture and the r e l a t i v e s e l e c t i v i t y o f the P r 3 N f o r 5 o r 36 
appears to depend on the metal. Using the gel composition: 
1.0-1.5 Pr 3 N : 0.17 MeO : 0.92 A 1 2 0 3 : P 2 0 5 : 40 H 20 : 0.33 HOAc 
and d i g e s t i n g at 150°C f o r 24 hours, the product s t r u c t u r e - t y p e s 
a r e : 

Me Unseeded Seeded 
Mg 36 36 
Zn 36 36 
Co 5 > 36 36 
Mn 5 36 > 5 

(where the amount o f 36-type seed i s equal t o 10 wt.% o f s t a r t i n g 
o x i d e s ) . 

Under these c o n d i t i o n s Mg and Zn form pure MeAPO-36 more 
r e a d i l y than Co and Mn. Higher gel P r 3 N l e v e l s are e f f e c t i v e i n 
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f a v o r i n g the 36 s t r u c t u r e , and seeding o f the r e a c t i o n mixture 
with a 36 s t r u c t u r e - t y p e o f any composition a l s o a c c e l e r a t e s 
n u c l e a t i o n o f 36. Product analyses o f t y p i c a l MeAPO-36 are shown 
i n Table IV. V a r i a t i o n i n the framework composition o f the 36 
s t r u c t u r e can be induced by changing the gel composition. The 
packing d e n s i t y o f the P r 3 N stays r e l a t i v e l y constant a t 1 
P r 3 N per 20 T0 2, a value t h a t i s e s s e n t i a l l y i d e n t i c a l t o t h a t 
o f P r 3 N i n the 5 s t r u c t u r e - t y p e . 

Table IV. Elemental Compositions o f Gel and Product f o r T y p i c a l 
MeAPO-36 ( T 0 2 Formula, Anhydrous B a s i s ) 

P r 3 N : ( Me Al Ρ ) 0 2 T0 2/R Framework 
Charge 

Gel 0.375 0.042 0.458 0.500 
Products ΜΑΡ0 0.045 0.038 0.460 0.500 22 -0.044 

MnAPO 0.048 0.060 0.436 0.504 21 -0.052 
CoAPO 0.056 0.045 0.465 0.490 18 -0.065 

Gel 0.204 0.102 0.408 0.490 
Product MAPO 0.047 0.102 0.413 0.485 21 -0.135 

Di-n-propylamine (DPA). Di-n- •propylamine templates at l e a s t 
s t r u c t u r e - t y p e s i n MeAPO s y n t h e s i s . This m u l t i p l i c i t y o f p o s s i b l e 
s t r u c t u r e s makes the job o f p r e p a r i n g one s t r u c t u r e , f r e e o f 
competing s t r u c t u r e s more c h a l l e n g i n g . F o r t u n a t e l y , o t h e r 
s y n t h e s i s f a c t o r s can be used t o focus the s t r u c t u r e - d i r e c t i n g 
e f f e c t o f the template. Such f a c t o r s as metal type, template 
c o n c e n t r a t i o n , metal c o n c e n t r a t i o n , c r y s t a l l i z a t i o n temperature, 
and seeding can be used t o i n f l u e n c e s t r u c t u r e f o r m a t i o n . 

The s y n t h e s i s c o n d i t i o n s observed t o f a v o r f o r m a t i o n o f a 
p a r t i c u l a r s t r u c t u r e - t y p e are shown i n Table V. 

Table V. Trends i n S y n t h e s i s C o n d i t i o n s F a v o r i n g S t r u c t u r e 
Formation with Di-n-Propylamine 

S t r u c t u r e 
Type 

Template 
Cone. 

Metal 
Cone. 

Temp. 
°C 

Seed 

11 Low Low 200 X 

31 Low Low 200 X 

39 Low High 150 
41 High Low 200 X 

43 High High 150 
46 High High 150 
50 High High 150 

S y n t h e s i s c o n d i t i o n s t h a t y i e l d e s s e n t i a l l y pure MAPO examples f o r 
s i x o f these s t r u c t u r e s are shown i n Table VI. 
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Table VI. T y p i c a l S y n t h e s i s C o n d i t i o n s f o r C r y s t a l l i z a t i o n o f 
MAPO S t r u c t u r e s with DPA. (Molar Formula) 

Type DPA MqO A 1 2 0 3 P 2 0 5 H 20 Time Temp. Seed 
11 1.0 0.17 0.92 1.0 50 24 200 
31 1.5 0.20 1.00 1.0 60 24 150 X 

39 1.0 0.40 0.80 1.0 40 24 150 
41 2.0 0.30 0.85 1.0 50 24 200 X 

46 2.0 0.30 0.85 1.0 50 168 150 
50 2.5 0.30 0.85 1.0 50 144 150 
(Reactants i n c l u d e pseudo-boehmite alumina and magnesium a c e t a t e ) . 

T y p i c a l product analyses o f some o f these s t r u c t u r e - t y p e s are 
shown below ( T 0 2 formula, anhydrous b a s i s ) : 
Species DPA : ( Me Al Ρ ) 0 2 T0 2/R Framework 

Charge 
11 0.050 0.042 0.453 0.505 20 -0.032 
39 0.054 0.096 0.406 0.498 19 -0.100 
41 0.048 0.052 0.451 0.497 21 -0.058 
46 0.118 0.130 0.370 0.500 8 -0.130 
50 0.183 0.211 0.310 0.479 5 -0.253 
In g e n e r a l , the s t r u c t u r e s with h i g h e s t v o i d volume (lowest 

v a l u e s o f T0 2/R) are f a v o r e d by high gel template c o n c e n t r a t i o n s . 
C h a r a c t e r i z a t i o n 
Chemical A n a l y s i s . The chemical analyses o f these and o t h e r MeAPO 
molecu l a r s i e v e s are c o n s i s t e n t with t e t r a h e d r a l frameworks i n 
which Me and Al occupy 50% o f the Τ s i t e s and P, the o t h e r 50%. 
A l l o f the a v a i l a b l e s t r u c t u r a l evidence on A1P0 4 and MeAPO a l s o 
supports frameworks based on a l t e r n a t i n g (Al,Me) and Ρ i n the 
l a t t i c e Τ s i t e s . The ne g a t i v e framework charge produced by such 
an i n c o r p o r a t i o n p a t t e r n i s balanced p r i m a r i l y by the p o s i t i v e l y 
charged template and, s e c o n d a r i l y , by other occluded s p e c i e s , such 
as H + or Me 2 +. 

Based on geometrical c o n s i d e r a t i o n s alone, frameworks with a 
Me f r a c t i o n g r e a t e r than 0.125 must have some phosphorus atoms 
bonded to at l e a s t two metal atoms through oxygen. Of the s p e c i e s 
d e s c r i b e d h e r e i n , examples o f s t r u c t u r e - t y p e s 20, 35, 46, and 50 
f i t t h i s c r i t e r i o n . The refinement o f the data and the chemical 
a n a l y s i s f o r CoAP0-50 (J_9) are c o n s i s t e n t with t h i s p a t t e r n o f 
framework i n c o r p o r a t i o n . 

E l e c t r o n microprobe a n a l y s i s was c a r r i e d out on s e l e c t e d MeAPO 
samples. These samples were mounted i n epoxy r e s i n , p o l i s h e d , and 
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carbon coated. Elemental analyses were determined by both energy 
d i s p e r s i v e and wavelength d i s p e r s i v e techniques using standards 
and r e p o r t e d c o r r e c t i o n procedures. The e l e c t r o n microprobe 
analyses were c a r r i e d out on i n d i v i d u a l c r y s t a l l i t e s o f t y p i c a l 
morphology. The r e s u l t s are shown i n Table V I I . In a l l cases, Ρ 
c o n s t i t u t e d approximately 50% o f the Τ atoms and (Al+Me), 50%. 
M u l t i p l e spot analyses (spot s i z e = 5 μπι) o f some o f the l a r g e r 
c r y s t a l s i n d i c a t e d compositional u n i f o r m i t y from edge t o c e n t e r 
with no pronounced zoning. Nhere a v a i l a b l e , bulk chemical 
analyses compared very f a v o r a b l y with those from the e l e c t r o n 
microprobe. 

Table V I I . Comparison o f E l e c t r o n Microprobe and Bulk Chemical 
Analyses f o r S e l e c t e d MeAPO Molecular Sieves 

Species Normalized Elemental R a t i o Technique* 
Me Al Ρ 

MnAPO-11 0.03 0.46 0.51 1 
0.04 0.43 0.53 2 

MnAP0-44 0.15 0.34 0.50 1 
0.14 0.33 0.52 2 
0.14 0.36 0.51 3 

MAPO-47 0.09 0.39 0.51 1 
0.13 0.37 0.51 2 
0.11 0.39 0.50 3 

CoAPO-47 0.11 0.38 0.51 1 
0.10 0.37 0.53 2 
0.11 0.39 0.50 3 

CoAPO-5 0.03 0.47 0.51 1 
0.03 0.46 0.51 2 

t e c h n i q u e : U E n e r g y D i s p e r s i v e , 2=Navelength D i s p e r s i v e , 
3=Bulk Chemical. 

X-Ray C r y s t a l l o q r a p h y . S i n g l e c r y s t a l s t r u c t u r e d e t e r m i n a t i o n s 
f o r the Me c o n t a i n i n g frameworks MnAP0-ll (22); CoAP0-50, 
CoAPO-44, CoAPSO-44, MAPSO-46, CoAP0-47 (19); and MAP0-43 (23) 
have been d e s c r i b e d . In a l l o f these d e t e r m i n a t i o n s the metal was 
found to be i n the framework. 
A d s o r p t i o n . The a d s o r p t i o n p r o p e r t i e s f o r s e l e c t e d A l P 0 4 - b a s e d m o l e c u l a r s i e v e s are summarized i n Table V I I I . The a d s o r p t i o n 
data are arranged f o r each s t r u c t u r e - t y p e i n o r d e r o f i n c r e a s i n g 
adsorbate s i z e . The l a r g e pore s t r u c t u r e - t y p e s (5, 36, 46) with 
pores d e f i n e d by 12-rings o f oxygen r e a d i l y adsorb neopentane 
( k i n e t i c d i a . 0.62 nm). The 5 and 46 s t r u c t u r e - t y p e s have been 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
3

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Ta
bl

e 
VI

II
. 

Ty
pi

ca
l 

Ad
so

rp
ti

on
 P

or
e 
Vo
lu
me
s 

Fo
r 

Se
le

ct
ed
 
AI

P0
4-
Ba

se
d 

St
ru

ct
ur

e 
Ty
pe
s 

Ad
so

rp
ti

on
 C

ap
ac

it
y 

(c
c/

10
0g

)a 

Ad
so

rb
at

e 
= 

H 2
0 

0^
 

η-
bu
ta
ne
 

n-
he
xa
ne
 

i s
ob

ut
an

e 
cy

cl
oh

ex
an

e 
ne

op
en

ta
ne

 
Ki

ne
t 

ic
 D
ia
.(
nm
) 
= 

0.
26
5 

0.
34
6 

0.
43
 

0.
43
 

0.
50
 

0.
60
 

0.
62
 

P/
Po
 =
 

0.
9 

0.
9 

0.
4 

0.
3 

0.
3 

0.
5 

0.
6 

Te
mp
.(
C)
 =
 

22
 

-1
83
 

22
 

22
 

22
 

22
 

22
 

st
ru

ct
ur

e 
Ri

ng
 
Si

ze
b 

5 
12
 

26
 

16
 

13
 

12
 

36
 

12
 

31
 

21
 

14
 

13
 

46
 

12
 

35
 

30
 

28
 

26
 

11
 

10
 

18
 

13
 

11
 

11
 

2 
31
 

10
 o
r 
12
 

21
 

13
 

11
 

9 
11
 

41
 

10
 o
r 
12
 

21
 

12
 

10
 

8 
11
 

34
 

8 
33
 

27
 

23
 

2 
35
 

8 
31
 

17
 

1 
39
 

8 
23
 

9 
1 

44
 

8 
35
 

25
 

10
 

47
 

8 
35
 

27
 

25
 

16
 

6 
28
 

4 
1 

20
 

6 
32
 

2 
1 

a)
 D

et
er

mi
ne

d 
by

 s
ta

nd
ar

d 
Mc
Ba
in
-B
ak
r 

gr
av

im
et

ri
c 

te
ch

ni
qu

es
 
af

te
r 

ca
lc

in
at

io
n 

at
 
50

0-
60

0°
C 

in
 

ai
r.
 

Sa
mp
le
s 

ac
ti

va
te

d 
at

 3
50
°C
, 
0.
01

 t
or

r,
 p

ri
or
 t

o 
me
as
ur
em
en
t.
 

b)
 
Nu
mb
er
 
of

 
te

tr
ah

ed
ra

l 
at
om
s 

(A
l,

 
P,
 M

e)
 
in

 r
in

g 
co

nt
ro

ll
in

g 
po

re
 
si

ze
. 
Wh
en

 
st

ru
ct

ur
e 
no
t 

kn
ow
n,

 e
st

im
at

ed
 
fr
om

 a
ds

or
pt

io
n 

me
as
ur
em
en
ts
. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
3

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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determined by s i n g l e c r y s t a l methods (24,19). The 5 s t r u c t u r e has 
a unidimensional c y l i n d r i c a l pore s t r u c t u r e with a diameter o f ca. 
0.8 nm. The 46 s t r u c t u r e has a three-dimensional pore s t r u c t u r e 
with 12-ring channels p a r a l l e l t o the c-ax'is i n t e r s e c t i n g 8 - r i n g 
channels p e r p e n d i c u l a r t o t h i s a x i s . 

Of the medium pore s t r u c t u r e s (11,31,41), o n l y the 11 
s t r u c t u r e has been p u b l i s h e d (22,25) and i t has p a r a l l e l , 
e l l i p t i c a l , n o n - i n t e r s e c t i n g 10-ring channels. A d s o r p t i o n data 
i n d i c a t e t h a t cyclohexane i s r e a d i l y adsorbed but neopentane i s 
excluded. The ot h e r two s t r u c t u r e s show l e s s d i f f e r e n t i a t i o n 
between cyclohexane and neopentane and may, i n f a c t , have 
e l l i p t i c a l 12-ring pores. 

The small pore ( 8 - r i n g ) s t r u c t u r e s a l l adsorb oxygen but o n l y 
the c h a b a z i t e - t y p e s and l e v y n i t e adsorb η-butane or n-hexane and 
the r a t e o f a d s o r p t i o n i s very s t r o n g l y dependent on p a r t i c l e 
s i z e . Larger adsorbates are completely excluded. The very small 
pore s t r u c t u r e s ( 6 - r i n g ) adsorb o n l y water and exclude oxygen. 
C a t a l y t i c A c t i v i t y . As shown above, the negative framework charge 
o f the MeAPO molec u l a r s i e v e s as s y n t h e s i z e d i s balanced, at l e a s t 
i n p a r t , by the p o s i t i v e l y charged o r g a n i c template. On 
c a l c i n a t i o n , p r o t o n i c s p e c i e s are formed by the thermal 
decomposition o f the template. To assess c a t a l y t i c c r a c k i n g 
a c t i v i t y and Bronsted a c i d i t y , s e l e c t e d MeAPO sp e c i e s (Table IX) 
were t e s t e d f o r η-butane c r a c k i n g (26). Factors i n f l u e n c i n g the 
measured a c t i v i t y i n c l u d e s t r u c t u r e - t y p e , metal type, and 
framework metal content. Comparing the la r g e pore s t r u c t u r e s , the 
maximum a c t i v i t y decreases across the s e r i e s : 36 > 46 > 5. For a 
given s t r u c t u r e and metal type the a c t i v i t y can be v a r i e d with 

Table IX. Maximum η-Butane C r a c k i n g * Values ( k A ) f o r S e l e c t e d 
MeAPO M o l e c u l a r Sieves 

Metal Framework 
S t r u c t u r e Co Fe Mq Mn Zn Me F r a c t i o n 
5 0.4 0.9 1.3 1.2 0.04-0.05 

36 13.8 30.3 6.8 0.04-0.05 
46 2.5 5.9 0.13-0.17 
11 1.4 0.5 0.5 0.04-0.05 
31 3.7 4.2 2.4 0.02-0.04 
41 1.3 0.6 0.4 0.04-0.05 
34 23.2 0.6 35.7 5.2 12.5 0.08-0.10 
47 6.5 0.12 
39 0.05 0.09 
* Samples p r e v i o u s l y c a l c i n e d i n a i r , then a c t i v a t e d i n s i t u under 
f l o w i n g helium a t 500°C f o r one hour. Feedstock i s 2 mole% 
η-butane i n helium a t 500°C. 
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23. WILSON AND FLANIGEN MeAPO Molecular Sieves 343 

framework metal c o n c e n t r a t i o n . At comparable metal c o n c e n t r a t i o n s 
the 36 s t r u c t u r e e x h i b i t s c o n s i d e r a b l y g r e a t e r a c t i v i t y than the 
corresponding 5-type. 

For the medium pore s t r u c t u r e s (11,31,41) the maximum a c t i v i t y 
appears to decrease somewhat across the s e r i e s : 31 > 11 = 41. 
Among these, the framework metal c o n c e n t r a t i o n has the most 
pronounced e f f e c t on the a c t i v i t y o f the 31 s t r u c t u r e - t y p e . 

The r e l a t i v e a c t i v i t i e s o f the v a r i o u s 34 s t r u c t u r e s show a 
decrease i n the maximum value f o r each metal i n o r d e r : Mg > Co > 
Zn > Mn > Fe. This r e l a t i v e o r d e r i n g o f the metals a l s o appears 
tr u e f o r other s t r u c t u r e s , such as 36, 46, and 31, although the 
data are l e s s complete. The 39 s t r u c t u r e - t y p e excludes n-butane 
(based on ad s o r p t i o n data) and, a c c o r d i n g l y , shows a very low 
butane c r a c k i n g a c t i v i t y , c o n s i s t e n t with e s s e n t i a l l y no c a t a l y t i c 
a c t i v i t y due t o the e x t e r n a l s u r f a c e . 
Thermal S t a b i l i t y . Most MeAPO molecular s i e v e s e x h i b i t good 
thermal s t a b i l i t y , r e t a i n i n g c r y s t a l l i n i t y a f t e r a 400-600°C a i r 
c a l c i n a t i o n t o remove the o r g a n i c template. The u l t i m a t e thermal 
s t a b i l i t y depends on s t r u c t u r e - t y p e , metal type, and metal 
c o n c e n t r a t i o n . 
C o n c l u s i o n s 

Along with A1P0 4 and SAPO, the MeAPO molecular s i e v e s have 
extended the s t r u c t u r a l and compositional v a r i e t y found among the 
growing numbers o f AlP 0 4 - b a s e d molecular s i e v e s . Both the metal 
and the o r g a n i c template e x e r t a primary i n f l u e n c e on 
st r u c t u r e - f o r m a t i o n d u r i n g s y n t h e s i s . D e s p i t e the s i m i l a r i t i e s i n 
the behavior o f the f i v e metals i n s y n t h e s i s , each s t i l l has a 
d i s t i n c t " p e r s o n a l i t y " , e.g., i n s t r u c t u r e s e l e c t i o n with a given 
template or i n the r a t e o f c r y s t a l l i z a t i o n . In a d d i t i o n t o 
Bronsted a c i d i t y d i s c u s s e d here, p o t e n t i a l l y u s e f u l p r o p e r t i e s 
imparted by the presence o f metal i n framework s i t e s i n c l u d e ion 
exchange and metal s p e c i f i c behavior, such as redox a c t i v i t y . 
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Chapter 24 

Significant Parameters in the Synthesis 
of Large Alkaline-Free MFI-Type Zeolites 

and AFI-Type Aluminophosphates 

U. Müller, A. Brenner, A. Reich, and Κ. K. Unger 

Institut für Anorganische Chemie und Analytische Chemie, 
Johannes Gutenberg-Universität, P. O. Box 3980, D-6500 Mainz, 

Federal Republic of Germany 

F a c t o r i a l experiments were succes s fu l ly employed to 
determine s i g n i f i c a n t synthesis var iab le s al lowing 
the crystallization of large AlPO4-5 and ZSM-5 
c r y s t a l s . Growth of AFI-type aluminophoshate up to 500 
μm in length was achieved using a molar react ion 
composition of 0.5 Pr3N - Al2O3 - P2O5 - 300 H2O. 
Crys ta l s i ze and yield were countercurrent ly affected 
by the water content during the synthesis . The 
a l k a l i n e - f r e e crystallization of 300 μm uniform MFI-
type z e o l i t e s at high conversion was poss ib le in a 
batch of 6.5 (TPA)2O - 282 (NH4)2O - 96 SiO2 - 1400 
H 2 O . Decreasing water content and increas ing ammonia 
concentrat ion improved both c r y s t a l s i ze and yield. 
Length growth rates reached 3.0 ± 0.6 μm/h. Increasing 
the aluminium content caused a decrease in the s ize 
and y i e l d of ZSM-5 a f t er four days along with a 
reduct ion in the c r y s t a l aspect r a t i o compared to 
aluminium-free runs. Pre l iminary r e s u l t s with 
a l k a l i n e - f r e e preparat ions of DOH-,DDR-, MTN-, and 
MEL-type z e o l i t e s i n d i c a t e , that large c r y s t a l s with 
sharp p a r t i c l e s i ze d i s t r i b u t i o n s are frequent ly 
observed in ammonia-based z e o l i t e synthesis processes. 

Large c r y s t a l s o f molec u l a r s i e v e m a t e r i a l s are of profound i n t e r e s t 
both f o r academic s t u d i e s and s p e c i a l i n d u s t r i a l a p p l i c a t i o n s . 
I n v e s t i g a t i o n s r e g a r d i n g s i n g l e c r y s t a l s t r u c t u r e refinement ( 1 ) , 
the d e t e r m i n a t i o n o f a n i s o t r o p i c e l e c t r i c a l , magnetic o r o p t i c a l 
p r o p e r t i e s ( 2 ) , the d e s c r i p t i o n o f d i f f u s i o n processes (3Λ) or the 
e l a b o r a t i o n o f i n t r i n s i c a d s o r p t i o n p r o p e r t i e s (5J>) are based on 
the use of uniform l a r g e specimens with a d i s t i n c t morphology. Large 
z e o l i t e c r y s t a l s with a r a t h e r small n o n s e l e c t i v e e x t e r n a l s u r f a c e 
might be u s e f u l i n s h a p e - s e l e c t i v e c a t a l y s i s (Z) or i n f l u i d i z e d - b e d 
r e a c t i o n s as b i n d e r - f r e e and s e l f - s u p p o r t i n g adsorbents. Moreover, a 
c e r t a i n c r y s t a l s i z e and shape i s r e q u i r e d f o r the manufacture o f 

0097-6156/89/0398-0346$06.00/0 
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24. MULLERETAL. Large Alkaline-Free Zeolites and Aluminophosphates 347 

zeolite-membranes (8) or the employment of mole c u l a r s i e v e s as 
sub s t r a t e s f o r semiconductors ( 9 ) . 

However, d u r i n g the c r y s t a l l i z a t i o n of z e o l i t e s and r e l a t e d 
m a t e r i a l s , complex multicomponent mixtures, e.g. o f s i l i c a , alumina, 
m i n e r a l i z e r s , water and or g a n i c templates, are hydrothermal 1y 
r e a c t e d . N u c l e a t i o n and growth o f c r y s t a l s can be dependent upon 
chemical composition as well as k i n e t i c s or e q u i l i b r i u m c o n d i t i o n s 
e x i s t i n g i n the s o l i d , l i q u i d , and gas phase. Given these 
c o n s i d e r a t i o n s , the most e f f i c i e n t method of st u d y i n g the impact on 
the r e s u l t s when two or more s y n t h e s i s parameters , h e r e a f t e r c a l l e d 
" f a c t o r s " , were t o be changed i s obtain e d by f a c t o r i a l experiments 
(10) . A c c o r d i n g l y , a t r i a l i s designed where s e t s o f d i f f e r e n t 
s y n t h e s i s v a r i a b l e s are arranged i n s p e c i f i c treatment combinations, 
e n a b l i n g an assessment of the e f f e c t s o f changing the l e v e l of a 
f a c t o r independently o f a l l ot h e r s and p o s s i b l e i n t e r a c t i o n e f f e c t s . 
Thus the r e q u i r e d i n f o r m a t i o n i s e x t r a c t e d with a p r e - s e l e c t e d 
degree of s t a t i s t i c a l c e r t a i n t y at a minimum expenditure o f e f f o r t 
and c o s t s . I f s i g n i f i c a n t e f f e c t s are e l u c i d a t e d , they can be 
d i r e c t l y employed as s t a r t i n g values t o f u r t h e r improve s y n t h e s i s by 
means o f c e n t r a l composite design or S i m p l e x - v a r i a t i o n procedures, 
f i n a l l y y i e l d i n g optimum c o n d i t i o n s f o r the d e s i r e d response, 
r e g a r d i n g c r y s t a l s i z e , morphology or product y i e l d . 

T h i s study aims to demonstrate, t h a t s t a t i s t i c f a c t o r i a l d e s i g n 
can be used i n order t o determine s i g n i f i c a n t c o m p o s i t i o n a l 
parameters i n the r a p i d growth o f l a r g e h i g h - s i l i c a ZSM-5 z e o l i t e 
(11) and A l P 0 4 - 5 aluminophosphate c r y s t a l s (12.13). 
Experimental 
Z e o l i t e ZSM-5. Z e o l i t e samples were c r y s t a l l i z e d from a gel 
c o n t a i n i n g c o l l o i d a l s i l i c a (Ludox AS-40), d e i o n i z e d water, 
a l u m i n i u m t r i i s o p r o p y l a t e (ATIP, Merck), as source o f aluminium, and 
tetrapropylammonium bromide, (TPABr, A l d r i c h ) . Ammonia s o l u t i o n s 
were prepared by s a t u r a t i n g a thermostated aqueous s o l u t i o n with 
gaseous NH 3 (98% p u r i t y ) . Contents o f 25%, 32%, and 47% w/w of 
ammonia were obtained and g r a v i m e t r i c a l l y c o n t r o l l e d . The components 
were added i n the sequence: TPABr, S i 0 2 , alumina source, water and 
ammonia s o l u t i o n . The mixture was v i g o r o u s l y a g i t a t e d , s e a l e d and 
l e f t f o r f o u r days at a temperature o f 453 Κ to r e a c t . Li-NH 4-ZSM-5 was grown using a procedure d e s c r i b e d elsewhere (14.15). 
Aluminophosphate A l P Q 4 - 5 . A l P 0 4 - 5 was obtain e d from compositions 
c o n t a i n i n g pseudoboehmite (Pural SB, Condea) which was added t o 
aqueous phosphoric a c i d (Merck, 85%) and d e i o n i z e d water. F i n a l l y , 
t r i p r o p y l a m i n e ( A l d r i c h ) was c o n t i n u o u s l y added t o the s t i r r e d 
s o l u t i o n . The c r y s t a l l i z a t i o n time was l i m i t e d t o 72 hours. 

C r y s t a l l i z a t i o n was c a r r i e d out with 50 ml of r e a c t i o n mixtures 
in 100 ml s t e e l a u t o c l a v e s l i n e d with T e f l o n under s t a t i c 
c o n d i t i o n s . A l l i s o l a t e d products were c h a r a c t e r i z e d by X-ray 
d i f f r a c t i o n , scanning e l e c t r o n microscopy, and e l e c t r o n microprobing 
(Camebax, CAMECA). S e l e c t e d samples were employed f o r n i t r o g e n 
a d s o r p t i o n and m i c r o c a l o r i m e t r y at 77 K. A f t e r c a l c i n a t i o n at 823 K, 
c a t a l y t i c a c t i v i t y and s e l e c t i v i t y o f HZSM-5 samples were monitored 
using the d i s p r o p o r t i o n a t i o n o f ethylbenzene as a t e s t r e a c t i o n . The 
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348 ZEOLITE SYNTHESIS 

p a r t i c l e s i z e d i s t r i b u t i o n was o b t a i n e d using o p t i c a l microscopy on 
300 t o 800 i n d i v i d u a l c r y s t a l s . 
R e s u l t s and D i s c u s s i o n 
S y n t h e s i s of l a r g e AFI-tvpe c r y s t a l s . For these s t u d i e s of the 
c r y s t a l l i z a t i o n of l a r g e AFI-type aluminophosphate c r y s t a l s , the 
r e a c t i o n temperature T, the c o n c e n t r a t i o n o f t r i p r o p y l a m i n e Pr 3N, and the amount o f water were chosen as o p e r a t i o n a l v a r i a b l e s . 
S y n t h e s i s runs were performed with each of these " f a c t o r s " at a high 
(+) and a low (-) l e v e l , f o r molar compositions with b P r 3 N - A 1 2 0 3 - P 2 0 5 - c H 20 as i n d i c a t e d in Table I: 

Table I. Compositional F a c t o r s and L e v e l s i n v e s t i g a t e d f o r 
the S y n t h e s i s of ΑΙΡΟ^-δ c r y s t a l s 

F a c t o r High Level Low Level 
Α: Τ (Κ) 453 423 
B: ProN 3.0 0.5 
C: H 20 300 50 

Table II summarizes the 2 J p o s s i b l e treatment combinations. Run (1) 
denotes a s y n t h e s i s with a l l f a c t o r s at t h e i r lowest l e v e l . Product 
y i e l d s , see Table II , and maximum c r y s t a l s i z e s along the (001) 
a x i s ( T a b l e I I I ) r e p r e s e n t mean values from d u p l i c a t e d s e t s o f each 
t r i a l . The " e f f e c t " column l i s t s the impact of a f a c t o r , p o s i t i v e or 
n e g a t i v e , on the response, v i z . product y i e l d and c r y s t a l l e n g t h , 
f o r the case t h a t the l e v e l o f t h i s f a c t o r i s r a i s e d from a medium 
to a high l e v e l . C a l c u l a t i o n procedures have been d e s c r i b e d i n the 
l i t e r a t u r e (10). 

Table I I . Treatment Combinations f o r the I n f l u e n c e of 
D i f f e r e n t F a c t o r s on the A l P 0 A - 5 Product Y i e l d 

Combination F a c t o r F a c t o r F a c t o r Y i e l d E f f e c t S i g n i f i c a n c e 
A Β C % w/w 95% 

1 423 0.5 50 85 27.0 
a 453 0.5 50 17 -10.0 -
b 423 3.0 50 42 - 1.5 -

ab 453 3.0 50 34 5.5 -
c 423 0.5 300 3 -17.5 + 

ac 453 0.5 300 9 9.0 -
be 423 3.0 300 18 5.0 -

abc 453 3.0 300 8 - 9.5 -

F i n a l l y , a l l e f f e c t s were e v a l u a t e d by "Student t - t e s t " and " F - t e s t " 
methods, in order t o check whether these e f f e c t s were simply due t o 
experimental e r r o r r a t h e r than being s t a t i s t i c a l l y s i g n i f i c a n t . 
D e c i s i o n s are based on a c e r t a i n t y o f at l e a s t 95% . S i g n i f i c a n t 
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24. MULLER ET AL. Large Alkaline-Free Zeolites and Aluminophosphates 349 

v a r i a b l e s i n the f o l l o w i n g t a b l e s have been marked (+) in the l a s t 
column. 

R e f e r r i n g t o Table I I , f a c t o r C, the water content, o b v i o u s l y 
s t r o n g l y i n f l u e n c e s the y i e l d of AlP04-5. T h i s e f f e c t i s n e g a t i v e i n 
si g n which means t h a t i n c r e a s i n g the water content d u r i n g the 
c r y s t a l l i z a t i o n causes a s i g n i f i c a n t decrease i n y i e l d . I t should be 
noted, t h a t t h i s r e s u l t i s s t r i c t l y v a l i d o n l y f o r the experimental 
c o n d i t i o n s and compositions as l i s t e d i n Table I. 

Table I I I . Treatment Combinations f o r the I n f l u e n c e o f 
D i f f e r e n t F a c t o r s on the A l P 0 4 - 5 C r y s t a l S i z e 

Combination F a c t o r 
A 

F a c t o r 
Β 

F a c t o r 
C 

S i z e 
/zm 

E f f e c t S i g n i f i c a n c e 
95% 

1 423 0.5 50 98 161.4 
a 453 0.5 50 25 -29.4 -
b 423 3.0 50 30 -29.4 -

ab 453 3.0 50 13 78.4 -
c 423 0.5 300 500 119.9 + 

ac 453 0.5 300 140 6.9 -
be 423 3.0 300 135 9.4 -

abc 453 3.0 300 350 64.9 -

Regarding the c r y s t a l s i z e i n Table I I I , i t was observed t h a t again 
f a c t o r C, the amount o f water i n the s y n t h e s i s mixture e x e r t s a 
stron g i n f l u e n c e . However, high water c o n c e n t r a t i o n s are conducive 
to the growth o f l a r g e c r y s t a l s , s i n c e the e f f e c t i s p o s i t i v e . 
R e s u l t s o b t a i n e d so f a r i l l u s t r a t e , t h a t e i t h e r high product y i e l d s 
or l a r g e c r y s t a l s o f AlP04-5 can be prepared by the method under 
i n v e s t i g a t i o n . Within the boundaries o f these treatment combina
t i o n s , n e i t h e r the s y n t h e s i s temperature nor the c o n c e n t r a t i o n o f 
tr i p r o p y l a m i n e proved t o be s i g n i f i c a n t parameters f o r the growth o f 
l a r g e AlP04-5 c r y s t a l s , the hexagonal r o d - l i k e shape o f l a r g e 
c r y s t a l s o f AFI-type i s i l l u s t r a t e d i n Fi g u r e 1, whereas the norma
l i z e d p a r t i c l e s i z e d i s t r i b u t i o n o f a t y p i c a l sample i s d e p i c t e d in 
Fi g u r e 2. A s i m i l a r c r y s t a l morphology has a l r e a d y been r e p o r t e d by 
Wilson et a l . (13) u s i n g tetrapropylammonium c a t i o n s as an or g a n i c 
template. 

A d s o r p t i o n p r o p e r t i e s o f l a r g e AFI-type c r y s t a l s are c o n s i s t e n t 
with the micropore s t r u c t u r e which have been d i s c u s s e d elsewhena 
(16)(6). 

S y n t h e s i s o f l a r g e ZSM-5 C r y s t a l s . P r e l i m i n a r y s t u d i e s l e d t o the 
i n v e s t i g a t i o n o f a s y n t h e s i s mixture with a molar composition 
expressed in oxide r a t i o : 6.5 (ΤΡΑ)οΟ - b (NH 4 ) 2 0 - c Al 20o - Si02 -
a H 20. Table IV i l l u s t r a t e s the f a c t o r s which were examinea. 
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350 ZEOLITE SYNTHESIS 

F i g u r e 1. Scanning E l e c t r o n Micrograph of Large A l P 0 4 - 5 C r y s t a l s ( s c a l e bar: 10 μπι). 
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F i g u r e 2. P a r t i c l e S i z e D i s t r i b u t i o n of Large A l P 0 4 - 5 C r y s t a l s . 
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Table IV. Compositional F a c t o r s and L e v e l s f o r the 
Sy n t h e s i s of ZSM-5 C r y s t a l s 

F a c t o r High Level Low Level 
A: HoO 
B: ( N R 4 ) 2 0 C: A l ^ 

3200 
282 

0 
1400 
141 

1 

Product y i e l d , see Table V, was found t o be s i g n i f i c a n t l y dependent 
upon the ammonia content. High c o n c e n t r a t i o n s caused i n c r e a s e s i n 
the y i e l d of ZSM-5. 

Table V. Treatment Combinations f o r the I n f l u e n c e o f 
D i f f e r e n t F a c t o r s on the ZSM-5 Product Y i e l d 

Combination F a c t o r 
A 

F a c t o r 
Β 

F a c t o r 
C 

Y i e l d 
% w/w 

E f f e c t S i g n i f i c a n c e 
95% 

1 1400 141 1 76.0 66.1 
a 3200 141 1 1.4 - 9.4 -
b 1400 282 1 83.2 24.3 + 

ab 3200 282 1 88.4 10.6 -
c 1400 141 0 47.5 3.8 -

ac 3200 141 0 42.2 7.9 -
be 1400 282 0 95.2 0.8 -

abc 3200 282 0 94.8 - 9.5 -

High ammonia c o n c e n t r a t i o n s are not o n l y r e s p o n s i b l e f o r maximum 
product y i e l d s but t o g e t h e r with low water and aluminium concentra
t i o n s , they appear f a r more important f o r the growth o f l a r g e 
c r y s t a l s (see Table V I ) . F i g u r e 3 pres e n t s a scanning e l e c t r o n 
micrograph of l a r g e uniform NH^-ZSM-5 c r y s t a l s . Compared t o a 
p r e v i o u s l y s y n t h e s i z e d Li-NH 4-ZSM-5, see Fi g u r e s 4 and 5, the 
p a r t i c l e s i z e d i s t r i b u t i o n o f s o l i t a r y c r y s t a l s from the a l k a l i n e -
f r e e composition was found t o be markedly narrow, see Fi g u r e 6, 
which h i n t s at a sh o r t n u c l e a t i o n p e r i o d . I t i s obvious from Table 
VI, t h a t a high water content leads t o a decrease i n the s i z e o f the 
c r y s t a l s . 

The treatment combination "be" of Table VI was chosen i n or d e r t o 
monitor the growth k i n e t i c s o f NH4-ZSM-5. Table VII summarizes the 
r e s u l t s and compares the growth r a t e s with the data found by v a r i o u s 
o t h e r i n v e s t i g a t o r s with d i f f e r e n t systems. Strong i n f l u e n c e s o f OH" 
co n c e n t r a t i o n on growth r a t e s have a l r e a d y been observed by Hou et 
a l . f o r NH4-TPA mixtures (17) and by Lowe (20) and Hayhurst e t a l . 
(18) f o r Na-TPA systems. The l a t t e r group recorded even f a s t e r 
c r y s t a l l i z a t i o n and s h o r t e r i n d u c t i o n p e r i o d s i n N a + - f r e e s y n t h e s i s 
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352 ZEOLITE SYNTHESIS 

F i g u r e 3. Scanning E l e c t r o n Micrograph o f Large NH4-ZSM-5 
C r y s t a l s ( s c a l e bar: 100 μπι). 

F i g u r e 4. Scanning E l e c t r o n Micrograph o f Large Li-NH 4-ZSM -5 
C r y s t a l s ( s c a l e bar: 100 μπι). 
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F i g u r e 5. P a r t i c l e S i z e D i s t r i b u t i o n o f Large Li-ZSM-5 
C r y s t a l s . 
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F i g u r e 6. P a r t i c l e S i z e D i s t r i b u t i o n o f Large NH4-ZSM-5 C r y s t a l s . 
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p r o c e s s e s . With an a l k a l i n e - f r e e , h i g h l y a c t i v e composition o f 6.5 
(TPA)oO - 282 (NH4)20 - 96 S i 0 2 - 1400 HoO i t was p o s s i b l e t o 
r a p i d l y grow l a r g e ana uniform c r y s t a l s at a maximum c o n v e r s i o n . 

Table VI. Combinations f o r the I n f l u e n c e of D i f f e r e n t 
F a c t o r s on the C r y s t a l S i z e o f ZSM-5 

Combination F a c t o r 
A 

F a c t o r 
Β 

F a c t o r 
C 

S i z e 
μπι 

E f f e c t S i g n i f i c a n c e 
95% 

1 1400 141 1 105 155.5 
a 3200 141 1 18 -33.3 + 
b 1400 282 1 232 60.8 + 

ab 3200 282 1 123 - 9.0 -

c 1400 141 0 133 36.0 + 
ac 3200 141 0 122 15.8 -

be 1400 282 0 285 2.8 -

abc 3200 282 0 225 - 3.5 -

Upon a d d i t i o n of aluminium, i t c o u l d be seen t h a t not o n l y the 
c r y s t a l s i z e f o r a giv e n r e a c t i o n time tended t o be s m a l l e r compared 
to an aluminium-free s y n t h e s i s run, see Table VI, but t h a t the 
c r y s t a l morphology was s i g n i f i c a n t l y a f f e c t e d . 

Table V I I . Comparison o f C r y s t a l Growth Rates 

System Rate 
μπι/h 

Reference 

1.9 (TPA)o0-1.3 NaoO-96 SiOo-960 HoO 
3.8 (TPA)oO-96 SiOo-960 HoO 

12.8 (TPA)oO-192 (NR4)oO-96 SiOo-2400 HoO 
6.5 (TPA)oO-282 (NH4)oO-96 SiOo-1400 HoO 
2.4 (TPA) 20-3.4 Na 20-96 Si0 2-3500 HoO-384 EtOH 

1.3 
2.2 
0.6 
3.0 
2.0 

19 
21 
16 

Table VI 
20 

With i n c r e a s i n g aluminium content d u r i n g the r e a c t i o n , the product 
c r y s t a l s became more g l o b u l a r i n shape. Table VII summarizes the 
i n f l u e n c e o f Al with r e s p e c t t o the aspect r a t i o , d e f i n e d as the 
r a t i o o f c r y s t a l l e n g t h (001) t o c r y s t a l width (100). Concerning 
c r y s t a l h a b i t s i n Na-TPA compositions, no i n f l u e n c e o f A l - c o n c e n t r a 
t i o n was observed by Mostowicz and Berak (22). Hayhurst e t a l . (18) 
re p o r t e d a dependency o f product aspect r a t i o s on the a l k a l i n i t y i n 
sodium c o n t a i n i n g r e a c t i o n mixtures. C o n t r a r i l y , o b s e r v a t i o n s o f 
NH^-ZSM-S r e a c t i o n s given i n Table VIII c l e a r l y i n d i c a t e , t h a t even 
a d u p l i c a t e d amount o f ( N H 4 ) 2 0 , runs "c" and "be", has no s t a t i s t i 
c a l s i g n i f i c a n t impact on the aspect r a t i o . 
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Table V I I I . I n f l u e n c e o f Aluminium Content on C r y s t a l 
Morphology f o r NH4-ZSM-5 

Combination F a c t o r 
A 

F a c t o r 
Β 

F a c t o r 
C 

Aspect 
R a t i o 

E f f e c t S i g n i f i c a n c e 
95% 

1 1400 141 1 3.13 5.12 
a 3200 141 1 1.27 -0.06 
b 1400 282 1 3.71 -0.40 -

ab 3200 282 1 2.06 -0.17 -
c 1400 141 0 7.69 2.59 + 

ac 3200 141 0 9.99 0.81 -
be 1400 282 0 6.20 -0.74 -

abc 3200 282 0 6.90 -0.23 -

Microprobe a n a l y s i s of HZSM-5 samples from a Li - N F i V T P A system 
(sample A), see F i g u r e 7, gave r i s e to a c h a r a c t e r i s t i c composi
t i o n a l zoning o f Al in the outer rim o f the c r y s t a l s . HZSM-5 from 
a l k a l i n e - f r e e processes (sample B), see F i g u r e 8, had a more homo
geneous aluminium d i s t r i b u t i o n throughout the c r y s t a l s . 

E v a l u a t i n g the c a t a l y t i c s h a p e - s e l e c t i v i t i e s o f these m a t e r i a l s 
by use of the d i s p r o p o r t i o n a t i o n of ethylbenzene (23.24) at 523 Κ at 
a c o n v e r s i o n of 2% in d i f f e r e n t i a l r e a c t o r mode, i t was observed 
t h a t l a r g e r c r y s t a l s o f sample A gave 85% para - d i e t h y l b e n z e n e and 
15% meta-diethylbenzene. The s m a l l e r c r y s t a l s o f sample Β with the 
smoother aluminium g r a d i e n t y i e l d e d 96% par a - d i e t h y l b e n z e n e and o n l y 
4% meta-isomer. In a second s e r i e s , samples o f crushed l a r g e 
c r y s t a l s with mean s i z e s o f 1-10 μπι were examined. No i n c r e a s e in 
a c t i v i t y was observed as i s expected when the r e a c t i o n i s c o n t r o l l e d 
by the d i f f u s i o n l i m i t a t i o n of molecules i n the l a r g e c r y s t a l s . 
However, t h i s treatment c r e a t e d l a r g e r n o n - s e l e c t i v e e x t e r n a l 
s u r f a c e area and hence a s m a l l e r s e l e c t i v i t y o f 87% p a r a - d i e t h y l 
benzene f o r sample Β was recorded. 

These r e s u l t s , at l e a s t f o r the t e s t r e a c t i o n a p p l i e d , are 
encouraging f o r the f e a s a b i l i t y of l a r g e c r y s t a l s as c a t a l y s t s . 
Thus, the advantages o f the c r y s t a l l i z a t i o n o f NH4-ZSM-5, v i z . l a r g e 
uniform c r y s t a l s , maximum co n v e r s i o n at high growth r a t e s and smooth 
A l - z o n i n g p r o f i l e s with o n l y few e x t e r n a l s u r f a c e a c t i v e s i t e s were 
s u c c e s s f u l l y combined f o r the one-step manufacture o f a HZSM-5 
c a t a l y s t , see F i g u r e 9, d i r e c t l y grown as a s h e l l on pre-shaped 
s i l i c a beads (25). 
Summary and Co n c l u s i o n 
The amount o f water present d u r i n g the s y n t h e s i s o f l a r g e AFI-type 
aluminophosphate c r y s t a l s was found t o be of s i g n i f i c a n t importance. 
However, y i e l d o f A l P 0 4 - 5 and c r y s t a l s i z e were c o u n t e r c u r r e n t l y 
i n f l u e n c e d . I t f o l l o w s t h a t at l e a s t with t r i p r o p y l a m i n e , e i t h e r few 
l a r g e c r y s t a l s or maximum co n v e r s i o n s i n t o small p a r t i c l e A l P 0 4 - 5 i s p o s s i b l e . 

With regard t o MFI-type z e o l i t e s , s t a t i s t i c f a c t o r i a l d e s i g n 
proved to be extremely h e l p f u l . For a l k a l i n e - f r e e systems, f a c t o r s 
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SILICON 

ALUMINIUM 

40 80 120 160 200 m 

F i g u r e 7. E l e c t r o n Microprobe A n a l y s i s Across a ZSM-5 C r y s t a l 
o f Sample A (bulk a n a l y s i s S i / A l = 65). 

0 20 40 60 80 urn 

F i g u r e 8. E l e c t r o n Microprobe A n a l y s i s Across a ZSM-5 C r y s t a l 
of Sample Β (bulk a n a l y s i s S i / A l = 42). 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
4

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



24. MULLER ET AL. Large Alkaline-Free Zeolites and Aluminophosphates 357 

F i g u r e 9. Scanning E l e c t r o n Micrograph of a Fragment of an 
A l k a l i n e - F r e e HZSM-5 S h e l l Grown on a Pre-Shaped 
S i l i c a P e l l e t ( s c a l e bar: 10 μπ\). 
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were d e t e c t e d which enable the r a p i d s y n t h e s i s of large uniform 2SM-
5 c r y s t a l s out of r e a c t i o n compositions with high ammonia and low 
water c o n t e n t s . Aluminium a f f e c t s the c r y s t a l aspect r a t i o . 
Moreover, f o r the ammonia based r e a c t i o n mixtures, a more homo
geneous A l - g r a d i e n t a c r o s s the HZSM-5 c r y s t a l i s obt a i n e d , which 
assures improved s h a p e - s e l e c t i v e behavior in the c a t a l y t i c conver
s i o n o f e t h y l benzene. Using o r g a n i c t e m p l a t i n g molecules o t h e r than 
TPABr, s e v e r a l s y n t h e s i s c h a r a c t e r i s t i c s remained. With amino-
adamantane, l a r g e DOH-type c r y s t a l s (see F i g . 10) c o u l d be synthe
s i z e d as well as l a r g e ZSM-58 (DDR-type) f o l l o w i n g a d d i t i o n o f 
aluminium. Tetramethylammoniurn n u c l e a t e d l a r g e c r y s t a l s of ZSM-39 
(MTN-type) and tetrabutylammoniurn f a v o r e d the s y n t h e s i s o f uniform 
MEL-type z e o l i t e s . Independent o f the template, a l l these ammonia 
based c r y s t a l l i z a t i o n processes had a high product y i e l d , narrow 
p a r t i c l e - s i z e d i s t r i b u t i o n and a r a p i d growth. 

F a c t o r i a l experiments can s u c c e s s f u l l y serve t o determine s i g n i 
f i c a n t s y n t h e s i s parameters f o r aluminophosphates and z e o l i t e s . 
Future s t u d i e s w i l l a l s o focus on the u n d e r l y i n g mechanisms o f the 
n u c l e a t i o n and growth o f h i g h - s i l i c a z e o l i t e s out of a l k a l i n e - f r e e 
ammonia c o n t a i n i n g r e a c t i o n m i x t u r e s . 

F i g u r e 10. Scanning E l e c t r o n Micrograph o f Large C r y s t a l s o f 
DOH-Type ( s c a l e - b a r : 100 μπι). 
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Chapter 25 

Disordered Pentasil-Type Borosilicates 
Synthesis and Characterization 

Giovanni Perego, Giuseppe Bellussi, Angela Carati, 
Roberto Millini, and Vittorio Fattore 

Eniricerche S.p.A., 20097 San Donato Milanese, Italy 

The synthesis of pentasil-type borosilicates, referred to 
as BOR-E, from hydrogels containing a binary mixture of 
Me4N+/(n-Pr)4N+, Et4N+/(n-But)4N+ or Me4N+/(n-But)4N+ 
cations is described. Mirror plane-based stacking faults, 
randomly distributed in the ZSM-5-type (BOR-C) inversion 
center-based stacking of pentasil layers were identified 
in the framework structure of BOR-E by X-ray diffraction 
analysis. The probability of the occurrence of stacking 
faults, p, was estimated from X-ray diffraction data 
following a method developed for structure determination 
of a ZSM-11 type borosilicate (BOR-D). ρ ranges from 0 to 
0.2, compared to 0 and 0.25 determined for BOR-C and 
BOR-D, respectively. The probability is dependent on 
both the cation pair used in the reaction mixture and the 
resulting relative abundance of the cations within the 
pores. 

Pentasils constitute a well known family of porotectosilicates. The 
framework structure of the members of this family, based on five 
membered rings of tetrahedra, can be described in terms of two 
different stackings of layer pairs related by an inversion center 
(i-type) and mirror simmetry (σ-type), respectively ( J, ) .ZSM-5 
aluminosilicate, the parent borosilicate BOR-C ( 2 ), and the pure 
s i l i c a analog S i l i c a l i t e - 1 ( 3 ), represent the most important 
members; their framework structure is based on i-type stacking ( 4 ). 

For another member, the ZSM-11 aluminosilicate, a crystal 
structure was proposed based on σ-type stacking ( 5̂  ). However, a 
more recent X-ray investigation of B0R-D, the parent borosilicate 
structure, clearly demonstrated that the ZSM-11-type framework is 
really built up of a disordered layer sequence of i and σ-type 
stackings ( 6 ). Evidence of intergrowth of i-type and σ-type was 
obtained also by high-résolution electron microscopic imaging and 
electron diffraction in pentasil-type aluminosilicates, which were 
crystallized from hydrogels containing a mixture of 
tetrapropylammonium and t et rabutyl ammonium hydroxides ( T_ ) or 
tetrabutylammonium bromide with varying amounts of sodium and 
potassium hydroxides ( 8 ). 

0097-6156/89/0398-0360$06.00/0 
o 1989 American Chemical Society 
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25. PEREGO ET AL. Disordered Pentasil- Type Borosilicates 361 

Pentasil-type borosilicates with different extents of disorder 
in the framework, referred to as BOR-E (9), were obtained in our 
laboratories using binary mixtures of different quaternary ammonium 
cations. 

The present paper describes the synthesis and structural 
characterization of BOR-E, based on X-ray diffraction data. 

EXPERIMENTAL 

Synthesis 

A l l crystallization reactions were performed at 170°C during 7-14 
days, in a stainless steel autoclave equipped with a device for 
stirring. Hydrogels were obtained by dissolving boric acid in aqueous 
solution containing tetralkylammonium hydroxides (from Fluka) and RPE 
grade sodium hydroxide (from Carlo Erba), followed by 
tetraethylorthosilicate (Dynasil A, from Dynamit Nobel) addition. The 
molar composition of the precursor hydrogel was: 

10SÎO .Β 0 .2.5(R NOH, R.NOH).0.8Na0H.380H 0 
CR: Me, Et, n-Pr; R*: n-Pr, n-But). 

After calcination in air at 550°C the crystals were reacted with 
ammonium acetate solution and fin a l l y converted to the Η-form by 
calcination of the NĤ  -exchanged crystals in air at 550°C. More 
details are reported elsewhere ( 9 ). 

Chemical analysis was carried out on the as^-synthesized samples, 
using conventional methods. The content of R̂ N and R,N was easily 
derived by taking into account the weight fractions of nitrogen and 
carbon obtained from elemental analysis. A l i s t of the crystallized 
samples, together with their chemical composition, is reported in 
Table I. 

X-ray analysis 

X-ray powder patterns were recorded by the step-scanning procedure on 
a Philips diffractometer equipped with a pulse-height analyzer using 
CuKa radiation. 

The powder pattern of H-BOR-E is intermediate between the 
patterns of H-BOR-C and H-BOR-D (see Figure 1). In particular, the 
intensities of the reflections with h+k+l=2n+l (according to the unit 
c e l l characteristic of H-BOR-C) are lower in the pattern of H-BOR-E 
with respect to the pattern of H-BOR-C and are accompanied by some 
line broadening (see for example 133 at 2Θ « 24.5° in the patterns of 
Figure 1). The intensities of the remaining reflections are 
practically invariant. Moreover a partial coalescence of hkl and khl 
reflections is observed in the pattern of H-BOR-E. These effects 
occur to varying extent in the patterns of different samples of 
H-BOR-E. The trend observed in the pattern of H-BOR-D is similar to 
that observed in the pattern of H-BOR-E, but the extent of the 
phenomenon is more pronunced for the latter. 

The above mentioned features of the X-ray diffraction pattern of 
H-BOR-E are presumably due to the same structural disorder occurring 
in BOR-D and in the related ZSM-ll-type frameworks. Consequently, a 
f i t of the experimentally observed patterns was attempted using the 
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Table I. Unit c e l l composition for borosilicates precursors 

Number of atoms or groups/u.c. 

Sample X (b) R N + R;N + B Si P ( e ) 

(c) (d) 

R: n-Pr R1 I 
: η -But 1 1 1 3. 5 - 4.9 91.1 0.0 

2 0 0 4.3 4.4 91.6 0.25 
3 0, ,33 >0.99 3. 5 - 2.9 93.1 0.0 
4 0. .50 0, .67 2. 4 1.2 3.7 92.3 0.0 
5 0. .67 >0.99 3. 6 - 3.0 93.0 0.0 

R: Et R1 : η -Pr 
6 1 1 4. 5 - 4.3 91.7 0.0 
7 0. ,50 0. .24 0. 9 2.9 3.2 92.8 0.0 
8 0. 67 0. .12 0. 4 3.1 3.1 92.9 0.0 

R: Me R1 : η -Pr 
9 0.50 0. .18 0. 7 3.3 4.1 91.9 0.03 
10 0. 66 0. .32 1. 5 3.1 4.3 91.7 0.05 
11 0. ,75 0. .36 1. 5 2.7 3.9 92.1 0.09 
12 0. ,80 0, .32 1. 4 2.9 5.3 90.7 0.08 

R: Et R1 : η -But 
13 0. 50 0, .46 1. 7 2.0 3.8 92.2 0.07 
14 0. 66 0. .60 2. 3 1.5 3.8 92.2 0.08 
15 0. 75 0. .62 2. 4 1.5 3.7 92.3 0. 10 
16 0. 80 0. .60 2. 3 1.5 4.1 91.9 0.09 

R: Me R' : η -But 
17 0. 50 0.35 1.4 2.6 4.1 91.9 0.14 
18 0. 50 0. .37 1. 5 2.5 4.2 91.8 0.17 
19 0. 50 0. .41 1. 6 2.3 4.5 91.5 0.15 
20 0.50 0.42 1. 7 2.3 4.1 91.9 0.13 
21 0. 50 0. .44 1. 8 2.2 4.0 92.0 0.11 
22 0. 50 0. .48 2. 0 2.2 4.3 91.7 0.12 
23 0. 25 0. .50 1. 9 1.9 4.9 91.1 0.10 
24 0. 50 0. .53 2. 1 1.9 4.4 91.6 0.08 
25 0. 75 0. .58 2. 4 1.8 4.1 91.9 0.16 
26 0. 25 0. ,60 2. 6 1.8 4.6 91.4 0.20 

(a) Na < 0.1 ions/u.c. . 
(b) x = nR4N /(nR4N + mR̂ N ). 
(c) Reaction mixture. 
(d) Crystal. 
(e) Stacking fault probability, see text. 
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(a) 

(b) 

(C) 

(d) 

- — ' — ' — ι — · — τ — τ — ι — ι — ι — . — t — ι — ι — r — ι — ι — τ — τ — 1 

15 20 25 30 20 

Figure 1. Selected p o r t i o n of X-ray powder patterns of (a) 
H-BOR-C, sample 1, (b) H-BOR-E, sample 13, (c) H-BOR-E, sample 
21 and (d) H-BOR-D, sample 2. Arrows i n d i c a t e the p o s i t i o n of 
sharp r e f l e c t i o n s of H-BOR-C, which have t h e i r i n t e n s i t y redu
ced i n H-BOR-E, while becoming d i f f u s e i n H-BOR-D. 
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364 ZEOLITE SYNTHESIS 

model successfully applied to the crystal structure determination of 
H-BOR-D ( 6 ). 

Calculation of the scattered intensity 

Calculation of X-ray profiles was performed in steps of 0.04° 
throughout the 6-50° 2Θ angular region by applying the procedure used 
in the structure determination of H-BOR-D (6). In this procedure the 
instrumental broadening was simulated by convoluting the sample 
profiles with two Lorentzian line functions, with a 2:1 intensity 
ratio and a f u l l width at half maximum of 0.1° 2Θ, representing the 
contribution of Κα. and Ka^ lines, respectively. 

The calculated patterns were scaled by equating the intensities 
to the experimental values after integrating over the 11-50° 2Θ 
angular range and subtracting the background. The angular range below 
11° was neglected because i t is very sensitive to the presence of 
extra-framework species. Calculation of intensities was performed by 
considering tetrahedral sites to only be occupied by Si. The 
isotropic temperature parameter Β was fixed at 1.0 and 2.0 for Si and 
0, respectively. 

The disordered model as well as the expression derived for 
calculation of scattered intensities were described previously ( 6 ). 

Very briefly, the model is based on a pentasil layer sequence in 
which the prevailing i-type stacking is interrupted by σ-type 
stacking faults. In the crystal lattice description adopted for ZSM-5 
( 4 ) the layers l i e in the b-c plane while being stacked along a. ρ 
is the probability of a stacking fault occurrence and p* the 
probability of a general layer to be at a crystal boundary. Both the 
stacking faults and the crystal termination are regarded as purely 
random independent events according to Bernoullian statistics. L, and 
L are average crystal size along the b and c directions, 
respectively. 

According to the expression used for the calculations ("Equation 
15" in ( 6 )) the scattered intensity is characterized by a 
Lorentzian line profile. The atomic fractional coordinates reported 
for the crystal structure of ZSM-5 ( 4 ) were used as intrinsic 
atomic parameters for the pentasil layers as was done for the 
structure determination of H-BOR-D. 

The calculations were performed for four selected samples, 
characterized by different intensities for the reflections with 
h+k+l=2n+l, using the t r i a l and error method. Fi r s t l y , L^, L^, p* and 
unit c e l l parameters were adjusted to f i t the diffraction profile of 
reflections with h+k+l=2n (invariant intensity). Subsequently, a 
value was selected for p, in order to f i t the intensities of 
reflections with h+k+l=2n+l. Due to the high sensitivity of the 
calculated profile to any variation of p, the estimated value of ρ 
has confidence limits of ± 0.02. The best f i t , identified by the 
lowest value of the intensity disagreement factor, R (see Figures 2 
and 3), was obtained using the values listed in table II. As for the 
case of H-BOR-C and H-BOR-D, the resulting values of unit c e l l 
parameters are significantly lower than the corresponding parameters 
characteristic of the pure s i l i c a analog, S i l i c a l i t e - 1 , which 
supports framework incorporation of boron. A slight difference 
between the values of a and b parameters exists for H-BOR-E and 
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25. PEREGOETAL. DisorderedPentasil-Type Borosilicates 365 

15 20 25 30 35 40 45 

Figure 2. Experimental ( — ) and c a l c u l a t e d (··) X-ray d i f f r a c 
t i o n p r o f i l e f o r H-BOR-E, sample 10 (a) and 23 (b). The 
i n s e t s show a p l o t of the i n t e n s i t y disagreement f a c t o r (see 
Table II) vs. the f a u l t p r o b a b i l i t y parameter, p. 
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366 ZEOLITE SYNTHESIS 

IS 10 IS 30 55 «0 45 

Figure 3. Experimental (—) and c a l c u l a t e d (··) X-ray d i f f r a c 
t i o n p r o f i l e f o r H-BOR-E, samples 19 (a) and 26 (b). The 
in s e t s show a p l o t of the i n t e n s i t y disagreement f a c t o r (see 
Table II) vs. the f a u l t p r o b a b i l i t y parameter, p. 
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25. PEREGOETAL. DisorderedPentasil-TypeBorosilicates 367 

H-BOR-D, though reduced with respect to H-BOR-C, in agreement with an 
excess of i-type stackings occurring in both structures (see table 
II). 

(a) 
Table II. Values of the structural parameters obtained in the 

best f i t of X-ray scattering profile for selected 
samples of H-BOR-E 

Unit c e l l parameters 

Sample ρ ρ* 1^ L c a(Â) b(Â) c(Â) V(Â 3) R 

(b) (c) (d) (d) (e) 

10 0. 05 0. 019 300 300 19. ,991 19. .822 13.338 5285. ,4 0. 11 
23 0. 10 0. 024 250 300 19. ,979 19. .832 13.326 5280. ,2 0. 12 
19 0. 15 0. 026 250 350 19. ,973 19. .835 13.340 5284. ,8 0. 14 
2 6 (f) BOR-D^^ 

B0R-C U J 

0. 20 0. 033 200 300 19. ,968 19. .835 13.350 5287. ,4 0. 10 
2 6 (f) BOR-D^^ 

B0R-C U J 

0. 25 0. 037 300 300 20. ,02 19. .92 13.35 5324. .0 0. 09 
2 6 (f) BOR-D^^ 

B0R-C U J 

.!<«> 
20. .01 19. .82 13.35 5294. .6 

S i l i c a l i t e - .!<«> 20. .117 19. .874 13.371 5345. .5 

(a) According to "Equation 15" in ( 6 ). 
(b) Stacking fault probability. 
(c) Crystal termination probability along a (stacking direction). 
(d) Average crystal size along b (1^) and c(L c). 
(e) Intensity disagreement factor. 
(f) Ref. ( 6 ). 
(g) Monoclinic, α = 90.62°, Ref.(2). 

ρ values were found to correlate well with intensity variations in 
the experimental patterns. In particular, a linear correlation was 
verified for the ratio between the intensity of 102 reflection 
(29*14°) and the intensity of 301-031 multiplet (2Θ*15°), see Figure 
4. The resulting regression of Figure 4 was used for determining the 
value of ρ for a l l other samples investigated. 

Results and discussion 

H-B0Ç-E was crystallized using Me N +/(n-Pr),N +, Et 4N +/(n-But) 4N + and 
Me4N /(n-But),N binary mixtures. Both alkylammonium cations of each 
pair contained in the reaction mixture were found in precursor with 
only few exceptions. In most cases their molar ratios were found to 
be significantly different from the corresponding ratio in the 
reaction mixture.+The results are summarized in Table III. 

For the Et.Ν /(n-Pr) 4N cation pair the formation of the ordered 
structure of BOR-C is consistent with expectation, the same structure 
being formed in the presence of the individual cations. The 
(n-But)4N cation favors the formation of disordered framework 
structures, evident from the synthesis of BOR-D, when mixed witlji 
Me4N and Et 4N but not (n-Pr) 4N . In the latter case, the (n-Pr) 4N 
cation is greatly favored in the crystallization process and the 
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368 ZEOLITE SYNTHESIS 

0.80 Ί 

Figure 4. V a r i a t i o n of the r a t i o between the i n t e n s i t y of the 
r e f l e c t i o n s o c c u r r i n g at 2 $ ζ 14° and 2Î 1 : 15°, r e s p e c t i v e l y , 

i n the X-ray powder pattern of H-BOR-E, as a f u n c t i o n of the 
f a u l t p r o b a b i l i t y parameter, p. 
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25. PEREGO ET AL. Disordered Pentasil-Type Borosilicates 369 

ordered BOR-C phase is formed. Probably ̂ BOR-E may be obtained by 
working with a large excess of (n-But)^N cations in the reaction 
mixture. A similar behaviour was observed when the synthesis of 
disordered pentasil-type aluminosilicates from the 
(n-Pr)^n /(n-But).N system was attempted (7). + 

The most interesting results concern the behaviour of Mê N . 
This cation favors the formation of BOR-A (Nu-l-type framework), 

when used alone in the reaction mixture (2). In the above binary 
mixtures, i t behaves differently, leading to the formation of 
pentasil-type structure, even when it s concentration greatly exceeds 
that of the other alkylammonium cation in the reaction mixture. 

Moreover, this cation seems to be more efficient than (n-But)^N 
in producing the formation of ̂ BOR-E. As +a matter of fact, BOR-E is 
easily obtained from the Me.N /(n-Pr).N system, but not from the 
(n-But)4N /(n-Pr) 4N system. * 

Table III. Summary of the results 

Cation pair x ^ Borosilicate p ^ 
R4N , RĴ N phase 

R: Et R1 : n-Pr 0 BOR-C 0 
0 * 0.2 BOR-C 0 
1 BOR-C 0 

n-Pr n-But 0 BOR-D 0.25 
0.7 * 1 BOR-C 0 

Me n-Pr 0 BOR-C 0 
0.2 f 0.4 BOR-E. . 0.03 - 0.09 
1 B0R-A U ; 

Et n-But 0 BOR-D 0.25 
0.4 * 0.6 BOR-E 0.07 - 0.10 
1 BOR-C 0 

Me n-But 0 BOR-D 0.25 
0.3 τ 0.6 BOR-Er . 0.08 - 0.20 
1 B0R-A U ; 

(a) Cations abundance in the precursor, x=nR4N /(nR4N + mR4N ). (b) 
Frequency of stacking faults, see text, 
(c) Nu-1 type, Ref.( 2 ). 

The stacking fault probability ,p, in H-BOR-E depends on both 
the cation pair used in the reaction mixture and the resulting cation 
abundance, defined by the molar fraction x=nR4N /(riCJtf +mR4N ) + 

within the pore structure of the precursor. In the Me4N /(n-But)4N 
system, ρ decreases linearly from 0.25 (H-BOR-D phase, x=0) to ca. 
0.1 for x=0.5. For higher values of x, the trend is inverted 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
5

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



370 ZEOLITE SYNTHESIS 

abruptly, ρ going up to 0.2 for x=0.6 (see Figure 5a). ^ linear 
dependence of ρ on χ is al^so observed for the Me,Ν /(n-Pr),Ν system 
(Figure 5b). For the Et,N /(n-But).Ν system, values of 0.08 - 0.10 
are observed for x«0.6 (see Table Γ and III) near those expected for 
a linear variation between the values characteristic of H-BOR-D (x=0, 
p=0.25) and H-BOR-C (x=l, p=0), respectively. 

The occurrence of a σ-type stacking fault in the framework of 
pentasils may be regarded as a 'twin* involving two domains of ZSM-5 
type. Such a 'twin' probably occurs frequently in pentasil-type 
crystals, though i t is not easily detected by X-ray analysis when 
present at low abundance (p<0.02). The good f i t obtained for the 
X-ray diffraction patterns of H-BOR-E adds support to the validity of 
the model already successfully applied for the structure 
determination of H-BOR-D. On the other hand, the alternative model 
postulated for structures intermediate between ZSM-5 and ZSM-11, 
based on high resolution electron microscoping imaging ( 1_ ), seems 
unfavorable with respect to the present model especially for a high 
fault frequency. The former model, based on two slabs of ZSM-5 joined 
together in such a way that one of these is rotated 90° around [001] 
axis, requires two-dimensional disorder and many of the Si-O-Si 
linkages cannot be formed at the twin plane, due to steric hindrance. 

Obviously, the occasional presence of some faults of this type 
cannot be excluded in the structure of H-BOR-E. 

No macroscopic inhomogeneity is evident from the scanning 
electron micrographs of H-BOR-E samples, see Figure 6. The particles 
are nearly spherical with a morphology resulting from an aggregation 
of tablet-shaped small crystals. The substantial structure 
homogeneity of H-BOR-E is also confirmed by the results obtained with 
the Mê N -containing systems. In fact, we must concede that 
inhomogeneities in the crystallized solid could originate from 
partitioning of the two types of cations during the c r y s t a l l i z a t i o n 
process. In this case the nucleation of BOR-A by Mê N cations, would 
be expected. 

When considering the results obtained in the present 
investigation, i t seems quite d i f f i c u l t to account for the occurrence 
of stacking faults in the framework of pentasils simply by the 
different molecular size of the tetraIky1ammonium cations trapped 
within the pores. In fact, the phenomenon occurs in the presence of 
tetrabutylammonium or tetramethylammonium cations which have the 
largest and the smallest molecular size, respectively, among the 
organic bases investigated. It is possible that crystallization 
kinetics or hydrophilicity of the quaternary ammonium cations play 
some role. In any case, additional experiments are needed to provide 
a reasonable explanation. 

The frequency of σ-type stackings is lower than 0.25, the value 
determined for the structure of H-BOR-D, in a l l of the samples 
obtained in the present investigation. The excess of i-type stackings 
commonly found in the framework of pentasils, suggests that this type 
of stacking is favoured with respect to the σ-type at least under the 
conditions usually adopted for the synthesis of these materials. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
5

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



PEREGO ET AL Disordered Pentasil- Type Borosilicates 371 

0.1 

0.0 

(a) 

o.o o2 ' 04 αβ αβ ι.ο 
η Μ β 4 Ν + 

ηΜβ 4 Ν+ +mBu4N+ 

0.2-

0.1-

(b) 

-ι 1 τ 1 1 1 1 1 1 ' 1 

ΟΟ 0.2 0.4 0.6 0 4 1.0 

n M e 4 N + 

nMe 4 N* +mPr4N + 

Figure 5. V a r i a t i o n of the f a u l t p r o b a b i l i t y parameter, ρ, i n 
the framework of H - B O R - E , as a fun c t i o n of the molar f r a c t i o n 
of R Ν cations, χ (see Table I ) , i n the precursors, f o r the 

4 + + d i f f e r e n t R Ν / R ' N systems. 
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372 ZEOLITE SYNTHESIS 

Figure 6. Scanning e l e c t r o n micrographs of H-BOR-E, samples 11 
(a), 15 (b) and 18 ( c ) . 
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Chapter 26 

Isomorphous Substitution of Boron 
in Mordenite and Zeolite Y 

Thomas R. Gaffney, Ronald Pierantozzi, and Mark R. Seger 

Air Products and Chemicals, Inc., Allentown, PA 18195 

Synthetic limits on the extent of isomorphous 
substitution often limit our ability to modify the 
catalytic properties of zeolites. Here we describe 
two methods of substituting boron into mordenite, 
which together allow a wide range of substitution 
levels to be effected. Direct crystallization of 
mordenite from gels which contain borates results 
in low levels of boron incorporation into the 
framework structure. The level of boron 
substitution is primarily determined by the 
SiO2/Al2O3 ratio of the gel. Boron cannot 
compete with aluminum for a site in a growing 
crystallite, but boron will incorporate into 
mordenites crystallized from aluminum deficient 
gels. Using a post-synthetic treatment of 
dearuminated mordenite and zeolite Y, we obtained 
higher levels of boron substitution for aluminum. 
Boron-11 NMR experiments and silicon-29 cross 
polarization NMR experiments indicate that borate 
anions condense with hydroxyl nests and become part 
of the framework structure. The level of 
substitution is limited by the hydroxyl nest 
content of the dealuminated mordenite. The alpha 
test establishes that the n-hexane cracking 
activity of boron substituted mordenites is 
determined exclusively by the aluminum content. 

When applied to zeolites the term "isomorphous substitution** 
refers to the replacement of si l i c o n or aluminum atoms by 
elements with ionic r a d i i and coordination requirements which are 
compatible with the Τ (tetrahedral) sites of the zeolite 
structure. One method of preparing isomorphously substituted 
zeolites is to include a reactive source of the replacement 

0097-6156/89A)398-0374$06.00/0 
ο 1989 American Chemical Society 
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26. GAFFNEYETAL. Isomorphous Substitution of Boron 375 

element in the synthesis gel. If the solution chemistry of the 
reactive species is compatible with gel formation and 
crystallization processes, then an isomorphously substituted 
zeolite may crystallize. For this to occur, the substituting 
element must be able to compete with Si or Al for addition to the 
growing c r y s t a l l i t e . The substituting element does not need to 
be involved in the nucleation process, but i t must not interfere 
with nucleation for crystallization to occur. When isomorphous 
substitution can be controlled, i t can be used to enhance 
desirable properties into zeolite catalysts and adsorbents. A 
review on isomorphous substitution and i t s potential catalytic 
implications recently appeared (1). We now report our attempts 
to prepare boron substituted mordenites and zeolite Y directly 
from gel precursors, and by post-synthetic treatment of 
crystalline mordenite and zeolite Y. 

Experimental 

Hexane (99% n-hexane) was obtained from Aldrich. S i l i c a was 
obtained as a 30% Colloid (LUDOX-HS, 30 wt% S1O2) from DuPont. 
Aluminum hydroxide, boron oxide, and sodium metaborate were 
obtained from Alfa Products. Boric acid was obtained from 
J. T. Baker. Commercial samples of mordenite and zeolite Y were 
obtained from the Norton and Union Carbide Companies, 
respectively. A specific example which illustrates the typical 
procedure used for preparing mordenite and zeolite Y from gels is 
given below. 

Solid state and 2 9 S i MAS NMR spectra were obtained 
using a Bruker CXP-200 spectrometer and a Doty multinuclear 
double air bearing MAS probe. The samples were run as powders 
loaded into sapphire rotors with Kel-F endcaps, and were spun at 
the magic angle at approximately 3 kHz. Boron and si l i c o n NMR 
chemical shifts are relative to boron trifluoride etherate and 
tetramethylsilane, respectively. The ̂ -B NMR spectra were 
collected with and without using a solid echo pulse sequence ( 2 ) 
with a 10 ms delay between 90° pulses. The repetition times 
uti l i z e d for X1B and 2 9 S i MAS NMR were 1 s and 10 s, 
respectively; 2 9 S i CPMAS NMR uti l i z e d 1 .5 s repetition times 
and decoupling f i e l d strengths exceeding 50 kHz. The contact 
times u t i l i z e d for 2 9 S i CPMAS were varied from 100 ys to 
10 ms, with 1 ms giving strong CP intensity. 

Direct Synthesis. A solution was prepared by dissolving 
A 1 ( 0 H ) 3 , B2O3 , and NaOH in deionized water. This solution 
was slowly added to s i l i c a sol (30 wt%) with stirring, to give a 
gel with the composition 22.9 Si02:AI2O3:3.2 Na2O:0.91 B2O3:460 
H2O. The gel was stirred for 10 min, and then heated at 165°C 
for 48 h in a stirred, Teflon lined, stainless steel pressure 
vessel. After 48 h the reactor was cooled to room temperature, 
and the product was separated by f i l t r a t i o n and washed with 
copious quantities of water and dried at 120°C. The X-ray powder 
pattern of the product is characteristic of mordenite, with no 
extraneous peaks. 
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Zeolite Y gels were prepared by the same procedure outlined 
above. These gels were aged for 24 h at room temperature prior 
to crystallization. They were crystallized at 95°C for 64 h in 
polypropylene bottles without stirring (3). The products were 
separated by f i l t r a t i o n , washed with copious amounts of water, 
and dried at 120°C. 

Post-Synthetic Boron Incorporation. The acid form of mordenite 
(Zelon 900H) was heated at 90*C in 14 M n i t r i c acid for 24 h with 
sti r r i n g . The product was washed with water to a neutral pH. 
The samples were analyzed for Na, Si, and Al content by x-ray 
fluorescence spectroscopy. The extent of dealumination was found 
to vary for different lots of Zelon 900H. For a given lot, the 
extent of dealumination increased with acid extraction time. The 
extent of dealumination was controlled by adjusting the 
extraction time. Boron oxide (1.50 g B 2 O 3 ) was dissolved in 
140 mL of 0.25 M KOH. Dealuminated mordenite (25 g; Si/Al = 64) 
was added to the solution, and the pH was adjusted to 13 by 
addition of KOH. The resulting suspension was stirred at 80°C 
for 24 h in a Teflon lined Parr pressure vessel. The product was 
separated by f i l t r a t i o n , thoroughly washed with deionized water, 
and dried at 120°C. The composition of the product was 
determined by XRF and atomic absorption spectroscopy. 

Zeolite Y was dealuminated with EDTA according to a 
published procedure (4). Boron oxide (0.15 g) was dissolved in 
140 mL of 0.22 M KOH. Zeolite Y (5 g, Si/Al = 9.1) was suspended 
in the solution. The suspension was heated at 80°C for 24 h in a 
Teflon vessel. Products were washed thoroughly with deionized 
water and dried at 120eC. The chemical composition of products 
prepared by direct synthesis and by post-synthetic methods are 
listed in Table 1. 

Table 1. Chemical Composition of Boron Substituted 
Mordenite Samples 

Weight % (Dry Basis) 
Method of Preparation S 1 O 2 A1 20 3 Na20 K20 B 20 3 

Direct Synthesis 80, .7 12, .1 7, .81 0.04 0.02 
Direct Synthesis 85, ,7 8, .9 5, .91 0.01 0.11 
Direct Synthesis 88, .1 7. .1 5, .38 0.01 0.29 
Direct Synthesis 87, .9 6, ,7 5, .03 0.01 0.66 
Direct Synthesis 88, .3 5, .9 4, .18 0.01 0.57 

Post-Synthetic Substitution 76. .7 11. .9 10.2 0.07 
Post-Synthetic Substitution 91, .1 8, .3 - a 0.52 
Post-Synthetic Substitution 94, .0 4. .7 - a 1.22 
Post-Synthetic Substitution 88, .9 1, .26 - 6.1 3.68 

a) Sample analyzed in the acid form. 
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Mordenite samples that were not in the acid form were 
exchanged into the ammonium ion form by three successive 
treatments with 0 . 2 M NH4NO3 at room temperature for 4 h 
prior to catalytic testing. The acid form of the zeolites was 
generated by heating the ammonium form at 540°C in air for one 
hour. The published procedure for the alpha test (5) was used 
with modification. Hexane ( 2 0 % in helium) was passed over the 
catalysts (lg) at a superficial flow rate (F) of 3 4 . 1 mL/min. 
The effluent gases were sampled after the catalyst was on stream 
for 3 . 0 min. Fi r s t order rate constants and alpha values were 
calculated as previously described (5). 

Results and Discussion 

Direct Synthetic Substitution 

Mordenite. It has been reported that partial substitution of 
boron in mordenite occurs when boric acid is added to the 
synthesis gel (6.7). Evidence for boron substitution for 
aluminum in mordenite samples prepared in borosilicate glass 
reactors has also appeared ( 8 ) . We sought to determine the 
extent of boron substitution into the mordenite framework which 
can be affected by direct synthesis. 

Mordenite can be synthesized from gels comprised of Na 2 0 , 
A I 2 O 3 , S i 0 2 , and H 2 0 (9-13). More siliceous products are 
formed as the S1O2/AI2O3 and S i 0 2/Na 2 0 ratios are 
increased (13). The range of mordenite compositions which can be 
prepared as pure phases by this method are represented in 
Formula 1. 

N a x [ ( S i 0 2 ) 4 8 _ x ( A 1 0 2 ) x J - y H 2 0 χ = 3 - 8 (1) 

Gels in the composition range S1O2/AI2O3 = 10-25 and 
S i 0 2 / N a 2 0 = 0 . 1 - 0 . 3 crystallize to give pure mordenite. We 
carried out syntheses in which Β 2 0 3 replaced varying amounts 
of A I 2 O 3 in the gels. Figure 1 correlates the 
S1O2/AI2O3 ratio of the products with the ratio in the 
gel. The straight line plot shows that the s i l i c a to alumina 
ratio of the product is determined by the s i l i c a to alumina ratio 
of the gel. Inclusion of reactive borates in the gel (circles in 
Figure 1 ) has no effect on the amount of aluminum incorporated 
into the mordenite structure. Apparently boron cannot 
successfully compete with aluminum for lattice sites in the 
growing crystallites. Boron does not interfere with the 
crystallization of mordenite when 50% or less of the A I 2 O 3 in 
the gel is replaced by B 2 O 3 . However, higher levels of 
B 2 ° 3 r e s u i - t in co-crystallization of non-microporous phases, 
such as aluminum borate and sodium borosilicates. 

Although boron cannot successfully compete with aluminum for 
sites in the mordenite structure, the more siliceous products 
contain significant amounts of boron. Figure 2 shows the 
B203 content of the products as a function of the 
S i 0 2/Al 203 ratio in the gel and in the product. It is 
clear that i f enough aluminum is available in the gel to form an 
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0.6 r 

10 15 20 25 30 
SiOo /A loOq 

Figure 2 . Boron content versus S 1 O 2 / A I 2 O 3 ratio for 
boron substituted mordenites. 
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Al saturated mordenite (x = 8 in Formula 1), the product contains 
only trace amounts of boron. As the S1O2/AI2O3 ratio of 
the gel increases, and insufficient Al is present to form the 
aluminous mordenite end-member, the boron content of the product 
rises dramatically. The upper limit on the S1O2/AI2O3 
level at which pure mordenite forms, which is approximately 25, 
determines the upper limit on boron substitution level. 

For the most siliceous preparations, the mole % boron in the 
product is proportional to the mole % boron in the gel. Figure 3 
shows the correlation between wt % boron in the gels and 
products. The amount of boron which substitutes into the 
mordenite structure increases with increasing boron concentration 
in the gel, and decreases with increasing aluminum content in the 
gel. The level of substitution is much more dependent on the 
aluminum content in the gel than on i t s boron content. The 
explanation for this is found in the higher a f f i n i t y of the 
structure for aluminum. Boron and aluminum compete for a limited 
number of sites in the mordenite structure as i t forms. When 
enough aluminum is available to form an aluminum saturated 
mordenite structure (x = 8, Formula 1) then boron substitution 
does not occur. The most highly substituted material prepared 
by this method is N a ^ ^ K S i i ^ ) ^ . 5 ^ 1 0 2 ) 3 . 9 ( Β θ 2 ) υ . 6 } · Similar 
results have been reported (14) for crystallization of ZSM-5 from 
gels which contain aluminum and boron. 

Faujasite. Zeolite Y was prepared from N a 2 0 , A I 2 O 3 , S 1 O 2 , and 
H 2 0 derived gels using Breck*s method ( 3 ) . We prepared four gels 
in which 0 , 5 , 1 0 , and 25% of the molar amount of A 1 2 0 3 used to 
prepare zeolite Y was replaced by B 2 O 3 . The gels were crys
tal l i z e d under identical conditions. The yield of crystalline 
product decreased with increasing boron content in the gel. The 
major phases formed from the boron doped gels were α-Αΐ2θ3·ΟΗ 
(boehmite) and sodium aluminum s i l i c a t e hydrate; however, the un-
doped parent gel yielded highly crystalline zeolite Y as the only 
crystalline product. In contrast to the mordenite system, 
addition of B2O3 to the gel inhibits nucleation or 
crystallization of zeolite Y. Earlier work showed that another 
synthetic faujasite, zeolite X, can be crystallized from borate 
containing gels, but that borate is occluded in the zeolite pores, 
and is not incorporated into the framework structure (15,16). 

Characterization of Substituted Boron. We used solid state ̂ -B 
NMR and X-ray diffraction data to distinguish occluded borates 
from boron substituted into the zeolite framework. When an 
element replaces aluminum or si l i c o n in a zeolite structure, the 
local coordination environment changes to accommodate the new 
ion. Since B^ + is a much smaller ion than Al***, the unit 
c e l l axes contract when boron replaces aluminum in the 
framework. The ionic r a d i i of trivalent Β and Al in a 
tetrahedral environment are 0.25 Â and 0 . 5 3 Â, respectively (1). 
The magnitude of the contraction is dependent upon the level of 
substitution (17). 

The lattice constants of a boron substituted mordenite 
sample with S i 0 2/Al 203 = 25.3 and S i 0 2 / ( A 1 2 0 3 + B 2 0 3 ) = 2 2 . 5 
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380 ZEOLITE SYNTHESIS 

Figure 3. Boron substitution level versus gel composition for 
boron substituted mordenites. 
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were refined from corrected XRD data, obtained using corundum as 
an internal standard. Table 2 shows the variation in the unit 
c e l l dimensions of mordenite as a function of the 
Si0 2/Al 203 ratio of the sample (13.18). The unit c e l l 
values for the boron containing sample, designated "synthetic", 
are well below the values of mordenite and aluminum deficient 
mordenite samples. In each dimension, the value is significantly 
lower than would be expected i f the structure were comprised of 
Si and Al with extra-lattice boron occluded in the pore system. 

Table 2: Unit Cell Dimensions of Mordenites and 
Boron Substituted Mordenites 

Sample Si/Al Si/B a(A) b(A) c(A) V(A 3) 
a 5, .0 0 0 18.11 20.53 7. .528 2798 

a 12. .5 00 18.11 20.38 7, .49 2764 

Synthetic 12. .7 90 18.05 20.34 7 .46 2741 

b 60, .0 00 18.06 20.26 7 .46 2730 

Post- 59, .9 14 17.84 20.03 7 .36 2627 
Synthetic 

a) Literature values from (13) b) Literature value from (18) 

Solid state X 1B NMR is a very sensitive probe of the site 
symmetry of boron (8,19). For solid samples, the quadrapolar 
interaction gives rise to resonance lineshapes that are very 
dependent on the symmetry of the boron environment, even i f Magic 
Angle Spinning (MAS) techniques are used. Boron atoms located at 
sites of tetrahedral symmetry have vanishingly small electric 
f i e l d gradient (EFG) anisotropics, and thus have very narrow MAS 
NMR lineshapes. Trigonal boron sites however, have large EFG 
anisotropies and give rise to very broad MAS lineshapes in powder 
samples. 

Figure 4a is a ^B MAS NMR spectrum of a mordenite sample 
prepared from an aluminum deficient gel which contained 
B 2 O 3 . The sharpness of the peak indicates a tetrahedral 
boron location, and the chemical shift agrees with previously 
reported values for boron in a zeolite framework (8). In 
contrast, extra- lattice boron in mordenite (vide infra) gives a 
broad resonance, as shown in Figure 4b. 

The NMR and X-ray diffraction data are only consistent with 
substitution of boron into the framework structure of the 
mordenite. Although we prepared boron substituted mordenite 
directly from modified gels, direct synthesis has severe 
limitations. The solution chemistry of the substituting element 
can interfere with zeolite nucleation and crystallization, as 
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observed for boron in faujasite-type syntheses. In syntheses 
where there is no apparent interference with the crystallization 
processes, the amount of substitution that occurs may be limited 
by the solubility of the replacement element in the gel during 
crystallization. The intrinsic a f f i n i t y of the crystallizing 
solid for depleting one gel species relative to others may also 
limit substitution. Because of these limitations, i t was only 
possible to prepare mordenites which contain low levels of boron 
by direct synthetic methods. 

Post-Synthetic Substitution 

Methods for isomorphously substituting preformed zeolite 
structures have the potential for allowing a wider range of 
compositions to be prepared. When the zeolite structure is 
already formed, the compatibility of the solution chemistries of 
the replacement element with aluminum and sil i c o n is not a 
concern, and nucleation and crystallization are not required. 

Several methods were attempted for effecting isomorphous 
substitution in preformed crystalline zeolites. Decationized 
samples of mordenite and zeolite Y were refluxed with boric acid, 
sodium metaborate, and B 2 O 3 in aqueous solutions with pH 
varying between 4 to 12. The products exhibit broad 1 1B NMR 
signals which are characteristic of boron in a trigonal 
environment (Figure 4b). After thorough washing only trace 
amounts of boron (ca. 0.03%) remain in the product. Boron 
apparently cannot displace aluminum or sil i c o n from the framework 
of a preformed structure under these conditions. 

When treated under the proper conditions, aluminum can be 
removed from zeolites without loss of cry s t a l l i n i t y (20). It has 
recently been demonstrated that for zeolite Y the extra-lattice 
aluminum is incorporated into the framework when the sample is 
treated with KOH (21). We sought to determine i f dealuminated 
zeolite frameworks are reactive, and are isomorphously 
substituted when treated with borate salts in basic medium. 
After we completed our studies, a report of boron incorporation 
into zeolite Y using similar methods appeared (22). 

Mordenite. We dealuminated mordenite with acid and treated the 
product with B 2 O 3 in basic solution. The products obtained 
contain high levels of boron. The amount of boron in the product 
is dependent upon the level of dealumination of the mordenite. 
Figure 5 is a plot of the boron content of the product versus the 
Si/Al level of the starting material. More heavily dealuminated 
samples contain more boron after a KOH/B2O3 treatment. The 
data point off of the curve (circle in Figure 5 ) is for a 
synthetically prepared siliceous mordenite, whereas the data 
points on the curve are for acid dealuminated (siliceous) 
mordenites. It is clear that materials which have the same 
aluminum content prepared by these two methods react differently 
with borate anions. An acid dealuminated mordenite with Si/Al -
12 takes up almost ten times as much boron than i t s synthetically 
prepared analogue. 
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Figure 5. Boron uptake of synthetic and dealuminated 
mordenites. 
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The observed reactivity difference between zeolites and acid 
dealuminated zeolites is directly attributable to the presence of 
intrazeolitic hydroxyl nests in the acid treated samples. Two 
resonances are present in the 2 9 S i MASNMR spectra of acid 
dealuminated mordenites (Figure 6), which we assign to si l i c o n 
with no nearest neighbor aluminum atoms (-112 ppm), and to SiOH 
"nests" (-103 ppm). Cross polarization (CP) NMR techniques 
corroborate the assignment of the resonance at -103 ppm (vide 
infra). The spectra in Figure 6 demonstrate that the -103 ppm 
resonance is enhanced by the cross polarization technique, 
confirming the presence of hydroxyl nests in our dealuminated 
samples. Figure 7 shows the spectra of the same sample after 
treatment with B2O3/KOH. The resonance at -111 ppm is 
broadened, presumably due to the presence of boron and aluminum 
atoms in sites adjacent to Si, and the CP resonances have almost 
disappeared. These two changes are consistent with boron 
reacting at the internal hydroxyl nest position as shown in 
Scheme 1. 

Scheme 1: Framework Substitution 

Si 
/ 
0 
H 

Si 
/ 
0 

Si —OH HO — S i B(0H)4 S i — 0 - B - 0 — S i + 4H20 

H 
0 
\ 
Si 

0 
\. 
Si 

The i LB NMR spectrum of this sample contains a single 
narrow resonance centered at -3.2 ppm, which is characteristic of 
boron in a tetrahedral coordination environment in the framework 
structure. The 2 9 S i NMR spectra of a synthetically prepared 
siliceous mordenite with the same Si/Al ratio is shown in 
Figure 8. No CP resonances are present, which indicates that 
hydroxyl nest concentration in this material is very low compared 
to the acid treated sample. These data confirm that hydroxyl 
nests, generated by the removal of Al from the zeolite structure, 
are reactive sites for isomorphous substitution. Aluminum 
deficient, preformed zeolites which do not contain hydroxyl 
nests, i.e. synthetically prepared samples, do not undergo 
isomorphous substitution when treated in a similar fashion. 

The amount of boron substitution achieved using this 
post-synthetic method is approximately six times higher than the 
most heavily substituted mordenite prepared by direct synthesis 
from gels (vide supra). If this post-synthetic treatment 
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Figure 7. Single pulse excitation and cross polarization 
2 9 S i NMR spectra of boron mordenite prepared from 
dealuminated mordenite. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
6

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



386 ZEOLITE SYNTHESIS 

Figure 8. Single pulse e x i t a t i o n and cross p o l a r i z a t i o n 
2 9 S i NMR spectra of s y n t h e t i c mordenite. 
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produces a structurally substituted zeolite, then the unit c e l l 
axes should exhibit a large contraction upon KOH/B2O3 
treatment. The lattice constants of the material with 
K3 9 [ ( S i 0 2 ) 4 4 . i ( A l 0 2 ) o . 7 ( 8 0 2 ) 3 . 2 ^ w e r e refined from corrected 
XRD data, and are listed in Table 2 along with the constants for 
mordenite and synthetically prepared boron substituted 
mordenite. The large contraction of the unit c e l l observed for 
the heavily borated material is strong evidence for structural 
substitution of boron in these materials. The unit c e l l volume 
of the highly substituted structure (K+ ion form) is 6.1% 
smaller than the c e l l volume of the aluminum analogue (H4" 
form). Only a 1.6% contraction is attributable to the removal of 
aluminum. The major reduction in unit c e l l volume (-4.5%) 
results from boron pulling the oxygen atoms in hydroxyl nests 
closer together, as depicted in Scheme 1. It must be noted that 
although this comparison is between different ion forms, the 
potassium form should have a larger unit c e l l than the acid form 
i f no structural substitution occurred (23). 

Zeolite Y. We also substituted boron into dealuminated 
zeolite Y. We dealuminated zeolite Y by EDTA treatment using 
standard methods (4). The presence of hydroxyl nests in the 
product was confirmed using 2 9 S i CPMAS NMR spectroscopy. The 
dealuminated material incorporated 33 times more boron than 
zeolite Y when treated with KOH/B2O3. These data are 
summarized in Table 3 . The boron substituted faujasite exhibits 
a single sharp resonance in the ^B NMR spectrum, consistent 
with structural substitution. Since the substitution level was 
low and would not be expected to cause large shifts in the 
diffraction pattern, no corrected XRD data were obtained on 
substituted zeolite Y. 

Zeolite Y does not recrystallize in KOH solutions (24)· 0 u r 

results are in agreement with this for Y, but for dealuminated Y 
zeolite there is a decrease in the Si/Al ratio when treated with 
B2O3 in KOH solution (Table 3 ) . We found a similar trend in 
the mordenite system. Apparently these zeolite structures are 
more susceptible to recrystallization when dealuminated. 
Preparation of boron substituted zeolite Y by post-synthetic 
substitution demonstrates that this method may be used to prepare 
materials which are not readily available by direct synthetic 
procedures. 

Table 3 : Substitution Levels of Zeolite Y and 
Dealuminated Zeolite Y 

Sample Starting Material Product 
Si/Al Si/Al ppm Β 

Zeolite Y 2.6 2.7 15 

Dealuminated Y 9.1 5.9 500 
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NMR Methods. The cross polarization technique was used to 
transfer magnetization from to 2 9 S i . Spin temperature 
alteration ensures that only s i l i c o n atoms with a strong dipolar 
(through-space) interaction with protons w i l l appear in the CPMAS 
spectrum. Only s i l i c o n atoms near immobile hydrogens (i.e., not 
exchanging in the NMR time scale) w i l l be detected. Comparison 
of the FTMAS and CPMAS spectra in Figure 6 shows a strong 
enhancement of the -103 ppm peak with only a weak enhancement of 
the -112 ppm peak assigned to Si(OAl). Application of the same 
experimental method to mordenite prior to acid dealumination 
failed to detect any CP signal, indicating that the hydrogen 
atoms present in the hydrated sample were a l l involved in rapid 
chemical exchange. Furthermore, i t also demonstrates that the 
protons involved in the cross polarization to sil i c o n in the acid 
dealuminated sample are not from the adsorbed water of hydration. 

The variation of the 2 9 S i CPMAS spectrum was examined as 
the contact time for the cross polarization experiment was 
changed. The most intense CP signal was obtained with relatively 
short contact times, indicative of short silicon-hydrogen 
internuclear distances. Maximum CP intensity in the -103 ppm 
peak occurred at about 1 to 2 ms, suggesting *H to 2 9 S i 
distances of a few angstroms or less for this type of sil i c o n . 
The Si(OAl) peak at -112 ppm showed a less intense CP signal, but 
with maximum enhancement occurring at longer contact times, 
indicative of a greater average distance to immobile hydrogen 
atoms. 

The presence of the broad signal arising from trigonal 
extra-lattice boron species can only be reliably detected by 
using a solid echo pulse sequence (2). The broad lineshape in 
Figure 4b, attributed to trigonal boron, was not detected by the 
simpler one-pulse NMR method. There are reports in the literature 
that trigonal framework boron atoms may be present in some 
dehydrated calcined zeolites (25). The broad signals attributed 
to trigonal framework boron reversibly disappear upon rehydration 
of the zeolite sample, indicating conversion back to tetrahedral 
symmetry (25) As the samples analyzed by MAS NMR were a l l 
hydrated, no trigonal framework boron species were observed. 

Catalytic Properties. The Bronsted acid sites in zeolites are 
associated with bridging hydroxyl groups adjacent to aluminum 
atoms (5). Substitution of other trivalent elements for aluminum 
greatly affects the strength of these Bronsted acid sites, and 
there is a growing body of experimental data (1) which indicates 
that aluminosilicates are stronger acids than borosilicates. 
Previously, a quantitative test based on n-hexane cracking (alpha 
test) was developed and used to assess the strong acid properties 
of zeolites (5). We used the alpha test to compare the strong 
acidity of substituted and unsubstituted mordenites. 

We found the acidity of chemically dealuminated mordenites 
shows a large variation with aluminum content (Figure 9). The 
alpha values decrease over five orders of magnitude as the 
aluminum content decreases from four aluminum atoms per unit c e l l 
down to 0.8 Al/unit c e l l . If the Bronsted acid sites associated 
with boron are of equal strength as those associated with 
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aluminum, then the alpha values of unsubstituted and substituted 
samples in which S 1 O 2 / A I 2 O 3 (unsubstituted) is equal to 
Si02/(Al203+B203) (substituted) should be equal. The 
activity measured for the heavily substituted material is almost 
identical to the sample with the same aluminum content, and is 
over four orders of magnitude lower than would be expected i f 
boron sites are as acidic as aluminum sites (circle in 
Figure 9). This clearly illustrates that only aluminum 
contributes to the hexane cracking activity of these materials 
under the experimental conditions used. The presence of 
framework boron has no affect on the strong acid character of the 
catalyst. The presence of framework boron may s t i l l increase the 
number of weak and medium acid sites, but the alpha test w i l l not 
be sensitive to these sites, especially when strong acid sites 
associated with aluminum are present. 

The alpha values of synthetically prepared mordenites are 
within the range of ΙΟ^-ΙΟ^. There is only a small variation 
in a values of siliceous mordenite as the aluminum content of the 
material varies. This is in contrast to dealuminated mordenites, 
which exhibit a much larger variation in alpha values as the 
aluminum content varies. These catalytic results on synthetic 
and acid dealuminated mordenites indicate that factors other than 
the total aluminum content must contribute to the variation in 
activity of the catalysts. The linear correlation of alpha 
versus aluminum content reported for some zeolites (26.) does not 
apply to the acid dealuminated samples. Evidence has been 
presented for the presence of both Bronsted sites and Lewis sites 
enhancing the strong acidity of zeolite catalysts (27). The 
presence of extra-lattice aluminum in acid dealuminated mordenite 
samples was confirmed by 2^A1 NMR spectroscopy. The presence of 
both framework aluminum and extra-lattice aluminum in the acid 
treated materials may account for the wide variation in alpha 
values as a function of aluminum content. 

The synthetic boron substituted mordenites have alpha values 
similar to the aluminosilicate analogues. This is not surprising 
since boron replaces only 10% of the aluminum in these 
materials. For boron to affect the alpha values of these 
samples, the acid strength of a B-OH proton would have to be much 
greater than for a A1-0H proton, which is clearly not the case. 

Conclusions 

We prepared boron substituted mordenite by direct synthesis from 
gel precursors and by post-synthetic substitution into 
dealuminated mordenite. Direct substitution is favored in 
aluminum deficient gels, but exacting crystallization 
requirements for mordenite formation limit the amount of boron 
that can be incorporated into the framework structure. Higher 
substitution levels were achieved using a post-synthetic 
treatment. Boron substituted zeolite Y could not be prepared by 
a similar direct synthetic method, but post-synthetic methods 
were effective at providing low substitution levels. This 
demonstrates the more general u t i l i t y of post-synthetic 
substitution methods. The hexane cracking activity of 
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Figure 9 . n-Hexane cracking activity of mordenites. 
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substituted and unsubstituted mordenites is consistent with 
strong acid sites associated with aluminum, but not boron. 
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Chapter 27 

Hydrothermal Isomorphous Substitution 
of Boron in Zeolite ZSM-5/Silicalite 

Bogdan Sulikowski1 and Jacek Klinowski 

Department of Chemistry, University of Cambridge, Lensfield Road, 
Cambridge CB2 1EW, England 

We report (i) isomorphous substitution of boron, by secondary 
synthesis, into silicalite and into highly siliceous (Si/Al>400) 
ZSM-5; and (ii) an improved direct synthesis of zeolite (Si,B) 
-ZSM-5. The chemical status of Β in the boronated products 
depends upon reaction conditions. Careful control of the con
centration of the base, the borate species and of the duration of 
treatment, allows the preparation of samples containing only 
4-coordinated Β or a mixture of 3- and 4-coordinated Β in various 
relative concentrations. The products were characterized by 
magic-angle-spinning (MAS) NMR and infrared (IR) spectro
scopies and by powder x-ray diffraction (XRD). 

Elements such as B, Ga, Ρ and Ge can substitute for Si and Al in zeolitic 
frameworks. In naturally-occurring borosilicates Β is usually present in 
trigonal coordination, but four-coordinated (tetrahedral) Β is found in 
some minerals and in synthetic boro- and boroaluminosilicates. Boron can 
be incorporated into zeolitic frameworks during synthesis, provided that 
the concentration of aluminium species, favoured by the solid, is very low. 
(B,Si)-zeolites cannot be prepared from synthesis mixtures which are rich 
in aluminium. Protonic forms of borosilicate zeolites are less acidic than 
their aluminosilicate counterparts (1-4), but are active in catalyzing a 
variety of organic reactions, such as cracking, isomerization of xylene, 
dealkylation of arylbenzenes, alkylation and disproportionation of toluene 
and the conversion of methanol to hydrocarbons (5-11). It is now clear that 
the catalytic activity of borosilicates is actually due to traces of aluminium 
in the framework (6). However, controlled substitution of boron allows 
fine tuning of channel apertures and is useful for shape-selective sorption 
and catalysis. 

1On leave from the Institute of Organic Chemistry and Technology, Krakow Technical 
University, Poland 

0097-6156/89A)398-0393$06.00/0 
ο 1989 American Chemical Society 
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394 ZEOLITE SYNTHESIS 

We have earlier addressed the problem of the post-synthesis 
insertion of aluminium in zeolites ZSM-5 (12) and Y (Hamdan, H.; 
Sulikowski, B.; Klinowski, J. T.Phys.Chem., (in press)). The substitution of 
gallium in silicalite-Π has also been achieved (13). It was therefore of 
considerable interest to establish whether boron can also be incorporated 
into silicate frameworks after the completion of synthesis. We report 
isomorphous substitution of boron into zeolite ZSM-5 by mild 
hydrothermal treatment with borate species. 

Experimental 

Materials. The parent zeolite (Si,Al)-ZSM-5 was synthesized according to 
Argauer and Landolt (14), calcined in air at 500°C, and subjected to two-fold 
ion exchange with aqueous 1M N H 4 C I . The 86% ammonium-exchanged 
zeolite was washed and dried. It had Si/Al=47.6 (by wet chemical analysis). 
Dealuminated ZSM-5 was prepared by two-fold steaming of a NH4 -ZSM-5 
at 540°C for 2 h each time followed by extraction of aluminium with 2M 
HC1 under reflux, washing and drying. The product (De-ZSM-5) had 
Si/Al>400. 

Silicalite was synthesized according to Grose and Flanigen (15), using 
tetrapropylammonium hydroxide and Ludox AS-40 as a source of silicon. 
The product was washed, dried and calcined in air at 600°C giving cryst
alline silicalite with Si/Al=563 as determined by x-ray fluorescence (XRF) 
and atomic absorption (AA). 

Starting materials for the direct synthesis of (Si,B)-ZSM-5 were 
fumed silica (Cabosil), tetrapropylammonium bromide (TPA-Br), 
ammonium fluoride and orthoboric acid (16). The source of silica was 
mixed with TPA-Br and water and then a mixed solution of N H 4 F and 
H 3 B O 3 was added under vigorous stirring. The resultant gel was 
homogenized for 1.5 h and transferred into a Teflon-lined stainless steel 
autoclave which was then heated at 200°C for 17 days. Zeolite crystals 
were washed, dried at 60°C and hydrated in a desiccator. 

Hydrothermal treatment with borate species. The boronation procedure 
was as follows: first, solution A was prepared by dissolving 7.75 g of B2O3 
in 100 ml K O H (pH«8). The n B NMR spectrum of this solution (not 
shown) consists of one signal at 19.9 ppm (from BF3 · Et20), corresponding 
to trigonal boron (17). 1.5 g of the zeolite was then placed in a polypropy
lene bottle and 20 ml of solution A added (zeolite/B2C>3 = 0.9) and the final 
pH of the suspension was adjusted with additional amounts of KOH. The 
bottles were tightly capped and kept in an oven at the desired temperature 
for 24-42 h without stirring. The products were thoroughly washed with 
distilled water, dried at 80°C and hydrated in a desiccator. The conditions 
of the hydrothermal treatment are summarized in Table I. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
7

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



27. SULIKOWSKI AND KLINOWSKI Substitution of Boron 395 

Table I. Conditions of hydrothermal treatment of dealuminated ZSM-5 
(samples 1-2) and silicalite (samples 3-9), chemical shift (CS) and 

full-width-at-half-maximum (FWHM) of the n B M A S N M R signals 

Sample (g) B2O3 K O H cone. Temp. T i m e » B M A S N M R 
(g) (M) (°C) (h) CS (ppmt) F W H M (Hz) 

1 0.5» 0.20 0.08 80 24 -3.97 93 
2 0.2* 0.43 0.01 80 40 -3.84 91 
3 1.5 1.55 <0.01 80 24 -3.97 115 
4 1.5 1.55 0.03 80 24 -3.96 109 
5 1.5 1.55 0.05 80 24 -3.92 104 
6 1.5 1.55 0.16 80 42 -3.94 92 
7 1.5 1.55 0.10 80 42 -3.93 95 
8 1.5 1.55 0.50 28 25 - -
9 1.5 1.55 2.00 28 25 - -

* dealuminated ZSM-5 (Si/Al>400). 
t from external BF3«Et20.  P
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Magic-angle-spinning NMR. n B MAS NMR spectra were measured at 
128.33 MHz using a Bruker MSL-400 multinuclear spectrometer. Samples 
were spun in Vespel rotors at 4-5 kHz using air as the spinning gas. Radio-
frequency pulses of 2 μ8 duration were applied with 300 ms recycle delay. 
Short pulses are necessary if quantitative spectra of quadrupolar nuclei are 
to be obtained (18). From 6000 to 24000 transients were acquired for each 
spectrum, and all spectra were recorded under the same conditions. n B 
chemical shifts are quoted in ppm from external BF3 · Et20. A calibration 
curve was prepared using known amounts of the as-prepared (Si,B)-ZSM-5. 
The samples were also analyzed by AA. The samples were hydrated in the 
desiccator over saturated N H 4 N O 3 solution prior to measurement. 

X-ray diffraction. XRD patterns were acquired on a Philips PW1710 vertical 
goniometer using CuKa radiation selected by a graphite monochromator 
in the diffracted beam. All the samples were fully hydrated before XRD 
diffractograms were measured. Silicon powder was used as an internal 
standard. 

Infrared spectra. IR absorption spectra in the framework vibration region 
(400-1400 cm"1, resolution 1 cm-1) were obtained with a Nicolet MX-1 
Fourier transform spectrometer using the KBr pellet technique. 

Results and Discussion 

Silicalite (samples 3-9) and dealuminated ZSM-5 (samples 1-2) were sub
jected to hydrothermal treatment under mild alkaline conditions at 
various boron-to-zeolite ratios, temperatures and times of treatment (see 
Table I). To consider the question of the status of boron in the boronated 
samples we have used 1 1 Β MAS NMR, a technique capable of providing 
direct information on the type of short-range environment of the nucleus. 

Typical n B MAS NMR spectra of boronated samples 1 and 7 are 
shown in Figure 1. The spectrum of boronated sample 1 prepared from 
dealuminated ZSM-5 consists of one narrow signal centred at -3.97 ppm. 
The spectrum of boronated silicalite contains a second broad signal [see 
Figure 1(b)]. We shall address first the question of the origin of the sharp 
1 1 B NMR signals with the chemical shift at about -3.9 ppm (Table I). In 
borosilicates boron can adopt either three- or four-fold coordination. In 
naturally-occurring borosilicates it is usually present in trigonal 
coordination, but four-coordinated (tetrahedral) Β is found in some 
minerals (such as datolite, garrelsite and reedmergnerite, the boron 
analogue of albite (22)) and in synthetic boro- and boroaluminosilicates. 
Tetrahedral boron in the boro- and boroaluminosilicates gives rise to a 
sharp signal with a chemical shift in the range of -3.3 to -4.0 ppm from 
BF3 · Et2U (2,4,23-25). In minerals such as kernite and inderite, BO3 and 
BO4 groupings can be unambigously distinguished by NMR. Moreover, 
relative spectral intensities were in excellent agreement with both x-ray 
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- 3 . 9 p p m 

I 

te t rahedra l 
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Figure 1. 1 1 LB MAS NMR of boronated samples in the absolute intensity 
mode, (a) sample 1; (b) sample 7. 
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398 ZEOLITE SYNTHESIS 

studies and chemical composition (26). Accordingly, the sharp signal at 
about -3.9 ppm in the boronated samples is assigned to tetrahedrally 
coordinated framework boron. 

In order to check this conclusion further, a number of (Si,B)-ZSM-5 
zeolites were prepared via direct synthesis. The crystals of B-ZSM-5 are all 
very well developed with the length of about 200 μπι (Figure 2). In the as-
synthesized (Si,B)-ZSM-5 the chemical shift of boron is -3.95 ppm with 
FWMH=94 Hz [Figure 3 (b)]. The signal is narrow and symmetric because 
of small quadrupole interactions of tetrahedral n B . The signals at -3.9 ppm 
in the spectra of boronated samples are also narrow (91 to 115 Hz, see 
Table I and Figure 1) and are clearly due to tetrahedrally coordinated 
framework boron. 

The assignment of the second broad signal in Figure 1 (b) for 
sample 7 is less straightforward. One possibility is that it corresponds to 
three-coordinated boron. Trigonal boron is usually observed in dehydrated 
(Si,B)-ZSM-5 (2,4). Upon dehydration of the borosilicates with ZSM-5 
structure containing framework tetrahedral boron atoms, the 
coordination of boron changes to trigonal and in completely dehydrated 
(Si,B)-ZSM-5 zeolites nearly all the boron exists as BO3 units, although 
small amounts of tetrahedral sites were reported by Kessler et al. even in 
fully dehydrated samples (16). The 1 1 B spectrum of a dehydrated 
(Si,B)-ZSM-5 shows a typical quadrupolar pattern composed of two distinct 
peaks (both corresponding to the same kind of boron) with a centre of 
gravity at approximately -5 ppm. In partially dehydrated zeolites the 
quadrupolar pattern of trigonal boron is superposed onto a symmetric 
signal from tetra-hedrally coordinated boron. Moreover, upon complete 
rehydratation of borosilicate only one signal was always observed thus 
indicating that the lower symmetry units BO3 transform fully to BO4 
groupings (2,4). Since our samples 1-9 were completely hydrated before the 
NMR spectra were recorded, but the broad signal is still present in most 
samples, we conclude that it comes from non-framework BO3 units in 
amorphous species present within the zeolite channels. The broad signal 
was also found in the spectrum of Pyrex glass [see Figure 3 (a) and refs. 4, 23 
and 26] and in the spectra of a variety of boron minerals (26). 

Table 1 1 gives the absolute intensities of NMR signals and the concen
tration of tetrahedral and trigonal boron sites. The boron content of the 
samples was calculated from spectral intensities. It follows that the 
amounts of boron introduced into silicalite/ZSM-5 during hydrothermal 
treatment are relatively small, between 0.17-0.50 Β atoms per unit cell. Of 
this amount up to 0.36 B/u.c. was found in tetrahedral coordination 
(sample 6, treated with 0.16M KOH for 42 h). There is also a systematic 
decrease of the (tetrahedral) boron line width from 115 to 91 kHz (Table I) 
with the increase alkalinity of the treatment. 

Temperature of treatment is also important. The optimal 
temperature for the reinsertion of aluminium into ultrastable zeolite Y is 
60-80°C (Hamdan, H.; Sulikowski, B.; Klinowski, J. T.Phys.Chem., (in 
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27. SULIKOWSKI AND KLINOWSKI Substitution of Boron 399 

Figure 2. Optical microscope photograph of (Si,B)-ZSM-5 prepared by 
direct synthesis (14) and containing 2.2 boron atoms per unit cell. The 
crystals are remarkably well developed and uniform in size (ca. 200μπι 
long), but are all intimately twinned. 
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20 10 0 -10 

ppm from BF 3.Et 20 

Figure 3. MAS NMR spectra (not in the absolute intensity mode), (a) 
Pyrex glass; (b) as-prepared (Si,B)-ZSM-5 (2.2 boron atoms per unit cell). 

Table Π. Relative 1 1 B spectral intensities 

Sample Relative total Tetrahedral Trigonal Boron atoms per 
intensity boron boron unit cell 

(%) (%) (tetrahedral) (total) 

1 77.4 100.0 - 0.17 0.17 
2 94.8 75.9 24.1 0.16 0.21 
3 177.1 47.8 52.2 0.19 0.40 
4 184.0 40.7 59.3 0.17 0.41 
5 192.6 38.7 61.3 0.17 0.43 
6 222.3 72.7 27.3 0.36 0.50 
7 209.7 65.1 34.9 0.31 0.47 
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press)). However, only traces of boron are present in silicalite treated at 
room temperature (samples 8 and 9), even though the alkalinity of the 
boron-ating solution was considerably higher than for other samples. 
Although unit cell parameters are a linear function of Si/Al (27,28,30) and 
Si/B ratios (29), the amounts of tetrahedral Β are too small to be 
quantitatively monitored by XRD. 

The position of the asymmetric stretch T-OT vibration in infrared 
spectra of the framework vibration region (at about 1100 cm-1) is a sensitive 
probe of Si/Al and Si/B ratios in aluminosilicates (27) or borosilicates (31). 
Infrared spectra of the boronated samples revealed a slight shift of the 
asymmetric stretch silicalite band at 1100 cm -1 to about 1098 cm -1, 
consistent with the boron content calculated from NMR line intensities 
(Jansen et al. (31) reported a 10 cm-1 shift upon substitution of 4.1 boron 
atoms per unit cell of ZSM-5). 

The crystallinity of the boronated samples was monitored by XRD. 
No changes in line intensities were generally observed, which indicates 
that crystallinity of samples is fully maintained during secondary synthesis. 
The framework remained intact even when silicalite was treated with 
concentrated 2M KOH (sample 9). Alkaline treatment with a strong base 
did, however, induce a change of symmetry. Both the starting silicalite and 
the sample treated with 0.5M KOH were monoclinic, while sample 9 
(treated with 2M KOH) was orthorhombic (see Figure 4). Pure silicalite has 
24 crystallographically non-equivalent sites for Si and is monoclinic at 
room temperature (19-21) (Williams, J.H.; Axon, S.A.; Klinowski,}. Chem. 
Phys. Lett, (submitted)). It undergoes a transition to an orthorhombic 
form (with 12 crystallographically non-equivalent sites for Si) at 82°C (20). 
In ZSM-5, which is nominally isostructural with silicalite, the tempera
ture,^ at which the transition occurs depends on the level of "impurities" 
(i.e. species other than silica, such as the residual aluminium in the 
framework, cations, adsorbed water and organics). ZSM-5 with relatively 
high Al contents is orthorhombic at room temperature because the 
transition occurs at Tt<20°C. The sample of silicalite treated with 2M (but 
not with 0.5M) base solution was orthorhombic, and it is clear that treat
ment with a strong base introduces sufficient amount of "impurities" for 
the phase transition to take place below the room temperature. 

The disparity in size of the aluminate and the silicate tetrahedra 
must be the reason why, at least for some frameworks, the range of Si/Al 
ratios, and therefore the extent of the post-synthesis isomorphous sub
stitution of Al for Si is limited (27). For boron, with the ionic radius of 
0.23 Â as compared with 0.51 Â for aluminium, the disparity in size is even 
greater (2). Quantum chemical calculations predict that the tetrahedral 
coordination of aluminium is favoured in comparison with BO4 groupings 
(32,33). An attempt to insert boron into the framework of ferrierite (34), a 
structurally related zeolite, was unsuccessful. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
7

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



402 ZEOLITE SYNTHESIS 

133 

I I ι ι 
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3 8 13 16 23 28 33 38 43 48 
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Figure 4. XRD patterns, (a) Parent silicalite; (b) after treatment with 
borate solution in 0.5M KOH (sample 8); (c) after treatment with borate 
solution in 2M KOH (sample 9). Arrows indicate peaks which split upon 
the orthorhombic/monoclinic phase transition. 
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Chapter 28 

Isomorphous Substitution of Iron 
in the Faujasite Lattice 

P. Ratnasamy, A. N. Kotasthane, V. P. Shiralkar, 
A. Thangaraj, and S. Ganapathy 

National Chemical Laboratory, Pune 411008, India 

The crystalline faujasite Y zeolites containing 
iron have been prepared. Evidence for the presence 
of Fe in the lattice framework is obtained using 
XRD, solid state MASNMR <29Si,27Al and 13C>, ESR, 
both framework and hydroxyl IR spectroscopies and 
DTA. Lattice Fe leads to increase in the XRD unit 
cell parameters.Spin echo experiments indicate that 
the spin—spin relaxation time of 29Si is shortened 
due to the presence of Fe in the framework. CPMASNMR 

spectra of 13C atoms in tetraethylammonium-ZSM-20, 
a zeolite with a faujasite—like structure, also 
exhibit line broadening due to the interaction of 

Fe3+ with the template ion. DTA studies indicate 
that Fe-faujasites have lower thermal stability 
than their Al-analogs. The (OH) vibration frequency 
shifts from 3540 and 3630 to 3570 and 3643 cm -1 

respectively on isomorphous substitution of Al by Fe. 
Relative changes in the intensity of the ESR peak 
at g = 4.3 at low temperatures also support the 
conclusion that iron can be inserted in the fauja
site lattice positions. 

BarrerC1) had reviewed the isomorphous s u b s t i t u t i o n 
of A l or S i i n the z e o l i t e framework by other 
elements such as Ga, Be, B, Fe, Cr, Ρ and Mg. The 
s u b s t i t u t i o n of Al by Fe i n the ZSM-5 framework i s 

0097-6156/89/0398-0405$06.00/0 
ο 1989 American Chemical Society 
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406 ZEOLITE SYNTHESIS 

now well e s t a b l i s h e d ( 2-5). In 1972, McNicol and 
Pott (6) showed unambiguously that i r o n i m p u r i t i e s i n 
f a u j a s i t e z e o l i t e s can occupy s u b s t i t u t i o n a l l a t t i c e 

3+ 
p o s i t i o n s . From EPR s t u d i e s of the Fe impurity i n 
NH - f a u j a s i t e , Derouane et a l . (7) showed that i r o n 

4
 3 + can be s i m u l t a n e o u s l y present i n three forms : Fe 

3+ 
s p e c i e s i n the a l u m i n o s i l i c a t e framework, Fe ions 

3+ 
a c t i n g as counter ions and Fe^O^ or another Fe 
compound with s t r o n g exchange s p i n - s p i n i n t e r a c t i o n s , 
p r e c i p i t a t e d on the z e o l i t e . In both the s t u d i e s , the 
i r o n o c c u r r e d as an impurity i n the z e o l i t e and no 

3+ 
d e l i b e r a t e attempt was made to introduce Fe i n 
l a t t i c e p o s i t i o n s . Szostak and Thomas <8) were the 
f i r s t to d e l i b e r a t e l y s y n t h e s i s e a condensed phase 
z e o l i t e , s o d a l i t e , with s i g n i f i c a n t q u a n t i t i e s of 
i r o n i n the framework (SiOg/FegOg = 6-30). 

In the present paper, we r e p o r t the s y n t h e s i s of 
3+ 3+ NaY wherein Al has been p a r t i a l l y r e p l a c e d by Fe 

Evidence from a v a r i e t y of techniques i n c l u d i n g s o l i d 
s t a t e NMR, IR and ESR s p e c t r o s c o p i e s as well as 
DTA/TG support the c o n c l u s i o n that a s i g n i f i c a n t p a r t 
of i r o n i s isomorphously s u b s t i t u t e d i n the l a t t i c e 
parameter. 
EXPERIMENTAL 
A: Synthes i s of z e o l i t e s 
The hydrothermal s y n t h e s i s of the f a u j a s i t e s was 
c a r r i e d out at 373 Κ i n s t a i n l e s s s t e e l a u t o c l a v e s i n 
s t a t i c c o n d i t i o n . The f a u j a s i t e s were s y n t h e s i s e d 
u s i n g seeds' of an aluminium f e r r i - s i l i c a t e g e l . 16 
g of the homogeneous seed s l u r r y (aged f o r 24 hrs at 
room temperature) was added to an aqueous g e l mixture 
c o n t a i n i n g sodium s i l i c a t e <86.8 g), sodium aluminate 
<5.6 g ) , aluminium s u l p h a t e <7.5 g) and f e r r i c 
s u l p h a t e (2.1 g). The whole g e l mixture was 
t r a n s f e r r e d to an a u t o c l a v e and s t i r r e d f o r one hr to 
get a homogeneous g e l . The auto c l a v e was then p l a c e d 
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i n an a i r oven at 373 K and the g e l i s c r y s t a l l i z e d 
f o r 11 hrs. The a u t o c l a v e i s then quenched under c o l d 
water to room temperature. The c r y s t a l l i z e d s o l i d i s 
f i l t e r e d , washed and d r i e d at 393 Κ f o r 6 hrs. The 

3 + 
z e o l i t e s c o n t a i n i n g v a r y i n g amounts of Fe were 
s y n t h e s i s e d by changing a p p r o p r i a t e l y the q u a n t i t i e s 
of aluminium s u l p h a t e and f e r r i c s u lphate but keeping 
the seed s l u r r y c o n c e n t r a t i o n e s s e n t i a l l y the same. 
B: Z e o l i t e c h a r a c t e r i s a t i o n 
The c r y s t a l l i n e phase i d e n t i f i c a t i o n was c a r r i e d out 
by XRD ( P h i l i p s , PW-1710). The chemical analyses were 
performed by a combination of wet chemical, atomic 
a b s o r p t i o n ( H i t a c h i Ζ-Θ00) and ICP ( J o b i n Yuon-JY 
VHR) methods. The z e o l i t e s were f u r t h e r c h a r a c t e r i s e d 
by scanning e l e c t r o n microscopy (Cambridge), thermal 
a n a l y s i s ( Netzsch, Model STA 490), FTIR ( N i c o l e t 60 
SXB) and ESR ( Bruker E-2000) s p e c t r o s c o p i e s . The 
FTIR s p e c t r a were recorded with the S p e c t r a t e c h 
d i f f u s e r e f l e c t a n c e attachment. The s o l i d s t a t e MAS 

29 27 13 ( f o r S i and Al) and CPMAS ( f o r C) s p e c t r a were 
recorded at ambient temperature u s i n g a Bruker MSL-

29 27 
300 FT-NMR spectrometer. For S i and Al Bl o c h 
decays were averaged 2400 times before F o u r i e r 
t r a n s f o r m a t i o n to get s p e c t r a with s u f f i c i e n t S/N. 

29 
While a c q u i r i n g S i s p e c t r a , a r e c y c l e time of 3 
sec. was found to be s u f f i c i e n t to g i v e f u l l y r e l a x e d 

29 
s p e c t r a . MAS was kept at 3.5 KHz. S i s p e c t r a were 
measured u s i n g TMS as the primary r e f e r e n c e while 
an aqueous s o l u t i o n of A1C1- prov i d e d the r e f e r e n c e 

27 
peak f o r A l . Spin-echo experiments were c a r r i e d out 
under MAS u s i n g the f o l l o w i n g p u l s e sequence ( 7Γ/2) - T 

(1Tk)y with quadrature phase c y c l i n g . The second h a l f 
of the spin-echo was F o u r i e r transformed, and the 
s i g n a l i n t e n s i t y decay as a f u n c t i o n of gave T_ 

29 
of S i . A d s o r p t i o n of H^0 and benzene on the 
z e o l i t e s was measured g r a v i m e t r i c a l l y ( 29Θ K, P ' P Q = 

0.5) u s i n g a McBain balance i n a co n v e n t i o n a l BET 
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system. F i v e z e o l i t e samples <A-E) were i n v e s t i g a t e d 
i n t h i s study. Sample A was Linde NaY. Samples B-E 
were f e r r i s i l i c a t e s . Samples B, C and D were o f f -
white while sample Ε was dark y e l l o w i n d i c a t i n g the 
presence of at l e a s t a p o r t i o n of Fe i n n o n - l a t t i c e 
p o s i t i o n . Sample F was o b t a i n e d by impregnation of 
sample A wit h Fe^O^ a n d w a s dark brown i n c o l o u r . It 
contained 3.4% <wt.) of F e 2 0 3 . 
RESULTS AND DISCUSSION 
X-ray d i f f r a c t i o n 
The chemical composition of Samples A-E i s g i v e n i n 
Table I. 

Table I. Chemical composition of samples A-E (% 
wt. > 

Sample LOI S i 0 2 A 1 2 ° 3 N a 2 ° F e 2 ° 3 

A 28 63.6 23.3 11.9 0.47 
Β 27 64.2 22.0 12.6 1.06 
C 26 63.0 21.3 12.6 3.0 
D 26 62.1 19.2 13.4 5.3 
Ε 26 66.0 18.θ 6.7 8.6 
LOI = Loss on i g n i t i o n at 1073 K, % wt. 

For samples A-C, the lower values of Na/Al i n d i c a t e 
the presence of hydronium ions as charge compensating 
ions. The samples were c r y s t a l l i n e and a l l the l i n e s 
c o u l d be indexed assuming the s t r u c t u r e of Linde NaY 
(Sample A). The h i g h c r y s t a l l i n i t y of these samples 
i s a l s o borne out by t h e i r s i m i l a r values f o r the 
a d s o r p t i o n of H^O and benzene (30.3, 29.3, 29.3 and 
28 wt. % f o r the a d s o r p t i o n of H 20 and 24.9, 26.6, 
24.8 and 22.9 wt.% f o r the a d s o r p t i o n of benzene on 
samples A-D, r e s p e c t i v e l y ) . The u n i t c e l l v a l u e s , 
c a l c u l a t e d from the observed XRD p a t t e r n s , are found 
to decrease with i n c r e a s i n g Fe content i n the s o l i d 
( F i g u r e 1, l i n e A). If there had been no Fe 
i n c o r p o r a t i o n i n the f a u j a s i t e l a t t i c e and the 
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28. RATNASAMY ET AL. Isomorphous Substitution of Iron 409 

c r y s t a l l i n e framework c o n s i s t e d s o l e l y of SiO^ and 
A10. t e t r a h e d r a , then the u n i t c e l l values would have 4 
fo l l o w e d l i n e Β of F i g . 1. The l a t t e r was c a l c u l a t e d 
from the Breck and F l a n i g e n equation 

S i 0 o 2.586-a 2_ s 2 χ o 
A 1 2 0 3 a Q-2.419 

Values of < S i 0 2 / A l 2 0 3 > were taken from s o l i d s t a t e 
NMR data ( p r e s e n t e d l a t e r ) . The d i f f e r e n c e between 
l i n e s A and Β ( i n d i c a t i n g u n i t c e l l expansion) i s due 
to the i n c o r p o r a t i o n of Fe i n the l a t t i c e framework. 
However, i f a l l the Fe i n the s o l i d s were to occupy 
l a t t i c e p o s i t i o n s , the u n i t c e l l parameters would 
have been l a r g e r than those observed ( l i n e A) and 
would have i n c r e a s e d with Fe content. The observed 
intermediate p o s i t i o n of l i n e A leads to the 
c o n c l u s i o n that o n l y a f r a c t i o n of Fe i s i n the 
f a u j a s i t e l a t t i c e , the balance occupying non-
framework p o s i t i o n s . Thus, while the observed a 

ο 
values are higher than those c a l c u l a t e d i f no 
isomorphous s u b s t i t u t i o n had taken p l a c e ( l i n e B) 
they are s t i l l lower than those expected i f al1 the 
Fe i n the s o l i d occupy l a t t i c e p o s i t i o n s . The 
negative s l o p e of 1ine A i s due to the S i 0 2 / M 2 0 3 (M = 
Al + Fe) i n the l a t t i c e i n c r e a s i n g from sample A to 
sample E. The i n c r e a s i n g values of ( S i 0 2 / M 2 0 3 ) i n the 
l a t t i c e i n samples Β through Ε are a l s o borne out by 
IR and NMR data (see Table I I I ) . 
Thermal analvs i s 
The r e l a t i v e c r y s t a l l i n e s t a b i l i t y of these materials 
was e v a l u a t e d by DTA/TG ( F i g . 2 ) . It i s seen that the 
exothermic peak ( i n d i c a t i n g the c o l l a p s e of the 
f a u j a s i t e l a t t i c e ) around 1133 Κ i n NaY( Sample A) 
p r o g r e s s i v e l y s h i f t s to lower temperataures with i n 
c r e a s i n g i r o n content i n the z e o l i t e r e a c h i n g 1033 Κ 
f o r Sample Ε i n d i c a t i n g that the presence of i r o n 
reduces the thermal s t a b i l i t y of the l a t t i c e 
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2.4704-

2 4 6 8 10 

Fe, Wt % 

Figure 1. A : V a r i a t i o n of u n i t c e l l parameter, a 0 

with Fe content; Β : C a l c u l a t e d values of a Q i f no 
Fe i s present i n the l a t t i c e . 

F i g u r e 2. DTA p l o t s of samples A-F (curves A-F, 
r e s p e c t i v e l y ) . 
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28. RATNASAMY ET AL. Isomorphous Substitution of Iron 411 

framework. The lower thermal s t a b i l i t y of the ZSM-5 
3 + 

framework c o n t a i n i n g Fe i n l a t t i c e p o s i t i o n s 
(compared to the Al analog) i s a l r e a d y known ( 3 ) . A 
s i m i l a r o b s e r v a t i o n i n the f a u j a s i t e system ( F i g . 2 ) 
suggests that the observed lower thermal s t a b i l i t y of 
the c r y s t a l l i n e l a t t i c e may be caused by the 
presence of i r o n i n i t . Iron i n n o n - l a t t i c e p o s i t i o n s 
(as Fe^O^, f o r example) does not d e s t a b i l i s e the 
l a t t i c e . The exothermic peak f o r sample F (which has 
a Fe content s i m i l a r t o Sample C but wherein a l l the 
Fe i s i n n o n - l a t t i c e p o s i t i o n s ) occurs at the same 
value as f o r Sample A ( F i g . 2). 
IR spectroscopy 
The values of some major a b s o r p t i o n bands i n the 
framework IR s p e c t r a of samples A and C-E are 
compiled i n Table I I . On p r o g r e s s i v e i n t r o d u c t i o n of 
Fe i n the z e o l i t e , the bands at 1020 and 1150 cm 1 

s h i f t to lower values ( T a b l e I I ) . These s h i f t s , due 
to the asymmetric s t r e t c h i n g v i b r a t i o n of Τ— 0 - ( Τ = 
S i , Al or Fe) to lower wavenumbers are c o n s i s t e n t 
with the expected s h i f t when the heavi e r Fe atom 
r e p l c e s Al i n the l a t t i c e framework ( 5 ) . The 
enhancement of the band around 775 cm 1 on going 
from Sample A to Ε suggests that the S i 0 2 / M 2 0 3 (M = 
Al + Fe) r a t i o i n c r e a s e s from Sample A to E. Th i s 
c o n c l u s i o n was a l s o made from the XRD data (see 
e a r l i e r s e c t i o n ) and i s a l s o supported by the NMR 
r e s u l t s (see l a t e r ) . The enhanced i n t e n s i t y of t h i s 
band at higher values of S i 0 2 / M 2 0 3 i n the f a u j a s i t e 
system has a l r e a d y been r e p o r t e d ( 5 ) . 

The hydroxyl spectrum of the p r o t o n i c forms 
( o b t a i n e d by repeated ammonium exchange with 5N NH^Cl 
and c a l c i n a t i o n at 673 Κ f o r 6 hr) of samples A, C 
and D (cu r v e s A-C, F i g . 3 , r e s p e c t i v e l y ) c o n t a i n bands 
around 3450, 3630 and 3740 cm" 1. The former two had 
been assigned t o a c i d i c , b r i d g i n g OH groups while the 
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3800 3400 cm'1 3000 

F i g u r e 3. Hydroxyl v i b r a t i o n s of samples A, C and D 
(curves A-C, r e s p e c t i v e l y ) . 
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28. RATNASAMY ET AL. Isomorphous Substitution of Iron 413 

l a s t i s a t t r i b u t e d t o t e r m i n a l Si-OH or 
e x t r a framework s i l i c a g e l <9). In samples c o n t a i n i n g 
i r o n ( c u r v e s Β and C), i n a d d i t i o n t o the above 
bands, shoulders are seen at 3570 and 3643 cm 
r e s p e c t i v e l y ( F i g . 6). In the p e n t a s i l system. Chu 
and Chang (10) as well as Kustov et a l . ( 11) had 
observed t h a t when Al i s isomorphously r e p l a c e d by 
Fe, the hydroxyl band i s s h i f t e d from 3610 to 3630 
cm 1. The observed shoulders ( F i g . 6) at 3570 and 
3643 cm 1 are ass i g n e d to (OH) v i b r a t i o n s of Si(0H)Fe 
groups i n the f a u j a s i t e l a t t i c e and c o n s t i t u t e 
a d d i t i o n a l evidence f o r the presence of Fe i n the 
l a t t i c e framework. 

Table I I . IR s p e c t r a of z e o l i t e samples 

Sample Freguency( cm ) of band 
A 380 455 500 585 725 775 1020 1150 
C 380 460 505 585 715 775 1010 1130 
D 385 455 500 575 715 790 1010 1120 
Ε 380 455 505 575 720 790 1010 1120 

ESR s p e c t r o s c o p y 
While an ESR s i g n a l at g = 4.3 cannot be used t o 

3 + 
con f i r m the presence of Fe i n z e o l i t e l a t t i c e p o s i 
t i o n s ( 12), the o b s e r v a t i o n of such a s i g n a l i s a 
necessary consequence of such a presence and may, 
hence, lend a d d i t i o n a l support to any p o s t u l a t e of 
isomorphous s u b s t i t u t i o n of Al by Fe. The ESR 
s p e c t r a of the samples ( F i g . 4) r e v e a l two main 
s i g n a l s at g = 2.0 (broad) and 4.3 (narrow), 
r e s p e c t i v e l y . While the former i s a t t r i b u t e d to non-

34. 
framework, o c t a h e d r a l l y - c o o r d i n a t e d Fe , the l a t t e r 

3+ 
i s a s s i g n e d to t e t r a h e d r a l Fe (6,7) , p o s s i b l y i n 
l a t t i c e p o s i t i o n s . The l a r g e r temperature dependence 
of the s i g n a l at g = 4.3 compared to that of g = 2.0 
( F i g . 4) as well as the r e l a t i v e insens i t i v i t y of the 
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414 ZEOLITE SYNTHESIS 

former to o x i d a t i o n - r e d u c t i o n treatments suggest 
3+ 

that i t a r i s e s from Fe ions i n t e t r a h e d r a l l a t t i c e 
l o c a t i o n . On e x t r a c t i o n with o x a l i c a c i d , the g r e a t e r 
r e d u c t i o n i n the i n t e n s i t y of the g = 2.0 s i g n a l 
compared t o at g = 4.3 f u r t h e r supports the above 
conclus ions. 
NMR s p e c t r o s c o p y 

27 
The Al MASNMR s p e c t r a of samples A-F r e v e a l e d the 
presence of o n l y t e t r a h e d r a l l y c o o r d i n a t e d A l ; no 
A 1

o c t c o u l d be d e t e c t e d i n d i c a t i n g that a l l the Al i n 
the s o l i d are i n l a t t i c e p o s i t i o n s . S i g n a l s due to 
o c t a h e d r a l A l appeared o n l y on hydrothermal treatment 
above 773 K. The h a l f band width of the A l . . l i n e of 

t e t 
samples B-E were broader than that of Sample A. In 
a d d i t i o n , s p i n n i n g s i d e band ( SSB) p a t t e r n s were a l s o 
present. 

29 
The S i s p e c t r a of samples A,C and F are g i v e n i n 
F i g . 5 . The s p e c t r a of the samples B,D and E, were 
s i m i l a r t o that of sample C. The NaY system (Sample 
A) e x h i b i t s 5 peaks which can be assigned to S i ( 4 A l ) , 
S i ( 3 A l > , S i ( 2 A l > 7 S i ( l A l ) and S i ( O A l ) i n agreement 
with r e p o r t e d o b s e r v a t i o n s ( 3 ) . The S i / A l r a t i o 
c a l c u l a t e d from NMR i n t e n s i t i e s (14) agreed well with 
that determined by chemical a n a l y s i s ( T a b l e I I I ) , 
c o n f i r m i n g that a l l the S i and Al are i n the l a t t i c e 
framework. As the Fe c o n c e n t r a t i o n i s increased, the 
peak at -84 ppm due to S i ( 4 A l ) disappears and the 
r e l a t i v e i n t e n s i t y of the S i ( 3 A l ) peak at -89 ppm 
( v i s - a - v i s S i ( O A l ) peak, f o r example) decreases 
(compare curves A and C i n F i g . 5). That these two 
e f f e c t s are due to the s u b s t i t u t i o n of Fe f o r Al and 
not due to occluded i r o n i s r e v e a l e d on comparing the 
s p e c t r a of samples C and F ( F i g . 5). The presence of 
Fe^O^ i n the f a u j a s i t e c a v i t i e s of sample F does not 
a f f e c t the r e l a t i v e i n t e n s i t i e s of S i ( n A l ) l i n e s 
( compare curves A and F ) . An attempt was made to 
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28. RATNASAMY ET AL. Isomorphous Substitution of Iron 415 

Figure 4. ESR s p e c t r a of samples A-E (curves A-E, 
r e s p e c t i v e l y ) : curves 1 and 2 denote s p e c t r a recorded 
at 198 and 135 K, r e s p e c t i v e l y . 
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416 ZEOLITE SYNTHESIS 

3+ 
estimate the amount of Fe i n l a t t i c e p o s i t i o n s . 
From the i n t e g r a t e d i n t e n s i t i e s of a l l the l i n e s due 

29 
to S i the value of Si/<A1+Fe> i n the l a t t i c e was 
f i r s t c a l c u l a t e d ( T a b l e I I I ) . Assuming that the 
values of S i / A l from chemical a n a l y s i s i s equal to 
that i n the l a t t i c e ( s i n c e no o c t a h e d r a l Al or 
amorphous S i 0

2
 c o u l d be d e t e c t e d ) , S i / F e r a t i o s i n 

the l a t t i c e were c a l c u l a t e d ( T a b l e I I I ) . As the i r o n 
c o n c e n t r a t i o n i n c r e a s e s two a d d i t i o n a l e f f e c t s are 
observed : (1) The l i n e width of the peaks at -99 and 
-105 ppm# due to Si(1A1) and Si(0Al)# r e s p e c t i v e l y , 
i n c r e a s e s ; (2) The SSB p a t t e r n becomes more 
pronounced. The o r i g i n of the SSB can be t r a c e d t o 
the bulk paramagnetic s u s c e p t i b i l i t y of the i r o n 

13 
oxide p a r t i c l e s i n the z e o l i t e pores (15.). The C 
CPMASΝMR s p e c t r a of t e t r a e t h y l -

Table I I I . Comparison of composition data 
from chemical a n a l y s i s and NMR spectroscopy 

Sample ( S i / A l ) c ( S i / A l + F e ) c ( S i / A l + F e ) N ( S i / F e ) 

A 2.31 2.29 2.32 
Β 2.4Θ 2.32 2.48 
C 2.52 2.31 2.48 156.2 
D 2.76 2.34 2.48 24.5 
Ε 2.98 2.30 2.54 17.2 
F 2.52 2.31 2.32 
Note : The s u b s c r i p t s C and N, r e f e r to data from 
chemical a n a l y s i s ( T a b l e 1), and NMR spectroscopy, 
r e s p e c t i v e l y . 

ammonium i o n i n the ZSM-20 system* a z e o l i t e with a 
f a u j a s i t e - 1 i k e c r y s t a l l i n e s t r u c t u r e * are shown i n 
Fig.6. In the f e r r i s i 1 i c a t e analog of ZSM-20 (Curve 
B) the l i n e - b r o a d e n i n g i s more pronounced f o r the 
methylene carbon (35 t o 210 Hz) than f o r the methyl 
carbon (35 to 140 Hz) c o n s i s t e n t with the c l o s e r 
i n t e r a c t i o n (through the Ν atom) of the former with 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
8

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 
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3 + 
l a t t i c e Fe further supporting the f e a s i b i l i t y of 
iron substitution in the faujasite l a t t i c e . In order 
to d i f f e r e n t i a t e the inhomogeneous line broadening 
due to magnetic coupling between Si and Fe* we 
carried out the Carr-Purcel1-Meiboom-Gi11 <CPMG) 
version of the Hahn spin echo experiment <16). In 
this experiment the 160° pulse refocusses the 
inhomogeneity effects contributing to the line 
broadening. Thereafter* any contribution to Si 
linewidth due to s u s c e p t i b i l i t y effects ( a r i s i n g from occluded Fe_0_ or Fe_0„* for example) w i l l be 2 3 3 4 2 g 

refocussed and the decay of the Si spin-echoes w i l l 
be determined only by spin-spin relaxation of Si 
nuclei. Fig.7 presents the decay of the spin-echo S i -
signal intensity for samples Â and D. The T^ for 
sample D was only 2.2 compared to 7.8 msecs for 
sample A. This lower value comes primarily from the 
Si-Fe nuclear-electron coupling and provides 
conclusive evidence that Fe is in the framework. 
CONCLUSIONS 
Isomorphous substitution of iron in the faujasite 
l a t t i c e is indicated by the following facts: (1) An 
increase in the unit c e l l parameter* a Q* with 
increasing Fe concentration (XRD); (2) the lower 
thermal s t a b i l i t y of the c r y s t a l l i n e structure of 
samples B-E* ( DTA); (3) The s h i f t to lower 
wavenumbers of the framework asymmetric stretching 
frequencies ( IR); (4) The observation of Si(0H)Fe 
groups at 3570 and 3643 cm"1 ( IR); (5) the detection 
of the ESR signal at g = 4.3 and i t s insens i t i v i t y to 
oxidation-reduction treatments as well as extraction 

29 
with oxalic acid and (6) NMR line-broadening ( Si 

13 
and O* disappearance of the Si(4Al) line as well 
as an increase in the spin—spin relaxation time* T^* 
on incorporation of iron. 
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-J I I I L_ 
50 30 ρ ρ m 10 

F i g u r e 6. 1 3 C CPMASNMR sp e c t r a of alumino- and f e r r i -
s i l i c a t e ZSM-20 (curves A and B). Ci and C 2 r e f e r to 
the methylene and methyl carbon atoms, r e s p e c t i v e l y . 

D E L A Y ( T ) m sec 

F i g u r e 7. Spin-echo decay of 2 ^ S i s i g n a l s from 
samples A and D (A and B). Lines 1-4 r e f e r to s i g n a l s 
from S i (3A1), S i (2A1), S i (1A1) and S i (0A1), 
r e s p e c t i v e l y . 
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Chapter 29 

Zeolite Chemistry 
Substitution of Iron or Titanium for Aluminum in Zeolites 
via Reaction with the Respective Ammonium Fluoride Salts 

Gary W. Skeels and Edith M. Flanigen 

Union Carbide Corporation, Tarrytown Technical Center, 
Tarrytown, NY 10509 

A novel chemistry is described for the s u b s t i t u t i o n o f 
iron and/or t i tanium for aluminum in a number o f 
zeolite frameworks. The reac t ion o f z e o l i t e s with an 
aqueous so lu t ion o f the ammonium f l u o r i d e s a l t o f the 
metal under relatively mild condit ions y i e l d s z e o l i t e s 
that are dealuminated, contain substant ia l q u a n t i t i e s 
o f e i t h e r iron or t i tanium and are e s s e n t i a l l y free o f 
defect s t r u c t u r e . 

The r e a c t i o n o f z e o l i t e s with an aqueous f l u o r o s i l i c a t e s o l u t i o n 
under r e l a t i v e l y m i l d c o n d i t i o n s has been shown to y i e l d z e o l i t e s 
with s i l i c o n e n r i c h e d frameworks which are e s s e n t i a l l y f r e e o f 
s t r u c t u r a l d e f e c t s ( 1 ) . As a r e s u l t o f the treatment, the frame
work t o p o l o g i e s o f the r e s p e c t i v e z e o l i t e s are r e l a t i v e l y unchanged, 
but the z e o l i t e compositions which are produced e i t h e r do not o c c u r 
n a t u r a l l y o r are not s y n t h e s i z e d d i r e c t l y . The f l u o r o s i l i c a t e 
treatment process has been termed "Secondary S y n t h e s i s " . 

Breck has reviewed the e a r l y l i t e r a t u r e where G a 3 + , P 5 + , 
and G e 4 + were p o t e n t i a l l y i n c o r p o r a t e d i n t o a few z e o l i t e s t r u c 
t u r e s v i a a primary s y n t h e s i s route ( 2 ) . Evidence has a l s o been 
presented t o show t h a t the small amounts o f F e 3 + , t y p i c a l l y p r e s 
ent i n both n a t u r a l and s y n t h e t i c z e o l i t e s , are l o c a t e d i n frame
work t e t r a h e d r a l p o s i t i o n s ( 3 ) . A more re c e n t review o f "isomorphic 
s u b s t i t u t i o n " i n z e o l i t e s , v i a primary s y n t h e s i s methods, specu
l a t e s on the p o t e n t i a l impact o f such s u b s t i t u t i o n s on c a t a l y s i s 
( 4 ) . The v a s t m a j o r i t y o f work has been r e l a t e d t o the high s i l i c a 
z e o l i t e s , p a r t i c u l a r l y o f the ZSM-5 type. Another approach t o 
s u b s t i t u t i o n o f metal atoms i n t o the open frameworks o f z e o l i t e 
s t r u c t u r e s has been t o r e p l a c e the t y p i c a l s i l i c a alumina gel with 
g e l s c o n t a i n i n g o t h e r metal atoms. T h i s concept has r e s u l t e d i n 
numerous unique molecular s i e v e compositions c o n t a i n i n g : aluminum 
and p h o s p h o r u s * 5 } ; s i l i c o n , aluminum and phosphorus ( 6 ) ; and with 
NOTE: This chapter is part 6 in a series. 

0097-6156/89/0398-0420$06.00/0 
ο 1989 American Chemical Society 
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29. SKEELS AND FLANIGEN Substitution of Iron or Titanium 421 

o t h e r metal atoms present i n the framework with the aluminum and 
phosphorus as well ( 7 ) . 

The d e s i r e t o s y n t h e s i z e molecular sieve compositions con
t a i n i n g o t h e r than the t y p i c a l s i l i c o n and aluminum atoms i s e v i 
denced by the la r g e number o f e f f o r t s , p r i m a r i l y i n the primary 
s y n t h e s i s a rea. The Secondary S y n t h e s i s process has now been 
extended to i n c l u d e s u b s t i t u t i o n o f both F e 3 + and T i 4 + i n t o the 
frameworks o f a number o f z e o l i t e s . T h i s paper w i l l d e s c r i b e sub
s t i t u t i o n o f i r o n o r t i t a n i u m ions i n t o the frameworks o f z e o l i t e s 
Y, L, W, mordenite, ZSM-5 and LZ-202. Z e o l i t e s Y, L, W and 
mordenite were ob t a i n e d from Union Carbide C o r p o r a t i o n . Zeolon, 
a s y n t h e t i c mordenite, was o b t a i n e d from The Norton Company. ZSM-5 
was s y n t h e s i z e d a c c o r d i n g t o the procedures d e s c r i b e d by Argauer et 
a l . , ( 8 ) . LZ-202 i s an omega type z e o l i t e , s y n t h e s i z e d without the 
o r g a n i c template ( 9 ) . 
EXPERIMENTAL: 
T y p i c a l l y , the ammonium or hydronium form o f the z e o l i t e i s s l u r r i e d 
i n water and r e a c t e d with the r e q u i s i t e amount o f the ammonium 
f l u o r i d e s a l t o f e i t h e r i r o n o r t i t a n i u m . Given the s p a r i n g l y 
s o l u b l e nature o f ammonium f l u o t i t a n a t e , the ( N H 4 ) 2 T i F 6 can be added to the z e o l i t e s l u r r y i n s l u r r y form, or d i r e c t l y as s a l t . 
A l t e r n a t i v e l y , the i r o n may be added t o the z e o l i t e s l u r r y as a 
s l u r r y o f the ammonium f l u o r i d e s a l t c r y s t a l s i n water, or the 
F e F 3 c r y s t a l s can be mixed with a water s o l u t i o n o f ammonium 
f l u o r i d e or ammonium b i f l u o r i d e , such t h a t the composition o f the 
treatment s o l u t i o n c o n t a i n s the s t o i c h i o m e t r y o f the ammonium i r o n 
f l u o r i d e s a l t , ( N H 4 ) 3 F e F 6 . The ( N H 4 ) 3 F e F 6 c r y s t a l s can 
a l s o be added d i r e c t l y t o the z e o l i t e s l u r r y . The amount o f e i t h e r 
metal ammonium f l u o r i d e s a l t added d u r i n g the r e a c t i o n i s d e t e r 
mined by the d e s i r e d product composition and the a n t i c i p a t e d 
completeness o f the r e a c t i o n . 

P r e f e r r e d c o n d i t i o n s f o r the r e a c t i o n o f the z e o l i t e with the 
metal ammonium f l u o r i d e are as f o l l o w s . A z e o l i t e - w a t e r s l u r r y 
c o n t a i n i n g about 10-25 gm o f z e o l i t e per 100 cm 3 o f water i s 
preheated t o 75-95°C. When s u b s t i t u t i n g T i , the t i t a n i u m s a l t i s 
added t o the z e o l i t e as a water s l u r r y c o n t a i n i n g f i n e l y d i v i d e d 
c r y s t a l s , 10 gm o f ( N H 4 ) 2 T i F 6 per 100 cm 3 o f water. With 
i r o n s u b s t i t u t i o n , the i r o n s a l t , when added as ( N H 4 ) 3 F e F 6 , i s added from a 10 wt.% s o l u t i o n o f the s a l t i n water. A l t e r 
n a t i v e l y , F e F 3 can be added t o a s o l u t i o n o f NH 4HF 2 or NH 4F such t h a t the s t o i c h i o m e t r y o f f l u o r i n e ( F 2 ) t o F e 3 + i s 3.0 and 
the t o t a l amount o f s a l t i n s o l u t i o n i s about 10 wt.%. The a d d i 
t i o n r a t e o f the metal ammonium f l u o r i d e s a l t t o the z e o l i t e s l u r r y 
i s about 0.005 moles o f the metal i on per minute per mole o f 
aluminum i n the z e o l i t e . 

F o l l o w i n g the metal ammonium f l u o r i d e s a l t a d d i t i o n , the 
r e a c t i o n mixture i s d i g e s t e d a t 75-95°C f o r from 30 minutes t o 
48 hours. 

The r e a c t i o n c o n d i t i o n s f o r the samples c o n t a i n e d i n t h i s 
r e p o r t are shown i n Table 1. The washed products, t o g e t h e r with 
the s t a r t i n g z e o l i t e s , were analyzed by X-ray powder d i f f r a c t i o n 
and i n f r a r e d s pectroscopy; the chemical composition ( S i 0 2 , 
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29. SKEELS AND FLANIGEN Substitution of Iron or Titanium 423 

AI2O3, F e 2 0 3 , T i 0 2 , M 20) was determined by standard wet 
chemical methods. The r e l a t i v e X-ray c r y s t a l l i n i t y was o b t a i n e d 
from the powder d i f f r a c t i o n p a t t e r n s by comparison o f the peak 
areas o f the t r e a t e d z e o l i t e with the s t a r t i n g z e o l i t e i n the 
r e g i o n 6°-40°, 2Θ, CuKd. The standard KBr wafer technique was 
used t o measure the IR spectrum in the framework r e g i o n , 200-1300 
cm" 1. The method d e s c r i b e d p r e v i o u s l y (1) was used to measure 
the IR spectrum i n the hydroxyl r e g i o n . A d s o r p t i o n c a p a c i t y 
measurements were made on the v a r i o u s product samples and the 
s t a r t i n g m a t e r i a l s by standard McBain-Bakr procedures: e q u i l i b r i u m 
oxygen c a p a c i t y (wt.%) at 100 t o r r and 90K; e q u i l i b r i u m water 
c a p a c i t y (wt.%) at 4.6 t o r r and 298K. A number o f the samples were 
examined by standard Scanning E l e c t r o n Microscopy techniques 
i n c l u d i n g EDAX, i n o r d e r t o determine whether any new phases were 
formed and d e p o s i t e d on the z e o l i t e c r y s t a l s and whether the 
s u b s t i t u t i n g metal was evenly d i s t r i b u t e d throughout the z e o l i t e 
c r y s t a l s . The s u b s t i t u t e d z e o l i t e s were t e s t e d i n n-butane 
c r a c k i n g and t h e i r a c t i v i t y values ( k A ) compared with those o f 
the s t a r t i n g z e o l i t e s f o l l o w i n g procedures e s t a b l i s h e d by R a s t e l l i 
et a l . (10). 
RESULTS AND DISCUSSION 
Chemical analyses and p h y s i c a l p r o p e r t y measurements made on the 
s t a r t i n g m a t e r i a l s and the products o f the ammonium f l u o t i t a n a t e 
r e a c t i o n s are shown i n Table 2. The a n a l y t i c a l data f o r the prod
ucts o f the i r o n ammonium f l u o r i d e r e a c t i o n are shown i n Table 3. 
Fol l o w i n g treatment, the v a r i o u s z e o l i t e products contained up to 
16.1 wt.% T i 0 2 i n the z e o l i t e s t r e a t e d with ammonium f l u o t i t a n a t e , 
and up to 16.9 wt.% F e 2 0 3 i n the z e o l i t e s t r e a t e d with ammonium 
i r o n f l u o r i d e . X-ray powder d i f f r a c t i o n i n t e n s i t y i s decreased i n 
the s u b s t i t u t e d p r o d u c t s , but r e t e n t i o n o f oxygen and water adsorp
t i o n c a p a c i t y i n d i c a t e s t h a t pore volume has been r e t a i n e d . No 
extraneous peaks due t o other c r y s t a l l i n e phases were observed i n 
the X-ray powder d i f f r a c t i o n p a t t e r n s o f well washed pr o d u c t s . 
There were no changes i n the background o f the p a t t e r n s t h a t would 
i n d i c a t e the presence o f amorphous m a t e r i a l . The reduced i n t e n s i t y 
o f the d i f f r a c t i o n peaks can be e x p l a i n e d by a b s o r p t i o n o f X-rays 
by the h e a v i e r and l a r g e r t i t a n i u m or i r o n atoms. By way o f 
comparison, lanthanum and s i l v e r exchanged Y show s i g n i f i c a n t peak 
i n t e n s i t y and peak area l o s s e s p r o p o r t i o n a l to the degree o f 
lanthanum and s i l v e r ion exchange, due t o X-ray a b s o r p t i o n by the 
heavy exchange ion and u n r e l a t e d t o c r y s t a l l o g r a p h i c d e g r a d a t i o n o f 
the z e o l i t e . Since the X-ray powder p a t t e r n s showed a l l o f the 
r e q u i s i t e r e f l e c t i o n s and no i n c r e a s e i n the background a t t r i b u t 
a b l e t o amorphous m a t e r i a l , the b a s i c s t r u c t u r e i s maintained. 
A d s o r p t i o n c a p a c i t y f o r both oxygen and water are l i t t l e changed 
showing r e t e n t i o n o f micropore volume. Re t e n t i o n o f the b a s i c 
s t r u c t u r e and micropore volume are evidence t h a t the l o s s i n X-ray 
peak i n t e n s i t y i s not due t o c r y s t a l d e g r a d a t i o n . Since the c a t i o n 
e q u i v a l e n t (M +/A1) i s c l o s e t o u n i t y , except as w i l l be noted 
l a t e r , i t i s l o g i c a l t o assume t h a t a l l o f the aluminum i s i n the 
framework. 

S u b s t i t u t i o n o f the s m a l l e r Si atom f o r Al i n the z e o l i t e 
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426 ZEOLITE SYNTHESIS 

framework was expected t o produce changes i n the i n f r a r e d spectrum 
o f the z e o l i t e i n the r e g i o n 200 cm" 1-1300 cm" 1, (11). The 
asymmetric s t r e t c h band i n the r e g i o n 950-1250 cm"1 i s p a r t i c u 
l a r l y s e n s i t i v e t o the S i 0 2 / A l 2 0 3 r a t i o , i n c r e a s i n g t o higher 
wavenumbers with lower aluminum content. The symmetric s t r e t c h 
band i n the r e g i o n 750-835 cm"1 i s more s e n s i t i v e t o the o v e r a l l 
s i l i c o n content o f the framework and does not s h i f t s i g n i f i c a n t l y 
to higher wavenumbers unless there i s s u b s t i t u t i o n o f s i l i c o n atoms 
i n t o the dealuminated s i t e s ( 1 ) . Both Ti and Fe are l a r g e r than Al 
( 4 ) , and i t might be expected t h a t both asymmetric and symmetric 
s t r e t c h bands would s h i f t t o lower wave numbers. However, s i z e o f 
the s u b s t i t u t i n g ion i s o n l y one o f the f a c t o r s c o n t r i b u t i n g t o the 
p o s i t i o n s o f these bands, making i t d i f f i c u l t to p r e d i c t the e f f e c t 
on band p o s i t i o n . The p o s i t i o n o f the i n f r a r e d band i s r e l a t e d t o 
bond s t r e n g t h , which i s not n e c e s s a r i l y a simple f u n c t i o n o f bond 
le n g t h , e s p e c i a l l y when changing rows w i t h i n the p e r i o d i c t a b l e . 
Some other f a c t o r s i n f l u e n c i n g band p o s i t i o n might be the number 
and s t r u c t u r a l p o s i t i o n o f the c a t i o n s i n the s u b s t i t u t e d product, 
or the s t r u c t u r a l p o s i t i o n i n the framework assumed by the s u b s t i 
t u t i n g i o n ; some aluminum s i t e s may r e a c t more r e a d i l y than o t h e r 
s i t e s . 

The u n p r e d i c t a b l e e f f e c t o f s u b s t i t u t e d i r o n or t i t a n i u m on 
the framework i n f r a r e d f r e q u e n c i e s i s supported by the data i n both 
Tables 2 and 3. In the e n t i r e set o f samples, the asymmetric 
s t r e t c h band s h i f t s a maximum o f 13 cm"1 f o r LZ-224 and 12 cm"1 

f o r LZ-225. (LZ-224 i s the product d e s i g n a t i o n i n d i c a t i n g i r o n 
s u b s t i t u t e d i n the framework o f z e o l i t e Y. LZ-225 i s the product 
d e s i g n a t i o n used to i n d i c a t e t i t a n i u m s u b s t i t u t i o n i n the framework 
o f z e o l i t e Y. Product d e s i g n a t i o n s f o r a l l o f the s u b s t i t u t e d 
z e o l i t e s contained i n t h i s r e p o r t are shown i n Table 1). A s i m i l a r 
l e v e l o f s u b s t i t u t i o n by Si i n z e o l i t e Y r e s u l t s i n a s h i f t o f 30 
cm" 1. The e f f e c t on the symmetric s t r e t c h band i s more v a r i a b l e , 
from -4 cm'1 f o r Ti s u b s t i t u t e d LZ-202 t o +15 cm - 1 f o r i r o n 
s u b s t i t u t e d mordenite. Several o f the framework i n f r a r e d s p e c t r a 
o f the s u b s t i t u t e d products are compared with t h e i r r e s p e c t i v e 
s t a r t i n g m a t e r i a l s and are shown i n F i g u r e 1. There are no remark
able e f f e c t s o f s u b s t i t u t i o n on the o v e r a l l shape o f the s p e c t r a . 
No new a b s o r p t i o n bands are d e t e c t e d , which i s remarkable, s i n c e 
Taramasso et a l . (12, 13) r e p o r t a 950 cm"1 a b s o r p t i o n band i n 
t h e i r Ti c o n t a i n i n g ZSM-5 m a t e r i a l s , which they a t t r i b u t e to 
t i t a n i u m i n c o r p o r a t e d i n the framework. Ne i t h e r LZ-241 sample 
re p o r t e d above shows any i n d i c a t i o n o f an a b s o r p t i o n band i n t h i s 
r e g i o n . LZ-247, (spectrum 5 i n F i g u r e 1) c o n t a i n i n g 11.4 wt.% 
T i 0 2 shows no i n d i c a t i o n o f an a b s o r p t i o n band i n t h i s r e g i o n . 
The hydronium exchanged s y n t h e t i c mordenite does have a band, as 
shown i n spectrum 10 i n F i g u r e 1. The i r o n s u b s t i t u t e d mordenite 
samples ( s p e c t r a 8 and 9) do not show the presence o f the band; i t 
was "removed" as a r e s u l t o f the s u b s t i t u t i o n r e a c t i o n . An absorp
t i o n band at 950 cm"1 i s normally a t t r i b u t e d to an Si-0H s t r e t c h 
v i b r a t i o n (14, 15), and i s t y p i c a l l y observed i n some a c i d o r 
hydrothermal 1 y t r e a t e d z e o l i t e s . 

Formation o f a broad a b s o r p t i o n band i n the hydroxyl r e g i o n o f 
the i n f r a r e d spectrum due t o f o r m a t i o n o f d e f e c t s i t e s or "hydroxyl 
n e s t s " i n dealuminated s i t e s was i n t r o d u c e d p r e v i o u s l y ( 1 ) . 
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29. SKEELS AND FLANIGEN Substitution of Iron or Titanium 427 

The products d i s c u s s e d i n t h i s r e p o r t are 22-68% aluminum 
d e p l e t e d , r e l a t i v e t o the r e s p e c t i v e s t a r t i n g m a t e r i a l s , y e t the 
hydroxyl r e g i o n o f the i n f r a r e d spectrum shows t h a t few hydrogen 
bonded OH groups were c r e a t e d as a r e s u l t o f the treatments (see 
the " z " values i n the T a b l e s ) . The value " z " i s c a l c u l a t e d from 
the measured absorbance at 3710 cm"1 i n the hydroxyl r e g i o n o f 
the i n f r a r e d spectrum, compared to t h a t measured f o r a standard 
sample with a known number o f d e f e c t s i t e s ( 1 ) . " z " n u m e r i c a l l y 
r e p r e s e n t s the mole f r a c t i o n o f d e f e c t s i n the framework o f a 
z e o l i t e as d e s c r i b e d below. The hydroxyl r e g i o n i n f r a r e d s p e c t r a 
o f some o f the t r e a t e d products and t h e i r r e s p e c t i v e s t a r t i n g 
m a t e r i a l s are shown i n F i g u r e 2, compared with t h a t o f a 48% 
A l - d e p l e t e d NaY. Absolute absorbance measured at 3710 cm'1 f o r 
the aluminum d e p l e t e d sample i s 0.330 and i s e q u i v a l e n t t o a "z" 
value o f 0.140. The t r e a t e d products do not show the same broad 
a b s o r p t i o n band. Some absorbance i s measured, but the amount 
measured i s s u b s t a n t i a l l y l e s s than would be expected from the 
l e v e l o f dealumination o f the products. Since some s t a r t i n g 
m a t e r i a l s , n o t a b l y the H 30-mordenite, a l r e a d y c o n t a i n a high 
l e v e l o f d e f e c t s , the change i n "z" value i s a more a c c u r a t e 
measure o f the hydroxyl nests c r e a t e d as a r e s u l t o f the treatment. 

An a l t e r n a t i v e method o f d e s c r i b i n g the products o f the metal 
ammonium f l u o r i d e process u t i l i z e s the c a l c u l a t e d "z" v a l u e s which 
were d e s c r i b e d above, together with the chemical analyses t o 
express the products i n terms o f mole f r a c t i o n s o f framework 
t e t r a h e d r a , i . e . , the "T0 2" formula. The s t a r t i n g z e o l i t e may be 
expressed as: 

( A l a S i b [ ] z ) 0 2 

where "a" i s the mole f r a c t i o n o f aluminum t e t r a h e d r a i n the frame
work o f the s t a r t i n g z e o l i t e ; "b" i s the mole f r a c t i o n o f s i l i c o n 
t e t r a h e d r a i n the framework o f the s t a r t i n g z e o l i t e ; and " z " i s the 
mole f r a c t i o n o f d e f e c t s i t e s i n the z e o l i t e framework. " [ ] " i s the 
symbol used t o r e p r e s e n t the d e f e c t s i t e s . N u m e r i c a l l y the sum o f 
the values a + b + ζ = 1. 

The products o f the treatment are expressed i n s i m i l a r terms: 
( A l ( a _ N ) S i b E c [ ] z ) 0 2 

where "N" i s the mole f r a c t i o n o f aluminum removed from the frame
work o f the s t a r t i n g z e o l i t e as a r e s u l t o f the treatment, H c " i s 
the mole f r a c t i o n o f e i t h e r t i t a n i u m or i r o n t e t r a h e d r a i n s e r t e d 
i n t o the framework as a r e s u l t o f the treatment, and Ε i s the symbol 
used t o r e p r e s e n t the s u b s t i t u t i n g atom. N u m e r i c a l l y the sum o f the 
v a l u e s f o r the t r e a t e d z e o l i t e s , (a-N) + b + c + ζ - 1. 

The c a l c u l a t e d T0 2 formulas f o r the products c o n t a i n e d i n 
t h i s r e p o r t are as f o l l o w s : 
LZ-225 T i - s u b s t i t u t e d NH4Y. 

NH4Y: ( A l o . 2 7 8 S i o . 7 0 6 β C ] 0 . o , 6 ) 0 2 LZ—225: ( A l 0 . i 8 i S i o . 6 8 3 T i o . o e e [ ] ο . ο 4 β ) 0 2 
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428 ZEOLITE SYNTHESIS 

A . T I T A N I U M S U B S T I T U T E D Z E O L I T E S B. I R O N S U S T I T U T E D Z E O L I T E S 

140013001200 1100 1000 900 800 700 600 500 400 

WAVENUMBERS CM" 1 

1. Starting ZSM-5 
2. LZ-241 Containing 1.3 wt.% TIC? 
3. LZ-241 Containing 8.9 wt.% TIC? 
4. Starting Omega type Zeolite, LZ-202 
5. LZ-247, 11.4 wt.% TIO2 

14001300 1200 1100 1000 900 800 700 600 500 400 
WAVENUMBERS CM" 1 

β. LZ-224, 16.9 Wt.% F^Cfe 
7. Starting NH4Y 
8. LZ-226, 3.8 wt.% Fe2<>3 
9. LZ-226 Washed; 3.1 wt% F ^ O a 

10. Starting H 3 0 + Mordenite 

F i g u r e Ί. Comparison o f the Framework Region I n f r a r e d S p e c t r a 
o f Some Ti t a n i u m or Iron S u b s t i t u t e d Z e o l i t e s with the Untreated 
S t a r t i n g M a t e r i a l s . 

H3O* M O R D E N I T E 
ζ = 0.188 

50% Ah D E P L E T E D NaY 
ζ = 0.140 

3900 3800 3700 3600 3500 3400 3300 3200 3100 3000 

W A V E N U M B E R S , C M " 1 

3900 3800 3700 36O0 3500 3400 3300 32003100 3000 

W A V E N U M B E R S , C M " 1 

F i g u r e 2. Comparison o f the Hydroxyl Region I n f r a r e d S p e c t r a o f 
Some Titanium or Iron S u b s t i t u t e d Z e o l i t e s with Untreated 
S t a r t i n g Z e o l i t e s a and 50% ΑΙ-Depleted NaY. 
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29. SKEELS AND FLANIGEN Substitution of Iron or Titanium 429 

S u f f i c i e n t ( N H 4 ) 2 T i F 6 was added t o r e p l a c e 50% o f the 
framework Al with T i . The LZ-225 product contained 11.4 wt.% 
T i 0 2 . Comparing the T0 2 formula o f the s t a r t i n g NH4Y with 
that o f the LZ-225 product, c e r t a i n p r o p e r t i e s o f the LZ-225 can be 
c a l c u l a t e d . The LZ-225 was 34% dealuminated (N/a X 100), with 95% 
of the dealuminated s i t e s f i l l e d with Ti (c/N · 100). The change i n 
d e f e c t s t r u c t u r e was +0.032. There i s a s l i g h t decrease i n s i l i c o n 
content, a f e a t u r e t h a t was observed with a l l a c i d - s e n s i t i v e 
z e o l i t e s . 
LZ-247-Ti s u b s t i t u t e d Omega type z e o l i t e . 

NHJLZ-202: ( A l 0 . 2 2 , Si 0 . 7 3 1 [ ] 0 . o 4 8 ) 0 2 LZ-247: <A1 0., 53 S i 0 . 6 7 5 T i 0 . 0 8 4 [ ] 0 . o 8 9 ) 0 2 

S u f f i c i e n t ( N H 4 ) 2 T i F 6 was added to r e p l a c e 50% o f the 
framework aluminum i n an Omega-type z e o l i t e LZ-202 by t i t a n i u m . 
The LZ-247 product c o n t a i n e d 11.4 wt.% T i 0 2 . Comparison o f the 
c a l c u l a t e d T0 2 formulas shows t h a t the LZ-247 was 31% dealumi
nated with a l l o f the dealuminated s i t e s f i l l e d with T i . In t h i s 
case some o f the s i l i c o n was a l s o removed du r i n g the treatment and 
some o f the Si s i t e s were a p p a r e n t l y f i l l e d by Ti as w e l l . The 
re t a i n e d 0 2 c a p a c i t y suggests t h a t the Ti i n excess o f the 
removed Al i s a l s o i n s e r t e d i n t o the framework s i n c e 0 2 c a p a c i t y has b a r e l y changed as a r e s u l t o f the treatment. The change i n 
de f e c t s t r u c t u r e was +0.041. 
LZ-229 T i - s u b s t i t u t e d NH 4L. 

NH 4L: ( A l o . 2 5 o S i o . 7 2 5 C ] o . o 2 5 ) 0 2 

LZ-229: ( A l 0 . 1 8 7 Slo.688 Tin.054 []θ.07ΐ)0 2 

S u f f i c i e n t ammonium f l u o t i t a n a t e was added t o r e p l a c e a l l o f 
the framework aluminum i n the NH 4L with t i t a n i u m . The LZ-229 
product contained 7.2 wt.% T i 0 2 . Perhaps because the sample was 
di g e s t e d a t r e f l u x f o r o n l y 30 minutes, o n l y 25% o f the aluminum 
was removed. However, 86% o f the aluminum d e p l e t e d s i t e s were 
f i l l e d by T i . A small amount o f Si was a l s o removed d u r i n g the 
r e a c t i o n . The change i n d e f e c t s t r u c t u r e was +0.046. 
LZ-230 T i - s u b s t i t u t e d NH4H. 

NH4H: ( A l o . 3 4 2 S i o . 6 4 5 C ] o . o 2 3 ) 0 2 LZ-230: ( A l 0 . i 9 2 Si 0 . 5 7 6 T i o . n e [ ] O . I H ) 0 2 

S u f f i c i e n t ammonium f l u o t i t a n a t e was added t o the NH4W t o re p l a c e 50% o f the framework Al with T i . The LZ-230 product 
contained 16.1 wt.% T i 0 2 . The a c t u a l amount o f dealu m i n a t i o n was 
44%. Only 79% o f the dealuminated s i t e s were f i l l e d by T i . Again, 
some Si was a l s o removed d u r i n g the treatment. There i s a substan
t i a l change i n the d e f e c t s t r u c t u r e (+0.091). However, i n view o f 
the high l e v e l o f T i 0 2 i n the sample, 0.091 i s not e x c e s s i v e . 
Z e o l i t e W i s a small-pore z e o l i t e (phi 11i psi te s t r u c t u r e ) , 
a d s o r b i n g very l i t t l e 0 2 or H 20. F o l l o w i n g s u b s t i t u t i o n by Ti 
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f o r A l , oxygen c a p a c i t y i n c r e a s e d t o 5 wt.% compared t o none f o r 
the NH4W. Water c a p a c i t y a l s o i n c r e a s e d from o n l y about 1% f o r 
the NH4W to more than 10% f o r the LZ-230. This i s one example 
th a t demonstrates the in c r e a s e d pore diameter o f the z e o l i t e as a 
r e s u l t o f s u b s t i t u t i o n o f the l a r g e r Ti ion ( 4 >. 
LZ-241 T i - s u b s t i t u t e d ZSM-5. 

NH4ZSM-5: < A l 0 . o 5 6 S i 0 . 8 6 3 [ ] 0 . o 8 i > 0 2 LZ-241: ( A l o . 0 2 9 S i 0 . 8 4 6 T i 0 . 0 6 4 [ ] o . 0 6 , ) 0 2 

S u f f i c i e n t ( N H 4 ) 2 T i F 6 was added to the ammonium exchanged 
ZSM-5 t o r e p l a c e 50% o f the framework Al with T i . The LZ-241 
product, Sample C, contained 8.9 wt.% T i 0 2 . The z e o l i t e was 48% 
dealuminated a f t e r r e f l u x f o r 28 hours. A l l o f the Ti was 
in c o r p o r a t e d i n t o the z e o l i t e . There was a small decrease i n the 
amount o f d e f e c t s , a f e a t u r e observed with z e o l i t e s t h a t are not 
r e a d i l y s u s c e p t i b l e t o a c i d a t t a c k and have a high s i l i c a content. 
T h i s has been a t t r i b u t e d t o " e t c h i n g " o f the s u r f a c e o f the z e o l i t e 
c r y s t a l s by the combination o f a c i d and f l u o r i d e , and t r a n s p o r t o f 
the s i l i c o n atoms i n s o l u t i o n t o f i l l other d e f e c t s i t e s i n the 
framework ( 1 ) . 

ZSM-5: ( A l o . 0 3 7 S i o . e e o [ ] o . i o 3 > 0 2 LZ-241: ( A l o . o 2 9 S i o . 9 o 2 T i o . o i o [ ] ο . ο 4 β ) 0 2 

ZSM-5 with a higher S i 0 2 / A l 2 0 3 r a t i o was t r e a t e d with 
( N H 4 ) 2 T i F 6 . The sample was c a l c i n e d at 600°C t o burn o f f 
the o r g a n i c template and used without ammonium exchange. S u f f i 
c i e n t s a l t was used to r e p l a c e a l l o f the framework Al with T i . 
The LZ-241 product, sample D, contained 1.3 wt.% T i 0 2 . However, 
d i g e s t i o n was f o r o n l y 1.5 hours. The s h o r t e r d i g e s t i o n time i s 
b e l i e v e d r e s p o n s i b l e f o r the low e f f i c i e n c y o f the r e a c t i o n . Only 
22% o f the aluminum was removed. Apparently, t i t a n i u m r e a d i l y 
f i l l e d the dealuminated s i t e s and a few o f the p r e v i o u s l y vacant 
s i t e s , but compared t o the amount o f Ti added t o the s t a r t i n g 
ZSM-5, o n l y 27% o f the Ti was i n s e r t e d i n t o the z e o l i t e framework. 
LZ-224 F e - s u b s t i t u t e d NH4Y: 

NH4Y: ( A l o . 2 8 6 S Î 0 . 7 0 5 C ] 0 . 0 0 9 ) 0 2 

LZ-224: ( A l o . i s o S i 0 . 6 6 7 F e 0 . i 2 9 C ] o . o 5 4 ) 0 2 

S u f f i c i e n t ammonium i r o n f l u o r i d e s a l t was added t o the 
NH4Y t o r e p l a c e 55% o f the framework Al i n the Y z e o l i t e . The 
LZ-224 product contained 16.9 wt.% F e 2 0 3 . The product was 
48% dealuminated with an apparent value o f 95% s u b s t i t u t i o n o f Fe 
i n t o the dealuminated s i t e s . T h i s value i s i n f l a t e d due to the 
f a c t t h a t i r o n i s a l s o exchanged i n t o the normal c a t i o n p o s i t i o n s 
as w e l l . The c o l o r o f the LZ-224 product was brown, i n d i c a t i n g 
the presence o f the Fe c a t i o n s . The normal c a t i o n e q u i v a l e n t , 
M V A l , i s g r e a t e r than u n i t y , i n d i c a t i n g excess c a t i o n content 
or t h a t some o f the c a t i o n s are a v a i l a b l e to balance the negative 
charge on the framework due t o F e 3 + i n the framework. However, 
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29. SKEELS AND FLANIGEN Substitution of Iron or Titanium 431 

the c a t i o n e q u i v a l e n t o f M +/Al+Fe (0.60), f a l l s f a r s h o r t o f 
the a n t i c i p a t e d value o f 1.0. The maintenance o f 0 2 and H 20 ad s o r p t i o n c a p a c i t y support s u b s t i t u t i o n o f Fe i n the framework. 
LZ-226 F e - s u b s t i t u t e d S y n t h e t i c Mordenite ( Z e o l o n ) . 

H 3 0 + - Z e o l o n : ( A l o . i o e S i 0 . 7 4 o C ] 0 . 1 5 4 ) 0 2 LZ-226: ( Α 1 0 . ο β ο S i o . e i 6 F e o . o 3 8 Π ο . ο 6 6 ) 0 2 

S u f f i c i e n t ( N H 4 ) 3 F e F 6 was used t o r e p l a c e 25 % o f the 
framework Al o f the H 3 0 + - Z e o l o n with Fe. The LZ-226 product 
contained 4.1 wt.% F e 2 0 3 . The Zeolon was 25% dealuminated. 
Nearly a l l o f the i r o n was i n c o r p o r a t e d i n t o the z e o l i t e . The 
product c o l o r was brown, again i n d i c a t i v e o f the presence o f p a r t 
o f the Fe i n c a t i o n p o s i t i o n s . The c a t i o n e q u i v a l e n t was low, 
even the M+/A1 being o n l y 0.72. The a d s o r p t i o n c a p a c i t y was 
f u l l y maintained, suggesting t h a t a l l o f the i r o n i s e i t h e r 
s u b s t i t u t e d i n the framework or exchanged i n the z e o l i t e as an 
e x t r a framework c a t i o n . 
LZ-226 Fe s u b s t i t u t e d s y n t h e t i c mordenite (Mor). 

H 30 +-Mor: ( A I 0 . 0 9 7 Si 0 . 7 1 s [ ] ο . ΐ 8 β ) 0 2 LZ-226: (Α1 0.ο4β Si 0 . 7 β ι F e 0 . o 2 5 [ ] ο . ΐ 4 β ) 0 2 

Iron was added to H 30 +-mordenite from a mixture o f F e F 3 and NH 4HF 2 i n water, r a t h e r than as the ( N H 4 ) 3 F e F 6 s a l t s o l u t i o n . 
S u f f i c i e n t i r o n s a l t was added to r e p l a c e 50% o f the framework 
aluminum atoms o f the s y n t h e t i c mordenite. The LZ-226 product, 
sample I, contained 3.8 wt.% F e 2 0 3 and was 53% A l - d e p l e t e d , 
but o n l y 49% o f the Fe was i n c o r p o r a t e d i n t o the product z e o l i t e . 
The product was white and the c a t i o n e q u i v a l e n t , M +/Al+Fe, was 
equal t o 0.84. There are i n d i c a t i o n s t h a t e t c h i n g o c c u r r e d as 
well s i n c e there i s an apparent i n c r e a s e i n framework s i l i c o n and 
a r e d u c t i o n i n the d e f e c t s t r u c t u r e . An exact d u p l i c a t e o f t h i s 
experiment, o n l y with NH 4F as the f l u o r i d e s a l t , r e s u l t e d i n a 
brown sample c o n t a i n i n g a s u b s t a n t i a l l y lower c a t i o n e q u i v a l e n t . 
C o n c e n t r a t i o n o f the i r o n i n s o l u t i o n and the more a c i d i c nature 
o f the b i f l u o r i d e s a l t are b e l i e v e d r e s p o n s i b l e f o r maintenance 
o f an i r o n s p e c i e s s u b s t i t u t i n g i n the framework, r a t h e r than 
exchanging as a c a t i o n . 

LZ-226:(J) ( A l 0 . o 4 5 S i 0 . 7 6 6 F e 0 . 0 5 2 C ] o . i 3 7 ) 0 2 

The same s t a r t i n g mordenite used i n the pr e v i o u s experiment 
was t r e a t e d with s u f f i c i e n t F e F 3 and NH 4HF 2 s o l u t i o n to r e p l a c e 
75% o f the framework Al with Fe. The LZ-226 product, sample J , 
cont a i n e d 7.6 wt.% F e 2 0 3 . R e l a t i v e t o the pr e v i o u s e x p e r i 
ment, the o n l y v a r i a b l e was the amount o f i r o n added t o the 
z e o l i t e . The product was 54% de p l e t e d i n A l , with the z e o l i t e 
i n c o r p o r a t i n g an equal amount o f Fe. The product c o n t a i n e d twice 
the amount o f Fe as the pr e v i o u s experiment but was brown i n 
c o l o r . The c a t i o n e q u i v a l e n t , M +/A1, was s u b s t a n t i a l l y g r e a t e r 
than 1.0 (1.42) but the MVAl+Fe was o n l y 0.68. The brown 
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c o l o r and the low c a t i o n content are evidence o f c a t i o n i c i r o n . 
The i r o n c o n c e n t r a t i o n i n s o l u t i o n and the pH o f the system were 
c o n s i s t e n t with f o r m a t i o n o f a hy d r o x y l a t e d i r o n c a t i o n s p e c i e s 
(16). By assuming t h a t the c a t i o n s p e c i e s i s F e ( 0 H ) 2 , and tha t a c a t i o n e q u i v a l e n t o f 1.0 must be achieved, the T0 2 formula can be r e c a l c u l a t e d as f o l l o w s : 

(Alo.047 Sio.779 Feo.037 t30.137)0 2 

The mordenite sample i s s t i l l 51% A l - d e p l e t e d , but o n l y 70% 
o f the i r o n i s present as framework Fe, about 5 wt.%. The 
remaining Fe i s presumed to be the Fe(0H)î c a t i o n . Ammonium 
o x a l a t e has been shown t o r e a c t with and exchange with c a t i o n i c 
i r o n (17). The sample was r e f l u x e d three times with 0.1 Ν 
ammonium o x a l a t e s o l u t i o n with the a n a l y t i c a l r e s u l t s shown i n 
Table 3 used to c a l c u l a t e the f o l l o w i n g T0 2 formula f o r the 
r e s u l t i n g white LZ-226 product: 

(Alo.050 Slo.809 Feo.0 26 C]0.115)0 2 

The LZ-226 product washed with ammonium o x a l a t e c o n t a i n e d 
3.8 wt.% F e 2 0 3 (sample Κ i n Table 3 ) . The c a l c u l a t i o n s 
i n d i c a t e 48% aluminum d e p l e t i o n with 44% replacement by Fe. The 
c a t i o n e q u i v a l e n t , M +/Al+Fe, i s n e a r l y u n i t y . Oxygen and water 
c a p a c i t y have been maintained f o r both samples. 

A second sample o f brown LZ-226 c o n t a i n i n g about 6 wt.% 
F e 2 0 3 was washed with ammonium o x a l a t e and c h a r a c t e r i z e d . 
F o l l o w i n g the ammonium o x a l a t e wash, the product, sample L, con
t a i n e d 3.1 wt.% F e 2 0 3 . The c a l c u l a t e d T0 2 formula i s as 
f o l l o w s : 

(Alo.059 Sio.818 Feo.0 21 [ ] θ . 1 0 2 ) 0 2 

The LZ-226 product was 39% dealuminated with Fe s u b s t i t u t i n g 
i n t o 55% o f the dealuminated s i t e s i n the framework. The product 
was white and the c a t i o n e q u i v a l e n t , MVAl+Fe, was a l s o near 
u n i t y . 
LZ-228 F e - s u b s t i t u t e d NH 4L. 

NH4L: ( A l o . 2 5 0 S l o . 7 2 5 C ] o . 0 2 s ) 0 2 

LZ-228: ( A l o . i o e S i o . 6 9 4 Feo.oee C3o.i3o)0 2 

In t h i s experiment s u f f i c i e n t i r o n s a l t as ( N H 4 ) 3 F e F 6 was added t o r e p l a c e 75% o f the framework Al o f the NH 4L. The 
LZ-228 product c o n t a i n e d 13.5 wt.% F e 2 0 3 . The LZ-228 product 
was 57% de p l e t e d i n A l , with n e a r l y 50% o f the added i r o n i n c o r 
porated i n t o the z e o l i t e , presumably i n both framework and c a t i o n 
p o s i t i o n s . The sample was c o l o r e d beige and the c a t i o n e q u i v a 
l e n t , M +/A1, was o n l y 0.55. The oxygen and water c a p a c i t i e s 
were f u l l y maintained, d e s p i t e the presence o f more than 13 wt.% 
F e 2 0 3 i n the product. 

Scanning e l e c t r o n microscopy and EDAX a n a l y s i s e v a l u a t i o n s 
shown i n Fi g u r e 3 are t y p i c a l o f the ana l y s e s o b t a i n e d on a l l o f 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

02
9

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



29. SKEELS AND FLANIGEN Substitution of Iron or Titanium 433 

Figure 3. Scanning electron microscope and EDAX analysis of (A) LZ-241; Ti 
substituted ZSM-5; 1.3 wt.% Ti0 2; (B) LZ-226; Ti substituted NH 4Y; 11.4 wt.% 
Ti0 2; (C) LZ-226; Fe substituted H 3 0 mordenite; 3.8 wt.% Fe 20 3 . 

the samples r e p o r t e d above. The SEM a n a l y s i s showed t h a t there 
was no change i n the z e o l i t e morphology r e s u l t i n g from any o f the 
treatment. This i s c o n s i s t e n t with the i n t e r p r e t a t i o n t h a t the 
c r y s t a l s t r u c t u r e was maintained f o r a l l o f the samples r e p o r t e d 
here. Sample A shows the t y p i c a l morphology o f ZSM-5 and i s no 
d i f f e r e n t from the s t a r t i n g m a t e r i a l i n appearance. EDAX shows 
the presence o f t i t a n i u m i n the sample o f LZ-241. The amount o f 
Ti i s constant and an EDAX area scan does not d i f f e r from the 
i n d i v i d u a l spot probe a n a l y s e s . Sample Β i s t i t a n i u m - s u b s t i t u t e d 
NH4Y, LZ-225. The accompanying EDAX spot probe a n a l y s i s shows 
the presence o f Ti i n the sample. Measurement o f the area under 
the r e s p e c t i v e peaks o f S i , Al and Ti allows an e s t i m a t i o n o f the 
r e l a t i v e contents o f these metals. The EDAX c a l c u l a t i o n s o f the 
Ti content at the p o i n t o f the spot probe estimate t h a t 11.5 wt.% 
T i 0 2 i s present, i n agreement with the bulk chemical a n a l y s i s 
which i s r e p o r t e d as 11.4 wt.% T i 0 2 . An area scan o f the s u r 
f a c e i s n e a r l y i d e n t i c a l t o the spot probe a n a l y s i s . Sample C 
shows t h a t i r o n i s present i n the i r o n - s u b s t i t u t e d mordenite, 
LZ-226. As with p r e v i o u s samples, the area scan a n a l y s i s does 
not d i f f e r from the i n d i v i d u a l spot probe a n a l y s i s . None o f the 
examined samples show the presence o f o t h e r c r y s t a l l i n e or 
amorphous phases. Small p a r t i c l e s appear t o have the same compo
s i t i o n as the l a r g e r p a r t i c l e s . The morphology o f the s u b s t i 
tut e d c r y s t a l s i s i d e n t i c a l to t h a t o f the s t a r t i n g z e o l i t e s . 
The evidence i s c o n s i s t e n t with the even d i s t r i b u t i o n o f the 
s u b s t i t u t i n g i r o n o r t i t a n i u m atoms throughout the z e o l i t e 
c r y s t a l s . I t does not appear t h a t there are any extraneous 
phases present i n the z e o l i t e . The r e s u l t s o b t a i n e d are the 
expected r e s u l t s i f i r o n or t i t a n i u m had s u b s t i t u t e d i n t o the 
frameworks o f the r e s p e c t i v e z e o l i t e s . 
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The η-butane c r a c k i n g values o b t a i n e d with the t i t a n i u m 
s u b s t i t u t e d z e o l i t e s a l l show an i n c r e a s e i n k A value over t h a t 
o b t a i n e d with the s t a r t i n g z e o l i t e . T h i s i s notable i n t h a t the 
Ti i s t e t r a - v a l e n t , and does not r e q u i r e a c a t i o n . With reduced 
c a t i o n content, the a c i d i t y should be reduced. However, the 
r e s u l t o b t a i n e d was the r e v e r s e . With i r o n - s u b s t i t u t e d p r o d u c t s , 
the r e s u l t i n g k A v a l u e s v a r i e d with the z e o l i t e . Although not 
d i s c u s s e d i n d e t a i l i n t h i s paper, a l l F e - c o n t a i n i n g products d i d 
show i n d i c a t i o n s o f metals a c t i v i t y ; t h e r e was a dramatic 
i n c r e a s e i n the amount o f o l e f i n s produced. 
CONCLUSIONS: 
T e i l e n et a l . (4) comment on the number o f framework-substituted 
m a t e r i a l s , p a r t i c u l a r l y i n the patent l i t e r a t u r e and conclude 
t h a t i n most o f the cases, the a l l e g e d s u b s t i t u t i n g element does 
not e n t e r the framework o f the z e o l i t e . The o n l y evidence given 
to support those c l a i m s o f framework s u b s t i t u t i o n are a n a l y t i c a l 
data which show the presence o f very small amounts o f the 
" s u b s t i t u t e d " i o n . T h e i r c r i t i c i s m i s v a l i d , and the mere 
presence o f some f o r e i g n m a t e r i a l with the z e o l i t e does not prove 
t h a t the m a t e r i a l i s a p a r t o f the z e o l i t e . In f a c t , the primary 
s y n t h e s i s c o n d i t i o n s used are g e n e r a l l y very b a s i c i n nature; the 
pH i s 13 or g r e a t e r . A b a s i c medium i s more l i k e l y t o cause p r e 
c i p i t a t i o n o f the t i t a n i u m or i r o n r a t h e r than a s o l u b l e s p e c i e s 
small enough t o r e a c t to form the open frameworks o f the z e o l i t e 
(16). Perego et a l . (13) a l s o c r i t i c i z e the numerous r e p o r t s o f 
replacement o f aluminum i n the framework without a r e a l proof o f 
the occurrence o f isomorphous replacement. 

In the present work, i r o n or t i t a n i u m have been i n c o r p o r a t e d 
i n t o a number o f z e o l i t e s . The l o s s o f X-ray c r y s t a l l i n i t y i s 
c o n t r a s t e d with the n e a r l y f u l l r e t e n t i o n o f both oxygen and water 
a d s o r p t i o n c a p a c i t i e s , i n d i c a t i n g t h a t the s u b s t i t u t e d products 
r e t a i n t h e i r pore volume d e s p i t e the presence o f s u b s t a n t i a l 
amounts o f the i r o n or t i t a n i u m . The X-ray powder p a t t e r n s show 
that no new c r y s t a l l i n e phases are present and do not i n d i c a t e 
the presence o f amorphous m a t e r i a l s . SEM and EDAX a n a l y s i s do 
not show the presence o f any new p a r t i c u l a t e m a t e r i a l and support 
the presence o f an even d i s t r i b u t i o n o f the i r o n or t i t a n i u m 
throughout the z e o l i t e c r y s t a l s . The hydroxyl r e g i o n i n f r a r e d 
s p e c t r a do not show the presence o f hydroxyl nests commensurate 
with the amount o f aluminum removed d u r i n g the r e a c t i o n . The 
framework i n f r a r e d s p e c t r a do not g i v e a c o n s i s t e n t p i c t u r e o f 
the e f f e c t s o f the i n c o r p o r a t e d ion on the frameworks o f the 
z e o l i t e . They do show t h a t the r e s p e c t i v e s h i f t s i n the frame
work f r e q u e n c i e s are not c o n s i s t e n t with a p i c t u r e o f simple 
dealumination. In a l l , the evidence presented here i s t o t a l l y 
c o n s i s t e n t with the c o n c l u s i o n t h a t the Secondary S y n t h e s i s 
process has been s u c c e s s f u l i n s u b s t i t u t i n g i r o n and t i t a n i u m 
i n t o framework t e t r a h e d r a l p o s i t i o n s i n a number o f z e o l i t e s . 
Although not d i s c u s s e d i n d e t a i l here, the data a l s o show th a t 
some z e o l i t e s are more r e a c t i v e than o t h e r s and t h a t time, temp
e r a t u r e and p a r t i c u l a r l y pH are important v a r i a b l e s t h a t c o n t r o l 
the s u b s t i t u t i o n process. 
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Chapter 30 

High-Silica Faujasite by Direct Synthesis 

Harry Robson 

Department of Chemistry, Louisiana State University, 
Baton Rouge, LA 70803 

The preparation of high-silica faujasite (LTY) by D. W. Breck certainly 
is one of the outstanding successes in zeolite synthesis because it 
established synthetic faujasite as a catalytic material. In the 30 years 
since, our efforts have only raised the product from Breck's 4.9 
SiO2/Al2O3 to about 6.0. But there are good indications that a still 
more silica-rich synthetic product would be a superior catalyst. For 
catalytic cracking, the optimum base-faujasite is about 10 SiO2/Al2O3. In order to produce such a material, the synthesis batch should have a 
pH=11; but under these conditions, the rate becomes impossibly slow. 
Our experience in other zeolite synthesis systems indicates four 
approaches to increase the crystallization rate in these high-silica gels: 
1) increased temperature, 2) amine additives, 3) non-aqueous solvents, 
and 4) improved seeding. Of these, the first three would impose a 
major cost increase on the faujasite product. Improved seeding could 
be compatible with existing equipment and processes. 

We should remember that low temperature zeolite synthesis started with Milton's gel 
synthesis of A and X in the early 1950's(l). Large pore zeolites were substantially 
unavailable at that time. Natural faujasite was rare as it still is. Large port mordenite 
was still ten years in the future as were zeolites L and Omega. Zeolites were regarded 
as ion exchangers or as selective sorbents, not as catalysts. 

Breck's preparation of type Y faujasite in the late 1950's still stands as the 
outstanding success in zeolite synthesis (2). Type X might have had some catalytic 
applications but I doubt the International Zeolite Association would exist without the 
interest and support generated by the catalytic applications of the Type Y materials. It 
didn't seem that critical at the time; after all Breck had reproduced a material which 
exists naturally. Synthetic counterparts of natural zeolites have been prepared dozens 
of times since (3). But the extra silica content, or perhaps the diminished alumina 
content, was enough to give high temperature stability in the acid form and to get 
zeolites into catalysts for petroleum processes (4). 

In the thirty years since, we have increased the silica content of Breck's 
product by only about 4% in the composition of the total product (S1O2/AI2O3:4.9 -> 
6.0) as shown in Table I. This increase is not trivial, but it can't be said to have 
created new products or new processes. Perhaps the better way to consider it is the 

0097-6156/89/0398-0436$06.00/0 
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30. ROBSON High-Silica Faujasite by Direct Synthesis 437 

number of tetrahedral positions in the faujasite unit cell which are occupied by A l 3 + . 
For type X (2.7 S1O2/AI2O3), 82 of the total 192 T-positions are A l 3 + ; for type Y , it is 
56 A l 3 + per unit cell. At 6.0 S1O2/AI2O3, we have reduced this number only to 48. 

Optimum Synthetic Faujasite. As a goal for synthesis research, we might seek a 
procedure which would yield any sihca/alumina ratio up to pure S1O2 in faujasite form. 
Although such a sample would be interesting from a research perspective, it would 
almost certainly be a disaster as a catalyst (No alumina = no acidity). For catalytic 
cracking applications, the optimum zeolite component in the finished catalyst has been 
reported to be a SiO2/Al20^ of about 14 (24 A1 3 + /U .C) (5). Such a material when 
dispersed in a silica-alumina matrix and finished by current manufacturing procedures 
should have a unit cell size of about 24.29Â which is near optimum for catalytic 
cracking. The optimum zeolite component for a hydrocracking catalyst is not so 
narrowly defined but the evidence is such a material would be an improvement on 
current US Y technology (6). 

Table I. Synthetic Faujasites 

Type S1O2/AI2O3 Cell Size Al/UC 
X 2.7 24.92A 82 
Y 4.9 24.72Â 56 
Ζ 10 24.45À 32 

Ordered A l Distribution. But I believe we can be more explicit about our goal for the 
next generation of synthetic faujasite than simply more, i.e.higher S1O2/AI2O3. There 
can be little doubt that the acid sites which are most effective in strong acid catalysis 
are the alumina tetrahedra isolated in the zeolite structure by at least two silica 
tetrahedra This was defined by Wachter (7) as zero next-nearest neighbors (0-NNN). 
We still do not have the technology to observe these alumina sites directly, but we can 
infer them from the 2 9 S i MAS-NMR spectra as the absence of Si(OAl)2 and higher 
resonances. 

To achieve a faujasite-type product with the maximum 0-NNN sites requires a 
10 S1O2/AI2O3 product with ordered distribution of A l 3 + in the T-sites. This is the 
material I choose to designate type Ζ faujasite. In terms of the unit cell, this is 
32A1 3 +/UC (32/(192-32)=0.2). It seems unlikely that stabilization or extraction 
treatments will yield such a product. The optimum zeolite reported by Pine, et al. as 
24A1 3 +/UC is at least 25% off the maximum possibly due to a significant concentration 
of Si(OAl)2 in the parent zeolite. 

SiUca/alumina by Unit Cell Size. Unit cell size has proven to be a reliable indicator of 
the S1O2/AI2O3 ratio of faujasite-type materials. Figure 1 plots unit cell size (Â) vs the 
number of A l 3 + ions per unit cell. Conventional type Y materials are at the upper right 
(A1 3 + /UC greater than 56). The anchor point at the lower left (A13+/UC=0) at 24.19Â 
is the consensus of many observations of the end product of repeated dealuminations. 
It is difficult to get reliable data in between. It is tempting to extrapolate the Dempsey, 
Kuhl, and Olson (8) curve to zero alumina with just enough curvature to terminate at 
24.19 Â. Skeels and Breck data on USY-type materials (LZ-Y82 ^ LZ-Y20) 
probably show non-frame work dumina(9) The SiRi-treated materials (LZ-210) 
reported by Skeels and Breck fall on the silica-rich side of the extrapolated curve. 
They may indicate non-framework silica; however, there could be a break in the curve 
at 56 A1 3 + /UC. The dashed segment is linear over the range 24.64 to 24.19Â. 
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438 ZEOLITE SYNTHESIS 

25.0 

Figure 1. Change in faujasite unit cell(Â) with increasing A l 3 + in T-positions 
(192 total A13+ + S i 4 + per unit cell). 
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Admittedly the case for type Ζ faujasite (10 S1O2/AI2O3,0-NNN) being a 
superior catalytic material is somewhat speculative at this point Dealuminated type Y 
has given us materials with a higher S1O2/AI2O3, but has not necessarily produced 
optimum alumina distribution (0-NNN). Until such materials are prepared and tested 
in catalytic applications we can only conjecture on their advantages. Type Y got us 
over the hump and into catalysis, but it was never the material we wanted. US Y and 
LZ-210 are compromises to give us, at a considerable price, the materials we cannot 
prepare by crystallization. 

High-Silica Faujasite bv Means Other Than Synthesis 

USY (ultra-stable type Y) is a good material which has served us well but which has 
probably been pushed to its limit (10). In simplified terms, as A l 3 + is eliminated from 
the T-positions in the structure by thermal treatment in the presence of H2O, they are 
replaced by S i 4 * from some other portion of the crystal. Table Π compares a typical 
USY (LZ-Y82) to the parent material, NaY. The S1O2/AI2O3 ratio (5.77) probably 
understates the transformation because of non-framework alumina retained in the 
structure. Reduced crystallinity is evidence of structural damage; this same effect 
would be expected to reduce the zeolite character of its sorption properties. The 
reduction in cation content (0.38 Na/Al) renders it unsuitable for an alkaline application 
such as the ELF-Aquitaine aromatization catalyst 

Table Π. Composition of High-Silica Faujasites 

Sample NaY USY LZ-210 Exp 
S1O2/AI2O3 4.92 5.77 9.31 5.99 
Fluoride(%) 0 0.05 0 0 
M+/A 0.98 0.38 0.99 0.99 
X-ray Cryst 100 73 106 87 
U-CelliÂÏ 24.69 24.52 24.49 24.57 

LZ-210 (10) is a new material which doesn't seem to have attracted the 
attention its properties warrant Unlike USY, S i 4 * is supplied from external 
(NH4)2SiF6 as A l 3 + is eliminated. There is no loss in crystallinity at least for a 
moderate treatment (In this case, an apparent gain, 100-»106). There is some retained 
flouride which might be a problem in a commercial cracking unit. Skeels and Breck 
indicate this residual flouride increases with more severe (NH^SiFo treatments. It 
also does not bode well for an alkaline catalyst application. The unit cell size (24.49Â) 
compares favorably with USY. But even with the proper S1O2/AI2O3 ratio, there is a 
second requirement for type Z: 0-NNN. It would be fortuitous if the ammonium 
fluorosilicate extraction selectively removed A l (1-NNN) leaving A l (0-NNN). Since 
0-NNN sites are the most acidic, they would be expected to react most rapidly with 
(NH4) 2 SiF 6 . 

The final column in Table Π is a product of direct synthesis in my laboratory: I 
have labelled it "Exp" because it falls considerably short of the 10 Si02/Al2C>3 which I 
believe is optimum for catalytic applications. At 5.99 S1O2/AI2O3, it should have 
48A1 3 +/UC compared to 34 for LZ210 and 32 for the optimum type Z. Crystallinity is 
respectable (87%) but should be improved; additional work and study is needed in 
type Ζ synthesis. Na/Al = 0.99 indicates a good cation balance; the material has tested 
favorably in an alkaline application. 
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Is High-Silica Possible bv Direct Synthesis? 

For many years, the attitude has prevailed that we had reached the limit when the 
synthetic product duplicated natural faujasite (5.1 S1O2/AI2O3). What nature has 
accomplished in 10,000 years we should not expect to exceed in hours or days in the 
laboratory. Fortunately our vision has not been so severely limited in the case of other 
zeolite phases. Table ΠΙ compares natural materials to their high-silca synthetic 
counterparts for mordenite, ferrierite, and sodalite. 

Table m . High-Silica Forms of Natural Zeolites 

Phase Si02/Al203 Means 
Mordenite/HSM l l -»28 Amine Additive 
Ferrierite/ZSM-35 14->60 Amine Additive 
Sodalite/Silica-sodalite 2->oo Glycol Solvent 
Faujasite/Type Ζ 5->10 ? 

High-silica mordenite (HSM) is the product of the Tonen group in Japan (11). It 
can be prepared with tetrapropylammonium hydroxide addition or by control of the time-
temperature cycle in synthesis. At 28.5 Si02/Al203, it is comparable to the product of 
strong acid extraction. ZSM-35 is the counterpart of natural ferrierite; it was prepared by 
the Mobil group with pyrrolidyne, ethylenediarnine, or butanediamine additives (12). 
Silica-sodalite was recendy announced by Bibby and Dale (13). Natural sodalite has 
S1O2/AI2O3 =2; silica-sodalite exists in silica-rich forms up to pure SiC>2- This is the 
first example of a 4-6 ring structure which can be prepared in very high silica form. The 
principal change in their synthesis is substitution of glycol for water. 

At this stage we would be happy to make type Ζ faujasite by any of these 
methods in order to have the material to prove its catalytic properties. But if it is to 
escape the laboratory and see service as a commercial catalyst it will have to be produced 
at a cost which can be justified by its advantages over other materials. The organic 
templates are expensive and sometimes toxic. No templated synthesis is yet a 
commercial pocess, with the possible exception of ZSM-5. Non-aqueous synthesis is 
not difficult in the laboratory; on commercial scale, it is a completely new undertaking. 
We will continue to test these techniques, but always with the hope that a better way will 
be found. It is unlikely that a single change in current synthesis procedure will open up 
the high-silica type Ζ region. 

Commercial Synthetic Faujasite. At present commercially supplied type Y materials 
have increased from 4.6 to about 5.1 S1O2/AI2O3 on the average. Laboratory 
syntheses now approach 6 S1O2/AI2O3. In figure 2, a plot of synthesis experiments 
from the literature, I have chosen to plot composition of the synthesis batch as two 
ratios: Al/Si as abscissa and OHVSi as ordinate. The point code shows a number of 
series where the investigator pushed toward a more silica-rich product (lower left). 
These plots show a sequence of experiments leading to the point where the batch failed 
to crystallize and the series ended, only to begin again at some other point or by 
another investigator. 

My own experiments in this area are somewhat wider ranging but also are 
plagued by less than fully-crystalline products. Consistendy I have observed that the 
initial faujasite crystals which form are more silica rich than the final product by a 
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A L / S I — • 

Figure 2. Overall batch composition of faujasite syntheses reported by several 
investigators (H2O content not shown). 
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crystallization which continues to where faujasite is the major product. In some cases, 
the reaction ceased with less than 10% faujasite crystallinity but enough x-ray 
diffraction lines visible to calculate a cell size as low as 24.48 Â. 

pH Controls Si/Al in the Zeolite Product. 

For zeolite A and other durnina-rich phases, the synthesis is done in strongly alkaline 
systems which are not ordinarily described in pH terms. Further, measuring pH in 
alkaline systems at 100°C or above is not a trivial problem. But for silica rich systems, 
pH becomes a useful indicator of synthesis conditions. For most synthetic zeolites, 
pH is the primary control of Si/Al in the product. 

This was nicely demonstrated by Donahoe and Liou (14) on phillipsite 
synthesis from (K, Na) alumino-silicate solutions. They tested a number of synthesis 
variables but concluded only pH was significant in determining product S1O2/AI2O3. 
A plot of their data (Figure 3) shows a linear relationship, admittedly over a limited 
range. Our experience on other phases is similar although less precisely defined. 

It is instructive to project this relationship to the silica/alumina range for type Ζ 
faujasite. Granting the uncertainty in extrapolation, the predicted value of pH = 11 for 
Si/Al = 5 (S1O2/AI2O3 = 10) is entirely reasonable. Current laboratory typs Y 
synthesis is near pH = 12.3; certainly reduction of the pH of the synthesis batch 
should produce a more silica-rich product. The size of the pH reduction required to 
produce 10 S1O2/AI2O3 is in doubt, but die direction is unmistakable. 

How Can We Promote Fauiasite Crystallization at pH = 11? 

The problem is the rate of crystallization which becomes impossibly slow using 
current technique if operating in this pH range. Table IV is a list of possible remedies 
and is definitely open-ended; new ideas are welcome. 

Table IV. How Can We Promote Faujasite Crystallization at pH=l 1? 

-^Increase crystallization time or temperature 
-»Use amine additives (templating agents) 
->Switeh to non-aqueous solvents 
~»Improve nucleation 

Longer crystallization treatments are not very promising experimentally. 
Figure 4 is from Kacerek & Lechert (15); it shows the rate of faujasite crystallization to 
be an exponential function of S1O2/AI2O3 of the zeolite product They indicate a break 
in the function to a markedly slower rate above 5.5 S1O2/AI2O3. If we accept the 
lower rate which they predict, the synthesis of a 10 S1O2/AI2O3 product requires 
nearly 10,000 years. Even if we extrapolate the low-silica data without the break 
(dashed line), our synthesis requires 200 days. In either case, the conclusion is the 
same: synthesis of type Ζ at 88 eC is not a viable process. 

Higher temperature treatments usually promote competing phases (gismondine 
/phillipsite or analcine) more than they promote faujasite. The 100 - 150°C region has 
not been adequately investigated in faujasite synthesis probably because autoclave 
experiments are more difficult than atmospheric pressure experiments and the more 
interesting results came at 100°C or less.Furthermore, faujasite is a metastable product 
and can easily degrade upon prolonged contact with the mother liquor, particularly at 
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Figure 3. Framework Si/Al of phillipsite products vs. pH of the synthesis 
batch; ref (14). 

1 0 0 0 

Figure 4. Rate of faujasite crystallization at 88 β C vs. SiO^/A^O. 
of the framework; ref (15). 
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higher temperature. Table V shows loss of crystallinity and appearance of other 
phases in a preformed NaY faujasite after exposure to sodium silicate solutions. The 
degradation is rapid at 100°C in 10% Na2Si03, but delayed for at least seven days in 
the less-alkaline water glass (Na20 · 3.3 S1O2). For 120°C or a more concentrated 
solution (20%), three days exposure is too much. 

Table V. Recrystallization of NaY 

(10g solution/g zeolite) 
Treating Solution pH Days/°C Product I p f e 133 37îœ FAU(S)+ÛIS 

7/100 
GIS(m)+ANA 

10% Na 2 03.3Si02 11.4 7/100 FAU(100) 
12/100 FAU(95) 

10% Na2O3.3Si02 11.6 3/120 FAU(96) 

20% Na 2Q-3.3SiQ2 UA 3/100 FAU(82) 

Amine Additives. It is precisely in this area, suppressing an undesired product in 
favor of the desired one, that additives can be most useful. High silica zeolites have 
been formed in the presence of amine additives. Vaughan (16) has prepared faujasite 
with 7.0 S1O2/AI2O3 (24.52 A 0 ) by addition of bis-(2-hydroxyethyl) dimethyl 
ammonium chloride in a slurry composition whose cation composition is 69% Na and 
31% organic template (T). To scale this product up to commercial synthesis would 
require almost total recovery of the organic template. But its silica content makes it an 
interesting candidate for catalytic testing. 

Perhaps we have concentrated too much on the quaternary amines as 
templating agents. Another approach is suggested by Verdijn in the synthesis of 
zeolite L(17). As showing in Table VI, by addition of only trace amounts of alkaline 
earth cations, especially strontium, the gel composition range which produced the 
desired zeolite L product was widened, the formation rate increased, smaller 
crystallites were obtained, and stirred synthesis became possible. The alkaline earths 
were very probably present when natural faujasite was formed. But their solubility in 
alkaline silicate liquors is low; 200 ppm S r 2 + is near saturation in the synthesis slurry. 

Table VI. Synthesis of Zeolite L 

The use of trace amounts of divalent cations significantly affects the synthesis aspects 
of zeolite L : 

-> Gel composition range widened 
-» Formation rate increased 
-» Smaller crystallites obtained 
—» Stirred synthesis possible 

These observations suggest that the nucleation mechanism is greatly influenced. 
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The largest area of ignorance and therefore the most promising field for 
investigation lies in nucleation. Breck's synthesis required S1O2 in the form of 
colloidal silica sol to make silica-rich type Y . We have since learned to seed the 
batch with a freshly prepared slurry (18), and use cheaper silica sources. But we 
are far from a chemical definition of the nucleating agent 

There is considerable data showing the synthesis can stall at low levels of 
crystallinity even though all the nutrients are present for continued growth. It has not 
been established that fresh addition of the "seed" slurry will reinitiate crystal growth, 
but growth of faujasite cryustals at 24.48À, initiated but not sustained as noted in the 
previous section, indicates reinitiation should be possible. This "growth hormone" 
seems to be self generated in X and Y synthesis but lacking at conditions which would 
yield type Z. 

Centrifugation of the Nucleation Slurry 

Conventional wisdom ascribes nucleation to rrticrocrystalline type X which in 
the presence of the proper nutrients grows into a full yield of type Y with no trace of 
its type X initiator. The "seed" composition is essentially sodium metasilicate solution 
with the addition of a small amount of sodium aluminate: Na2Si03 -0.16 NaA102 · 
21H2O. Comparatively little "seed" is necessary for a good Y synthesis; as little as 
1% of the total AI2O3 may come from the seed. 

But the actual nucleaant is probably a much smaller entity than the incipient 
faufasite crystal, even smaller than a sodalite cage which has been proposed as a 
secondary building unit It seems to; be a metastable unit which exists only temporarily 
in the depolymerization of the silica network and integration of A l 3 + into a more stable 
structure. The nucleation slurries we have now are limited in shelf life and sensitive to 
the materials used in their preparation. 

In my laboratory, I have attempted to concentrate the active component by 
centrifuging the nucleation slurry. As shown in Table V u , the solid cake removed by 
centrifrigation was almost inactive as a nucleating agent while the clear supernatant 
liquid was more active than the original slurry. Table V u indicates two synthesis 
batches of the same overall compostion (0.25 Ai/Si , 0.51OH7SÎ, I6H2O/S1) but 
prepared one with the total nucleation slurry, the other with the clear liquor. Whereas 
whole nucleation slurry gave a mixture of nearly equal amounts of faujasite and 
gismondine at this composition, the clear decantate gave full faujasite crystallinity with 
only a small amount of gismondine. By analysis, the clear decantate is richer in NaOH 
and leaner in NaA102 than the whole slurry. Note that the initial faujasite crystals in 
poorly crystallized product appear to be more silia-rich than a fully crystalline product 

Table VII. Centrifugation Improves Nucleation Slurry 

Seeding Days/°C Product U-Cell 
ll%N.S.-whole 4/100 FAU(w)+LTA 24.58 

5/100 FAU(24)+GIS 24.57 
10%N.S.-clear 4/100 FAU(96)+GIS 24.61 

4/90 FAU(100)+GIS 24.59 

The ionic composition of dilute sodium silicate is a very complex problem 
involving Na20/SiU2 ratio, water content, and even trace impurities. Equilibration 
seems to be very slow at ordinary temperatures. As shown in Figure 5, Harris, et.al, 
were able to identify a wide variety of structures in potassium silicate solutions which 
bear a striking resemblence to the secondary building units proposed for zeolite 
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4-e- s 
Figure 5. Structures of Silicate Ions in K-silicate Solution. (Reproduced 
from ref. 19. Copyright 1981 American Chemical Society.) 
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30. ROBSON High-Silica Faujasite by Direct Synthesis 447 

structures. For either sodium or potassium silicate, addition of alumina to the system 
should change the relative stability of these structures and create new ones. 

In order to make type Ζ a reality, we need to continue to feed the nucleation 
component to the crystallizing batch. This could mean circulating the liquor from the 
crystallizer through an environment which recreates the essential ingredient. Figure 6 
is a block diagram of what such a process might look like. There are many problems 
still to be solved beyond the compositon of the nucleation liquor, for example pH 
control in the crystallizer, but the product could be of great technological interest. 

Na-Aluminate 
«—Nucleation Liquor « - [NUCLEATION] 

liquor 

iMIXERl—• gel -^CRYSTALLIZER] slurry •!CENTRIFUGE] 

Τ No-Silicate 
Τ 

slurry 
i 

[FILTER"]—•Zeolite type Y 

Mother Liquor 
Figure 6. Flow diagram for a proposed modified batch synthesis process 
promoted by a nucleation agent 
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Chapter 31 

Secondary Synthesis of Faujasitic Catalysts 

Halimaton Hamdan and Jacek Klinowski 

Department of Chemistry, University of Cambridge, Lensfield Road, 
Cambridge CB2 1EW, England 

Aluminium can be isomorphously substituted for silicon in 
the framework of zeolite Y by hydrothermal treatment of the 
dealuminated (ultrastabilised) zeolite with aqueous solutions 
of strong bases at elevated temperatures. The extent and 
efficiency of the reaction depend on the temperature, 
duration of treatment and especially on the kind and 
concentration of the basic solution. The degree of 
crystallinity and the thermal stability of the products are 
primarily controlled by the composition of the parent 
material. 29Si and 27Al magic-angle-spinning NMR (MAS 
NMR) indicates that the extent of realumination is deter
mined by the number of available tetrahedral Si(OAl) sites. 
The distribution of aluminium and silicon atoms in the 
frameworks of the precursors and the products of the reaction 
is very different. 

Properties of zeolites are intimately related to the type of occupancy of the 
tetrahedral sites. Modification of the composition of the framework by 
increasing the silicon content increases the thermal stability of the samples. 
The catalytically active centres in zeolites are the acidic (Bronsted) hydroxyl 
groups associated with tetrahedrally coordinated framework aluminium 
atoms. Catalytic activity is thus strongly dependent on the concentration 
and location of aluminium in the framework. 

It is clearly desirable to be able to alter the Si/Al ratio of the frame
work, particularly in the case of zeolites X, Y and ZSM-5. This can be 
conveniently achieved by "secondary synthesis", i.e. by isomorphous 
substitution of Si or Al on the tetrahedral sites after the completion of the 
original zeolite crystallization (1-4). We shall demonstrate that: 
1. Virtually all the extra-framework aluminium in dealuminated 

(ultrastabilized) zeolite Y can be re-substituted into the framework by 
treatment with an aqueous solution of KOH. 

2. Under carefully controlled experimental conditions the crystallinity of 
the realuminated samples is retained. 

0097-6156/89/0398-0448$06.00/0 
ο 1989 American Chemical Society 
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31. HAMDAN AND KLINOWSKI Secondary Synthesis ofFaujasitic Catalysts 449 

3. The realumination process strongly depends on parameters such as the 
residual sodium content of the parent material, duration of treatment, 
temperature, concentration of the realuminating solution and the kind 
of base. 

4. The distribution of Si and Al among the tetrahedral sites in the treated 
material is very different from that in as-prepared zeolite Y with the 
same Si/Al ratio. 

Experimental 

Sample Preparation. The parent sample for all experiments was zeolite 
Na-Y (Degussa) with Si/Al = 2.56. This has been ammonium exchanged by 
treatment with 2M aqueous solution of N H 4 N O 3 at 80°C. 62% ammonium-
exchanged zeolite (sample A) was prepared by a single contact, and samples 
Β and C (with 82% and 90% ammonium content, respectively) by repeated 
contacts with the solution. Ammonium-exchanged samples were hydro-
thermally treated at 525°C for 18 hours in a horizontal tubular quartz 
furnace under deep-bed conditions while water was slowly injected into the 
tube by a peristaltic pump, keeping the partial pressure of H 2 O above the 
zeolite bed at 1 atm. Ultrastable samples USYA, USYB and USYC were 
prepared by steaming samples A, Β and C once, and sample USYD by 
steaming sample A at 525°C, ion exchanging and steaming again at 525°C for 
18 hours. 

Realumination was carried out at a constant preselected temperature 
by stirring the ultrastable material with an aqueous solution of a strong base. 
50 ml of the basic solution per gram of zeolite was used in all experiments. 
The effect of contact time was studied by treating USYA with KOH solution 
for different lengths of time, the effect of temperature by treating USYA 
with KOH at 30,60,80 and 100°C (to yield samples USYA-1 to USYA-4, 
respectively) and the effect of concentration by subjecting USYA to 0.10, 0.25, 
0.50,1 and 2M KOH solutions (to give samples USYA-11 to USYA-15, 
respectively). Potassium (rather than sodium) hydroxide was deliberately 
used in the preliminary realumination of USYA in order to prevent the 
possibility that the increase in the framework aluminium content is due to 
recrystallization of the zeolite since it is known (5) that faujasites do not re-
crystallize from potassium-bearing solutions. Finally, the effect of the kind 
of base was studied by treating sample USY, prepared in the same way as 
sample USYA and with the framework Si/Al ratio of 5.08, with 0.25M 
solutions of KOH, NaOH, tetramethylammonium hydroxide (TMAOH) and 
N H 4 O H at 80°C for 24 hours (yielding samples USYA-21 to USYA-24). 

X-ray Diffraction. Powder x-ray diffraction (XRD) patterns were acquired on 
a Philips PW1710 vertical goniometer using Cu Κα radiation selected by a 
graphite monochromator in the diffracted beam. Unit cell parameters were 
calculated using silicon powder as an internal standard. 
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Magic-Angle-Spinning NMR (MAS NMR). 2 9Si MAS NMR spectra were 
measured at 79.5 MHz using a Bruker MSL-400 multinuclear spectrometer. 
Samples were spun in Andrew-Beams rotors at 2.6 kHz using air as the 
spinning gas. Radiofrequency pulses of 4 duration were applied with 20 s 
recycle delay. 1000 transients were acquired for each spectrum. 2 9 Si 
chemical shifts are quoted in ppm from external tetramethylsilane (TMS). 

2 7A1 MAS NMR spectra were measured at 104.26 MHz using 
powerful 0.6 radiofrequency pulses with a 0.2 s recycle delay. Samples 
were spun at 3.4 kHz in an aluminium-free probehead and Vespel rotors. 
Chemical shifts are quoted in ppm from external Α1(Η2θ>63+. 10000 
transients were acquired for each spectrum. 

Infrared Spectra. IR absorption spectra in the zeolitic framework vibration 
region (1400-400 cm"1) were recorded using a Nicolet MX-1 Fourier 
transform spectrometer and the conventional KBr disc technique. 

Results and Discussion 

2 9 Si MAS NMR spectra of dealuminated samples before treatment with 
KOH (Figure 1) are in complete agreement with earlier work (6-16) and 
consist of up to five signals in the chemical shift range of -85 to -105 ppm 
corresponding to Si(nAl) building blocks where n, which can be 0,1, 2, 3 and 
4, denotes the number of framework Al atoms linked, via bridging oxygens, 
to a given silicon. The spectra were deconvoluted using Gaussian peak 
shapes, and the so-obtained relative intensities (peak areas) of the 
individual Si(nAl) signals, In, are given Table I. The framework Si/Al ratios 
of the samples were calculated from the spectra using the formula (8,14): 

, C . / A N I4 + I3 + I2 + I1 + I0 M 

1»/AUNMR - ^ + 0.7513 + 0.512 +0.25 Ii U ; 

The 2 9 Si MAS NMR spectra of samples treated with KOH (lower 
traces in Figure 1) are dramatically different form those of the starting 
materials. The intensities of the Si(OAl) signals are greatly reduced, and the 
intensities of the Si(lAl), Si(2Al), Si(3Al) and Si(4Al) signals correspond
ingly increased as listed in Table I, signifying that a considerable amount of 
aluminium has entered the zeolitic framework. This is consistent with the 
observed increase in the unit cell parameter. Using values of (SÎ/A1)NMR 
calculated from Equation 1 in conjunction with the values of the overall 
Si/Al ratio measured by atomic absorption (AA), the number of framework 
(subscript F) and non-framework (subscript NF) atoms per unit cell of 192 
tetrahedral atoms can be calculated (8,15). 

2 7A1 MAS NMR of the dealuminated and realuminated samples are 
given in Figure 2. It shows that the signal at ca. 60 ppm corresponding to 
tetrahedral framework aluminium decreases upon dealumination and 
increases again on reinsertion of Al into the framework. Any loss of 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

03
1

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



31. HAMDAN AND KLINOWSKI Secondary Synthesis ofFaujasitic Catalysts 451 

- S O - 9 0 - 1 0 0 - 1 1 0 - 8 0 " « Ο - 1 0 0 ppm from T M S - 9 0 - 1 0 0 - 1 1 0 - 8 0 - 9 0 - 1 0 0 - 1 1 0 

Figure 1. 2 9 S i M A S N M R spectra of the starting zeolite, the dealuminated 
(ultrastable) samples and the hydrothermally realuminated samples. 
Samples A, B, C and D (the spectra of which are identical) have been used to 
prepare dealuminated samples USYA, USYB, U S Y C and USYD, which upon 
treatment with K O H solution gave rise to samples Real A, Real B, Real C 
and Real D, respectively. Numbers above i n d i v i d u a l peaks give the η i n 
S i ( n A l ) . 
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TABLE I. Relative populations of Si(nAl) tetrahedral building 
blocks in the samples (normalized to 100) calculated by Gaussian 

deconvolution of 2 9 Si MAS NMR spectra (see text) 

Sample Si(4Al) Si(3Al) Si(2Al) Si(lAl) Si(OAl) 

A 1.2 12.3 37.2 40.0 9.3 
USYA 0.0 1.4 14.3 48.6 35.8 
Real A 2.7 8.4 30.0 47.2 11.7 
Β 1.4 11.4 41.3 36.5 8.4 
USYB 0.0 3.8 12.4 44.7 39.1 
Real Β 0.0 4.8 25.4 51.3 18.5 
C 1.7 11.9 40.2 35.9 10.3 
USYC 0.0 0.0 0.0 28.1 71.9 
RealC am orphous 
USYD 0.0 0.0 2.1 21.2 76.8 
RealD 4.1 5.5 21.1 38.6 30.6 
USYA-1 0.5 3.0 22.1 56.8 17.8 
USYA-2 2.3 5.7 24.7 56.1 11.2 
USYA-3 2.7 8.4 30.0 47.2 11.7 
USYA-4 0.0 4.8 19.1 50.2 25.9 
USYA-11 0.0 1.2 29.0 47.0 22.9 
USYA-12 2.6 9.9 23.9 49.9 13.6 
USYA-13 3.1 10.0 31.7 45.0 10.2 
USYA-14 7.9 17.5 36.5 32.1 6.0 
USYA-15 24.5 25.6 35.4 14.4 0.0 
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Si / Al 

2 . 5 6 

USYA 

4.91 

Real A 
2 . 7 8 

ι I I I I 
• 2 0 0 0 - 2 0 0 

ppm from A I ( H 2 0 ) 6 

Figure 2. 2 7 A l MAS NMR spectra of hydrated samples A, USYA and Real A 
on the absolute intensity scale. 10,000 scans were acquired in each case using 
resonant rf pulses of 600 ns duration. 
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crystallinity of the treated sample (not observed in this case) is indicated by 
the formation of non-framework octahedral aluminium which resonates at 
about 0 ppm. Broadening of the tetrahedral linewidth upon realumination 
indicates that the distribution of the reinserted aluminium is less selective 
and different from that of the as-prepared material. A full discussion of the 
quantitative aspects of the 2 7 A l NMR spectra of dealuminated and re-
aluminated zeolites is given in the accompanying paper (3). 

Further support for the conclusion that extensive realumination has 
taken place comes from the increase in unit cell parameter and from IR 
spectra (4). The spectra of treated samples show shifts to lower frequencies 
in the framework vibration region with respect to the untreated samples, 
except for the T-O bending at ca. 450 cm"1 which is known (17) to be 
insensitive to framework composition. These changes are considerable and 
consistent with the increase in the framework aluminium content. The 
band at ca. 730 cm-1, related to the symmetric Si-O-Al or to "isolated" A I O 4 

tetrahedra, increases in intensity following the treatment. Furthermore, the 
band at ca. 812 cm -1 which is known to shift to lower frequencies and 
decrease in intensity with an increase in framework aluminium is clearly 
observed in the realuminated product. 

Mechanism of Isomorphous Substitution. We suggest that the mechanism 
of realumination is as follows. Ultrastabilization removes framework Al at 
random (12,13,18,19). The extra-framework Al forms soluble (tetrahedral) 
aluminate anions upon contact with KOH. At the same time the zeolite 
undergoes partial dissolution in the base. Little is known about the 
solubility of zeolites in bases, and the only published work of which we are 
aware (20) deals with zeolites of low Si/Al ratio, but it is clear that the 
Si(OAl) building units are more soluble than the other four kinds in the 
same way in which silica is more soluble than aluminosilicates. The 
aluminate anions then enter the framework by elimination of Si(OAl) sites 
as described above. This was confirmed by the measurements of the 
composition of liquors after realumination. The liquor from sample 
USYA-13 contained 13.1% of the Si and 2.51% of the Al originally present in 
sample USYA from which it was prepared. This means that 10.01% of the 
sample was lost upon KOH treatment. In the case of sample USYA-15, 
prepared using 2M KOH solution, the total weight loss was ca. 13%. The 
weight loss depends very strongly on the concentration of the base: we have 
found (4) that only ca. 5% of a sample treated in 0.25M KOH (sample 9 in 
that reference) was dissolved in the course of treatment. The liquors always 
contained very little aluminium (Si/Al>5.5) and we believe that it is 
primarily the amorphous part of the ultrastable sample which is dissolved 
in the base. 
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Factors Controlling the Substitution 

(1) Residual sodium content. The degree of crystallinity of all samples was 
qualitatively determined from XRD pattern intensities with reference to the 
starting sample in the presence of an internal standard. The crystallinity of 
the realuminated products is higher than those of the siliceous samples 
from which they were produced. In fact, the crystallinity of the products is 
primarily governed by the characteristics of the parent dealuminated 
material. Highly siliceous samples USYA, USYB and USYC, prepared from 
samples A, B, and C respectively, have different degrees of crystallinity and 
Si/Al ratios as listed in Table II. Samples with low residual sodium content 
yield more siliceous products. Although the dealuminated samples are of 
comparable crystallinity to that of the starting NH4,Na-Y, it is clear that the 
realuminated products are of very different quality. The aluminous zeolite 
derived from dealuminated sample Real A (with Si/Al=4.91) is highly 
crystalline while a partial collapse of structure is observed in sample Real Β 
produced from ultrastable Y with a slightly higher Si/Al ratio. Sample 
Real C, derived from the precursor with Si/Al=14.2, is completely 
amorphous. Such loss of crystallinity must be attributed to the creation of a 
larger number of framework vacancies during steaming compounded by the 
dissolution of Si(4Si) sites in the course of treatment with the base. 
Dissolution is more rapid in more siliceous frameworks, the structure of 
which is destroyed before the vacancies can be reoccupied by the incoming 
aluminium atoms (4). Realuminated products of maximum crystallinity 
are prepared when the composition of the dealuminated material is 
carefully controlled. Our results show that dealuminated zeolite Y with 
Si/Al ratio as high as 15.75 (sample USYD) can be made more resistant to 
base treatment by ultrastabilization or repeated steaming, ammonium 
exchange and calcination. Such material remains crystalline upon 
realumination. This observation agrees with earlier work which 
established that repeated heat treatment and ion exchange "heal" the defects 
and thereby strengthen the framework structure (10-16,18,19). In 
conclusion, the most highly crystalline realuminated zeolites are prepared 
from medium-silica ultrastable materials, i.e. those which were made from 
parent samples high in residual sodium. 

(2) Contact Time. Table ΠΙ shows that realumination initially proceeds 
very fast. 67% of the non-framework aluminium goes back into the frame
work during the first hour of contact with aqueous solution of KOH. In 
general, increasing the time of contact while other parameters are kept 
constant has little effect on the extent of realumination as indicated by the 
small decrease of the Si/Al ratio of the framework (from 2.80 to 2.72) after 
the length of treatment was increased from 4 to 24 hours. 

(3) Temperature. Table IV shows that realumination temperature plays 
an important role in the realumination process. Optimum Al reinsertion is 
achieved at 80±5°C (sample USYA-3), while lower and higher temperatures 
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TABLE II. The effect of residual sodium content on the products 

Residual 
Sample Na content (SI/A1)NMR Crystallinity 

A 38% 2.56 v. good 
USYA 4.91 v. good 
Real A 2.78 v. good 
Β 18% 2.52 v. good 
USYB 4.95 good 
Real Β 2.44 good 
C 10% 2.53 v. good 
USYC 14.20 low 
RealC - amorphous 
A 38% 2.56 v. good 
USYD 15.75 good 
RealD 4.58 poor 

TABLE III. The effect of contact time on sample USYA 
treated with 0.25M KOH at 80°C 

Time (Si/A1)NMR A1F AINF AA1F % realuminated 

0.0 3.96 39 15 0 — 

0.5 3.10 47 7 8 53 
1.0 2.96 49 5 10 67 
2.0 2.86 50 4 11 73 
4.0 2.80 51 3 12 80 

24.0 2.72 52 2 13 86 

TABLE IV. The effect of temperature on realumination of sample 
USYA with 0.25M KOH for 24 hours 

Sample Temp. (oC) ao(À) (Si/A1)NMR Crystallinity 

USYA-1 30 24.58 3.57 v. good 
USYA-2 60 24.65 3.06 v. good 
USYA-3 80 24.69 2.78 v. good 
USYA-4 100 24.66 3.89 good 
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are less favourable. This is again caused by the competition between the 
dissolution of the framework in the base and the substitution of 
aluminium. At lower temperatures the dissolution is slow, and the 
substitution of aluminium less effective. When dissolution is much faster 
than the substitution, which is likely at elevated temperatures, the 
framework is rendered partially amorphous. This is confirmed by the 2 9 Si 
MAS NMR results in Figure 3. After treatment at 100°C (sample USYA-4), 
more Si(OAl) sites remain upon realumination because of the amorphous 
silica formed blocking the pores and preventing further incorporation of 
aluminium. XRD also shows a decrease in crystallinity of the product at 
high temperatures. 

(4) Concentration of the realuminating solution. 2 9 Si and 2 7A1 MAS 
NMR spectra of samples realuminated with KOH solutions of different 
concentrations (0.1 to 2M) are given in Figure 4. The concentration of the 
basic solution clearly plays a controlling role in determining the outcome of 
the process. Table V indicates a large change in composition of the product 
as the concentration increases from 0.1 to 2M, accompanied by an increase in 
the unit cell parameter. The aluminous sample USYA-15 produced by 
exposing USYA to 2M KOH has an exceptionally low Si/Al ratio of 1.54 
which is virtually that of zeolite X. 

It is clear that substitution can occur only on Si(OAl), i.e. Si(4Si) sites. 
It is only on these that the central silicon atom can be isomorphously 
substituted by aluminium without violating the Loewenstein rule (22) 
which prohibits A1-OA1 linkages and which is obeyed in all hydrothermally 
synthesised zeolites. On the other hand, all four remaining kinds of Si(nAl) 
sites (with n= 1, 2, 3 and 4) can be generated in the course of Al substitution 
of Si(OAl) sites, as demonstrated by an increase in the intensity of the NMR 
signal at about -100 ppm and the accompanying decrease for the Si(OAl) 
signal at -105 ppm. It is therefore of interest to consider quantitatively the 
populations of the various types of site involved in the reaction. 

All tetrahedral sites in the faujasite framework are 
crystallographically equivalent, and each has, by definition, four first-order 
tetrahedral neighbours. The number of second-order tetrahedral 
neighbours, which is structure-dependent and varies from zeolite to zeolite 
(23) is nine. It is important to note (4,24) that the number of Si(OAl) sites 
eliminated in the course of Si => Al substitution is generally greater than the 
number of Al atoms inserted. In scheme 5 of Figure 5, for example, the 
central silicon has no second-order Al neighbours, and there is in effect a 
cluster of five Si(OAl) sites, which are marked with arrows. When the 
central silicon is substituted by Al, the remaining four Si(OAl) sites in the 
grouping are all converted into Si(lAl) sites, which means that they can no 
longer be substituted. As a result, one Al atom eliminates five Si(OAl) sites. 
In the other extreme (scheme 1 in Figure 5) one Al atom substituting the 
central silicon eliminates just one Si(OAl) site. In this case all four first-
neighbour silicons are already linked to Al atoms in the second 
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coordination shell. In general, the number of Si(OAl) sites eliminated by 
one incoming Al is equal to the number of Si atoms in the first 
coordination shell which are not connected to aluminium atoms in the 
second coordination shell. Table I indicates that each incoming Al atom 
eliminates on the average two Si(OAl) sites, i.e. that these sites are mostly 
Type 2. 

Three features of the spectra given in Figures 4 and 6 will be 
considered further. First, the Si(lAl) signal in some realuminated samples 
is distinctly broadened. Liu et al. (25) explained this effect. The faujasite 
structure contains only one kind of crystallographic tetrahedral site and, 
accordingly, the 2 9 Si spectrum of a purely siliceous analogue of faujasite 
consists of a single Si(OAl) signal. Because the aluminate tetrahedron is 
larger than the silicate tetrahedron, the introduction of aluminium into the 
framework results in distortion of the structure. The bond angles readjust 
themselves to accommodate the guest. As a result Si-OAl angles are 
smaller than the original Si-O-Si angles, and the silicon atoms are 
deshielded. This distortion is reflected, to a lesser extent, in the chemical 
shifts of silicons more distant of the guest aluminium such as the second 
and further tetrahedral coordination shells. The introduction of the guest 
lifts the crystallographic and magnetic equivalence of the tetrahedral sites. 
Consequently, the Si(nT) building blocks with the same η no longer 
resonate at precisely the same NMR frequency and the lines are broadened. 
In the faujasite framework there are four nonequivalent kinds of oxygen. 
This means that each Si atom has four different Si-O-Si(Al) angles. It 
follows that these angles on the average give two kinds of Si(lT) structural 
groups (where Τ denotes Si or Al): those with the smaller [SUIT1)] and those 
with the larger [Si(lT2)] Si-O-T angle. SKIT1) and Si(lT2) groups resonate at 
different NMR frequencies, which gives rise to splitting in the spectrum. 
The SKIAI1) units resonate at ca. -100 ppm and the Si(lAl2) units at 
ca. -101 ppm. For Si(OT) and Si(4T) there is only one kind of first-order 
environment, while for Si(3T) there are two and for Si(2T) three. As a 
result the corresponding NMR signals are broadened rather than split. 

Examination of the spectra in Figure 4 clearly shows that, as the 
concentration of the base increases, aluminium is preferentially inserted in 
the SiQSi1) sites, which is to be expected since they offer more room to the 
incoming aluminate tetrahedra. The shoulder corresponding to the thus 
produced SHlAl1) units first appears in the spectrum of sample USYA-11, 
increases in intensity for sample USYA-12 (as more aluminium enters the 
framework), and becomes the dominant signal in the spectrum of sample 
USYA-13. The Si(lSi2) site which initially accounts for most of the Si(lSi) 
signal becomes a shoulder in the spectrum of sample USYA-13 and 
completely disappears in sample USYA-14. Later, as the SidSi1) sites are 
being filled, there is an increase in the Si(2Al) followed by the Si(3Al) and 
Si(4Al) sites indicated by a decrease in Si(lAl) in USYA-13, USYA-14 and 
USYA-15. Incorporation of aluminium into the framework is further 
demonstrated by 2 7A1 NMR spectra in Figure 4. Their relative absolute 
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Figure 3. 2 9Si MAS NMR spectra of samples derived from sample USYA by 
treatment with 0.25M KOH for 24 hours at different temperatures. The 
framework Si/Al ratios of the products are indicated in the right-hand 
column. 
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Figure 4. 2 9 Si and 2 7A1 MAS NMR spectra of samples derived from sample 
USYA by treatment with aqueous solutions of KOH of different 
concentrations for 24 hours. The framework Si/Al ratios of the products are 
indicated in the right-hand column. 
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TABLE V. The effect of concentration of KOH solution on sample 
USYA treated at 80°C for 24 hours 

Sample Concentration (M) (Si/A1)NMR (SÎ/A1)XRD a 0 (Â) 

USYA-11 0.10 3.82 3.18 24.67 
USYA-12 0.25 2.90 3.00 24.69 
USYA-13 0.50 2.59 2.76 24.72 
USYA-14 1.00 2.11 2.10 24.82 
USYA-15 2.00 1.54 1.43 24.98 

? 9 

4 5 

Figure 5. Possible tetrahedral environments of a silicon atom (marked with 
a cross) in the faujasite framework. First-order tetrahedral neighbours are 
separated from the second-order neighbours by the dotted line. Open circles 
denote silicon, closed circle aluminium; arrows indicate Si(OAl) sites. The 
number of such sites eliminated by substituting the central silicon by an 
aluminium is indicated under each diagram. 
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462 ZEOLITE SYNTHESIS 

Figure 6. 2 9Si MAS NMR spectra of samples derived from a dealuminated 
sample USY by treatment with 0.25M aqueous solutions of various bases for 
24 hours. The framework Si/Al ratios of the products are indicated. 
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intensities are maximum in sample USYA-15. It is striking that the relative 
intensities of the Si(nAl) signals in the spectra of the products, and therefore 
the Si,Al distribution in the frameworks, are very different than in as-
prepared samples of the same composition. 

Second, there is a slight shift of all Si(nAl) signals to high field (more 
negative chemical shift) upon dealumination, and to low field (less 
negative chemical shift) upon realumination in comparison with the 
corresponding signals in the starting material (sample A). This is due (14) to 
the increase of the number of Al atoms in the second and further 
coordination shells of every Si, because of the dependence of the 2 9 Si 
chemical shift on the composition of the framework. 

Third, the relative intensities of the Si(nAl) signals in realuminated 
samples are strikingly different from those in the as-prepared zeolites with 
the same framework composition, which means that the distribution of Si 
and Al in the treated zeolites is different. This is a consequence of the 
different site selectivities discussed above, but also of the fact that both the 
original Si(OAl) sites and the Si(OAl) sites created during ultrastabilization 
are available for Al substitution. 

Realumination has also been carried out in different kinds of bases, 
and the results given in Figure 6 and Table VI prove that considerable 
amount of aluminium is reinserted into the framework in all kinds of basic 
solutions. The degree of realumination is related to the degree of solubility 
of the silica in the base, with the exception of TMAOH although it is more 
basic than N H 4 O H . This must be due to the fact that TMA+ cation is larger 
than N H 4 + . 

Table VI. The effect of the kind of base on the extent of realumination of 
sample USY. 0.25M aqueous solution 

was used at 80°C for 24 hours. 

Sample (Si/A1) N MR (Si/Al)xRD ao(À) 

USY 5.08 5.62 24.51 
+KOH 2.86 3.36 24.65 
+NaOH 3.21 3.80 24.61 
+TMAOH 4.58 4.82 24.55 
+ N H 4 O H 4.39 4.49 24.56 
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Chapter 32 

Quadrupole Nutation NMR Studies 
of Second Generation Faujasitic Catalysts 

Halimaton Hamdan and Jacek Klinowski 

Department of Chemistry, University of Cambridge, Lensfield Road, 
Cambridge CB2 1EW, England 

27Al quadrupole nutation NMR reveals the presence of four 
kinds of aluminium in dealuminated zeolite Y: framework 
tetrahedral (F), non-framework tetrahedral (NFT), distorted 
framework tetrahedral (DFT) and non-framework octahedral 
(NFO). The DFT aluminium, which is reported for the first 
time here, is bonded to hydroxyl groups formed during de-
alumination. In samples realuminated by hydrothermal 
isomorphous substitution in aqueous KOH at elevated temp
eratures both the NFO and NFT aluminium is reinserted into 
the framework and the intensity of the DFT signal is corresp
ondingly reduced. The NFT aluminium resonates at a lower 
frequency than the F aluminium, and is subject to stronger 
quadrupolar interactions. Quantification of the various NMR 
signals is essential for the determination of the distribution of 
aluminium in zeolites. 

All NMR transitions of nuclei with I>l/2 are subject to first-order quad
rupole interactions with the exception of the central (1/2 <=> -1/2) transition 
which experiences only the second-order effects. Spectra of quadrupolar 
nuclei in polycrystalline samples give characteristic powder patterns for the 
central transition, whereas all other transitions are usually broadened 
beyond detection. While magic-angle spinning (MAS) reduces the line-
width of the central transition by a factor of ca. 4 in comparison with a static 
spectrum, second-order quadrupole interactions cannot be averaged to zero 
by MAS. Approximately 85% of all nuclei have I>l/2, and many 
quadrupolar components of common solids, such as 2 3 Na and 3 9 K , have in 
addition narrow chemical shift ranges, which greatly complicates the 
interpretation of their spectra. 

Quadrupole nutation NMR of nuclei with half-integer spin in pow
dered samples (1-8) can distinguish between nuclei subjected to different 
quadrupole interactions, the signals from which overlap in ordinary NMR 
spectra. The technique can be used for the determination of the local 

0097-6156/89A)398-0465$06.00A) 
ο 1989 American Chemical Society 
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environment of Al in zeolitic catalysts, which is essential for the under
standing of their chemistry. One of the difficulties involved is that, as a 
result of strong quadrupole interactions, the amounts of framework and 
non-framework Al in thermally treated samples determined by the joint 
application of 2 9 Si magic-angle-spinning (MAS) NMR (which monitors 
framework Al) and of chemical analysis (which gives the total Al content) 
are in striking disagreement with the results of 2 7A1 MAS NMR (9-11). The 
latter underestimates the amount of Al, and indirect methods, such as 
impregnation of the sample with ethanolic acetylacetone (12,13) prior to 
measurement have been used to observe the "invisible" aluminium. We 
have recently reported a series of advances towards quantitative determin
ation of aluminium in zeolites by NMR (6-8), showing that all the Al can be 
detected by NMR in the solid state provided certain experimental conditions 
are met. We shall now demonstrate that: 
1. During the course of hydrothermal dealumination (ultrastabilisation) of 

zeolite Y quadrupole nutation NMR detects four kinds of aluminium 
sites. In addition to signals from the framework (F), non-framework 
tetrahedral (NFT) and non-framework octahedral (NFO) aluminium 
there is a signal which we attribute to distorted framework (DFT) 
aluminium bonded to hydroxyl nests formed during dealumination. 

2. When dealuminated zeolite Y is treated with an aqueous solution of a 
strong base such as KOH hydrothermal isomorphous substitution of 
silicon by aluminium takes place. Reinsertion of non-framework 
tetrahedral (NFT) and non-framework octahedral (NFO) aluminium 
reduces the distortion of the aluminate tetrahedra in the framework. 

3. Realumination can only occur if there are sufficient suitable Si sites in 
the framework. Treatment of amorphous faujasites containing various 
kinds of aluminium leads to the formation of NFT aluminium with 
characteristic chemical shift and quadrupolar interactions. 

A quadrupole nutation NMR experiment (see Figure 1) is performed 
as follows. During the preparation period the spin system reaches thermo
dynamic equilibrium. During the evolution period the sample is irradiated 
with an rf field with a pulse of length ti. The detection period corresponds 
to the acquisition of the free induction decay (FID) over time period t2. By 
keeping t2 constant and increasing ti by equal increments at regular 
intervals, a series of FIDs is acquired. A double Fourier transformation in t2 
and ti gives a two-dimensional NMR spectrum with the axes F2 (containing 
the chemical shift and the second order quadrupolar shift) and Fi 
(containing only the quadrupolar information). The projection of the 
spectrum onto F2 is equivalent to a normal powder spectrum showing the 
combined effect of the chemical shift and quadrupolar interactions. The 
projection onto Fi gives the precession frequencies around the rf field in the 
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rotating frame which depend on the ratio of the quadrupolar parameter CUQ 
and the rf field strength ωΓΓ\ When cûQ«œrf a strong peak appears at the 
nutation frequency cûi=corf, while for cûQ»cûrf the peak is at o>2 = (1+1/2) corf. 
More complicated line shapes result for stationary samples in the 
intermediate cases (1,5). The strength of the quadrupolar interaction, COQ, 
can be up to several MHz depending on the nucleus and the structure of the 
solid, while the strength of the rf pulse is normally insufficient to allow the 
quadrupolar interaction to be neglected during the irradiation of the spin 
system. 

Experimental 

The 2 7A1 nutation spectra were measured at 104.26 MHz using a Bruker 
MSL-400 multinuclear NMR spectrometer with a high-power static probe-
head and a 5 mm diameter horizontal solenoidal coil. Using an aluminium 
nitrate solution the amplitude of the rf pulse (ωΓί/2π) was adjusted and kept 
at a constant value of 70±5 kHz unless otherwise stated. Nutation 
experiments were performed on the same amount of each sample and the 
same number of transients was accumulated for samples in the same series. 
The rf pulse length was increased in Ιμβ increments from 2 to 65 μβ. The 
spectral width was 125 kHz, the recycle delay 0.2 s and the number of 
transients accumulated in each measurement was between 2000 to 4000. 
The FIDs were doubly Fourier transformed in the magnitude mode. A sine 
bell digitizer filter and zero filling were used in the Fi dimension with no 
filter in the F2 dimension. 

Preparation of Samples. Dealuminated samples were prepared by hydro-
thermal treatment of 62% ammonium-exchanged zeolite NH4,Na-Y 
(sample 1). Samples D-l and D-2 were made by steaming 20 g portions of 
sample 1 in a tubular quartz furnace (14) at 525°C with water being injected 
by a peristaltic pump with a flow rate of 12 ml/hour for 5 and 18 hours, 
respectively. The amorphous sample A-5 was prepared by repeated washing 
of sample 1 with 1M H N O 3 and steaming at 525°C. Another amorphous 
sample (A-6) was made by treating sample 1 with excess mixed aqueous 
solution of C H 3 C O O N H 4 and (NH4)2SiF6. 

Realuminated samples R-3 and R-4 were prepared by hydrothermal 
isomorphous substitution (6,14) by stirring 1 g of sample D-2 in 50 ml of 
0.5M and 2M KOH at 80°C for 24 hours. The treatment of amorphous 
alumino-silicates A-5 and A-6 in 0.5M KOH under the same conditions gave 
samples AR-7 and AR-8, respectively. The conditions of preparation of all 
samples are summarised in Table I. 
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TABLE I. Conditions of preparation of samples. (S) denotes 
hydrothermal treatment (steaming); (R) denotes treatment 

with aqueous KOH; (Ch) denotes chemical treatment as 
described. 

Sample no. Prepared from sample no. Treatment 

1 parent Na-Y (Si/Al = 2.56) 62% N H 4 -
exchanged in 2 M 
N H 4 N O 3 

D-l 1 (S) 525°C, 5 hr. 

D-2 1 (S) 5 2 5 0 Q 18 hr. 

R-3 D-2 (R) 0 . 5 M KOH, 80°C, 24 hr. 

R-4 D-2 (R) 2 M KOH, 80°C, 24 hr. 

A-5 1 (S) 525°C, 18 hr, 1M H N O 3 
(twice) 

A-6 1 (Ch) Aqueous 
C H 3 C O O N H 4 + ( N H 4 ) 2 S i F 6 , 
80°C, lhr. 

AR-7 A - 5 (R) 0.5M KOH, 80°C, 24 hr. 

AR-8 A-6 (R) 0 . 5 M KOH, 80°C, 24 hr. 
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Results and Discussion 

All samples were characterized by x-ray diffraction (XRD) and by 2 9Si and 
2 7A1 MAS NMR. The unit cell parameters, framework Si/Al ratios and the 
numbers of framework Si and Al atoms per unit cell calculated from 
deconvolution using Gaussian peak shapes are given in Table Π. All 
samples were fully hydrated over saturated NH4CI for 24 hours prior to 
NMR experiments. 

XRD patterns of dealuminated samples D-l and D-2 agree well with 
previous work (15). The samples are highly crystalline and the (cubic) unit 
cell parameter is reduced (Table Π) by the dealumination of the framework. 
The Si/Al ratios of samples D-l and D-2 were 3.10 and 4.91, respectively, 
which confirms that the degree of dealumination increases with the 
duration of hydrothermal treatment. 

2 7A1 MAS NMR spectra of samples 1, D-2 and R-3 in the absolute 
intensity mode are given in Figure 2. As a result of dealumination, the 
intensity of the framework aluminium (F) signal at ca. 60 ppm in sample 
D-2 is much lower than in sample 1. The absence of spectral features at 
0 ppm shows that aluminium extracted from the framework is in tetra
hedral coordination, but the broadening of the 2 7A1 signal indicates that 
there is a wider range of quadrupole interactions than before thermal 
treatment. 

The nutation spectrum of sample 1 (Figure 3) consists of two signals 
[at (60 ppm, 78 kHz) and (60 ppm, 195 kHz)], both with the same linewidth 
of 855 Hz and both corresponding to framework (F) aluminium. The 
presence of two signals is due to the fact that the quadrupole interaction 
characteristic of framework 2 7A1 is of the same order of magnitude as the 
strength of the rf pulse. Since the latter is insufficient to overcome the 
quadrupole interaction entirely, the excitation is not fully non-selective (8). 
We have confirmed this by examining the nutation spectrum (not shown) 
of the same sample irradiated with a stronger rf pulse (96 kHz, as compared 
to 70 kHz for the spectra shown in Figure 3). The spectrum still contained 
two signals, at (60,101) and (60, 230), but the intensity of the first signal 
increased and that of the second decreased. This proves that both signals 
correspond to the same type of aluminium. 

In general, dealumination of sample 1 for various periods leads to 
spectra composed of up to four signals: 

Signals 1-3 have been assigned earlier (4,16). The highly crystalline 
dealuminated samples D-l and D-2 apparently do not contain NFO alum
inium (signal 3) but do contain the three remaining types: the projection of 

1. 
2. 
3. 
4. 

60 ppm, 78 kHz; 
-2 ppm, 78 kHz; 
56 ppm, 195 kHz; 
74 ppm, 195 kHz; 

(F) 
(NFO) 
(NFT) 
(DFT, see below). 
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(A-5) 

(D-2) 

(R - 3 ) 

\ 
(A-6) 

"1 Γ" 
200 -200 200 

(AR - 8) 

—ι 
-200 200 

— I 
-200 

ppm from Al( H2O )g 3 * 

Figure 2. 2 7A1 MAS NMR spectra. The spectra of samples 1, D-2 and R-3, 
but not those of the remaining samples, are given in the absolute intensity 
mode. 

TABLE Π. Unit cell parameters and the composition of the 
samples. Sip and Alp denote numbers of Si and 
Al atoms per unit cell of 192 tetrahedral atoms. 

Sample ao(À) (Si/ A1)NMR SIF A 1 F 

1 24.69 2.56 138 54 
D-l 24.58 3.10 145 47 
D-2 24.52 4.91 160 33 
R-3 24.72 2.59 139 54 
R-4 24.98 1.54 116 76 
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F 2 ( ppm) F 2 ( ppm ) 

Figure 3. 2 7A1 quadrupole nutation spectra of crystalline samples. 
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the nutation spectra in Figure 3 onto F2 gives a very broad signal at 60 ppm, 
while the projection onto Fi clearly reveals three component signals (1,4,5). 
Signal 4 does not coincide with any of the previously assigned peaks. In 
order to assign it correctly, we must consider several arguments. Figure 3 
shows that, as dealumination progresses, there is a change in relative 
intensities of the F and NFT signals and of the signal we wish to assign. The 
last two peaks first appear in sample D-l and become more intense in 
comparison to the F signal in the more highly dealuminated sample D-2. 
Signal 4 cannot be part of either the F or the NFT peak since it occurs at a 
lower field: its projection onto F2 is at 74 ppm and has a larger linewidth 
than signal F. The first step in the thermal treatment of zeolite NH4,NaY is 
the formation of the H-form (17,18), which generates tetrahedral framework 
aluminium associated with the hydroxyl nests. These nests can be "healed" 
by the rearrangement of the framework during which the vacancies left by 
the expulsion of Al are reoccupied by Si from other regions of the sample. 
However, there is evidence that some hydroxyl nests do remain (19,20). The 
proton is more electronegative than silicon and deshields the 2 7A1 nucleus 
so that it resonates at lower field. The presence of the proton makes the 
environment of 2 7A1 asymmetric, i.e. increases quadrupole effects. A 
simple calculation based on the 2 9Si MAS NMR spectra (see Table Π) and the 
obvious fact that the total amount of Al in the sample remains constant 
upon heat treatment shows that 61% of the total aluminium (33 out of 54 
atoms) in sample D-2 is part of the framework. Deconvolution of the 2 7A1 
spectrum in Figure 2 based on the (incorrect) assumption that the linewidth 
of the 2 7A1 signal remains constant upon hydrothermal treatment, always 
gives much lower amounts of framework Al than calculated from 2 9 Si MAS 
NMR and XRD (9,10,18). Since it has been demonstrated that hydrated 
zeolites contain no "invisible" aluminium (6-8), one of the two signals at 
195 kHz in Fi in Figure 3 must represent framework Al in sites distorted as a 
result of the hydrothermal treatment. Signal 4 (at 74, 195) is therefore 
assigned to tetrahedral framework aluminium in a distorted environment 
(DFT). Since it occurs at a higher nutation frequency than the "ordinary" (F) 
aluminium, such Al is subject to stronger quadrupole effects. Earlier work 
(13) has shown that almost all non-framework aluminium dissolves in 
ethanolic acetylacetone but that no framework aluminium does so unless 
the treatment is continued for extended periods. The nutation spectrum of 
sample D-2 treated with acetylacetone indicates (not shown) that a consider
able amount of NFT aluminium has been removed, but that the F and DFT 
signals remain virtually unaffected. This further confirms that framework 
aluminium is not complexed by acetylacetone, and that signal 4 comes from 
Al in the framework, but subjected to stronger quadrupole interactions than 
in untreated samples. 

The intensity of the 2 7A1 MAS NMR spectrum of the realuminated 
sample R-3 (Figure 2) is greater than that of the dealuminated sample D-2. 
The F2 projection indicates that aluminium in the latter sample is in the 
tetrahedral coordination. The nutation spectra (Figure 3) clearly show that 
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the aluminium does go back into the framework. As realumination pro
gresses, the F signal at (60, 78) increases. By comparing nutation spectra of 
many realuminated samples containing different amounts of framework 
aluminium as a result of treatment with KOH solutions of different concen
trations we have found that both the NFT and (whenever present in the 
ultrastable precursors) the NFO species are involved. Upon treatment with 
0.5M KOH (sample R-3) the NFT signal disappears faster than the DFT 
signal, indicating that the initial stage of the reaction involves primarily a 
conversion of NFT aluminium into F aluminium. The intensity of the 
DFT signal falls significantly only after most NFT aluminium has gone back 
into the framework (as in sample R-4 which has been treated with a more 
concentrated base). Also, the F signal in the realuminated sample R-4 is 
much narrower than in sample D-2 from which it was prepared, which 
indicates that the distribution of F aluminium is more ordered and 
symmetrical. However, the effect is not sufficiently large for the chemical 
shifts and/or quadrupole interactions to be manifested as a change in the Fi 
frequency. Aluminium reinsertion is evidently accompanied by a 
"relaxation" of the zeolitic framework. A treatment of the realuminated 
sample R-4 with acetylacetone does not remove aluminium from either the 
F or the remaining DFT sites. 

Although there is ample proof by NMR in one and two dimensions 
that aluminium is indeed reinserted into the framework, it could be argued 
that part of the tetrahedral aluminium observed in hydrothermally treated 
samples is attributable to amorphous parts of the sample which cannot be 
distinguished from the crystalline part by 2 9 Si MAS NMR or the conven
tional 2 7A1 MAS NMR. Si(nAl) units in the amorphous phase generally 
give rise to very broad 2 9 Si NMR signals which overlap with signals from 
the crystalline regions of the sample (19). In order to demonstrate that our 
samples contain only crystalline aluminosilicate and therefore that this 
possibility may be dismissed, we have acquired nutation spectra of zeolite 
samples which have been deliberately made amorphous by chemical treat
ment (see Table I). We did not use thermal methods of amorphization so as 
to avoid recrystallization of compact aluminosilicates. The XRD patterns of 
the amorphous samples A-5 and A-6 are featureless with a broad hump at 

20=22°. The 2 9Si MAS NMR spectra of amorphous samples A-5 and A-6 
(Figure 5) both feature a large broad peak at -112 ppm, typical of amorphous 
silica (18). The 2 7A1 MAS NMR spectrum of sample A-5 (Figure 2) is broad 
and contains both octahedral and tetrahedral signals, indicating that many 
kinds of non-equivalent environments for aluminium are simultaneously 
present. This is further confirmed by the nutation spectrum of sample A-5 
(Figure 4), composed of numerous weak features obscured by the noise. By 
contrast, the 2 7A1 MAS NMR spectrum of the amorphous sample A-6 
features a narrow peak at -2 ppm (Figure 2) indicating that the aluminium is 
mobile and in octahedral coordination. There is an additional low intensity 
signal at 60 ppm indicating that a small amount of tetrahedral aluminium 
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Figure 4. 2 7A1 quadrupole nutation spectra of amorphous samples. 
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Figure 5. 2 9Si MAS NMR spectra. 
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is also present. The nutation spectrum, however, shows only one signal, at 
(-2, 78), corresponding to NFO aluminium. 

The treatment of samples A-5 and A-6 with aqueous KOH provides 
much information. The XRD pattern of sample AR-7 indicates that a new 
amorphous phase has been formed responsible for the appearance of the 
new broad hump at 26=25°. The 2 9 Si MAS NMR spectrum features a large 
peak at -113 ppm and a shoulder at -115 ppm (Figure 5). Both are narrower 
than in the starting amorphous samples A-5 and A-6. The 2 7A1 MAS NMR 
spectrum of sample AR-7 (Figure 2) contains one narrow signal at 56 ppm, 
i.e. in the tetrahedral region. The nutation spectrum (Figure 4) gives two 
signals [at (56, 78) and (56,195)], for instrumental reasons both 
corresponding to the same kind of Al (see above). The position of these 
peaks in F2 and Fi is as reported by Samoson et al. (4) and assigned to non-
framework tetrahedral (NFT) aluminium. We agree with their conclusion, 
since the sample is completely amorphous and cannot contain tetrahedral 
framework (F) aluminium. The 2 7A1 MAS NMR spectrum of KOH-treated 
sample AR-8 (Figure 2) is composed of two signals (at -2 ppm and at 
56 ppm), which indicates that some of the NFO aluminium has been 
converted to NFT aluminium. The nutation spectrum (Figure 4) shows 
three signals: (-2, 78), (56, 78) and (56,195), which proves that all the forms 
of Al in the amorphous phase are converted to tetrahedral Al upon 
treatment with the base. However, the increased linewidth of the resulting 
NMR signals and the fact that they are located at higher field (56 ppm) along 
the F2 axis compared with 60 ppm for the F signal indicates that they are due 
to NFT aluminium. Furthermore, large quadrupolar effects and low 
concentration of the latter species make the small difference in peak 
position unobservable by conventional 2 7A1 MAS NMR. It appears that the 
increase in 2 7A1 linewidth observed upon dealumination of zeolites is due 
to a superposition of the F and NFT signals. 

Since the 2 9 Si MAS spectra of both base-treated amorphous samples 
(AR-7 and AR-8) contain peaks at more negative chemical shifts than in the 
crystalline materials (for example samples R-3 and R-4 in Figure 3) it is clear 
that NMR signals from the amorphous phase cannot interfere with the 
determination of Si/Al ratios in realuminated crystalline zeolites. Our 
assignment of signal 4 as due to DFT aluminium is therefore vindicated, 
and the reinsertion of Al into the zeolitic framework demonstrated quan
titatively. 
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Chapter 33 

Mechanism of Rapid Zeolite Crystallizations 
and Its Applications to Catalyst Synthesis 

Tomoyuki Inui 

Department of Hydrocarbon Chemistry, Faculty of Engineering, 
Kyoto University, Sakyo-ku, Kyoto 606, Japan 

Rapid syntheses of zeolites were accomplished. For the 
hydrogelatinous gel, after nucleation of the crystal 
growth, the precursor was treated by temperature-
programmed heating, and the crystallization time was 
markedly reduced. The seed materials were also effec
tive for this type of zeolite synthesis. On the other 
hand, for the precipitated gel, combined treatments of 
milling and temperature-programmed heating were highly 
effective for the synthesis of small and uniform zeo
lite materials within very short period of crystal 
growth. The zeolites prepared by the rapid crystalli
zation method had better catalytic performance than 
that of catalysts prepared by conventional methods. 
Application of the method to the synthesis of a varie
ty of zeolitic materials will be discussed. 

In the l a s t decade, shape sel e c t i v e z e o l i t e s such as ZSM-5 (1^ 2) 
and ZSM-34. (^Vi) have been studied extensively. Particular interest 
has been paid to these new types of catalysts because of t h e i r 
excellent s e l e c t i v i t y to gasoline or lower o l e f i n synthesis from 
methanol. In general, however, these shape selective zeolites need a 
long crystallization period during their preparation. According to 
the patent literature, preparation of ZSM-34 requires between 25 and 
196 days at 100°C, and that of ZSM-5 requires between 20 h and one 
week at a higher temperature for c r y s t a l l i z a t i o n i n hydrothermal 
conditions. Such a slow crystallization method would have the f o l 
lowing disadvantages: 

1) Extensive labor coupled with delay and expense. 
2) Low reproducibility in the properties of crystals formed. 
3) Production of large crystals. The effective d i f f u s i v i t y of 

these products would be low and unfavorable for their use in 
catal y t i c reactions. 

4.) Decrease in purity of crystal structure. Since large single 
crystals are easily obtained, the amount impurity i n a crystal 
can be reduced. However, i n the case of consecutive phase 
transformations (6), the p o s s i b i l i t y of coexisting c r y s t a l 

0097-6156/89/0398-0479$06.00A) 
o 1989 American Chemical Society 
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structures increases, and, therefore, the purity of c r y s t a l 
structure would be lowered. Also, large crystals formed by a 
slow crystallization process give a concentration profile of 
the crystal components, and this might be unfavorable for the 
use of catalytic reactions. 

Rapid crystallization would overcome the disadvantages of slow 
crystallization and, more s i g n i f i c a n t l y , hetero elements could be 
incorporated inside the crystals. Metal-incorporated zeolitic mate
r i a l s serve as bifunctional catalysts, exhibiting properties of both 
metal catalysts and zeolite catalysts. 

Experimental 

ZSM-34 preparation. Preparation of ZSM-34 zeolite was based on the 
patent literature (j>). However choline was used instead of choline 
chloride as the organic template, on the basis that z e o l i t e s pre
pared by using choline have better performance for olefin synthesis 
from methanol than zeolites prepared by using choline chloride (7). 

The reaction materials used were 30 wt% s i l i c a sol solution, 
sodium aluminate, reagent grade sodium and potassium hydroxides, 50 
wt% choline solution, and d i s t i l l e d water. Appropriate amounts of 
sodium hydroxide, potassium hydroxide, and sodium aluminate were 
dissolved in d i s t i l l e d water. After adding the choline solution, the 
mixed aqueous solution was kept at 0°C. In another container, the 
s i l i c a s ol solution was also made at 0°C. The two solutions were 
mixed quickly and stirred vigorously for 2 min using a Homo-Mixer 
(Tokushuki Kako Kogyo Co.). An almost transparent, hydrogelatinous 
mixture was obtained. 

The gel solution mixtures were packed i n ampoules and crystal
lized at 100°C for various periods from 0.25 to 131 days. The solid 
products were washed with water to pH = 9 and dried overnight at 
100°C, then calcined under passage of a i r at 5Λ0°0 for 3-5 h. The 
molar r a t i o of S i / A l , (Na + K)/A1, K/(Na + K), and choline/OH" were 
fixed at 9·3, 7.3, 0.17, and 0.67, respectively. Based on the analy
si s of the slow c r y s t a l l i z a t i o n rate process, the hydrothermal 
treatment was properly shortened by a temperature-programmed crysta
l l i z a t i o n . Furthermore, the effe c t s of seed materials, type of 
template, hydrothermal temperature, and S i / A l r a t i o of the gel 
mixture on the crystallization were investigated. 

ZSM-5 preparation. Preparation of ZSM-5 z e o l i t e by Method 1 was 
based on the method given i n the patent literature (2), i n order to 
give us an authentic sample. However, the temperature condition for 
c r y s t a l l i z a t i o n was modified. A reaction mixture was prepared by 
mixing the following three solutions A, B, and C. In case of S i / A l 
atomic r a t i o 4-0, for example, solution A was composed of 2.70 g of 
A l 2 ( S 0 y ) 3 * l 6 * 18H20, 6.20 g of H?S0y (97.5%), 7.53 g of tetrapropy-
lammonium bromide (TPAB), and 60 g of d i s t i l l e d water. Solution Β 
was prepared by dis s o l v i n g 69.0 g of No.3-brand water glass (28.93 
wt% S i 0 2 , 9.28 wt% Na 20, balance H 20) i n Λ5 g of d i s t i l l e d water. 
Solution C was 130 g of 20 wt% NaCl aqueous solution. Solution A and 
Β were added dropwise to solution C i n a Pyrex 300 ml beaker while 
maintaining a pH of 9 ̂  11 at room temperature and vigorously 
sti r r i n g with an ultra-disperser. The reaction mixture was heated in 
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a one l i t e r autoclave to 160°C with a heating rate of 1°C/min with
out s t i r r i n g and was kept at this temperature for 2 h. The tempera
ture was then raised to 190°C with a heating rate of 0.33°C/min and 
held at this temperature for 5 h. The product was washed with water 
u n t i l no CI ions were detected, dried at 120°C for 3 h, and then 
calcined i n an air stream at 540°C for 3.5 h. The material was then 
converted into the ammonium form by repeated exchanges with 1M 
ΝΗ,ΝΟ^ solution at 80°C for 1 h. The product was washed with water 
at room temperature, dried overnight at 100°C and then heated in air 
at 540°C for 3.5 h. The resulting powder was compressed i n a tablet 
machine, and this was crushed into 8^15 mesh pieces to provide the 
catalyst for the reaction. 

In Method 2, the reacting mixture was crystallized by raising 
the temperature from 160 to 210°C at a constant heating rate of 
0.l6°C/min while s t i r r i n g at 60 rpm. 

In Method 3» after c e n t r i f u g a l separation of the gel mixture 
from the mother liquor, the gel was mechanically ground i n a mortar 
for 15 min. This procedure was repeated twice and the f i n a l mortar
ing time was prolonged for another 15 min. The ground gel mixture 
was returned to the mother liquor in an autoclave. The cr y s t a l l i z a 
tion conditions were the same as for Method 2. 

In Method Λ, the change i n composition of the mother liquor 
during the precipitation of Na20-(TPA)20-Al20o-Si02-H20 synthesis-
gel mixture was minimized by modification or the procedure. To the 
solution A, 11.95 g NaCl was added (solution A 1)* and to the solu
tion C, 2.16 g TPAB, U.32 g NaCl, 2.39 g NaOH, 1.80 g H 2S0, and 104 
g HpO were added (solution 01)· The gel mixture was prepared as i n 
Mefliod 1 with the solutions A1, B, C!. After separation from the 
mother liquor and grinding as i n Method 3» the gel mixture was 
returned to a different mother liquor which was separately formed by 
Method 3· The crystallization condition were the same as for Method 
2. When the crystals of different Si/Al were synthesized, only the 
amount of Al was changed. 

Various metallosilicates were prepared by Method 4» replacing 
Al by other tradition metals at the stage of gel formation (8). 

Characterization of catalyst. BET-surface areas of the sample were 
measured by N2 adsorption at liquid-nitrogen temperature. Thermo-
gravimetric analysis was carried out with a Shimadzu micro TG-DTA 
30. X-ray d i f f r a c t i o n (XRD) patterns of the z e o l i t e calcined at 
540°C were obtained with Cu Κα r a d i a t i o n using a Rigaku Denki 
Gigerflex 2013 with a wide source. Morphology of the samples were 
observed by a scanning electron microscope (SEM), Hitachi-Akashi MSM 
102, with a resolution l i m i t of 70 A. Bulk composition of the sam
ples was analyzed by a Shimadzu atomic adsorption/flame emission 
spectrophotometer (AA) AA-640-01 using appropriate hollow cathode 
lamps for respective elements. Outer surface composition of the 
crystals was analyzed by a X-raymicroanalyzer (EMAX), Horiba EMAX-
1800 attached to the scanning electron microscope. Temperature-
programmed desorption (TPD) of NHo was measured by a continuous flow 
method with a Rigaku Denki micro TG-DSC. After adsorption of NĤ  at 
80°C, elution by He was carried out at the same temperature; the 
temperature was then raised to 750°C at heating rate of 20°C/min. 
TPD p r o f i l e s were obtained from d i f f e r e n t i a l s of the weight-loss 
curves. 
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Catalytic reaction method. The methanol-conversion reaction was 
carried out in a ordinary flow reactor under atmospheric pressure. A 
0.5 ml portion of the catalyst was packed into a Pyrex tubular 
reactor of 6 mm inner diameter. The reaction gas, composed of 20 ^ 
100% MeOH balanced with N 2, was then allowed to flow through the 
catalyst bed at a temperature in the range 240 ^ 360°C and a space 
velocity (SV) in the range A00 ^ A000 l i t e r * l i t e r " 1 # h - 1 . The olefin-
conversion reaction was carried out in a flow reactor of 8 mm inner 
diameter. The reaction gas, composed of an o l e f i n (C 2H^, C^H^, or 
C/Hg) and N 2 mixed at various r a t i o s , was then allowed to flow 
tnrough the catalyst bed at a temperature i n the range 260 ^ 360°C 
and a space velocity i n the range 900 ^ 4500 h" 1. 

The paraffin-conversion reaction was carried out i n a flow 
reactor of 8 mm inner diameter. The reaction gas composed of paraf
f i n (C-j n-C2Q) and N 2 mixed at various r a t i o s was fed at a tem
perature range from 350 to 700°C and a space velocity of 1000 ^ 8000 
h" 1. 

Products were analyzed using TCD-FID, FID, and TCD type gas 
chroma to graphs equipped with integrators. 

Results and Discussion 

Rapid Crystallization from a Hydrogelatinous Precursor of Crystals. 
Conventional preparation method. The mixed gel for c r y s t a l l i 

zation of ZSM-34 was hydrogelatinous as noted in the experimental 
section. The change in crystal morphology and BET surface area as a 
function of the crystallization time at 100°C i s shown in Fig.1 with 
the results of methanol conversion by these materials. 

The gel mixture was converted into spherical particles within 3 
days. The shape and size of spherical particles were maintained for 
about 3 months, but following that the p a r t i c l e s became somewhat 
larger and irregular. The BET surface area decreased in the f i r s t 3 
days. This period corresponds to the period of spherical p a r t i c l e 
formation from the gel mixture. 

From the comparison of r e l a t i v e i n t e n s i t i e s of XRD patterns, 
the samples at 0.5 and 1 day showed very poor c r y s t a l l i n i t y ; how
ever, the sample at 3 days already showed the principal XRD lines of 
ZSM-34, although the relative intensities were s t i l l very weak. Of 
the materials prepared i n the f i r s t 3 days, dimethyl ether (DME) was 
formed exclu s i v e l y and increased sharply with an increase of the 
c r y s t a l l i z a t i o n time. After 3 days of c r y s t a l l i z a t i o n , the BET 
surface area increased sharply and then gradually approached i t s 
highest l e v e l . Considering t h i s trend, hydrocarbon formation i n 
creased with decreasing DME formation. The XRD patterns of 16 days 
corresponded to the main c r y s t a l structures of ZSM-34 (5). This 
period corresponds to the period of intergrowth of the z e o l i t e 
crystal in each individual particle. After a very long c r y s t a l l i z a 
t ion, such as 131 days, p a r a f f i n s e l e c t i v i t y increased and o l e f i n 
s e l e c t i v i t y decreased. The most s i g n i f i c a n t observation of these 
sequential experiments i s that during the period of the f i r s t 3 
days, a l l the gel mixture converted to spherical materials, pre
cursors of the z e o l i t e c r y s t a l with very l i t t l e i n t e r n a l surface 
area. The crystallization occurs in each spherical particle, and the 
change in BET surface area with an increase in crystallization time, 
suggests that the rate of c r y s t a l l i z a t i o n i s rapid i n the early 
stage, but slows down with increasing crystallinity. 
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Figure 1. Change in properties of ZSM-34 z e o l i t e with an i n 
crease of crystallization time. 
Conditions of MeOH conversion, 12% MeOH, 88% H 9 f 400°C, SV 930 
h" 1. * 
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Direct heating method. In order to confirm the change in crys
t a l l i z a t i o n process, the gel mixture was heated d i r e c t l y to 200°C 
with a constant heating rate of 2.8°C*min~1, and then i t was main
tained for 2 h. The resulting product contained sodalite with ZSM-
3U9 and the morphology was completely different from the crystals 
prepared by the conventional method. 

As shown in Fig. 2, the catalytic activity of the zeolite pre
pared by the d i r e c t heating method for methanol conversion was 
higher than that of the zeolite crystallization for 25 days by the 
standard preparation method. However, deactivation of the catalyst 
by carbon deposit occurred early in the reaction, just as with the 
catalyst prepared by the standard method. Differences in cr y s t a l l i t e 
morphology between those prepared by the standard method and the 
direct heating method would be attributed to the stage of the pre
cursor formation. Therefore, after the precursor formation the rapid 
heating was adopted as described below. 

Precursor heating method. The gel mixture was maintained at 
100°C for 3 days for precursor formation. The precursor with the 
mother liquor was transferred to autoclaves, and the temperature was 
raised at a constant rate of 1.7°C*min"1 to 130, 160, 190, and 
220°C. The temperature was maintained at each level for 0.5 h. The 
synthesized materials were also treated i n the same manner as the 
standard preparation method. XRD patterns showed that the zeolites 
prepared at 190 and 220°C were ZSM-34; however, the z e o l i t e pre
pared at 220°C contained some sodalite structure. The z e o l i t e s 
c r y s t a l l i z e d at 130 and 160°C had i n s u f f i c i e n t XRD i n t e n s i t y of 
ZSM-34 patterns and showed an activity of only DME formation. When 
the crystallization temperature was raised to 190°C, DME decreased 
to ca. 1/10, and C^-Cy olefins increased dramatically. However, when 
the crystallization temperature was raised to 220°C, ethylene forma
tion decreased markedly and DME increased. 

As can be seen in Fig. 2, the catalytic activity of the zeolite 
prepared at 190°C for 0.5 h in the precursor heating method was the 
largest among those of the zeolites prepared by different methods. 
Furthermore, the selectivity to valuable ethylene and the catalyst 
l i f e also increased markedly for the zeolite prepared by the precur
sor heating method. 

Other factors enhancing crystallization rate. Kinds of organic 
template were changed for synthesis of ZSM-34. type zeolite, and i t 
was found that tetramethylammonium hydroxide was the best template 
for the rapid crystallization (1̂ 0). The crystallization was achieved 
i n only 2 h at 187°C, corresponding to 1/1600 of the time i n the 
standard method. In this case, the amount of necessary template was 
only 1/8 of choline hydroxide, producing the z e o l i t e which had a 
rather better catalytic performance i n methanol conversion Seed 
cr y s t a l s , prepared by grinding the preformed z e o l i t e i n an agate 
mortar, markedly reduced the c r y s t a l l i z a t i o n time (1̂ 0, 11_). The 
comparative data for the zeolites with and without seed crystals are 
shown i n Fig. 3. The size of z e o l i t e s formed was inversely related 
to the quantity of seed crystals added to the reagents of mixed gel 
formation. Zeolite crystals produced in the presence of 9 wt% seed 
crystals with a l l other conditions being identical, were about 1/70 
the volume of zeolite crystals formed in the absence of seed crys
t a l s and were more uniform i n shape. Whereas the change i n BET 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

03
3

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



33. INUI Mechanism of Rapid Zeolite Crystallizations 485 

Ci. 1-4 

Standard method (25 day) 

Direct heating method(2 h) 

Precursor heating method 
(3 day + 0.5 h) 

ZHC 
(C-mol/1) 

MeOH conversion , Product distribution (C-mol%) 

Figure 2. Comparison of methanol conversion on various ZSM-34 
zeolites prepared by different methods. 
Reaction conditions, 12% MeOH, 88% N2, 400°C, SV 1000 h" 1. 
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Seed crystals added (wt%) 0 9.0 
MeOH conv. (%) 100 100 
Selectivity of C2-C4 74.9 81.3 

olefines (C-mol%) 
Integrated amount of 25.9 56.4 
hydrocarbon formed (C-mol ) 

Carbon in residual 1.8 3.9 
hydrocarbons (mol/I) 

Catalyst l i f e (h) 5.5 12.1 
De (ΙΟ-5 cmVsec) 3.06 6.17 

Figure 3. E f f e c t of seed cry s t a l s on the c r y s t a l l i z a t i o n and 
the catalytic performance of methanol conversion. 
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surface area was minor, the e f f e c t i v e d i f f u s i v i t y of n-hexane i n 
creased i n the zeol i te wi th the seed crysta ls (1J[). The zeol i te with 
the seed crystals converted methanol to l i g h t olef ins with higher 
s e l e c t i v i t y and longer catalyst l i f e than the zeol i te without seed 
c r y s t a l . 

Metal incorporation into the zeolite using metal loaded seed mate
ri a l s . The combination of c a t a l y s t metal w i t h z e o l i t e c a t a l y s t i s 
one of the most in t r igu ing subjects for bifunct ional ca ta lys is . The 
achievement of prominent effect of the seed crysta ls on the c r y s t a l 
l i z a t i o n of ZSM-34. type c a t a l y s t induced an idea that the seed 
material on which a catalyst metal had been supported previously 
would also be effective for rapid c r y s t a l l i z a t i o n . 

Instead of the seed zeol i te c rys ta ls , a mixture of one part γ -
alumina ( 0.2 urn ) and three par ts α - a l u m i n a ( ca. 1 ym ) was used 
as seed material . Fortunately, a s i m i l a r effect on the c r y s t a l l i z a 
t ion was observed, although about 2 times the quantity of the seed 
ma te r i a l s was necessary (2). The metal pre- loaded γ and α - a l u m i n a 
mixture was then t r i e d as the seed material and confirmed the same 
effect on c r y s t a l l i z a t i o n . In the case of 0.4 wt% Ru (2) and 0.7 wt% 
Rh (1_2) i n the catalyst product a longer catalyst l i f e was obtained, 
i .e . , 1.32 times and 1.65 times, respectively, without any s i g n i f i 
cant change i n the a c t i v i t y and s e l e c t i v i t y compared w i t h the non 
metal-loaded zeol i te catalyst . 

Carbon dioxide, which corresponded to ca 2% of converted metha
n o l , was observed i n the e f f luen t gas from the reac to r . This i n d i 
cates tha t a par t of deposi ted coke on the z e o l i t e surface was 
burned w i t h the oxygen der ived from methanol by the a c t i o n of the 
metal component. The metal component a l so acted as a combustion 
catalyst for coke during regeneration treatment with a i r . The effect 
of metal l oad ing on the performance of methanol convers ion was 
investigated. Of the four loading methods used [ion-exchange method, 
p h y s i c a l b lending method, impregnation method and c r y s t a l l i z a t i o n 
nucle i method (12)], the c r y s t a l l i z a t i o n nucle i method exhibited the 
best performance. This new method allows the metal component to be 
h i g h l y d i spersed upon each z e o l i t e c r y s t a l l i t e , ma in ta in ing the 
necessary properties of zeo l i t e , because the dispersed metal p a r t i 
cles are l i m i t e d to the part of seed material located at one of the 
ends of the rice-shaped c r y s t a l l i t e s . 

Rapid crystallization from a precipitated-gel precursor of crystals. 
In the course of pentasi l zeol i te ZSM-5 synthesis, the gel mixture 
obtained from s tar t ing aqueous solut ion i s a low density p r e c i p i 
tate, which i s different from the hydrogelatinous state i n ZSM-34 
synthesis; i t can be eas i ly separated from the supernatant f l u i d by 
centrifuge. 

Most of the s i l i c o n component feed has been already involved i n 
th i s precipi ta te , and c rys t a l l i za t ions occurs in t e rna l ly inside the 
s o l i d phase of the precipi ta te . The precipi ta te i t s e l f i s the pre
cursor of the c rys ta l . In fact , seed materials have no enhancement 
e f fec t on the c r y s t a l growth as descr ibed above. Therefore, the 
fol lowing three hypotheses were considered and t r i a l s were made to 
substantiate them. 

Uniform crystals could be synthesized by regulating the composition 
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of starting solutions. In the conventional method of ZSM-5 synthesis 
(Method 1), the composition of li q u i d phase markedly changes with an 
increase of precipitation. In such a case, the composition and the 
profile of components inside the crystals and their catalytic per
formances could be affected. Therefore, i n order to synthesize 
crystals having a more uniform composition, compositions of the 
s t a r t i n g solutions should be regulated to minimize the composition 
change during the precipitation. Accordingly, the compositions of 
solution A and C were l a r g e l y regulated as the solution A1 and C! 

used for method 4. However, the mother liquor used during the hydro-
thermal treatment was the same as in the patent literature (Method 
1), because the mother liquor was known to synthesize ZSM-5. 

Uniform and small crystallites could be rapidly synthesized by 
milling of crystal precursor. The size and concentration profiles of 
p r e c i p i t a t e d p a r t i c l e s affected not only the induction period and 
the rate of c r y s t a l l i z a t i o n , but also the c r y s t a l structure and 
distribution of the acid sites. Accordingly, i f the crystal precur
sor i s as small and uniform as possible, the synthesis of a very 
small and uniform crystallites and very rapid crystallization would 
be expected. Such small particles would play the role of nuclei of 
the c r y s t a l s . Therefore, i n t h i s study, the p r e c i p i t a t e d gel was 
milled by a motor driven mortar. The li q u i d phase separated from the 
gel by the progress of m i l l i n g was removed twice by centrifuge 
(Method 3 ) . 

Temperature programmed crystallization considering the rate process 
could minimize the crystallization time. Most of the conventional 
hydrothermal syntheses are carried out at a constant temperature. As 
shown i n Fig. 4., c r y s t a l l i z a t i o n has an induction period and then 
rapid crystallization occurs at constant temperature. However, the 
rate of crystal growth then slows down and gradually decreases with 
an increase of c r y s t a l l i z a t i o n time. Accordingly, much time i s 
consumed in the l a t t e r stage of c r y s t a l l i z a t i o n i n which the rate 
has decreased. As zeolite crystals are a quasi-stable phase, those 
which have been formed i n the early stage are kept i n the hydro-
thermal condition for a long time, and a lack of uniformity could 
result from transformation into other unfavorable phases. Therefore, 
i f the crystallization rate can be keep at a high level by changing 
the temperature of hydrothermal synthesis (Fig. 5), i t i s expected 
that the crystallization time w i l l be reduced and the properties of 
crystals w i l l be more uniform. 

In this study, the crystallization temperature and the heating 
rate were varied using the m i l l e d precursor, and ZSM-5 c r y s t a l s 
could be synthesized. For example, the temperature was elevated from 
160 to 210°C with a constant heating rate of 0.2°C/min (Method 2). 
The cr y s t a l s prepared by Methods 1 ^ 4 . had about same BET-surface 
area of 385 ± 1 1 m2 /g and the XRD patterns of ZSM-5. The average 
size of crystals reduced from 8 ym for Method 1 to 1 ym for Method 
4.· The concentration p r o f i l e s of S i and Al from outside to inside 
the c r y s t a l s became uniform with reducing size. The a c t i v i t y of 
methanol conversion, the yield of gasoline fraction, and the content 
of aromatics i n the gasoline c l e a r l y increased for the product of 
Method U (Fig. 6 ) . 

Thus, i t was confirmed that the three control conditions men-
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Figure 4.. Conceptional i l l u s t r a t i o n for the change of crys
t a l l i z a t i o n rate and c r y s t a l l i n i t y with time on hydrothermal 
treatment at a constant temperature i n a conventional slow-
crystallization method. 

0 1 2 3 4 5 6 
Crystallization time (h) 

Figure 5· Conceptional i l l u s t r a t i o n for the change of crys
t a l l i z a t i o n rate and c r y s t a l l i n i t y with time on hydrothermal 
treatment in the rapid-crystallization method with a programmed 
temperature rise. 
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cr*c 2 

(a) Slow crystal
l i z a t i o n method 

(b) Rapid crystal
liz a t i o n method 

C 4 C 5 Aroma. 

Hydrocarbon distribution (C-mol%) 
100 

Figure 6· Performance of methanol conversion on ZSM-51 s pre
pared by the slow and the rapid crystallization methods. 
(a) H-ZSM-5(Si/Al=40) prepared by the conventional slow crys
t a l l i z a t i o n method. 
Reaction conditions, 30% MeOH-70% N2, SV 1100 h" 1, 400°C, MeOH 
conversion 100% 
(b) H-ZSM-5(Si/Al=4O) prepared by the rapid c r y s t a l l i z a t i o n 
method (Method 4)· 
Reaction conditions, 30% MeOH-70% N2, SV 1100 h" 1, 300°C, MeOH 
conversion 100% 
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tioned above were very effective i n the rapid synthesis of crystals 
and increasing the catalytic activity. This indicates that the Al i s 
more highly dispersed i n the crystals and forms of acid sites more 
effectively. 

Application of the rapid c r y s t a l l i z a t i o n method to syntheses of 
various metallosilicates. 
Various kinds of m e t a l l o s i l i c a t e were synthesized by substituting 
the Al ingredient of the pentasil zeolite ZSM-5 with other transi
tion elements at the gel-formation stage i n the rapid c r y s t a l l i z a 
tion method. As one of the extreme features of the metallosilicates, 
H-Fe-silicates converted methanol exclusively to ethylene and pro
pylene at a low temperature conditions around 300°C (13). This i s 
attributed to the properly weaker acidity than H-ZSM-5, and conse
quent conversion i s substantially eliminated. When the H-Fe-silicate 
i s used for conversion of l i g h t o l e f i n s , i t y i e l d s a high octane-
number gasoline with an extraordinary high space-time y i e l d and 
s e l e c t i v i t y (1_£). Another extreme was H-Ga-silicate (8, 1J>). This 
catalyst gave a maximum selectivity to gasoline fraction from metha
nol and yielded aromatics from paraffins with much higher s e l e c t i v i 
ty than H-ZSM-5. A combination of Pt with H-Ga-silicate enhanced the 
a c t i v i t y and markedly moderated the deactivation caused by coke 
formation; Pt was e f f e c t i v e for combustion of the deposited coke. 
The marked ef f e c t on aromatization was also confirmed for H-Zn-
s i l i c a t e (J^). 

Metallosilicates incorporating catalytically active metal such 
as V - s i l i c a t e (V7) and C u - s i l i c a t e (1_8) could also be prepared by 
the rapid c r y s t a l l i z a t i o n method. These novel catalytic materials 
are expected as oxidation catalysts involving shape selective func
tion. 

Conclusion 

In conclusion, the rapid c r y s t a l l i z a t i o n method i s very effective 
not only for rapid synthesis, but also for synthesis of metal-
containing uniform z e o l i t i c materials which show higher catalytic 
activity and selectivity. 
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Chapter 34 

Kinetics and Mechanism of Crystal 
Growth of Zeolite Omega 

F. Fajula1, S. Nicolas1, F. Di Renzo1, C. Gueguen2, and F. Figuéras1 

1Laboratoire de Chimie Organique Physique et Cinétique Chimique 
Appliquées, Unité Associée au Centre National de la Recherche 
Scientifique No. 418, Ecole Nationale Supérieure de Chimie 

de Montpellier, 8 Rue Ecole Normale, 34075 Montpellier Cedex, France 
2Centre de Recherche ELF-France, BP 22, 69360 Saint 

Symphorien d'Ozon, France 

The change in morphology of crystals of zeolite omega has 
been analyzed with respect to the evolution of the 
concentration of aluminium in the parent liquor. In 
agreement with the overlapping principle, crystal habit 
is determined by the faces with the lowest growing rate. 
As [Al] decreases, morphology evolves from spheroidal to 
euhedral hexagonal passing through intermediate 
cylinder-shaped crystals. The growth rate of the (001) 
face presents an activation energy of 23 kcal/mol and is 
proportional to [Al]0.8. For the growth of the (hkO), 
surface the activation energy is 30 kcal/mol and the rate 
is proportional to [Al]1.6. These differences are 
attributed to the occurrence of different growth 
mechanisms on the two kinds of faces. The modeling of the 
crystal growth and the continuous feeding of the system 
by an aluminate solution allowed modification of the 
final <001> / <hkO> size ratio. 

The a p p l i c a t i o n of the laws of c r y s t a l growth to the synthesis of 
z e o l i t e s i s s t i l l a l a r g e l y u n f u l f i l l e d task. Most k i n e t i c studies 
deal with the influence of the r e a c t i o n v a r i a b l e s (temperature, 
a l k a l i n i t y , composition of the o r i g i n a l medium) on the ev o l u t i o n of 
the c r y s t a l l i z e d component (1 ). Nucleation and c r y s t a l growth are 
ge n e r a l l y not separated, but are described by a s i n g l e k i n e t i c 
equation. The y i e l d versus time curves are indeed very u s e f u l f o r 
the modeling of z e o l i t e synthesis (2). However, they do not contain 
q u a n t i t a t i v e information about the rates of c r y s t a l growth. 

Experimental methods have not been conducive to co n s i d e r a t i o n of 
the s i z e of the c r y s t a l s as the dependent v a r i a b l e i n k i n e t i c s . In 
many media f o r example, i t i s not easy to part the growing c r y s t a l s 
from the parent amorphous phase. 

The f i r s t attempts to pass from dm/dt rate equations to d l / d t 
ones (where m i s the mass of z e o l i t e , 1 the s i z e of the c r y s t a l s 
and t i s time) were based on the determination of average c r y s t a l 
s i z e s from the width of X-ray d i f f r a c t i o n peaks (3). Microscope 
measurements of the increase of the s i z e of the l a r g e s t c r y s t a l s 

0097-6156/89/0398-0493$06.00A) 
o 1989 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

03
4

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



494 ZEOLITE SYNTHESIS 

allowed Zhdanov and Samulevich (4) to e s t a b l i s h size-versus-time 
curves and to analyze nucl e a t i o n and c r y s t a l growth separately i n a 
synthesis of z e o l i t e Na-X. They i n t e r p r e t e d these data by using an 
equation of the type Z=l-exp(-kt ), where Ζ i s the degree of 
conversion, k a constant, t time and η a value between 3 and 5. 
Such a r a t e formulation was als o proposed by C i r i c (5) f o r z e o l i t e 
A c r y s t a l l i z a t i o n . I t i s known as the Kholmogorov equation and 
corresponds formally to that f i r s t proposed by Johnson and Mehl (6) 
and Avrami (7,8) f o r s o l i d i f i c a t i o n of metals. 

The use of a law t y p i c a l of the s o l i d state to describe the 
growth of z e o l i t e s was probably suggested by the presence of an 
amorphous g e l i n the synthesis medium. The rearrangement of t h i s 
phase to form a z e o l i t e network has been a favored theory u n t i l 
researchers showed that z e o l i t e s can nucleate and grow d i r e c t l y 
from s o l u t i o n s free of suspended s o l i d s (9). 

The assumption that the c r y s t a l l i z a t i o n of z e o l i t e s proceeds 
through the in c o r p o r a t i o n of growth u n i t s present i n the 
surrounding s o l u t i o n allows e l i m i n a t i o n of time as independent 
v a r i a b l e and adoption of k i n e t i c equations of the type r=kS (where 
r i s the rate and S represents the supersaturation) , more r i c h i n 
p r e d i c t i n g power. 

At present the knowledge of the nature of the basic u n i t s taking 
part i n the growth process i s only h y p o t h e t i c a l , but k i n e t i c 
evidence i s exactly what i s needed to v e r i f y the s e l f - c o n s i s t e n c y 
of hypotheses about the mechanism of growth of z e o l i t e s . In 
searching f o r such evidence, the synthesis of z e o l i t e omega has 
been studied i n d e t a i l (10). This paper addresses the e v o l u t i o n of 
the c r y s t a l h a b i t during the synthesis and discusses i t i n r e l a t i o n 
to the change of the aluminium concentration the r e a c t i o n medium. 

Experimental 

Reactor and reagents. The c r y s t a l l i z a t i o n of z e o l i t e omega was 
c a r r i e d out i n a 1 l i t e r s t a i n l e s s s t e e l autoclave equipped with a 
thermocouple w e l l , an anchor-shaped s t i r r e r , an i n j e c t i o n port and 
a sampling o u t l e t . The l a t t e r was designed to avoid accumulation of 
material i n s i d e sampling pipe and valves i n the course of the 
r e a c t i o n . The i n j e c t i o n port was connected to a volumetric pump 
(Gilson 302S), assuring a c o n t r o l l e d flow of s o l u t i o n . The r e a c t o r 
was heated by an e l e c t r i c a l furnace which was regulated (+1°C) 
through the thermocouple immersed i n the r e a c t i o n medium. In a l l 
experiments the heating r a t e was 80°C/h and a s t i r r i n g rate of 140 
rpm was used. 

The reagents were : sodium aluminate (Al 20 3.Na 20) from Carlo 
Erba, sodium hydroxide p e l l e t s (Normapur from Prolabo), 
tetramethylammonium hydroxide pentahydrate (TMA, Fluka purum 
grade), non-porous s i l i c a ( Z e o s i l 175 MP from Rhone Poulenc, pore 
volume 0.08 ml/g, g r a i n s i z e 2-20 ym, H^0 6.5 wt%)^ k a o l i n i t e des 
Charentes (from Kaolins d'Arvor, surface area 24 m /g, g r a i n s i z e 
4-15 ym, wt% A l 19.3, S i 21.3, Fe 0.29, Ca 0.1, Mg 0.13, Κ 0.5, Na 
300 ppm), and deionized water. 
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Methods. The c r y s t a l l i z a t i o n of s i l i c o a l u m i n a t e mixtures i n t o 
z e o l i t e omega i n the temperature range 105-130°C was performed i n 
the presence of a s t r u c t u r e - d i r e c t i n g mixture (SDM) (10,11). The 
method gives minimum overlap between the nucl e a t i o n and growth 
steps as i n d i c a t e d by the very homogeneous d i s t r i b u t i o n of s i z e of 
the c r y s t a l s i n the f i n a l product. The use of k a o l i n i t e as the 
aluminium source presents two main advantages (10). F i r s t , the low 
s o l u b i l i t y of the c l a y under the c r y s t a l l i z a t i o n c o n d i t i o n s 
prevents the formation of a g e l . Second, under the low 
supersaturation l e v e l s achieved, secondary nucleation i s hindered. 

Syntheses. The s t r u c t u r e - d i r e c t i n g mixture had the composition 
3.2Na 20. 0.8TMA20. A l Og. 8.2Si0 2- 160H 20. I t was prepared by 
adding the sodium aluminate to the sodium-TMA hydroxide s o l u t i o n . 
A f t e r s t i r r i n g f o r one hour, the s i l i c a was added. The f i n a l s l u r r y 
was thoroughly mixed f o r 12 h and f i n a l l y t r a n s f e r r e d i n t o a sealed 
polypropylene b o t t l e which was maintained i n an oven at 50°C f o r 20 
days i n s t a t i c conditions. 

The c r y s t a l l i z a t i o n mixture (500 ml) had the composition 
3.2Na 20. Α 1 2 0 3 · 8.6Si0 2. 160H 20 and was obtained by f i r s t preparing 
a suspension of k a o l i n i t e i n the sodium hydroxide s o l u t i o n . The 
SiO^/AlgO^ r a t i o was adjusted by a d d i t i o n of the appropriate amount 
of s i l i c a . A f t e r s t i r r i n g f o r 5 h, 25 to 30 % i n volume of aged SDM 
was added, at room temperature, to the f r e s h l y prepared hydrogel. 
The autoclave was sealed and heated under s t i r r i n g to the desired 
temperature. Zero time corresponded to the time when the system 
reached the c r y s t a l l i z a t i o n temperature. 

Sampling and c h a r a c t e r i z a t i o n . 10 ml samples, i n c l u d i n g l i q u i d and 
s o l i d phases, were withdrawn p e r i o d i c a l l y from the autoclave during 
the c r y s t a l l i z a t i o n . The s l u r r i e s were c o l l e c t e d i n 70 ml of c o l d 
deionized water. The s o l i d f r a c t i o n was recovered by f i l t r a t i o n and 
washed f i r s t with 250 ml of water. The c l e a r s o l u t i o n , c o n t a i n i n g 
the d i l u t e d mother l i q u o r , was preserved f o r chemical a n a l y s i s . 
A f t e r a d d i t i o n a l washing (up to a pH of 9) , the s o l i d was d r i e d at 
70°C i n a i r . 

X-ray powder d i f f r a c t i o n was used to i d e n t i f y the phases 
present. The only c r y s t a l l i n e phase formed during the synthesis was 
z e o l i t e omega. The degree of conversion of k a o l i n i t e i n t o z e o l i t e 
was estimated by c a l i b r a t i n g the X-ray instrument (CGR Theta 60, 
CuKa monochromated r a d i a t i o n ) with p h y s i c a l mixtures of the two 
components. Morphology and s i z e of the c r y s t a l s were determined by 
scanning e l e c t r o n microscopy on a Cambridge S100 instrument. Growth 
rates of d i f f e r e n t c r y s t a l faces were c a l c u l a t e d from the r e l a t i o n 
0.5 6 l / 6 t , where δ 1 represents the increase of the s i z e of the 
c r y s t a l i n the d i r e c t i o n normal to the face considered, i n the time 
i n t e r v a l , 6t, between two consecutive samplings. The synthesis 
procedure produced a narrow d i s t r i b u t i o n of s i z e : the p r e c i s i o n i n 
the determination of the s i z e s was ±0.05 μιη. I d e n t i f i c a t i o n of 
c r y s t a l o r i e n t a t i o n s was ascertained from e l e c t r o n d i f f r a c t i o n 
patterns recorded with a J e o l 200 CX microscope. 

Chemical analyses were performed i n the Service C e n t r a l d'Ana
l y s e s , CNRS, i n S o l a i z e , by flame photometry. 
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Results 

Phenomenology of the c r y s t a l l i z a t i o n . The conversion versus time 
curves obtained at three d i f f e r e n t temperatures are shown i n Figure 
1. With the synthesis procedure used, the sigmoid curves were 
cha r a c t e r i z e d by shorter i n d u c t i o n periods than the t r a d i t i o n a l 
method (11,12). As expected, temperature had a strong e f f e c t on the 
rate of c r y s t a l l i z a t i o n . The o v e r a l l c r y s t a l l i z a t i o n r a t e s may be 
approximated by the r e c i p r o c a l of the times of h a l f conversion. 
From these values an apparent a c t i v a t i o n energy of 22+1 kcal/mol 
was obtained. With respect to l i t e r a t u r e data, t h i s value exceeds 
that reported, f o r instance, f o r z e o l i t e Na-X (1,4) but compares 
well with the 19.8 kcal/mol found f o r ZSM-11 (13). 

A b e t t e r p i c t u r e of the c r y s t a l l i z a t i o n phenomena was obtained 
from the microscope examination of the c r y s t a l s at d i f f e r e n t stages 
of t h e i r development. The f i r s t c r y s t a l s of z e o l i t e omega appeared 
as spheres with diameters around 0.5-1 ym (Fig.2) . With the 
appearance of (001) faces, t h i s form evolved i n t o barrel-shaped 
p a r t i c l e s ( F i g . 3 ) . At a l a t e r stage of the syntheses, the h a b i t 
evolved to euhedral hexagonal with the development of (100) faces 
( F i g . 4 ) . 

The observed ev o l u t i o n i n the morphology i s c o n s i s t e n t with the 
overlapping p r i n c i p l e , i . e . the c r y s t a l h a b i t i s determined by the 
faces with the lowest growing r a t e (14). The apperance of low-index 
faces corresponded to the decrease of supersaturation r e l a t e d to 
the consumption of n u t r i e n t by the growing c r y s t a l s . 

In order to r a t i o n a l i z e these evolutions, the composition of the 
s o l u t i o n surrounding the c r y s t a l s has to be examined. The growth of 
z e o l i t e omega i s non-congruent i n the sense that a l l elements of 
the parent g e l are not incorporated q u a n t i t a t i v e l y i n the f i n a l 
c r y s t a l l i n e product. Moreover the formed z e o l i t e has a d i f f e r e n t 
composition than the l i q u i d . Both features are comon to most 
z e o l i t e s (1,9). From our previous studies (10-12) on the z e o l i t e 
omega synthesis i t appears that the element with the higher y i e l d 
of i n c o r p o r a t i o n i s aluminimun. Hence, we looked f o r c o r r e l a t i o n s 
between growth rate s and the concentration of aluminium i n the 
l i q u i d phase, as p o s s i b l e evidences f o r aluminium being the 
l i m i t i n g element i n the c r y s t a l l i z a t i o n . 

The change of [Al ] as a f u n c t i o n of time i s shown i n Figure 5 
f o r an experiment c a r r i e d out at 115°C. A f t e r about 10 hours, the 
concentration dropped r a p i d l y as the z e o l i t e formed. 

When more experiments were considered, a good c o r r e l a t i o n could 
be e s t a b l i s h e d between the aluminium concentration and the 
v a r i a t i o n of the c r y s t a l h a b i t . Figure 6 reports data c o l l e c t e d 
from seven c r y s t a l l i z a t i o n s . S p h e r u l i t e s e x h i b i t i n g high-index 
faces e x i s t e d f o r the higher supersaturation l e v e l s . When the 
aluminium content became lower than 4-5 mmol/1, (001) faces 
appeared, while (100) faces formed only below 2-2.5 mmol/1. 

The s i z e of the c r y s t a l s i n the <001> and <hk0> d i r e c t i o n s are 
p l o t t e d as a f u n c t i o n of time i n Figure 7. I t appears that the 
growth r a t e s i n the above d i r e c t i o n s do not f o l l o w p a r a l l e l 
k i n e t i c s . In the <001> d i r e c t i o n , c r y s t a l growth occurred during 
the whole c r y s t a l l i z a t i o n process while the development of the 
c r y s t a l s i n the <hk0 > d i r e c t i o n s r a p i d l y decreased and stopped when 
(100) faces became exposed. Thus the growth k i n e t i c s of the (001) 
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and (hkO) faces have d i f f e r e n t dependences on the concentration of 
d i s s o l v e d aluminium. 

Dependence of the growth rates on the aluminium i n s o l u t i o n . Figure 
8 shows the influence of the concentration of aluminium (mmol/1) on 
the r a t e of growth (nm/h) f o r the (001) and (hhO) faces at 115°C 
(the aluminium concentration taken i n t o account corresponds to the 
average value between two consecutive analyses). I f the 
experimental data are represented i n In r versus In [Al] p l o t s , 
s a t i s f a c t o r y l i n e a r c o r r e l a t i o n s are found. Growth rates may then 
be represented as : 

r Q 0 1 = k [ A l ] 0 , 8 with k=5.5, 13 and 37.4 at 105°C, 115°C and 
130°C r e s p e c t i v e l y , Ε =23 kcal/mol, and 

1 β & 

r h k 0 = k [ A l ] with k=0.94, 3.94 and 11.7 at 105°C, 115°C 
and 130°C r e s p e c t i v e l y , E &=30 kcal/mol. 

C r y s t a l h abit m o d i f i c a t i o n . Several c r y s t a l h a bits have been 
reported i n the open and patent l i t e r a t u r e f o r z e o l i t e omega. 
Elongated hexagonal rods (15,16) or f i b r e s (17) have been reported 
when the z e o l i t e r e s u l t e d from the r e c r y s t a l l i z a t i o n of another 
z e o l i t e , Y (15) or S (17), or of cl a y s (16). Moreover the n a t u r a l 
counterpart of z e o l i t e omega, mazzite, appears as bundles of 
needle-shaped p a r t i c l e s (18). A l l these s o l i d s have been grown at 
low supersaturation l e v e l s , hence under conditions i n which our 
r e s u l t s show that the growth i n the d i r e c t i o n <001> p r e v a i l s on 
the growth normal to the c-axis ( F i g . 8 ) . 

This p r e f e r e n t i a l growth may hinder many a p p l i c a t i o n s of the 
z e o l i t e omega, whose unidimensional p o r o s i t y , p a r a l l e l to the 
c-axis, presents d i f f u s i o n a l l i m i t a t i o n s which are functions of the 
elongation of the c r y s t a l s . In the case of the syntheses we 
reported i n Figure 7, the f i n a l r a t i o between <001> and < 100> s i z e 
was 2.5 to 3.6. Knowledge of the growth k i n e t i c s of the d i f f e r e n t 
faces of the z e o l i t e allowed us to a t t r i b u t e the main increase 
i n < 001 > s i z e to the long f i n a l p eriod of growth at aluminium 
concentration lower than about 2 mmol/1 (see F i g . 5 ) . Such a 
s i t u a t i o n r e s u l t s from the need of complete conversion of a 
s l i g h t l y s o l uble raw mat e r i a l as a c l a y . 

Any p o s s i b l e way to modify the f i n a l <001> / <hk0> s i z e r a t i o 
appeared to require that growth of c r y s t a l s be conducted i n an 
optimum range of supersaturation (corresponding to a concentration 
of aluminium between 2 and 4 mmol/1) without m o d i f i c a t i o n of the 
i n i t i a l c o nditions, which determine the number of c r y s t a l s 
nucleated. The p r a c t i c a l way i n which we r e a l i z e d t h i s o b j e c t i v e 
was the use of an i n i t i a l synthesis medium containing only the 
aluminium present i n the s t r u c t u r e d i r e c t i n g mixture. Once the 
nu c l e a t i o n occurred, an aluminate s o l u t i o n was i n j e c t e d i n the 
autoclave i n order to maintain the aluminium concentration at the 
desi r e d l e v e l . The expected increase i n growth surface was 
c a l c u l a t e d using the above k i n e t i c equations, and the flow r a t e of 
the i n j e c t e d s o l u t i o n was continuously adjusted i n order to balance 
the i n c o r p o r a t i o n of n u t r i e n t by the c r y s t a l s . 
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498 ZEOLITE SYNTHESIS 

Figure 2. Mixture of unreacted k a o l i n i t e and of spheroids (high 
index faces exposed) of z e o l i t e omega obtained i n the f i r s t 
stages of the c r y s t a l l i z a t i o n . Scale bar : 5 p . 
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Figure 3. K a o l i n i t e and barrel-shaped ((001) and (hkO) faces 
exposed) c r y s t a l s of z e o l i t e omega. (See t e x t ) . Scale bar : 
5 urn. 

Figure 4. Hexagonal prisms ((001) and (100) faces exposed) of 
z e o l i t e omega and k a o l i n i t e . (See Text). Scale bar : 5 Ajm. 
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Figure 5. V a r i a t i o n of the concentration of aluminium i n the 
c r y s t a l l i z a t i o n s o l u t i o n at 115°C. 
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Figure 6. C r y s t a l habit as a fu n c t i o n of aluminium concen
t r a t i o n and temperature. 
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Figure 7. V a r i a t i o n with time of the c r y s t a l s i z e s : (a) <001 > 
d i r e c t i o n , (b) <hkO > d i r e c t i o n s ; Ο·105°0, Δ A 1 1 5 ° C , Οφ130°0. 

J I I L 

1 2 3 4 
[.Al] (mmol/1) 

Figure 8. Growth rates of the (001) and (hkO) faces at 115°C as 
a f u n c t i o n of aluminium concentration. 
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In such an experiment the i n i t i a l mixture of s i l i c a , sodium hy
droxide, water and str u c t u r e d i r e c t i n g mixture had a composition of 
14(0.94Na. 0.06TMA)^0. A l 0 . 39SiO . 890H 0. The mixture (470 ml) 
was heated at 115°C. The s o l u t i o n i n j e c t e d , prepared from sodium 
aluminate, sodium hydroxide and tetramethylammonium hydroxide, had 
the composition : [Al] 0.46 mol/1, [ TMA ] 0.06 mol/1, [ Na ] 1.70 
mol/1. In Figure 9 the flow r a t e of the i n j e c t e d s o l u t i o n i s 
reported, together with the v a r i a t i o n of the aluminium 
concentration i n the l i q u i d phase of the synthesis medium. The 
simultaneous e v o l u t i o n of the <hk0 > and < 001 > s i z e of the 
c r y s t a l s of z e o l i t e omega i s reported i n Figure 10. 

Considering the aluminium concentration p l o t i n Figure 9, i t can 
be observed that the f i r s t stages of the synthesis c l o s e l y 
p a r a l l e d e d the pattern of the experiment reported i n Figure 5. 
A f t e r 12 hours of synthesis a sharp r i s e of aluminium concentration 
was observed i n correspondence with the beginning of the aluminate 
feeding. The subsequent decrease (15 hours) was r e l a t e d to an 
i n c r e a s i n g consumption of aluminium (due to the increase of the 
growth surface) not t o t a l l y balanced by the increase of the flow 
r a t e . As supersaturation decreased, the <hk0> growth slowed down. 
When [Al]reached the threshold of 2 mmol/1, the (100) faces formed 
and no f u r t h e r growth i n the d i r e c t i o n normal to the c-axis was 
observed (Fig.10). When the aluminium supply was continued f o r at 
l e a s t an hour a f t e r that the e f f e c t i v e growth surface has been 
l i m i t e d to the (001) surfaces, a subsequent concentration peak was 
observed (25 hours). 

The f i n a l r a t i o between the <001> and the < hkO > s i z e of the 
c r y s t a l s was about 1.6, s i g n i f i c a n t l y lower than the value observed 
i n c r y s t a l s obtained by k a o l i n i t e conversion. 

Discussion 

The nature of the s i l i c o a l u m i n a t e u n i t s taking part i n the z e o l i t e 
growth i s s t i l l unknown, despite the amount of experimental data 
c o l l e c t e d about the species present i n the s o l u t i o n s from which 
d i f f e r e n t z e o l i t e s are formed (19-22). Some of our r e s u l t s are 
p a r t i c u l a r l y s i g n i f i c a n t f o r t h i s subject. 

1) The rates of growth of z e o l i t e omega c o r r e l a t e to the con
c e n t r a t i o n of d i s s o l v e d aluminium. The use of sources of aluminium 
as d i f f e r e n t as k a o l i n i t e , an aged s i l i c o a l u m i n a t e g e l and a sodium 
aluminate s o l u t i o n does not a f f e c t the c o r r e l a t i o n . Thus as long as 
aluminium i s concerned, no memory e f f e c t of the topology of the 
source can be observed. This argues f o r the formation of the growth 
u n i t s through reactions i n s o l u t i o n . 

2) For z e o l i t e omega, aluminium appears to be the l i m i t i n g e l e 
ment i n the formation of the growth u n i t s . The incongruence of the 
synthesis and the excess of the elements other than aluminium could 
account f o r t h i s r e s u l t . In z e o l i t i c systems not presenting these 
features, the occurence of such a s t r i c t r e l a t i o n s h i p could be 
harder to e s t a b l i s h . 

3) The growth rates of the (001) face and of the l a t e r a l surface 
of the c y l i n d r i c a l c r y s t a l s (here designed as (hkO) faces) present 
a d i f f e r e n t energy of a c t i v a t i o n and a d i f f e r e n t dependence on 
aluminium concentration. These r e s u l t s could support the hypothesis 
of d i f f e r e n t growth mechanisms on the d i f f e r e n t faces. 
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Figure 9. Synthesis of z e o l i t e omega at 115°C with external 
supply of aluminium. L e f t s c a l e : aluminium concentration i n the 
autoclave s o l u t i o n . Right s c a l e : r a t e of aluminium supply. 
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Figure 10. Synthesis of z e o l i t e omega at 115°C with external 
supply of aluminium. Change of the c r y s t a l s i z e i n the <001> 
(·) and <hk0>(O) d i r e c t i o n s . 
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The growth r a t e of the face (001) p r e s e n t ^ an a c t i v a t i o n energy 
of 23 kcal/mol and i s p r o p o r t i o n a l to [ Al] , a r e a c t i o n order 
near u n i t y . This behavior could be i n t e r p r e t e d as the product of 
two n e a r - t o - l i n e a r dependences. On the one hand, there i s a 
dependency between concentration of growth un i t s and concentration 
of aluminium, and on the other hand, a dependency e x i s t s between 
rate of growth and supersaturation. P e r s i s t e n t growth at the lowest 
concentration l e v e l s analyzed suggests a very low value f o r the 
s a t u r a t i o n concentration of aluminium i n t h i s experimental system. 
While f u l l y a r b i t r a r y , i t i s tempting to hypothesize that some 
increase i n v i s c o s i t y with i n c r e a s i n g aluminium concentration 
allows f o r the de v i a t i o n from p e r f e c t l i n e a r i t y of the growth 
rate-versus-concentration p l o t , a phenomenon well known by 
researchers fond of c r y s t a l growth i n gels (23). 

Growth on the l a t e r a l surface of the c y l i n d e r - l i k e c r y s t a l s pre
sents gin a c t i v a t i o n energy of 30 kcal/mol and i s p r o p o r t i o n a l to 
[Al ] . Thus a stepped surface (S-face, 24) with no defined 
c r y s t a l l o g r a p h i c o r i e n t a t i o n l i k e the (hkO) faces presents a 
r e a c t i o n order nearly double than a formally f l a t face (F-face, 24) 
l i k e (001). This r e s u l t seems to be incompatible with the a c t i o n of 
the same mechanism of growth on the two kinds of faces. 

The dependency, higher than f i r s t - o r d e r , on aluminium f o r the 
growth r a t e i n the <hk0> d i r e c t i o n s could be explained by the 
r e s u l t of the product between two dependences : a f i r s t - o r d e r 
dependence of growth r a t e on supersaturation and a near-
to-second-order dependence of the growth u n i t s concentration on the 
aluminium concentration. I t would be speculative to a t t r i b u t e such 
a r e s u l t to a need, f o r <hk0> growth, of s i l i c o a l u m i n a t e species 
dimer of the u n i t s responsible f o r growth on the (001) faces. 
Nevertheless, such an i n t e r p r e t a t i o n could f i n d i n t u i t i v e support 
i n the topology of the z e o l i t e omega framework (25). While the 
< 001> growth can be e a s i l y v i s u a l i z e d as the increase i n length of 
p r e - e x i s t i n g chains of five-members r i n g s , the <hk0> growth must 
deal with the harder task of completing twelve-members r i n g s 
probably not i n c l u d i n g any organic template (11,26). 

This kind of d i f f i c u l t y could a l s o account f o r the observed be
havior of the (100) face, with growth so slow that no s i z e increase 
normal to the c-axis could be detected i n our experimental 
conditions once the hexagonal prism habit was att a i n e d . 
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Chapter 35 

Synthesis of the New Large-Pore 
Zeolite ECR-1 

D. E. W. Vaughan and K. G. Strohmaier 

Exxon Research and Engineering Company, Route 22 East, 
Annandale, NJ 08801 

ECR-1 is a new 12-ring zeolite which crystallizes 
as a boundary phase between the crystallization 
fields of mazzite and mordenite when bis (2-
hydroxyethyl) dimethyl- ammonium or bis (2-
hydroxypropyl) dimethyl ammonium cations are 
present in the synthesis gels. Synthesis studies 
show that cocrystall ization of these latter 
zeolites is rare and that nucleation parameters 
may dominate compositional stabili ty. 

I n v e s t i g a t i o n s o f d i f f e r e n t a l k y l a m m o n i u m t e m p l a t e 
e f f e c t s on f a u j a s i t e ( t y p e Y) s y n t h e s e s (X) h a v e shown 
t h a t w h e n t h e t e m p l a t e w a s b i s ( 2 - h y d r o x y e t h y 1 ) 
d i m e t h y l a m m o n i u m (DHEDM) o r b i s ( 2 - h y d r o x y p r o p y l ) 
d i m e t h y l a m m o n i u m (DHPDM), a new p h a s e c r y s t a l l i z e d a t t h e 
" p h a s e " b o u n d a r y b e t w e e n f a u j a s i t e , m o r d e n i t e a n d m a z z i t e 
( L i n d e omega (2.) , ZSM-4 ) . T h i s z e o l i t e h a s b e e n 
d e s i g n a t e d ECR-1 (4_) a n d seems t o c o m p r i s e a r e g u l a r 
a l t e r n a t i o n o f t h e s t r u c t u r a l s h e e t s f o u n d i n m a z z i t e a n d 
m o r d e n i t e (£.) . A d e t a i l e d d e s c r i p t i o n o f t h e s t r u c t u r a l 
c h a r a c t - e r i z a t i o n o f ECR-1 i s p r e s e n t e d e l s e w h e r e a t t h i s 
m e e t i n g ( i ) . I t s p r o p o s e d t o p o l o g y i s i l l u s t r a t e d i n 
F i g u r e 1, t h e m a i n f e a t u r e b e i n g a 1 2 - r i n g c h a n n e l 
p a r a l l e l t o t h e c _ - a x i s , s i m i l a r t o t h o s e i n t h e p a r e n t 
s t r u c t u r e s . The p r e v i o u s l y u n r e c o g n i s e d c o m p a t i b i l i t y o f 
t h e two s t r u c t u r a l c omponents o f ECR-1, a n d t h e manner i n 
w h i c h t h e y i n t e r g r o w , r e v i v e s t h e d e b a t e on t h e n a t u r e o f 
z e o l i t e p e t r o g e n e s i s a n d t h e s i z e a n d c o n f i g u r a t i o n o f 
t h e s t r u c t u r a l s u b - u n i t s f o r m i n g z e o l i t e c r y s t a l s . ECR-1 
w o u l d seem t o s u p p o r t a m o d e l b a s e d on t e m p l a t e d s h e e t 
s t r u c t u r e s (7.) . 

0097-6156/89/0398-0506$06.00/0 
ο 1989 American Chemical Society 
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35. VAUGHAN AND STROHMAIER New Large-Pore Zeolite ECR-1 507 

F i g u r e 1. The p r o p o s e d s t r u c t u r a l f r a m e w o r k o f ECR-1, 
s h o w i n g a l t e r n a t e s h e e t s o f m a z z i t e a n d m o r d e n i t e , t h e 
26. 5Â r e p e a t u n i t a nd t h e s i n g l e 1 2 - r i n g c h a n n e l . 
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I t i s w e l l known t h a t i n t h i s s o d i u m c o m p o s i t i o n 
f i e l d w i t h S i / A l i n t h e r a n g e o f 3 t o 8, a l k y l ammonium 
s a l t s s t r o n g l y i n f l u e n c e t h e c r y s t a l l i n e p r o d u c t s . 
M a z z i t e a n a l o g u e s a r e t h e d o m i n a n t p h a s e s p r o m o t e d b y 
t h e p r e s e n c e o f T M A ( 2 , 3 ) r c h o l i n e , p y r r o l i d i n e ( & ) a n d 
DABCO(ϋ). I n t h e s y s t e m d e s c r i b e d h e r e , DHEDM i s i n c l u d e d 
i n t h e m a z z i t e s t r u c t u r e when i t f o r m s (a m a t e r i a l 
d e s i g n a t e d E C R - 1 5 ) , b u t t h e i n i t i a l n u c l e a t i o n seems t o 
r e q u i r e TMA a t a l o w l e v e l . S y n t h e s e s o f m a z z i t e i n n e a r 
t e m p l a t e - f r e e s y n t h e s e s h a v e b e e n d e s c r i b e d e l s e w h e r e 
(IH^JLL) , d e m o n s t r a t i n g t h a t TMA i s n e c e s s a r y o n l y t o 
n u c l e a t e t h i s z e o l i t e t o p r o m o t e c o m p l e t e 
c r y s t a l l i z a t i o n . M o r d e n i t e h a s a l s o b e e n made i n t h e 
p r e s e n c e o f t e m p l a t e s s u c h a s T E A (_L_2_) a n d 
n e o p e n t y l a m i n e (13.) , i n a d d i t i o n t o t h e s e DHEDM p r o d u c t s . 
R e c e n t g e n e r a l r e v i e w s o f t h e i n f l u e n c e o f o r g a n i c 
ammonium compounds a n d a m i n e s on z e o l i t e s y n t h e s e s i n 
g e n e r a l h a v e b e e n p u b l i s h e d e l s e w h e r e ( 1 4 , 1 5 ) . 

EXPERIMENTAL 

S y n t h e s i s P r o c e d u r e s 
ECR-1 c r y s t a l l i z e s i n t h e p r e s e n c e o f DHEDM and 

DHPDM f r o m g e l s w h i c h w o u l d n o r m a l l y y i e l d Y - f a u j a s i t e i n 
t h e a b s e n c e o f a n y o r g a n i c t e m p l a t e . The b e s t p r o d u c t s 
c r y s t a l l i z e d i n t h e c o m p o s i t i o n r a n g e w i t h S i / A l b e t w e e n 3 
a n d 6, a t t e m p e r a t u r e s b e t w e e n 120°C a n d 160°C, u s i n g a 
' s e e d 1 n u c l e a n t s o l u t i o n (If.) . S y n t h e s i s o f DHEDM ECR-1 was 
made f r o m a g e l s t o i c h i o m e t r y o f : 

0 . 6 (DHEDM) 2 0 :1 . 35Na 20 : A1 20 3 : 7 . 5 S i 0 2 :110H2O : (1. 2NaCl) 

b y f i r s t m a k i n g a s o d i u m a l u m i n a t e s o l u t i o n b y d i s s o l v i n g 
8.23g NaOH a n d 14.6g a l u m i n a t r i h y d r a t e i n 20g w a t e r , t h e n 
m i x i n g i t w i t h 2 2 9 g o f w a t e r g l a s s s o l u t i o n (PQ C o r p fN' 
s i l i c a t e ) c o n t a i n i n g 8g o f t h e s e e d s o l u t i o n ( U J î ) a n d 25g 
DHEDM c h l o r i d e ( A l f a P r o d u c t s ) d i s s o l v e d i n 2 5 g w a t e r . To 
t h i s h o m o g e n i s e d s o l u t i o n i n a b l e n d e r was s l o w l y a d d e d a 
s o l u t i o n o f 34.7g a l u m i n u m s u l f a t e ( 1 7 h y d r a t e ) d i s s o l v e d i n 
5 0 g w a t e r , a n d t h e t o t a l g e l w e i g h t was a d j u s t e d t o 440g 
w i t h w a t e r . T h i s r e p r e s e n t s an a p p r o x i m a t e l y 0.1 m o l a r 
p r e p a r a t i o n . The g e l was t h e n r e a c t e d i n a T e f l o n l i n e d 
P a r r s t a i n l e s s s t e e l r e a c t o r a t 160°C f o r e i g h t d a y s ( S p l -
A) . C h e m i c a l a n a l y s i s b y I CPAES g a v e an S i / A l r a t i o o f 
3.35, a v a l u e t y p i c a l f o r most p r e p a r a t i o n s o f ECR-1, a n d 
a l m o s t i d e n t i c a l t o v a r i o u s s y n t h e t i c m a z z i t e s s y n t h e s i z e d 
o v e r a w i d e r a n g e o f c o m p o s i t i o n s . The p r o d u c t o f t h i s 
r e a c t i o n i s shown i n t h e s c a n n i n g e l e c t r o n m i c r o g r a p h s i n 
F i g u r e 2 . An a l t e r n a t e m e t h o d u s e d t h e same s t o i c h i o m e t r y 
b u t c o l l o i d a l s i l i c a ( L u d o x HS-40, D u P o n t Co.) a s t h e 
s i l i c a s o u r c e a n d DHPDM i o d i d e (RSA Corp.) as t h e t e m p l a t e , 
y i e l d i n g a s i m i l a r S i / A l r a t i o p r o d u c t ( S p l - B ) . A h i g h e r 
s i l i c a a n d b a s e c o m p o s i t i o n (0.6DHEDM: 3.1Na20: A I 2 O 3 : 
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35. VAUGHAN AND STROHMAIER New Large-Pore Zeolite ECR-1 509 

F i g u r e 2 . Scanning e l e c t r o n micrographs of vari o u s ECR - 1 
samples: (a) the DHEDM product d e s c r i b e d i n the t e x t , 
(b) Large analcime c r y s t a l s with adhering ECR - 1 
c r y s t a l s . Scale marks are 1 0 μ . 
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9SÎ02: 130H2O) a d d i t i o n a l l y seeded w i t h ECR-1 product 
produced a lower S i / A l ECR-1 ( S p l - C ) . E s s e n t i a l product 
p r o p e r t i e s are given i n Table 1. 

E x t e n s i v e e x p l o r a t i o n o f the ECR-1 c r y s t a l l i z a t i o n 
composition f i e l d i s shown i n F i g u r e 3. At hi g h e r S i / A l 
r a t i o s mordenite i s the major, and u s u a l l y pure product, 
and s i m i l a r l y mazzite at lower S i / A l r a t i o s . ECR-1 i s seen 
o n l y o c c a s i o n a l l y t o c o c r y s t a l l i z e w i t h e i t h e r of these 
z e o l i t e s and i t c r y s t a l l i z e s r a r e l y when t h e 
template/sodium r a t i o i s greater than 0.4. 

TABLE 1 

Se l e c t e d Product Composition D e t a i l s 

Sample Template S 1 O 2 / A I 2 O 3 Unit Cell,Â nC6Hi2 H 20 2+ T 3 

Spl Τ a : b : c wt .%! wt.% 

A HDEDM 6 .70 18.15: 26.31: 7.31 1 .6 10.8+1. 4 
Β HDPDM 6 .88 18.13: 26.18: 7.31 2 .3 11.5+2. 5 
C HDEDM 6 .54 18.15: 26.09: 7.31 2 .0 9.4+1. 0 

= l h r . ./45 t o r r / 20° C;2 = wt.loss < 400 °C;3=wt. l o s s > 400°C 

Although high r e s o l u t i o n e l e c t r o n microscopy s t u d i e s have 
i d e n t i f i e d m a z z i t e overgrowths on ECR-1 , s i m i l a r 
mordenite overgrowths have not yet been observed. In no 
syntheses have mazzite and mordenite been observed t o 
c o c r y s t a l l i z e . 

C o l l o i d a l s i l i c a s , such as Ludox HS-40 and HS-30 
(DuPont Co.), are e q u a l l y e f f e c t i v e s i l i c a sources, and 
DHPDM may re p l a c e DHEDM. A l k y l ammonium hydroxides are as 
e f f e c t i v e as the h a l i d e s , a l t h o u g h t h e i r low aqueous 
s o l u t i o n c o n c e n t r a t i o n s may in c r e a s e the g e l water l e v e l s 
and extend the c r y s t a l l i z a t i o n times. High template p u r i t y 
seems t o be an important v a r i a b l e i n the s y n t h e s i s of t h i s 
z e o l i t e . ECR-1 products from v a r i o u s p r e p a r a t i o n s are shown 
i n F i g u r e 2. Wheatsheaf bundles of t h i c k l a t h - l i k e c r y s t a l s 
up t o about 10μ i n length are a c h a r a c t e r i s t i c morphology. 
A n a l c i t e and Ρ (gismondine) are u s u a l l y the on l y impurity 
phases i n the middle of the ECR-1 c r y s t a l l i z a t i o n f i e l d and 
these are minimized by c r y s t a l l i z i n g the g e l s at lower 
temperatures (120°C) . 

A n a l y s i s Methods 
Products were analysed by x-ray d i f f r a c t i o n u s i n g an 

automated Siemens D500 d i f f r a c t o m e t e r (CuKOC r a d i a t i o n ) 
l i n k e d t o a p r o p r i e t a r y data base. The o v e r l a p of the 
mazzite, mordenite and ECR-1 X-ray d i f f r a c t i o n p a t t e r n s 
makes t h e s e m a t e r i a l s d i f f i c u l t t o d i f f e r e n t i a t e , 
p a r t i c u l a r l y i n m i x t u r e s , as shown i n F i g u r e 4. For 
i m p u r i t y r e f e r e n c e purposes t he a n a l c i t e p a t t e r n i s 
i n c l u d e d i n t h i s diagram. Indexed d i f f r a c t i o n p a t t e r n s of 
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35. VAUGHAN AND STROHMAIER New Large-Pore Zeolite ECR—1 511 

Si02 

F i g u r e 3. Composition c r y s t a l l i z a t i o n diagram f o r 
experiments reported i n t h i s paper, showing c r y s t a l 
l i z a t i o n f i e l d s of ECR-1(ο), mazzite(·), mordenite (0) , 
ECR-1+ m a z z i t e ( Δ ) , and ECR-1+ mordenite (•). 
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512 ZEOLITE SYNTHESIS 

* SIEMENS DIFFRAC 11 * ECR-1 
ο FILE: SAMPLE IDENTIF.: 

F i g u r e 4. X-ray d i f f r a c t i o n p a t t e r n s ( Cu K a r a d i a t i o n ) 
f o r DHEDM (3) and DHPDM (2) ECR-1, showing a n a l c i t e 
i mpurity l i n e s and an analcime reference p a t t e r n (5). 
Patterns f o r mazzite (4) and mordenite (1) c r y s t a l l i z e d 
from s i m i l a r g e l s are shown f o r reference purposes. 
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35. VAUGHAN AND STROHMAIER New Large-Pore Zeolite ECR-1 513 

the two d i f f e r e n t template forms of ECR-1 are g i v e n i n 
Table 2. The symmetry i s p r i m i t i v e orthorhombic with u n i t 
c e l l dimensions of about â=7.31â, k=18.15â and c_=26.31â. IR 
and SEM were important a n c i l l i a r y i d e n t i f i c a t i o n t o o l s , as 
ECR-1 shows c h a r a c t e r i s t i c IR 1 5 - r i n g ' v i b r a t i o n s at 1210 
and 1235 cm"1, and the c r y s t a l morphology and agglomeration 
c l u s t e r s are somewhat d i f f e r e n t from the s i m i l a r t y p i c a l 
c h a r a c t e r i s t i c s of mazzite and mordenite (Figure 5) . TGA 
was used as a u s e f u l guide to the template contents of the 
va r i o u s z e o l i t e s formed, and n-hexane s o r p t i o n c a p a c i t i e s , 
a f t e r burnout of the organic template, were i n d i c a t o r s of 
c h a n n e l a c c e s s i b i l i t i e s . D e t a i l s o f t h e s t r u c t u r a l 
c h a r a c t e r i z a t i o n of ECR-1 using s e v e r a l techniques i s to be 
presented i n a d i f f e r e n t symposium at t h i s meeting(£). 

DISCUSSION 

ECR-1 c r y s t a l l i z e s from g e l s i n the presence of DHEDM 
and DHPDM which would normally y i e l d Y - f a u j a s i t e i n the 
absence of an organic template. In the presence of TMA such 
g e l s c r y s t a l l i z e pure s y n t h e t i c mazzites as the s t a b l e 
z e o l i t e , o f t e n a f t e r major development of f a u j a s i t e i n the 
e a r l y s t a g e s o f c r y s t a l l i z a t i o n . W i t h i n c r e a s i n g 
temperatures from 90°C t o 160°C f a u j a s i t e i s e l i m i n a t e d as 
a component i n the c r y s t a l l i z a t i o n (or becomes such a short 
l i v e d t r a n s i t o r y phase th a t i t i s r a r e l y observed). In the 
presence of the above two templates, f a u j a s i t e i s the 
s t a b l e phase below 100°C, and ECR-1 i s the s t a b l e product 
above about 115°C. However, i n the presence of even t r a c e 
amounts o f TMA i n the te m p l a t e s o l u t i o n s , m a z z i t e 
n u c l e a t e s , and once n u c l e a t e d i t p r e v a i l s as the s t a b l e 
product i n the subsequent c r y s t a l l i z a t i o n . Hydrothermal 
experiments w i t h DHEDM and DHPDM i n water and b a s i c 
s o l u t i o n s at 160°C showed no breakdown of these templates 
t h a t c o u l d be observed w i t h 1 3 C-NMR, l e a d i n g t o the 
c o n c l u s i o n t h a t template breakdown products were probably 
not r e s p o n s i b l e f o r the n u c l e a t i o n of mazzite types during 
the s y n t h e s i s . Adequate monitoring of the template p u r i t y 
i s necessary t o ensure the e x c l u s i o n of mazzite from the 
sy n t h e s i s products i n the primary c r y s t a l l i z a t i o n f i e l d of 
ECR-1. 

A n a l c i t e and Ρ are the major impurity phase found i n 
ECR-1 p r e p a r a t i o n s , and at higher temperatures and longer 
c r y s t a l l i z a t i o n times the former i s o f t e n the major 
product. I n i t i a l ECR-1 syntheses i n v a r i a b l y showed c r y s t a l s 
of t h i s z e o l i t e growing on the outside of a n a l c i t e c r y s t a l s 
(Figure 2), i n d i c a t i n g the p o s s i b i l i t y of the l a t t e r a c t i n g 
as a s t a b i l i s i n g or n u c l e a t i n g s u r f a c e . S e v eral experiments 
w i t h v a r i o u s a n a l c i t e s e e d i n g modes n e g a t e d t h i s 
hypothesis. 

N-hexane s o r p t i o n experiments with numerous d i f f e r e n t 
samples showed major v a r i a t i o n s i n s o r p t i o n p r o p e r t i e s 
( c a p a c i t i e s and r a t e s , as shown i n Table 1), some of which 
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514 ZEOLITE SYNTHESIS 

TABLE 2 

X-ray d i f f r a c t i o n p a tterns of templated forms of ECR-1 

(PrOH)2Me 2N (EtOH)2Me 2N 

h k 1 d I/Io d I/Io 
1 1 0 14 t.9 11 14 .8 20 
1 2 0 1C ). 6 18 1C 1.6 15 
2 0 0 9. 10 63 9. 10 44 
1 3 0 7 . 87 36 7. 85 8 
1 0 1 6. 77 40 6. 76 45 
1 1 1 6. 56 9 6. 57 10 
2 3 0 6. 31 15 6. 29 19 
3 1 0 5. 91 22 5. 89 16 
2 4 0 5. 31 9 5. 32 9 
3 3 0 4. 99 14 4. 97 14 
1 4 

4 
1 4. 73 16 4 . 73 6 

3 
4 
4 0 4. 44 17 4 . 44 18 

1 6 0 4. 22 22 4 . 23 35 
3 3 1 4. 11 3 
3 4 1 3. 796 54 3. 789 15 
4 4 0 3. 724 11 3. 730 17 
1 0 2 3. 574 13 3. 574 17 
5 2 0 3. 500 79 3. 497 40 
5 0 1 3. 252 57 3. 251 55 
5 4 0 3. 172 100 3. 170 100 
2 8 0 3. 068 7 3. 069 8 
6 1 0 3. 008 27 3. 006 27 
2 8 1 2. 278 14 2. 679 27 
5 7 0 2. 603 7 2. 588 15 
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35. VAUGHAN AND STROHMAIER New Large-Pore Zeolite ECR-1 515 

F i g u r e 5. Scanning e l e c t r o n micrographs of z e o l i t e s 
c o c r y s t a l l i z i n g with ECR-1: (a) mordenite b a r r e l l i k e 
agglomerates; (b) pure samples of d i f f e r e n t mazzites 
showing s i m i l a r morphology to ECR-1 but having a smaller 
aspect r a t i o and much shorte r c r y s t a l s . Scale markers 
are ΐμ (LHS) and 10μ (RHS). 
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c o u l d be e x p l a i n e d by the presence of a n a l c i t e i m p u r i t i e s . 
However, high r e s o l u t i o n e l e c t r o n microscopy i n the l a t t i c e 
imaging mode c l e a r l y shows the p o s s i b i l i t i e s of twinning, 
i n t e r g r o w t h s and overgrowths i n t h i s structure(ϋ) , and 
t h e r e f o r e the p o s s i b i l i t y of p a r t l y blocked s t r u c t u r e s . As 
mordenite sheets are a s t r u c t u r a l component i n ECR-1, the 
p o s s i b i l i t y of s m a l l and l a r g e p o r t v a r i e t i e s cannot be 
i g n o r e d . Long c r y s t a l s of s i n g l e channel z e o l i t e s are a 
c o m p l i c a t i o n because even minor pore blockages by d e t r i t a l 
g e l components or template degradation products can have 
major i n f l u e n c e s on s o r p t i o n p r o p e r t i e s . The o p t i m i s e d 
p r e p a r a t i o n s have n-hexane and c y c l o h e x a n e s o r p t i o n 
c a p a c i t i e s comparable with Linde-L and l a r g e p o r t mordenite 
(up t o 8% wt. ) . Other s o r p t i o n c a p a c i t i e s are about 16% 
wt.for carbon d i o x i d e and 13% wt.for water. 

ECR-1 i s a t r u e boundary phase between two compatible 
s t r u c t u r e s - m a z z i t e and mordenite - which n o r m a l l y 
c r y s t a l l i z e with g r e a t l y d i s p a r a t e S i / A l r a t i o s (3.4 and >5 
r e s p e c t i v e l y ) . Yet ECR-1 has an S i / A l r a t i o i d e n t i c a l t o 
mazzite, even though h a l f of i t s component sheets are 
s t r u c t u r a l l y c h a r a c t e r i s t i c of mordenite ( i n the s t r u c t u r e 
p r o p o s a l ) . T h i s c o m p o s i t i o n a l i n c o m p a t i b i l i t y i s f u r t h e r 
r e f l e c t e d i n the almost complete l a c k o f mixtures of 
mazzite with mordenite i n the experiments so f a r completed. 
The ongoing search f o r ECR-1 with mordenite overgrowths i s 
t h e r e f o r e an important o b j e c t i v e i n the understanding of 
c r y s t a l l i z a t i o n mechanisms i n t h i s system, with p a r t i c u l a r 
i n t e r e s t i n the p o s s i b l e c o m p o s i t i o n a l v a r i a t i o n between 
a l l three component z e o l i t e s . 

CONCLUSIONS 

The c o m p a t i b i l i t y of mazzite and mordenite s t r u c t u r a l 
u n i t s , and the e x i s t e n c e of ECR-1 types of s t r u c t u r e s at 
the i n t e r f a c e between the primary c r y s t a l l i z a t i o n f i e l d s of 
the former, i n d i c a t e t h a t z e o l i t e c r y s t a l l i z a t i o n v i a 
templation of intermediate sheet s t r u c t u r e s i s a p l a u s i b l e 
growth mechanism. Other z e o l i t e groups showing s i m i l a r 
p o s s i b i l i t i e s i n c l u d e the p e n t a s i l s , the ABC 6 - r i n g 
s t r u c t u r e s and the c u b i c / h e x a g o n a l s t a c k e d f a u j a s i t e 
s h e e t s . The s i g n i f i c a n c e o f the c h e m i c a l d i s s i m i l a r i t y 
between the c o n s t i t u e n t components of ECR-1 i s of i n t e r e s t , 
but i t s e l u c i d a t i o n r e q u i r e s more extensive c r y s t a l l i z a t i o n 
s t u d i e s combined with high r e s o l u t i o n microprobe chemical 
analyses of c r y s t a l overgrowths. 

ECR-1 has a complex c r y s t a l l i z a t i o n and s t r u c t u r a l 
r e l a t i o n - s h i p with mazzite and mordenite, and t h i s paper 
s h o u l d be viewed as a p r o g r e s s r e p o r t from an ongoing 
p r o j e c t . The problems are symptomatic of a number of 
r e c e n t s t u d i e s of z e o l i t e s showing h i g h degrees of 
s t r u c t u r a l complexity, such as Z S M - 2 3 ( 1 £ ) , b e t a ( 1 2 ) and 
v a r i o u s FAU-BSS intergrown materials(1£). 
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Chapter 36 

Directing Parameters in the Synthesis 
of Zeolites ZSM-20 and Beta 

Zelimir Gabelica, Nicole Dewaele, Lutgarde Maistriau, 
Janos B. Nagy, and Eric G. Derouane 

Facultés Universitaires Notre Dame de la Paix, Namur, Laboratoire 
de Catalyse, 61 Rue de Bruxelles, B-5000 Namur, Belgium 

We describe a systematic investigation of various synthesis variables 
that usually affect the crystallization of faujasite-type structures from 
Si, Al, Na, tetraethylammonium (TEA) hydrogels.A careful control of 
parameters such as the composition of the precursor hydrogel, 
temperature and crystallization time is needed to selectively prepare and 
stabilize pure zeolite ZSM-20 in high yield. 
Any slight deviation from optimized conditions (higher temperature, 
longer synthesis times, lower TEAOH contents...) invariably leads to 
the formation of the more stable zeolite Beta. 
When Aerosil is used instead of tetraethylorthosilicate a novel faujasite 
polytype material having a different hexagonal packing is obtained. 
Zeolite ZSM-20 with a rather constant Si/Al ratio of 5 only crystallizes 
when the initial Al concentration is sufficient. TEA+ together with the 
Na+ ions directly act as counterions to neutralize the Al-framework 
negative charges and very few Si-O-R (R = Na or TEA) structural 
defects are generated. A higher initial Al concentration does not affect 
the final composition of the material but markedly increases the yield. 
A lower Al content definitely leads to the Si richer Beta phase, that 
incorporates TEA+ counterions to Al negative charges and TEAOH 
ionic pairs, that occupy the maximum of the intracrystalline free 
volume, while Na+ ions partly neutralize the Si-O" framework defect 
groups. 

High silica zeolites with large pores and cavities are attractive materials for 
catalytic applications in a variety of industrial processes because of their high 
(hydro)thermal stability, enhanced hydrophobicity, strong acidity and particular good 
resistance to deactivation (1). Several patents report syntheses of silica variants of 
zeolite Y (2,3) but it appeared increasingly difficult to prepare faujasite-type materials 
of Si /Al ratio higher than about 3 (4-6). Among more siliceous materials with similar 
open pore systems and structurally related to faujasite, zeolites ZSM-3, CSZ-1 and 
CSZ-3 are prepared from wholly inorganic media, while ZSM-20 and SAPO-37 are 
the only FAU-like materials prepared in presence of specific structure-directing 
organic molecules "Table I". 

0097-6156/89/0398-0518$07.50y0 
ο 1989 American Chemical Society 
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36. GABELICA ET AL. Zeolites ZSM-20 and Beta 519 

Table I. Zeolites of Faujasite-type Structure. 
Composition and structural Characteristics. 

Zeolite Framework 
cations 

Framework 
Si/Al ratio 

Structure Reference 
(distances in À) 

Χ Na + 1-1.5 Cubic(a=24.94) 7 
Y Na + 1.5-3 Cubic(a=24.73) 8 
ZSM-3 L i + , Na + 1-3 Hexagonal(a=17.5;c=14.3) 9,10 
ZSM-20 Na+, TEA+ 3.5-5 Hexagonal(a=17.3;c=28.6) 11,13,34,37 
FAU-POLYTYPE Na+ TEA+ 3.2 Hexagonal(a=17.46;c=28.48) this work 
CSZ-1 Cs + , Na + 2.8 Rhombohedral(a=17.37) 14 
CSZ-3 Cs+,(Rb+),Na+ 2.5-3.5 Rhombohedral 15 
SAPO-37 TMA+, TPA+ 0.25-1 Cubic(a=24.61) 12, 16 

From the topological point of view, with the truncated octahedra of faujasite, 
a large number of structures can be derived considering a close packing of hexagonal 
layers of sodalite cages (12). 
Zeolite ZSM-20 is a member of this family. As a large pore material with open 
structure, when suitably modified, this zeolite proved to be a useful catalyst in some 
specific reactions, such as Diels-Alder cyclizations (18^ or isomerizations of 
dichlorobenzenes (19). It crystallizes in presence of tetraethylammonium cations 
(ΤΈΑ+), a templating agent that also directs the formation of a variety of other zeolites 
"Table Π". Data from Table II also clearly show that the nature of the zeolite directed 
by TEA +strongly depends on the gel chemistry and on other synthesis parameters or 
conditions and, indeed, for most of these materials, TEA"1" is not a specific template. 
By contrast, TEA+ appears as an indispensible ingredient for ZSM-20 to crystallize, 
suggesting that these ions very specifically act as structure orienting agents in its 
nucleation and growth processes. Nevertheless, as again suggested by the various 
types of preparations proposed for ZSM-20 "Table Π", the purity and crystallinity of 
this zeolite is probably also a function to some extent of the synthesis conditions. 

Another zeolite that often (co)crystallizes in the presence of T E A + , when the 
procedure leading to ZSM-20 is only slightly modified, is zeolite Beta. (11.30-32.34. 
36. 37. 39), a true high silica zeolite with open pore system. Its crystallographic 
structure actually consists of a random intergrowth of two new zeolitic frameworks 
that, in common with the faujasite lattice, show fully three-dimensional pore system 
with 12 rings as the minimum constricting apertures (40). Stacking faults affect the net 
tortuosity along the c-axis but do not significantly alter the accessible pore volume. 

The various parameters affecting the formation of zeolite Beta from alkali-
TEA+-containing aluminosilicate gels were recently thoroughly investigated (21)» and 
a crystallization mechanism was proposed QQ).In a preliminary paper, we have 
defined and optimized a series of synthesis parameters allowing the preparation in 
good yield of zeolite ZSM-20 from a hydrogel that usually yields the more stable 
zeolite Beta (22). However, the competitive and selective formation of both ZSM-20 
and Beta from the same hydrogel compositions have not been systematically 
investigated. 
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520 ZEOLITE SYNTHESIS 

The aim of the present paper is double. Firstly, we wish to question more 
precisely the role of TEA + ions in competition with the Na+ cations and possibly in 
close relation with other synthesis parameters such as the silica source, or the alumina 
content, by comparing a series of other physicochemical characterizations(chemical 
composition, nature of the occluded organics, void volume...) of zeolites ZSM-20 and 
Beta. In a second step, we conduct a more in depth investigation of the whole 
synthesis conditions and their modification in order to propose selective preparation 
routes for both zeolites and to possibly define further favorable conditions for the 
formation of other potential open phases. 

Table II. Zeolites synthesized in presence of TEA + Ions under various 
Conditions (a non exhaustive List, adapted from Literature data) 

Zeolite Molar ratios in starting gel (for 1 AI2O3) Synthesis conditions Reference 

CIEA)20 Na20 S i 0 2 H 2 0 Cryst. Τ Cryst.time 
(°Q (days) 

Mordenite 6.1(Br) 24.1 50(w.glass) 497 180(static) 7 20 
ZSM-12 8.3(OH-) 41.1 86.6(w.glass) 1109 180(static) 7 20 
ZeolitePHI 9.3(OH") 1.1 20(Si(OEt)4 58 100(static) 14 21 
ZSM-25 5.7(Br) 1.7 8.3(Aerosil) 279 135(-) 5 22 
ZSM-8(a> 2.7(OH") 1.1 50.1(Ludox) 663 180(-) 7 23 
ZSM-8(a> 8.9(Br) 28.8 96.5(w.glass) 1888 130(static) 8 24 
ZSM-8(a> 9(Br) 26 106(w.glass) 2400 140(static 5 25 
ZSM-5 19.5(OH") 366 319 4880 160(-) 3 26,27 

((NH4)20) (colloidal S1O2) 

Nu-2 7.5(OH") 12.8 50(Aerosil) 500 95(static) 32 28 
Beta 2.8(OH" 0.9. 27.1(Ludox) 166 150(-) 10 29 
Beta 9.7(OH") 1.6 30.8(Si(OEt)4) 314 120(static) 14 11 
Beta® 7.25(OH") 1.5 30 (Si(OEt)4) 36 100(static) ±1 30,31 

(+0.5K2O) 
Beta® 6.25(OH") 1.2 30.2 (Si(OEt)4) 267 100(static) 10 32,thiswork 
Faujasite 0.05-0.8(Br") 13.3 12.5(w.glass) 270 100(agitated) 1-3 33 
Faujasite 13.2(OH") 1.25 30.2 (Si(OEt)4) 598 100(static) 21-35 32,thiswork 
Fau- 12.5(OH") 1.25 30.2(Aerosil) 243 100(static) 5 this work 
polytype 
ZSM-20*) 13.2(OH") 1.25 30.2 (Si(OAlk)4) 243 100(static) 13 11,13,34-36 
ZSM-20*) 11.3(OH") 1.25 11.1 (Si(OEt)4) 267 100(static) 5-14 32,37, this 

work 

(a) categorized as a ZSM-5-rich intergrowth QS) 
(b) variable reactant ratios used; ratios given for optimal syntheses 
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36. GABELICA ET AL Zeolites ZSM-20 and Beta 521 

Experimental 
Syntheses 

The original synthesis conditions as described by Valyocsik in the example 
19 of his patent (34) were chosen as the starting procedure to which various 
modifications have been brought. After a preliminary series of optimization processes, 
a typical and reproducible preparation yielding pure, highly crystalline ZSM-20 in 
optimum yield could be proposed. The detailed conditions are described in a preceding 
paper (22). The following scheme depicts these conditions for a typical synthesis, 
chosen as starting point for the systematic study : 

Si(OEt)4 

mixing- GEL 
Na Aluminate, 
TEAOH, H 2 0 

1.25 Na20. A1 20 3. 30 Si(OEt)4.26.4 TEAOH. 327 H 2 0 

Ester hydrolysis, then 
evaporation (H20, 
EtOH) 
(95°C,12h) 

FINAL GEL 

1.25 Na20. A1 20 3. 30 Si0 2. 26.4 TEAOH. 267 H 2 0 

Hydrothermal treatment 
(FIFE containers, static 
conditions, 100°C, 11 
days) 

100% CRYSTALLINE ZSM-20 

double unit cell (192 Τ atoms): N*21.5 A136.7 Si155.3 °192 0^)16.4 95.5 H 2 0 
or, in terms of oxides, for 1 A1 20 3 : 0.59 Na20. Α1 2θ3· 8.46 SiO2.0.89TEAOH. 5.2 H 2 0 

Characterization techniques 

The nature and crystallinity of the solid was determined by x-ray powder 
diffraction as detailed elsewhere (22). Isothermal (90°C) sorption measurements of n-
hexane on a Stanton Redcroft STA 780 thermoanalyzer were either used to probe the 
intracrystalline pore volumes or to check the crystallinities (41). Si, A l and Na 
contents in the crystalline materials (compact pellets or individual crystallites) were 
determined by Energy Dispersive X-Ray Analysis (EDX) (42), while the water and 
organic contents were measured by thermal analysis (41). The structural arrangement 
of the silicic, aluminic and sodic species and the nature and structure of the organic 
compounds occluded in the zeolitic pores were elucidated using solid state high 
resolution M A S 2 9 S i - , 2 7 A 1 - , 2 3 N a - and 1 3 C - N M R respectively, following the 
recently redefined experimental conditions (43). 
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522 ZEOLITE SYNTHESIS 

Results and Discussion 

Primary critical variables in synthesis of ZSM-20 

In order to define the important and critical variables affecting the synthesis 
of ZSM-20, a large series of modifications have been brought to the optimized 
synthesis procedure. Some preliminary trends (32). now completed by the present, 
more in depth study, can be summarized as follows : 

As for most of the zeolites with very open structure, crystallization of ZSM-
20 occurs in a rather low temperature range (90-120°C), in static conditions, and is 
complete after about 10-15 days heating.Longer crystallization times, higher 
temperatures or agitation ineluctably lead to the formation of other dense or 
amorphous phases, that also co-crystallize with zeolite Y (44,4£). More precisely, a 
rapid heating of the final gel above 100°C (130 or 170°C) resulted in the formation of 
zeolite Beta (see below). It was also observed that at these temperatures ZSM-20 
initially formed at 100°C transforms into amorphous phase, probably also further 
precursor to Beta (32). 

Another factor that necessitates a close control is the gel composition because 
a series of other structures like zeolites X , Y or Beta can easily crystallize from similar 
systems "Table Π and Figure 1". The H2O/S1O2 ratio is also important to control. For 
higher initial water contents the crystallization rate of ZSM-20 considerably decreases. 
In very diluted systems, zeolite Y is more readily formed, although with a rather low 
rate due to the smaller N a + concentrations in such a system (33). Furthermore, the 
water content also affects the pH, the supersaturation conditions and the rate of 
hydrolysis of Si(OEt)4 and hence the further condensation of the resulting (Si(OH)4)n 

species(46). 
Optimum ZSM-20 crystallization conditions were found to occur for 

H2O/S1O2 ratios of 8-10. More concentrated media favour the crystallization of zeolite 
Beta, in agreement with the overall gel composition proposed for its optimized 
formation ( Π , 31, 32. 34) : "Table II". Finally, as generally observed for a variety of 
other zeolites (47). in more diluted media, slightly larger ZSM-20 crystals can be 
prepared "Figure 2". 

The presence of even traces of ethanol in the synthesis batch, stemming from 
an incomplete hydrolysis of Si(OEt)4 during the ageing period results in a drastical 
reduction of the ZSM-20 crystallization rate ; zeolite Beta is then readily formed and 
achieves a fast growth at the expense of the ZSM-20 "Figure 3".This goes in line with 
the higher yields of Si-richer Beta observed when this zeolite is intentionally prepared 
in presence of ethanol GP.This was attributed to the lower solubility of silica in 
EtOH (31). but it is also probable that the whole system (nature and solubility of 
ZSM-20 aluminosilicate precursors and intermediates) is perturbed (32). 

A modification of the order of mixing of the reactants may markedly affect 
the growth rate of ZSM-20 but pure crystals are always obtained, provided the 
composition of the final gel stays similar. 

In agreement with the findings reported in another study (36). seeding 
proved efficient by considerably shortening the nucleation period of ZSM-20 "Figure 
4". Moreover, the nucleation time is even more reduced when ZSM-20 seed 
crystallites (0.5 wt. % with respect to dry gel) were added after the complete 
evaporation of ethanol, thus confirming the inhibiting role of the latter in ZSM-20 
crystallization. 
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·— SAMPLE A 
average size-0.23 μπι 

! SAMPLE B 
average 8ϊζβ«0.ΐ4μΓη 

0.12 0.24 0.36 
— Particle size (μπι) 

0.48 

Fig 2 Comparison of the final crystal size distribution characterizing a ZSM-
20 sample prepared in more diluted conditions (H2O/S1O2 = 8.9-
sample B ) . 
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524 ZEOLITE SYNTHESIS 

0 10 20 30 40 50 
Synthesis time (days) 

Fig 3 Crystallization kinetics of coexisting zeolites ZSM-20 (O) and Beta (O) 
formed in presence of ethanol (EtOH not completely eliminated) 
compared with that of pure ZSM-20 formed under the same conditions 
in complete absence of EtOH. 

0 5 10 15 20 25 
C r y s t a l l i z a t i o n time (days) 

Fig 4 Influence of seeding on the crystallization kinetics of ZSM-20. 
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36. GABELICA ET AL Zeolites ZSM-20 and Beta 525 

Upon seeding, ZSM-20 appears better stabilized as no traces of zeolite Beta were 
found after 27 days heating. Our observation is in agreement with other recent works 
that showed the high efficiency of the addition of very small and freshly formed 
zeolite nuclei as seeds to batches giving zeolites TMA-Offretite (48 ) or TMA-Omega 
(49). Both materials were formed more rapidly and selectively, free from stable side 
phases like Analcime or Mordenite that usually co-crystallize in absence of seeds. 

Seeding neither affects the final chemical composition of ZSM-20 nor the 
crystal size or morphology.In contrast to non-seeded systems, isolated individual 
crystallites of 0.45 μπι diameter tend to form polycrystalline aggregates after long 
synthesis times (27 days). 

In addition to our findings, it is to be noted that another study envisaged the 
importance of other variables. Ageing and use of other ingredients like Si(OMe)4 or 
K + were among the parameters that also influenced in considerable extent the ZSM-20 
preparation under these slightly different conditions (36). 

Effect of A l concentration : rapid preparation of ZSM-20 in optimum yield 

A l incorporation in a high silica zeolitic framework is a difficult and slow 
process so that these materials often crystallize with a low rate in Al-rich gels (5Û, 51). 
Indeed, such frameworks are often made from 5-1 SBU precursors that preferentially 
involve Si in the tetrahedral positions (52). 
On the other hand, Al-rich zeolites are built up from SBU involving mainly rings 
containing an even number of Τ atoms, often 4 M R or 6 MR. Such rings are better 
stabilized by incorporating the maximum number of A l atoms on the available Τ sites 
and tend to reach the optimal Si/Al ratio of 1 (52). 

If an Al-rich zeolite is prepared from a Si-rich gel, one can imagine two 
situations. Firstly the zeolite can be formed from the 4MR or 6MR that respectively 
contain less than 2 and 3 A l atoms and are thus less stable than the corresponding (2 
Si, 2A1) and (3Si, 3A1) rings. Provided the amount of such species is sufficient, the 
resulting framework will be fairly enriched in Si. 
The other situation supposes the formation of stable rings that contain the maximum 
number of A l atoms, from a Si-rich gel. This can be a slow process, kinetically limited 
by the slow A l incorporation stemming from A l poor gel phases. Such a system will 
yield a limited number of Al-rich zeolite nuclei with a fairly low rate. In such a case, a 
poor "synthesis efficiency", i.e. poor correlation between the Si/Al atomic ratio in the 
gel and that of the final zeolite, is observed (52) "Figure 5". 
Any increase of the A l concentration in the gel will increase the rate of crystallization, 
as frequently observed for many low silica zeolites (54). Another consequence could 
be an overall increase of the zeolite yield resulting from an important consumption of 
Si species that wil l react with Al(OH)4" species to form the appropriate (Si, Al) 
complexes. 

At that stage, the actual mechanism that governs the nucleation and growth 
processes of the zeolite must obviously also play a determinant role in facilitating the 
A l incorporation. For example,under particular conditions, zeolite Y can grow through 
a structural rearrangement of the gel (55) and its composition then strongly depends 
on the dissolution-precipitation equilibria of the various aluminosilicate complexes that 
finally bring the desired amount of A l in the gel phase. In most of the cases, however, 
nuclei of zeolites with open structure such as zeolite Y (44,45, 56-58) Beta, (2Û, 21) 
and ZSM-20 (22, 26), are formed in the liquid phase. The growth rate of the 
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526 ZEOLITE SYNTHESIS 

crystallites so-formed will necessarily depend on the actual A l concentration in 
solution, and hence, on the solubility of the various oligomeric aluminosilicate 
precursor species stabilized under particular reaction conditions and present in solution 
along with residual A l (OH)4" entities. 

In the case of ZSM-20, the increase of the crystallization time with increasing 
Si/Al ratio in the gel was indeed observed and interpreted in terms of an increase of the 
viscosity of the gel (36). In parallel to what was already described in case of zeolite 
Beta (21), we can imagine the following, more precise picture. The fast reaction 
between hydrolyzed (Si(OH)4) n species and Al(OH)4" existing in strongly alkaline 
solution, rapidly yields sparingly soluble aluminosilicate species. The solution is 
nearly completely depleted in A l but still contains a major amount of Si species. Such 
a mechanism was proposed for ZSM-20 and confirmed by a complete kinetic study of 
its crystallization, as described in our previous paper (32). A rapid precipitation of 
aluminosilicate complex species readily formed upon mixing the ingredients, yielded a 
gel phase relatively rich in A l (Si/Al «1) while the solution contained mainly soluble 
silicate species. 
Further on, the composition of both the solid and liquid phases did not change during 
the whole nucleation period (8 days). We have completed these observations by 
determining the evolution of the Si /Al ratio in the solid intermediate phases all along 
the synthesis course "Figure 6" and confirmed the composition of the liquid phase by 
using high resolution ^Si NMR. The increase of the Si /Al ratio in the intermediate 
solid phases shows that the liquid phase starts to participate in the ZSM-20 formation 
as soon as its crystallization is induced (i.e. after about 8 days) and continues to 
participate all along the growth process for the next 3 days of reaction. At the end of 
the synthesis course, no A l could be detected in solution by 27Al NMR, despite of the 
high intrinsic sensitivity of this nucleus. Two 29$i N M R resonances observed 
between -90 and -100 ppm and belonging to the configurations Q2(0A1) and, in 
majority to Q3(0A1) (triangular prisms), confirm the absence of soluble S i ,Al 
complexes, in contrast to what could be found in the final solution resulting from the 
crystallization of zeolite Y (58)"Figure 7". In this latter case, 29si N M R shows that 
faujasite Y essentially crystallizes in a medium involving more monomelic Si species 
present with a non-negligible number of A l bearing oligomeric soluble complexes. 
This marked difference between the two systems is mainly due to different synthesis 
(essentially pH) conditions. 

Because the presence of aluminium appears necessary to crystallize ZSM-20 
but also because its too low amount limits the overall yield of the process, an attempt 
was made to increase and maximize the A l concentration in the initial gel. To avoid 
any further modification of the gel composition, Na aluminate was replaced by 
hydrated Al(OH)3 (Serva.A.R.). Table III compares the crystallinity and yield of 
ZSM-20 obtained with various initial A l concentrations. 

On comparing samples A and D, it first appears that Al(OH)3 is a more 
reactive A l source than Na aluminate , as nearly pure ZSM-20 is already formed after 
9 days heating. Secondly, as expected from the mechanistic considerations, an 
increase of the initial amount of A l markedly accelerates the nucleation process of the 
ZSM-20 "Figure 8". Neither the crystallinity nor the A l content of the final zeolite are 
affected by the initial concentration.Analysis of the final liquid phases confirmed that 
in all cases all the aluminium was consumed during the growth process, which means 
that the overall yield in crystalline ZSM-20 has increased accordingly. Indeed this 
increase is confirmed experimentaly "Table ΙΠ". 
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10 

Fig 5 Relationship between Si/Al ratio in the gel and in a series of faujasite 
zeolite samples crystallized from it : example of poor synthesis 
efficiency (adapted from ref. 53) M 

0 5 10 15 20 
C r y s t a l l i z a t i o n time (days) 

Fig 6 Variation of the Si/Al molar ratio characterizing the intermediate solid 
phases (ZSM-20 + gel isolated at various synthesis times : Ο = E D X 
values; Ο = 2 9 S i NMR values). 
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-90,5 

(A) 
Q3(0A1) 

j 
-100 

Q2(0A1) 

Qo—72 

(B) 

lQi(0Al) 

-50 -60 -70 •80 
δ (ppm) 

-90 -100 -110 

Fig 7 2£Si NMR identification of the various (Si,Al) complexes present in 
the liquid phase after the complete crystallization of ZSM-20 (A) and of 
zeolite Y (B). 
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Ο 5 10 15 20 
C r y s t a l l i z a t i o n time (days) 

Fig 8 Influence of the initial A l concentration on the crystallization of zeolite 
ZSM-20. 
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The constant Si /Al ratio in the final zeolite phases indicates that more Si from the 
liquid phase is consumed to yield ZSM-20 and confirms that the initial A l content 
limits the yield in the reference conditions described in the patent recipes (34). Note 
that a too low initial A l content results in a preferential formation of zeolite Beta 
(sample B) that usually crystallizes from Si-rich gels "Table IF'.Finally, the overall 
ZSM-20 crystal size decreased as the initial A l content increases "Figure 9", indicating 
that a large number of nuclei, that ultimately yield numerous smaller ZSM-20 
crystallites, are formed more rapidly when more A l is available in the gel phase. This 
confirms that in A l rich systems, the formation of the first nuclei involves Si ,Al 
complexes or SBU that are numerous and that more readily achieve an appropriate 
Si/Al ratio. 

Table HI. Preparation of ZSM-20 from Hydogels of following molar 
Composition: 1.25 Na2<3 XAI2O3 30.2 S1O2 26.4 T E A O H 267 H2O 
and involving variable Amounts of Aluminium 

Sample χ (Si/Al)gel Induction(a) Synthesis ZSM-20 
period(days) time(days) 

% cryst. Yield*) Al/u.c. 
% 

A© 1 30 8 13 100 38.5 
Β 0.66 45 7.5 19 35 15 

(+traces of Beta) 
C 0.86 35 6 10 86 19 39 
D 1 30 5 9 87 25 40 
Ε 1.2 25 6.5 10 82 27 40 
F 2 15 4.5 10 84 34 44 

(a) Time required for the first ZSM- 20 crystallites to be detected by X R D (see also 
figure 8) 
(b) Calculated in terms of weight of S1O2 in the zeolite with respect to that introduced 
in the gel 
(c) Reference conditions involving Na aluminate 

Effect of silica source : formation of a novel Faujasite-polvtvpe phase 

(Si(OH)4) n low oligomeric species resulting from hydrolysis of Si-
alkoxides are considered a priori more reactive towards aluminate species in basic 
media than those stemming from high surfacepowdered silicas like Aerosil. However, 
while the former are slowly and progressively released through hydrolysis, the latter 
are instantaneously available in large amounts to react readily with Al(OH)4~ species 
to yield the appropriate aluminosilicate polymeric zeolite precursors. The actual Si /Al 
ratio of the latter will then merely depend on the actual amount of the Si oligomers 
available at a time. It is therefore reasonable to suppose that slow hydrolysable 
Si(OAlk)4 species will favour the formation of Al-richer zeolites, provided the 
alcohols so formed do not play any secondary perturbating role. Conversely, Aerosil 
should favour the nucleation of higher silica zeolites. 
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Fig 9 Correlation between nucleation time (days) and the average ZSM-20 
particle size (μηι), as a function of the initial A l content. 
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532 ZEOLITE SYNTHESIS 

With these ideas in mind, we used Aerosil to prepare a silica-richer ZSM-
20. Surprisingly, under our reference conditions, we observed the formation of 
another open structure, here called "FAU-polytype", that could not be identified by 
X R D to any of the known faujasite-type polymorphs."Figure 10". The doublet of the 
"Faujasite peak" at 20=5.9° suggests a hexagonal symmetry, less regularly packed 
than in ZSM-20 and probably involving stacking of planes along the c-axis, as 
accounted for by the absence of a series of lines that characterize the ZSM-20 X R D 
pattern. A thorough structural determination of this material is in progress (59). It 
possibly belongs to one of the large number of structures theoretically predicted from 
a close packing of the hexagonal layers of the faujasite truncated octahedra (17). 
The FAU-polytype is also readily obtained when the order of mixing of the reactants 
was changed in the reference synthesis, provided Aerosil is the Si source used and the 
crystallization temperature maintained at 100°C. This material systematically exhibits 
properties intermediate between ZSM-20 and zeolite Y "Table IV". 

In particular, the S i /Al ratio of the FAU-polytype is higher than that 
characterizing zeolite Y but lower than that measured for the more siliceous ZSM-20. 
We conclude that under our temperature and compositional conditions, Aerosil 
provokes the formation of such a structure that accomodates the appropriate amount of 
A l to get stabilized. At 170°C, the same gel yields the thermodynamically more stable 
zeolite Beta. This observation again goes in line with the general idea that the 
development of nuclei of metastable zeolites is favoured by a low temperature aging 
/nucleation of gels (51). 

Variation of TEAOH concentration and temperature: optimal formation of zeolite Beta 

The general synthesis scheme of ZSM-20 clearly indicates that the amount of 
T E A in the precursor gel is in large excess with respect to the amount found 
incorporated in the final ZSM-20 unit cell. In order to reduce the global cost of the 
ZSM-20 synthesis, the use of lower T E A O H concentrations was systematically 
checked. The following typical TEA/AI2O3 molar ratios were chosen and compared to 
the value (26.5) that characterizes the reference system: 

17.5 : as mean value falling within the preferential range, suggested in the 
patent literature (1134) 

12.5 : as the lower limit of that range, and 
2.5 : value slightly lower than the ratio corresponding to the zeolite 

composition. 

Z e o l i t e ZSM-20 

ι ι ι ι ι i_l 
30 25 20 15 10 5 

^ 2 β (ά·9Γ··β) 

Fig 10 Comparison of X R D spectra of "Faujasite polytype" and ZSM-20; The 
marked peaks exclusively characterize ZSM-20. 
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36. GABELICA ET AL. Zeolites ZSM-20 and Beta 533 

Table IV. Physicochemical Characteristics of Zeolites crystallized from 1.25 
N a 2 0 A 1 2 0 3 30.2 S i 0 2 25 T E A O H (a) 243 H 2 0 Gel BatchesO*), with 
various Si Sources and under different Conditions (For the Sake of 
comparison, all the Unit Cells are assumed to involve 192 Τ Atoms) 

FAUJASITE 
(43 

FAU-POLYTYPE ZSM-20 Beta 

Si source Aerosil Aerosil Si(OEt)4 Aerosil 
T(°Q 100 100 100 170 
Synth.time (days) 4.5 9 13 10 
%crystallinity(XRD) 100 89© 100 100 
(Si/Al)zeol. 2.4 3.0 4.0 10.3 
Al/u.c. 55.6 48.0 38.4 17.0 
Na/u.c. 55.6 40.0 20.7 15.3 
H20/u.c. 245 123 90 16 
TEA+/u.c. 0 13.0 17.6 21.3 
n-hexane 27.8 28.1 30.3 21.4 
(sorbed/u.c.) 
u.c.volume(Â)3 15,070 15,038 14,870 -

(a) except for Beta : 12.5 TEAOH 
(b) for faujasite, the gel composition was different (45) 
£c) compared to a 100 % crystalline faujasite used as standard 

Results compiled in Table V show that a decrease of the initial T E A O H concentration 
automatically favours the crystallization of zeolite Beta, irrespectively to the source of 
silica used. 

Table V . Crystalline Phases formed from the Reference Gel 1.25 N a 2 0 
A 1 2 0 3 30.2 S i 0 2 χ T E A O H 243 H 2 0 involving different T E A O H 
Concentrations 

Sample N° TEA +/A1 20 3 Si source Synthesis time Final product 
(days) (% crystallinity) 

1 26.0 Si (OEt)4 11 ZSM-20 (100) 
2 17.5 Si (OEt)4 11 Beta 

Si (OEt)4 15 Beta (85) 
2.5 Si (OEt)4 13 Amorphous 

Si (OEt)4 26 Amorphous 

3 25 Aerosil 21 FAU-polytype (89) 
4 17.5 Aerosil 12 Beta 

Aerosil 18 Beta (72) 
5 12.5 Aerosil 4 Beta 

Aerosil 10 Beta (100) 
2.5 Aerosil 10 Amorphous 

Aerosil 26 Amorphous 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

03
6

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



534 ZEOLITE SYNTHESIS 

Although all the TEA+/AI2O3 ratios used do fall within the wide range recommanded 
by Wadlinger et al. (22) to prepare zeolite Beta, the most crystalline sample is obtained 
for ΤΕΑ + /Αΐ2θ3 = 12.5 and by using Aerosil as the silica source. The preparation 
conditions and some properties of the three most crystalline Beta samples synthesized 
at 100°C with different Si sources combined with optimum ΤΕΑ + /Αΐ2θ3 ratios are 
compared in Table VI . 

Table VI. Synthesis Conditions and Properties of the three most crystalline 
Zeolite Beta Samples prepared at 100°C from Reference Hydrogels with 
optimized T E A ^ A ^ C ^ Ratios (sample N° as in Table V) 

Sample N° 2 4 5 

(TEA + /Al 2 0 3 ) g e l 17.5 17.5 12.5 
Si source Si(OEt)4 Aerosil Aerosil 
Synth.time(days) 15 18 io(a> 
% crystallinity(XRD) 85 72 100 
(Si/Al)zeol. 9 9 10.3 
A1/U.C. 19.2 19.2 17.0 
Na/u.c. 17.2 21.1 15.3 
TEA+/u.c.(a> 20.4 17.9 15.8 
TEAOH/u.c.(a> 1.6 4.0 5.5 
TEA++TEAOH/U.C. 22.0 21.9 21.3 
(TEA ++TEAOH/Al 20 3) z e o l 2.3 2.3 2.5 
H20/u.c. 17.6 16.9 15.7 
n-hexane 20.9 20.2 21.4 
(sorbed7u.c.) 

(a) a 100% crystalline Beta is already obtained after 5 days heating (see Figure 11) 
(b) T E A + and T E A O H separately and quantitatively determined by thermal analysis 
(22) 

Figure 11 shows the kinetics of crystallization of samples 2,4,and 5. 
Obviously the nucleation time for sample 5 is shorter than that characterizing samples 
2 and 4 , prepared in presence of larger T E A O H concentrations after only 5 days 
heating at 100°C. It also appears that for a TEA+/AI2O3 ratio of 17.5, the source of 
silica does not affect the nucleation time of samples 2 and 4. However, sample 2 
(Si(OEt)4) achieves more rapidly a 100% crystallinity than sample 4 (Aerosil), 
suggesting a more efficient utilization of the Si(OH)4 monomers stemming from a 
slow hydrolysis, to build up the final framework. 

A series of preliminary results have suggested that synthesis temperatures 
higher than 100°C favour the formation of zeolite Beta with respect to ZSM-20 (32). 
We have therefore tried to further improve the synthesis conditions of zeolite Beta by 
heating the hydrogels that contained the optimized TEA/AI2O3 ratios (equivalent to 
samples 2,4 and 5, Table VI) at higher temperatures. A selected set of results are 
shown in Table VII and compared with the corresponding reference conditions that 
yielded ZSM-20, FAU-polytype and zeolite Beta at 100°C. 
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Synthesis time (days) 

Fig 11 Crystallization kinetics of zeolite Beta, from reference hydrogels, at 
100°C, using different silica sources and optimized TEA+/AI2O3 ratios 
(samples 2,4,5 described in Tables V,VI,VII).  P
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With Si(OEt)4 as silica source, the reference gel (sample 1) that usually yields ZSM-
20 at 100°C after 11 days heating starts to yield an admixture of zeolites ZSM-20 and 
Beta, after 15-20 days heating at 130°C,while Beta is the only crystalline phase 
detected after 31 days heating "TableVIT. 
Similar phenomena are observed when the gel is heated at 170°C but the whole 
process is markedly accelerated, so that nearly pure Beta is obtained after only 4 days 
heating. Note that Oie way to reach the high temperature (slow and progressive heating 
from 100°C to 170°C or direct introduction of the gel in an oven preheated at 170°C) 
does not affect the nature and composition of the final crystalline phases. 

With Aerosil as silica source, the reference gel that already yields zeolite Beta 
at 100°C for TEA+/Al2C>3 ratios lower than 25, also logically yields the same zeolite 
more rapidly when heated at 130°C or 170°C (samples 4 and 5, Table VII). The 
apparent disadvantage to use a high temperature is the potential progressive 
dissolution of zeolite Beta to amorphous phase for longer synthesis times, as 
suggested by complete kinetic curves derived for samples 4a,4b, 5a, and 5b (61). 
(The crystallization times mentioned for these samples in Table VII are those for 
which the most crystalline phases are obtained.) Note also that these maximum 
crystallinities (60 to 80%) are obviously lower than that of the zeolite beta prepared for 
the same gel heated at 100°C for lldays . We therefore conclude that the conditions 
used to prepare sample 5 (TEA+/Al2C>3 = 12.5 and Τ = 100°C) are the optimum ones 
that yield 100% crystalline Beta. Alternatively, still fairly well crystalline Beta having 
similar composition (Table VII) can be prepared far more rapidly by conducting 
syntheses at higher temperatures, e.g. 170°C. 

Table Vu. Nature and physicochemical Characteristics of Zeolites crystallized 
from 1.25 Na2Û AI2O3 30.2 S1O2 x T E A O H 243 H2O gel Batches, using 
various Si Sources and different Synthesis Conditions (T E A O H 
Concentration, Temperature...) 

Sample N° 1 la lb 2 3 4 4a 4b 5 5a 5b 
(TEA/Al 203) g e l 26.4 26.4 26.4 17.5 25 17.5 17.5 17.5 12.5 12.5 12.5 

Silica source Si(OEt)4 Aerosil 
T(°Q 100 130 170 100 100 100 130 170 100 130 170 
Cryst.Time(days) 11 31 4 15 31 18 10 4 10 8 4 
Zeolite formed ZSM-20 Beta Beta Beta FAU- Beta Beta Beta Beta Beta Beta 

polytype 
% cryst 100 80 84 85 89 72 80 61 100 64 78 
(Si/Al). z e o L 4 11.5 11.5 9 3.4 9 10.2 13.2 10.3 10.1 11.3 
A1/U.C. 38.4 15.4 15.4 19.2 44 19.2 17.2 13.5 17.0 17.3 15.6 
Na/u.c. 20.7 4.0 6.3 17.2 27.3 21.1 16.7 12.2 15.3 23.9 24.4 
TEA+/u.c.(a) 16.5 14.2 13.5 20.4 14.3 17.9 19.2 12.0 15.8 14.8 13.6 
TEAOH/u.c.te) 0 5.7 6.3 1.6 - 4.0 2.2 5.4 5.5 7.1 4.Ç 

TEA++TEAOH/U.C. 16.5 19.9 19.8 22.0 14.3 21.9 21.4 17.4 21.3 21.9 18.5 
H20/u.c. 67.9 12.4 14.9 17.6 57.3 16.9 16.4 14.3 15.7 24.7 15.1 
n-hexane 28.2 21.2 20.6 20.9 27.9 20.2 20.4 18.5 21.4 18.1 17.8 
(sorbed/u.c.) 

(a) See remark (b) Table VI 
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36. GABELICA ET AL. Zeolites ZSM-20 and Beta 537 

Competitive roles of Na+ and TEA+ ions in forming and stabilizing frameworks of 
zeolites ZSM-20 and Beta 

Zeolites ZSM-20 and FAU-Polvtvpe 

A series of preliminary test syntheses of ZSM-20 from reference gel 
compositions using variable TEA+/SiC>2 values (TEA+ introduced as bromide as to 
keep the alkalinity constant) revealed that ZSM-20 is formed in optimal conditions for 
ratios close to 0.9, value which was recommended by Valyocsik (34). For values 
lower than 0.5, dense phases such as Analcime, zeolite Ρ or compact Na silicates are 
formed. For higher TEA+ concentrations ( TEA+/S1O2 higher than 1.5), 
thermodynamically more stable Hydroxy sodalite or zeolite Omega (ZSM-4) co
crystallize. 

Pure, 100 % crystalline zeolite ZSM-20 synthesized under optimized 
reference conditions (sample listed in Table IV) exhibits two ^ C - N M R resonances at 
6.5 ppm(terminal methyl group) and 52.5ppm (methylene group), values that well 
characterize free ΤΈΑ+ ions in solution. This demonstrates that the ΤΈΑ+ ions keep 
their integrity when occluded within the ZSM-20 framework. Narrow ^ C - N M R lines 
(ΔΗ « 30-50 Hz) suggest that the organic ions are located in cavities where they 
retain some degree of mobility, most probably in the supercages where the electric 
field gradient is reduced. 
A 2 3 N 

a-NMR line at -10 ppm suggests the presence of hydrated N a + ions in non 
negligible interactions with anionic aluminic sites. 

Quantitative determination of A l , N a + and T E A + ions in a series of well 
crystalline ZSM-20 samples "Table VIII" confirms our earlier proposals (12.32), 
indicating that the neutralization of the structural Al-bearing anionic sites is completely 
and exclusively achieved by both TEA + and Na+cations. 

TableVIII N a + , T E A + and A l contents of some highly crystalline ZSM-20 
samples synthesized under various Conditions close to the Reference 
Preparation 

Sample % crystallinity Amounts per unit cell 

Na + TEA+ (Na++TEA+) Al (Na++TEA+-Al) 

l(a) 100 20.9 16.5 37.4 38.4 - 1 

Π >90 20.7 17.6 38.3 38.4 -0.1 

m >90 24.6 14.5 39.1 38.5 +0.6 

IV 87 21.5 16.4 37.9 36.7 +1.2 

ν 94 22.3 15.3 37.6 38.4 -0.8 

VI 95 22.9 17.0 39.9 40.3 +0.4 

(a) Reference sample (Table IV) 

TG-DTA and 2 3 N a - N M R data have shown that the amount of T E A + and 
N a + ions progressively occluded in the ZSM-20 crystals, isolated at different stages 
of the synthesis ,were proportional to the amount of ZSM-20 crystallites formed (32). 
This suggests that the T E A + , A 1 and N a + molar ratios probably stay fairly constant 
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within the growing crystallites or,in other words, that their framework is achieved in 
the same way all along the growth process. We therefore conclude that, besides their 
structure orienting role, TEA + ions , along with Na+, also stabilize the ZSM-20 
framework by acting as counterions to the negative charges induced by the presence of 
A l , all along the crystallization course. This observation also suggests that very few 
Si-O-TEA or Si-O-Na defect groups are generated in the structure. Moreover, only 
one D T A peak characterizing the decomposition of the organic molecule under 
nitrogen flow was observed at 440°C and attributed to T E A + cationic species (61). 
Neutral T E A O H ionic pairs or Si-O-TEA defects could not be characterized by any 
typical D T A peak located at lower temperatures, as in zeolite Beta (see below) or as 
found for Si-O-TPA in ZSM-5 (62). 

Quantitative TG data reveal that the average amount of TEA+ ions occluded 
per unit cell of ZSM-20 is 16-17, i.e. about 2 T E A + per each of the 8 supercages of 
the structure (22), the remaining free volume being occupied by hydrated N a + cations. 
Sorption measurements on the calcined sample also show that about 2 n-hexane 
molecules are incorporated in the lattice in replacement of one T E A + ion. As n-hexane 
is not able to extend through the hexagonal prisms of the structure, 4 n-hexane 
molecules should then be exclusively located in the supercages that offer enough 
empty space after calcination. 

Our results show that TEA+ ions act as specific templates by favoring the 
formation of the ZSM-20 structure: they stabilize it by both filling its pore volume and 
neutralizing the negative framework charges during growth. This latter role is 
achieved in complement with the N a + ions. It is remarkable that, despite the very high 
TEA+/Na + ratio in the gel (10.56), this ratio falls to the reproducible values of 0.7-
0.8 in the crystalline zeolite. This suggests that the zeolite structure, exclusively 
directed by T E A + ions, achieves its stabilization by accomodating bulky T E A + and 
less voluminous Na(H20)y + cations in such a specific ratio as to allow the framework 
to be completely neutralized. More precise estimations have shown that about 2/3 of 
the available N a + ions are located in the sodalite cages of the structure where they 
exclusively neutralize the A l negative charges, while the other 1/3 completes the 
neutralization and the filling of the supercages. In other words, the T E A + / N a ( H 2 0 ) v

+ 

molar ratio in the final zeolite is governed by the respective molar volumes of these 
ions required to fill up completely the void volume. The final stabilization of the Si/Al 
ratio to the reproducible value of about 4-5 is adjusted by taking from the gel the 
amount of A l necessary for the compensation of the positive charges of both 
stabilizers. This explains why Si-richer ZSM-20 framework can not be well stabilized. 

Zeolite Omega and SAP0-37 are two other metastable structures that need the 
careful use of specific organic and/or inorganic stabilizers playing a dual 
complementary role. A careful adjustment of N a + and TMA+ concentrations allows 
one to prepare the large pore unidirectional zeolite Omega (4£). Lower TMA+ 
concentrations lead to Analcime and Mordenite while higher amounts stabilize 
Sodalite. Similarly, SAPO-37, another Faujasite-like structure, crysallizes from 
TPA+/TMA+ ratios adjusted to about 40 in the gel precursor Q2). Lower ratios yield 
SAPO-20, a Sodalite type structure involving mainly T M A + stabilized sodalite cages, 
while higher ratios result in the crystallization of SAPO-5. 
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36. GABELICA ET AL. Zeolites ZSM-20 and Beta 539 

Finally, the ΤΈΑ+ and N a + cations probably also play their complementary 
stabilizing role in the case of the FAU-polytype structure, as suggested by the 
chemical analysis (Table IV). The A l framework negative charges are also nearly 
completely co-neutralized by both N a + and T E A + ions. This is not surprising if one 
considers that the FAU-polytype structure only differs from that of ZSM-20 by the 
close packing of the Faujasite truncated octahedra, that probably necessitate similar 
stabilization by N a + and TEA"1 -. 

Zeolite Beta 

Thermal analysis is an appropriate technique to investigate the precise nature 
of the organic molecules occluded in zeolite frameworks (41). For a series of zeolite 
Beta samples synthesized under various conditions (Table VII) D T A provides 
evidence for presence of both ΤΈΑ+ ionic species (DTA sharp peak near 460°C) and 
T E A O H ionic pairs (weak broader D T A peak recorded near 345°C) (61). Similar 
conclusions were proposed by Perez-Pariente et al. (31) for a number of Beta samples 
prepared under slightly different conditions : TEA+ ions undergo decomposition 
above 350°C while the neutral T E A O H species are released between 220 and 350°C . 
Our TG-DTA combined system allowed a quantitative determination of both species 
(Table VII). 

The complete chemical analysis of these samples indicates that the total 
amount of cationic species per unit cell, Na + + T E A + , is close to 30-35, thus in large 
excess to the number of 15-18 negative charges per unit cell, that are generated by the 
framework A l . This also definitely indicates that a non-negligible number of Si-O" 
defect groups are created in the structure and neutralized by either T E A + or N a + 

cations. For most of the samples , the ΤΈΑ+/Α1 ratio is close to 1, while N a + / A l 
values are more dispersed and always smaller than 1,especially for samples 
synthesized in presence of Si(OEt)4 . This suggests that the framework negative 
charges are preferentially neutralized by TEA+ and that the defect groups should 
essentially be of the Si-O-Na type. This hypothesis is in agreement with the 
observation by Perez-Pariente et al., (31) who demonstrated that the actual 
T E A + / T E A O H ratio varies with S i /Al , and that for S i /Al values close to those 
characterizing our Beta samples (about 10-11), TEA+constitutes the largest fraction of 
the organics in the pores. ΤΈΑ+ and TEAOH actually filled about 70-75 % of the free 
pore volume of a zeolite Beta with Si /Al =11, the remaining void volume being 
occupied by hydrated N a + cations(30.31).In that case, 80 to 90 % of the negative 
lattice charges were neutralized by TEA"1". This suggests that in our zeolites, where 
TEA+/A1 is close to 1, T E A + are probably preferred as the counterion to the 
framework negative charges. N a + ions should partly complete the framework 
neutralization, if needed, and, in agreement with Perez-Pariente et al. (31). are 
probably located in positions not readily accessible to T E A + . The remaining Na+ ions 
essentially neutralize the Si-O" defect groups generated during synthesis. This 
assumption is also substantiated by the conclusions of Perez-Pariente et al. (30) who 
stated that N a + , but not ΤΈΑ+, neutralize the Si-O" groups located on the surface of 
the aluminosilicate gel particles, prior to crystallization. TEA+ ions, already 
counterions to the negatively charged aluminosilicate complexes, the zeolite precursors 
in the gel phase, are logically the only cations incorporated in the zeolitic lattice during 
crystallization. The amount of T E A O H species per unit cell is variable and inversely 
proportional to the total amount of N a + + TEA +cationic species "Figure 12". This 
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540 ZEOLITE SYNTHESIS 

(Ha+ + TEA"*" ) / u . c . 

Fig 12 Correlation between the amount of (TEAOH) and cationic ( T E A + + 
N a + ) species in a series of zeolites Beta synthesized under various 
conditions.  P
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demonstrates that, in addition to the neutralizing ΤΈΑ+ cations, a further incorporation 
of T E A O H is needed to stabilize the framework by filling more completely the void 
volume not occupied by T E A + + Na+ions. Indeed the total T E A + + TEAOH amount is 
fairly constant (20-21 per unit cell) and is always close to the amount of n-hexane 
molecules that could be sorbed on the calcined samples (Table VI). This also confirms 
that T E A + ions are definitely not neutralizing the Si-O" defect groups. 

It is also remarkable that the total amount of Na + i s very low in samples 
synthesized from Si(OEt)4, irrespective of the synthesis temperature (TableVII). 
Presumably the Si(OH)4 species progressively released by hydrolysis have time to 
form the adequate T E A aluminosilicate precursors and few Si-O-Na defects are 
created, as indicated by ^Si NMR (61). Conversely, a large amount of reactive silica 
species stemming from Aerosil are immediately available and are randomly neutralized 
either by TEA" 1 - or N a + . A highly defected structure is therefore more easily 
generated. 

Conclusions 

ZSM-20 is a highly metastable zeolite. Its preparation necessitates the use of 
very specific and drastic conditions : low synthesis temperatures, adequate nucleation 
period and a careful selection of the ingredient nature and composition. A severe and 
simultaneous control of all the synthesis parameters is indispensible to obtain pure 
ZSM-20 in high yield and reproducible conditions. 

The ZSM-20 framework is specifically and exclusively oriented by ΤΈΑ+ 
templates. The silica species must be progressively consumed in the formation of the 
first SBU, and low alkyl chain alkoxides revealed to be excellent precursors 
producing such reactive Si(OH)4 species. Their further reaction and rearrangement 
with the other reactants is a slow and progressive process necessitating a long 
induction period and generally results in the building of a non-defected final 
framework. Its formation however also necessitates a maximal stabilization that is 
optimally provided by the complementary presence of ΤΈΑ+ and N a + ions, both 
acting as pore fillers and framework neutralizers. The complete filling of the void 
volume necessarily supposes the final incorporation of the N a + and TEA+ ionic 
species in a very specific ratio that also governs the subsequent A l incorporation. This 
explains the fairly constant final Si /Al value of about 4-5 found in many ZSM-20 
zeolites. Any further structural incorporation of A l in different amounts would be 
difficult and ineluctably result in the net stabilization of the framework. Nevertheless, 
the use of higher initial A l concentrations results in an advantageous consumption of 
more Si species from the liquid phase and in a noticeable increase of the ZSM-20 
yield. 

A l l other conditions fixed, the use of Aerosil results in the instantaneous 
formation of a large amount of low oligomeric silicate species in the reaction medium. 
A different final arrangement of the first building units is obtained, and a novel 
Faujasite-polytype structure having a different hexagonal packing could be stabilized. 
Any other slight deviation from the optimal conditions defined for ZSM-20, such as 
the use of higher reaction temperatures, longer synthesis times, non-complete 
elimination of EtOH from the system or the use of lower H2O or T E A O H initial 
concentrations, results in the formation of the thermodynamically more stable higher 
silica zeolite Beta. Indeed, the formation of this three dimensional wide pore 
intergrowth type structure requires less critical experimental conditions. For example, 
the framework of zeolite Beta can be essentially stabilized by pore filling with T E A + 
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and T E A O H . It also can accomodate A l in a wider compositional range and is not 
readily destabilized by the presence of Si-O-Na defect groups that are often generated 
during synthesis. 

The thorough investigation of a whole set of experimental variables that 
affect the crystallization of zeolites ZSM-20, Beta and FAU-polytype, and their careful 
optimization enabled us to propose selected recipes to obtain pure materials rapidly in 
good yield. 
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Chapter 37 

Synthesis and Characterization 
of Zeolite ZSM-20 

D. E. W. Vaughan1, M. M. J. Treacy1, J. M. Newsam1, 
        K. G. Strohmaier1, and W. J. Mortier2 

1Exxon Research and Engineering Company, Route 22 East, 
Annandale, NJ 08801 

2Exxon Chemical Holland, B.V., P. O. Box 7335, 
3000 HH Rotterdam, Netherlands 

Syntheses of zeolite ZSM-20 from various Na2O-
TEA2O-Al2O3-SiO2-H2O gel compositions under a 
variety of crystallization conditions have been 
investigated. In particular, the influence of K+ 

cations, and the addition of seeds and nuclei 
have been studied. Products were characterized 
by chemical analyses, sorption measurements, 
infra-red spectroscopy, powder X-ray diffraction 
(PXD) and electron microscopy. Confirming 
ear l i er work, materials similar to those 
described in the original ZSM-20 patents are 
formed only from a narrow range of gel 
compositions. Structural ly , however, such 
products are not phase-pure, comprising crystals 
of cubic and mixed cubic and hexagonal stackings 
of faujasite sheets. 

ZSM-20 (1) i s a l a r g e pore z e o l i t e t h a t has r e c e n t l y 
a t t r a c t e d i n t e r e s t because o f i t s p r o p e r t i e s as a 
c r a c k i n g (2.) and hydrocracking c a t a l y s t Q) . I t i s one of a 
s e r i e s of m a t e r i a l s r e l a t e d s t r u c t u r a l l y t o f a u j a s i t e (FAU-
f ramework (4.) ) t h a t have been d e s c r i b e d as having hexagonal 
symmetry, i n c l u d i n g CSZ-1 (ϋ) , ZSM-2 (ϋ.) , ZSM-3 (7_L, and 
twinned z e o l i t e Υ (£1_. These v a r i o u s m a t e r i a l s a l l have 
h i g h s o r p t i o n c a p a c i t i e s f o r s u b s t i t u t e d a r o m a t i c 
molecules, a c h a r a c t e r i s t i c of pore systems with apertures 
d e f i n e d by 10 or more T-atoms (T = t e t r a h e d r a l s p e c i e s , S i 
or A l e t c . ) . Z e o l i t e CS?-1 was o r i g i n a l l y d e s c r i b e d as 
h a v i n g a hexagonal u n i t c e l l w i t h a= 17.4Â and c= 
2 8.4Â (ϋ, i l ) , c o r r e s p o n d i n g t o t h a t d e s c r i b e d f o r the 
hexagonal v a r i a n t of f a u j a s i t e ( l a b e l l e d here by framework 
code BSS) by Breck and others (10-12) . More recent work (JL3.) 
has, however, demonstrated t h a t CSZ-1 adopts the FAU-

0097-6156/89/0398-O544$06.00/0 
ο 1989 American Chemical Society 
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f r a m e w o r k , b u t w i t h a s l i g h t r h o m b o h e d r a l d i s t o r t i o n 
( p o s s i b l y i n d u c e d b y s t r a i n a s s o c i a t e d w i t h t w i n f a u l t s 
n e a r t h e c e n t e r o f t h e v e r y t h i n c r y s t a l l i t e s (JL4.) ) . 
Z e o l i t e ZSM-3 h a s a l s o b e e n d e s c r i b e d a s h a v i n g h e x a g o n a l 
symmetry, b u t w i t h o u t a d e f i n e d c - a x i s c o n s t a n t , r e f l e c t i n g 
t h a t s h e e t s o f s o d a l i t e c a g e s a r e c o n n e c t e d a l o n g c i n b o t h 
h e x a g o n a l a n d c u b i c s t a c k i n g s i n a h i g h l y d i s o r d e r e d 
manner (JJi) . No s t r u c t u r e has y e t b e e n p r o p o s e d f o r z e o l i t e 
ZSM-2. C h a r a c t e r i z a t i o n o f z e o l i t e ZSM-20 u s i n g n - d e c a n e 
h y d r o c r a c k i n g a s a t e s t m e t hod i s c o n s i s t e n t w i t h i t 
p o s s e s s i n g a 3 - d i m e n s i o n a l 1 2 - r i n g p o r e s y s t e m , a nd t h e PXD 
p a t t e r n h a s b e e n i n d e x e d on t h e b a s i s o f a h e x a g o n a l u n i t 
c e l l w i t h a = -17.3Â and c = -28.6Â (17.), a s e x p e c t e d f o r a 
m a t e r i a l a d o p t i n g t h e BSS-framework ( 1 0 - 1 2 ) . 

We d e s c r i b e h e r e f u r t h e r s t u d i e s o f t h e 
c r y s t a l l i z a t i o n o f z e o l i t e ZSM-20, f o c u s i n g on m i n o r i t y 
f a c t o r s t h a t p r o v e d t o be i m p o r t a n t i n d e v e l o p i n g a 
s u c c e s s f u l s y n t h e s i s . We o u t l i n e X - r a y p owder d i f f r a c t i o n 
a n d e l e c t r o n m i c r o s c o p y d a t a w h i c h i l l u s t r a t e t h a t , 
s t r u c t u r a l l y , ZSM-20 c o m p r i s e s a f a u l t e d a n d i n t e r g r o w n 
m i x t u r e o f b l o c k s o f b o t h h e x a g o n a l (BSS) a n d c u b i c (FAU) 
s t a c k i n g s o f s h e e t s o f s o d a l i t e c a g e s (1£) . M i x e d p h a s e 
b e h a v i o r i n a z e o l i t e s y n t h e s i s s y s t e m i s o f t e n r e f l e c t e d 
i n c o n s i d e r a b l e v a r i a b i l i t y i n t h e PXD p a t t e r n s ( r e f l e c t i n g 
c h a n g e s i n t h e r e l a t i v e amounts o f t h e two ( o r more) p h a s e s 
f r o m one p r e p a r a t i o n t o t h e n e x t ) . The r e l a t i v e p r o p o r t i o n s 
o f t h e c u b i c a n d h e x a g o n a l c o m p o n e n t s i n ZSM-20 s a m p l e s , 
h o w e v e r , a r e f o u n d t o f a l l w i t h i n r e l a t i v e l y n a r r o w bounds 
i n b o t h t h e p r e s e n t m a t e r i a l s a n d t h o s e d e s c r i b e d 
p r e v i o u s l y i n t h e l i t e r a t u r e ( 1 r 1 6 - 2 2 ) . 

E x p e r i m e n t a l - S y n t h e s e s 

Z e o l i t e ZSM-20 i s s y n t h e s i z e d i n t h e Na20-TEA20-Al2C>3-
S Î 0 2 - H 2 0 c o m p o s i t i o n s y s t e m (TEA= t e t r a e t h y l a m m o n i u m 
c a t i o n ) , u s i n g t e t r a m e t h y l o r t h o s i l i c a t e (TMOS) o r 
t e t r a e t h y l o r t h o s i l i c a t e (TEOS) as t h e s i l i c a s o u r c e ( 1 ) . 
The l a t t e r i s t h e p r e f e r r e d s i l i c a s o u r c e i n most r e c e n t l y 
p u b l i s h e d w o r k ( 1 9 - 2 2 ) . S y n t h e s e s b a s e d on a r a n g e o f 
s i l i c a s o u r c e s d e m o n s t r a t e t h a t ZSM-20 f o r m a t i o n i s 
s e n s i t i v e t o t h e s p e c i f i c g e l c o m p o s i t i o n , p r e p a r a t i o n a n d 
c r y s t a l l i z a t i o n c o n d i t i o n s . M i n o r c h a n g e s i n t h e s e 
v a r i a b l e s c a n t o t a l l y i n h i b i t t h e g r o w t h o f c r y s t a l l i n e 
p r o d u c t s , o r p r o m o t e t h e c r y s t a l l i z a t i o n o f o t h e r z e o l i t e s 
s u c h as b e t a o r h i g h s i l i c a c h a b a z i t e s ( h e r s c h e l l i t e ) (when 
r e s i d u a l TMOS i s n o t c o m p l e t e l y h y d r o l y z e d a n d e v o l v e d as 
m e t h a n o l , a n d r e m a i n s i n t h e s y s t e m d u r i n g 
c r y s t a l l i z a t i o n ) . S e v e r a l g r o u p s have r e p o r t e d s y n t h e s e s o f 
ZSM-20 ( 1 9 - 2 2 ) a n d m o d i f i c a t i o n s o f E x a m p l e 19 o f t h e 
V a l y o c s i k U.S. P a t e n t ( 2 0 r 22) a r e d e s c r i b e d a s p r o v i d i n g 
t h e most r e l i a b l e r e s u l t s . O p t i m i z e d s y n t h e s e s p r o d u c e 
h i g h l y c r y s t a l l i n e ZSM-20 i n a s l i t t l e a s f o u r d a y s . 
Z e o l i t e b e t a t y p i c a l l y r e p l a c e s ZSM-20 w i t h i n c r e a s i n g 
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546 ZEOLITE SYNTHESIS 

r e a c t i o n t i m e . ZSM-20 i s more a l u m i n u m d e f i c i e n t t h a n 
z e o l i t e Y, w i t h S i : A l r a t i o s o f > 3.5, a n d t y p i c a l l y 4.2, 
an d i s t h e r e f o r e a p p r o p r i a t e l y c o m p a r e d w i t h h i g h s i l i c a 
F A U - f r a m e w o r k m a t e r i a l s s u c h a s CSZ-3 (22.) a n d ECR-4 (21) 
p r e p a r e d b y d i r e c t s y n t h e s i s f r o m d i f f e r e n t c a t i o n 
c o n t a i n i n g s y s t e m s . H y d r o c a r b o n s o r p t i o n c a p a c i t i e s o f ZSM-
20 m a t e r i a l s , i n t h e r a n g e o f 17 - 20 w t . % , a r e more 
s i m i l a r t o t h o s e o f t h e l a t t e r h i g h s i l i c a m a t e r i a l s t h a n 
t h a t t y p i c a l o f z e o l i t e Y. 

R e c e n t l y p u b l i s h e d r e p o r t s o f ZSM-20 s y n t h e s e s i n c l u d e 
e v a l u a t i o n s (20,21) o f t h e p a t e n t e x a m p l e s o f C i r i c (JL) a n d 
V a l y o c s i k (1£); i n v e s t i g a t i o n s o f t h e r o l e o f g e l s t r u c t u r e 
a n d c o m p o s i t i o n (22.) ; a n d s t u d i e s o f p r e s s u r e a n d 
t e m p e r a t u r e e f f e c t s (22.) . The p r o c e d u r e s u s e d b y C i r i c a n d 
V a l y o c s i k a r e o u t l i n e d i n F i g u r e 1, a n d i l l u s t r a t e t h e 
p o t e n t i a l p r o b l e m s w i t h r e p r o d u c i b i l i t y i n t h e f o r m e r c a s e . 

Valyocsik Method Ciric Method 

(tetraethoxysllane) Q^S^) (Tetramethoxysilane) 

Crystallization 
100*C12d 

ι 
j MeOH-*— Steam Box 

ZSM-20 Crystallization 
70-100°Cia-42d 

Cold age 
Nucleation Step 

F i g u r e 1. S c h e m a t i c c o m p a r i s o n s o f t h e C i r i c a n d 
V a l y o c s i k methods f o r t h e s y n t h e s i s o f ZSM-20. 

The i n t e r m e d i a t e s t a g e s o f t h e g e l a g i n g may be v i e w e d as 
n u c l e i i n c u b a t i o n p e r i o d s , a n d t h e p r e s e n c e o f e v e n s m a l l 
a m o u n t s o f r e s i d u a l m e t h a n o l may i n f l u e n c e t h e f i n a l 
p r o d u c t s . We h a v e e x a m i n e d b o t h t h e i n f l u e n c e s on t h e 
c r y s t a l l i z a t i o n p r o d u c t s o f p o t a s s i u m c a t i o n s ( a n 
u n d i s c l o s e d i m p u r i t y i n some c o m m e r c i a l TEA p r o d u c t s ) , a n d 
t h e v a r i a b i l i t y i n p r o d u c t s d e r i v e d f r o m o p t i m i z e d ZSM-20 
g e l c o m p o s i t i o n s s e e d e d i n a v a r i e t y o f ways. A l t h o u g h t h e 
o r i g i n a l ZSM-20 p a t e n t d e s c r i b e s s u c c e s s f u l s y n t h e s e s b a s e d 
on TMOS a s a s i l i c a s o u r c e ( 1 ) / we h a v e b e e n u n s u c c e s s f u l 
i n d u p l i c a t i n g t h e p a t e n t e x a m p l e s u s i n g p r e s e n t l y 
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37. V A U G H A N E T A K Synthesis and Characterization of Zeolite ZSM-20 547 

a v a i l a b l e TMOS. The ZSM-20 p r e c u r s o r g e l s t r u c t u r e a p p e a r s 
t o p l a y an i m p o r t a n t r o l e i n b r i n g i n g i n t h e p r o d u c t , a n d 
m i n o r v a r i a t i o n s i n s o u r c e TMOS may be a p r o b l e m . The TEOS 
s y n t h e s i s r o u t e i s more r e l i a b l e , r e f l e c t i n g t h e s i m p l i f i e d 
g e l a t i o n p r o c e s s ( F i g u r e 1 ) , l e s s s e n s i t i v i t y t o 
v a r i a b i l i t y i n t h i s p a r t i c u l a r r e a g e n t , o r more c o n s i s t e n t 
r e a g e n t q u a l i t y . The d i f f e r e n c e s b e t w e e n t h e u s e o f 
t e t r a m e t h y l - a n d t e t r a e t h y l o r t h o s i l i c a t e a r e p a r t l y 
i l l u s t r a t e d i n t h e e x p e r i m e n t s d e s c r i b e d b e l o w . A l l 
e x p e r i m e n t s were c a r r i e d o u t i n T e f l o n (DuPont Co.) b o t t l e s 
a t 95° t o 100°C i n a s t e a m b a t h (TMOS a n d TEOS p r e p a r a t i o n s 
o n l y ) f o l l o w e d b y c r y s t a l l i z a t i o n i n an a i r o v e n w i t h o u t 
s t i r r i n g . 

The e f f e c t o f K + a d d i t i o n t o t h e b a s i c s y n t h e s i s 
( u s i n g d i f f e r e n t s i l i c a s o u r c e s ) on t h e v a r i o u s p r o d u c t s a t 
h i g h l e v e l s o f c r y s t a l l i z a t i o n a t 100°C i s i l l u s t r a t e d i n 
F i g u r e 2 a n d T a b l e 1. So d i u m a l u m i n a t e was t h e s o u r c e o f 
a l u m i n a . The b a s e s y n t h e s i s w i t h o u t K + y i e l d e d g o o d ZSM-20 
a f t e r 3 d a y s a t 100°C f o l l o w i n g a 3 d a y c o l d age a t room 
t e m p e r a t u r e (22°C) . When K + was p r e s e n t , h i g h s i l i c a 
d i s o r d e r e d c h a b a z i t e s , o f t h e 1 G 1 v a r i e t y (2J1) , a n d z e o l i t e 
b e t a (2 6 , 27 ) w e r e t h e m a j o r p r o d u c t s , w i t h a m i n o r 
d e v e l o p m e n t o f o f f r e t i t e ( p r o b a b l y L i n d e Τ (2_i) ) . S c a n n i n g 
e l e c t r o n m i c r o g r a p h s o f t h e s e p r o d u c t s a r e shown i n F i g u r e 
2. 

C r y s t a l l i z a t i o n o f ZSM-20 a p p e a r s t o be s u p p r e s s e d b y t h e 
p r e s e n c e o f e i t h e r K + o r r e s i d u a l m e t h a n o l i n t h e g e l , and 
p r o d u c t s u s u a l l y common a t l o n g e r c r y s t a l l i z a t i o n t i m e s 
t h e n p r e d o m i n a t e . The u s e o f a n e x t e r n a l n u c l e a t i o n 
s o l u t i o n (JIQ.) s i g n i f i c a n t l y i n c r e a s e s t h e N a 2 0 c o n t e n t o f 
t h e g e l , a n d p r o m o t e s t h e f o r m a t i o n o f b e t a , c h a a n d g i s . 

TABLE 1 

K+ INFLUENCES ON ZSM-20 SYNTHESES 

G e l C o m p o s i t i o n D e t a i l s * X t l n P r o d u c t s 
# R 2 0 : N a 2 0 : K 2 0 : S i 0 2 :H 20 C / S / S i t i m e 

1 9.9 1.1 0 32 455 C, TEOS 3d ZSM-20 
2 9.9 1.1 1.1 32 455 C, TMOS 28d c h a 
3 9.6 1.1 1.1 31 530 C, TMOS 38d c h a » o f f 
4 9.9 1.1 1.1 32 500 C, TEOS 28d amorphous 
5 10.0 1.1 1.1 31 425 C, HS40 17d J3>cha 
6 10.0 1.8 1.1 31 425 S, HS40 9d β 
7 9.6 2.2 1.1 30 410 S, Cab 18d /5>cha>gis 

* D e t a i l s : C = c o l d a g e d ; S= s e e d e d ; S i = s i l i c a s o u r c e 

Z e o l i t e b e t a c h a r a c t e r i s t i c a l l y r e p l a c e s ZSM-20 a t l o n g age 
t i m e s i n t h e s t a n d a r d s y n t h e s i s (JL) - r e p r e s e n t e d b y 
e x p e r i m e n t #1 i n T a b l e 1. I n most o f t h e s e s y n t h e s e s 
z e o l i t e b e t a seems t o be an u n a v o i d a b l e l o w l e v e l i m p u r i t y . 
The e x p e r i m e n t s d e t a i l e d i n T a b l e 2 e x a m i n e t h e e f f e c t s o f 
v a r i o u s n u c l e a t i o n a n d s e e d i n g m e t h o d s o n ZSM-20 

American Chemical Society 
Library 
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Washington, D.C. 20038 
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ZEOLITE SYNTHESIS 

Fig u r e 2. SEM of ZSM-20 (a) and c o - c r y s t a l l i z a t i o n 
products beta (b) and cha with o f f ( c ) . 
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37. VAUGHAN ET AL. Synthesis and Characterization ofZeolite ZSM-20 549 

c r y s t a l l i z a t i o n s . These were conducted i n potassium f r e e 
systems, where t h e TEA was f i r s t t r e a t e d a t room 
temperature w i t h a c i d washed c l i n o p t i l o l i t e t o remove any 
r e s i d u a l t r a c e s of potassium c a t i o n s . 

TABLE 2 

NUCLEATION INFLUENCES ON ZSM-20 SYNTHESES 

Composition: 9.7 (TEA) 20: 1.14Na20: A1 20 3: 24.2Si0 2: 370H2O. 

Seeding mode C r y s t a l l i z a t i o n Products 
2d 3d 5d 8d 

O.lg ZSM-20 X t a l s am am am am 
0.1g FAU-Y X t a l s am am fc>fau fi>fau 
Id age 23°C ns am am β 
2d age 23°C am ns ZSM-20 Ζ5Μ-2 0>β 
5d age 23°C am" ns β ns 
l i d age 23°C ns ns β ns 

ns= no sample; am= amorphous products; 

C o l d aging (1) i s a competitive n u c l e i b r eeding step 
which c l e a r l y has an optimum time p e r i o d f o r ZSM-20, a f t e r 
which promoters of z e o l i t e beta predominate. Attempts t o 
induce c r y s t a l l i z a t i o n by a d d i t i o n of c r y s t a l l i n e products 
of ZSM-20 or type-Y, without any c o l d aging step, f a i l e d 
t o demonstrate any seeding e f f e c t s . In these cases beta 
was t h e p r i m a r y p r o d u c t . The ZSM-20 p r o d u c t s 
c h a r a c t e r i s t i c a l l y show a morphology o f twinned and 
intergrown "hexagonal" p l a t e s or squashed octahedra about 
0 . 1μ i n diameter ( s i m i l a r t o t h o s e o b s e r v e d f o r a 
potassium " p l a t e l e t f a u j a s i t e " (J1L) ) , with the a d d i t i o n a l 
f e a t u r e of having many c r y s t a l s growing out from the p l a t e 
s u r f a c e . The p l a t e s have an aspect r a t i o of about 3, and 
are sometimes agglomerated i n t o small spherules . 

Experimental - C h a r a c t e r i z a t i o n of Synthesis Products 

Chemical a n a l y s i s and s o r p t i o n d a t a . Chemical analyses 
(ICP-AES) of h i g h l y c r y s t a l l i n e and pure ZSM-20 m a t e r i a l s 
g i v e S i / A l r a t i o s i n the range of 3.7 (Table 2) t o 4.7 
(Table 1 ) . Na/Al r a t i o s of 0.7 are t y p i c a l , as are 
(Na+TEA)/Al r a t i o s of about 1.1. S i n g l e p o i n t n-hexane 
s o r p t i o n c a p a c i t i e s at 40 t o r r and 23°C, a f t e r burn o f f of 
the TEA at 550°C i n a i r f o r 3 hours, are i n v a r i a b l y i n the 
range of 18% t o 20% wt. - values t y p i c a l f o r high s i l i c a 
d i r e c t l y s y n thesized f a u j a s i t e type product (24.) . 

I n f r a - r e d spectroscopy. I.R. s p e c t r a are f r e q u e n t l y used 
t o i d e n t i f y s t r u c t u r a l components i n z e o l i t e s , and t o 
compare i d e n t i t i e s . F i g u r e 3 compares the I.R. s p e c t r a f o r 
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550 ZEOLITE SYNTHESIS 

t h e ammonium e x c h a n g e d f o r m s o f Y, ZSM-20 a n d ZSM-3. The 
f i r s t t wo a r e i d e n t i c a l i n a l l e s s e n t i a l c h a r a c t e r i s t i c s , 
e x c e p t f o r m i n o r p e a k b r o a d e n i n g a n d a weak s h o u l d e r a t 
-920cm." 1 i n t h e ZSM-20 s p e c t r u m . T h e s e a r e i n d i s t i n c t 
c o n t r a s t t o t h e s p e c t r u m f o r ZSM-3, w h i c h , t h o u g h h a v i n g 
t h e e s s e n t i a l f e a t u r e s o f t h e o t h e r two s p e c t r a , i s h i g h l y 
d e g r a d e d , p r o b a b l y r e f l e c t i n g a h i g h l e v e l o f d i s o r d e r , 
e v e n t h o u g h m o r p h o l o g i c a l l y i t was s i m i l a r t o ZSM-20 i n 
c r y s t a l s i z e d i s t r i b u t i o n . 

P owder X - r a y d i f f r a c t i o n . Powder X - r a y d i f f r a c t i o n (PXD) 
d a t a w e r e m e a s u r e d o n a n a u t o m a t e d S i e m e n s D500 
d i f f r a c t o m e t e r u s i n g Cu KOC r a d i a t i o n f r o m a f i n e - f o c u s X-
r a y t u b e o p e r a t i n g a t 1200W, a n d w i t h 1° i n c i d e n t beam 
d i v e r g e n c e s l i t s . S a m p l e s were g e n e r a l l y m e a s u r e d a f t e r 
f u l l e q u i l i b r a t i o n w i t h a t m o s p h e r i c m o i s t u r e . T y p i c a l PXD 
p a t t e r n s a r e shown i n F i g u r e 4, a n d l i k e t h e s c a n n i n g 
e l e c t r o n m i c r o g r a p h s , t h e y g i v e t h e i m p r e s s i o n o f a p u r e 
p h a s e , e v e n when c o c r y s t a l l i z e d w i t h o t h e r z e o l i t e s , s u c h 
as b e t a , shown i n F i g u r e 4b. 

C o m p a r i s o n b e t w e e n t h e PXD p a t t e r n o b s e r v e d f o r 
a t y p i c a l ZSM-20 m a t e r i a l ( F i g u r e 4a) w i t h t h a t c a l c u l a t e d 
on t h e b a s i s o f d i s t a n c e l e a s t s q u a r e s o p t i m i z e d a t o m i c 
c o o r d i n a t e s f o r t h e BSS f r a m e w o r k ( F i g u r e 5a) i l l u s t r a t e s 
t h a t t h e o b s e r v e d p e a k p o s i t i o n s a r e i n g e n e r a l r e p r o d u c e d 
b y a h e x a g o n a l c e l l (lr 11) w i t h a = 17.37Â a n d c = 28.50Â. 
However, t h e d i s t r i b u t i o n s o f r e f l e c t i o n i n t e n s i t i e s a r e 
c l e a r l y d i f f e r e n t b e t w e e n t h e o b s e r v e d a n d s i m u l a t e d PXD 
p a t t e r n s , w i t h t h e p r e s e n c e o f s e v e r a l b r o a d p e a k s b e i n g a 
p a r t i c u l a r f e a t u r e o f t h e ZSM-20 p a t t e r n . T h e 
d i s c r e p a n c i e s c a n n o t be e x p l a i n e d on t h e b a s i s o f e i t h e r 
s l i g h t d e v i a t i o n s f r o m t h e i d e a l f r a m e w o r k g e o m e t r y o r t h e 
s c a t t e r i n g c o n t r i b u t i o n s o f t h e n o n - f r a m e w o r k s p e c i e s . The 
o b s e r v e d p a t t e r n i s , h o w e v e r , r e p r o d u c e d r e a s o n a b l y w e l l 
when m o d e l l e d a s a s i m p l e sum o f c u b i c (FAU) a n d 
h e x a g o n a l ( B S S ) components i n t h e a p p r o x i m a t e r a t i o BSS:FAU 
= - 2 - 2.5 (1£) ( F i g u r e 5 c ) . 

The f i r s t m a i n f e a t u r e i n t h e PXD p a t t e r n s c o n t a i n s 
c o n t r i b u t i o n s f r o m t h e 0 1 0 ( 2 9 C a l c = 5.88°), 0 0 2 
(6.20°) a n d 0 1 1 (6.64°) r e f l e c t i o n s f r o m t h e h e x a g o n a l 
component (BSS), a n d f r o m t h e 1 1 1 r e f l e c t i o n o f t h e c u b i c 
c o m p o n e n t (FAU) w h i c h o c c u r s a t (6.25°), e f f e c t i v e l y 
c o i n c i d e n t w i t h 0 0 2 h e x ( F i g u r e 5) . The l o w e r a n g l e d a t a 
a r e a f f e c t e d b y s p r e a d i n g o f t h e i n c i d e n t beam b e y o n d t h e 
s a m p l e , a n d c o n t a i n s i g n i f i c a n t c o n t r i b u t i o n s f r o m t h e n o n -
f r a m e w o r k c o m p o n e n t s . N e v e r t h e l e s s , t h e r e l a t i v e 
i n t e n s i t i e s o f t h e f i r s t t h r e e p e a k s p r o v i d e a r o u g h 
q u a n t i t a t i v e m e a s u r e o f t h e r e l a t i v e amounts o f t h e c u b i c 
(FAU) a n d h e x a g o n a l (BSS) c o m p o n e n t s . As i l l u s t r a t e d i n 
F i g u r e 5 c , o p t i m a l a g r e e m e n t b e t w e e n t h e o b s e r v e d a n d 
s i m u l a t e d p a t t e r n s i s o b t a i n e d f o r a r a t i o BSS:FAU = - 2.5. 
A p p r o x i m a t e l y t h i s same d i s t r i b u t i o n o f i n t e n s i t i e s i s 
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37. VAUGHAN ET AL. Synthesis and Characterization ofZeolite ZSM-20 551 

F i g u r e 3. Comparative i n f r a - r e d s p e c t ra f o r ammonium 
exchanged Y-FAU, ZSM-20 and ZSM-3. 

10000 

7500, 

w 5000. 

o O 
2500. -

4.00 
22.071 

9.00 
9.817 

14.00 19.00 
6.320 4.667 
Two - Thêta / D 

24.00 29.00 
3.705 3.076 

- Spacing 

34.00 
2.935 

F i g u r e 4. Observed powder X-ray d i f f r a c t i o n p a t t e r n s f o r 
a t y p i c a l ZSM-20 material(a) and a beta contaminated 
p r o d u c t ( b ) . 
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COUNTS 
253S0.0 

5070.0 

68680.0 _ . 

17170.0 _ . 

Ill I I I III II IIIIIIUI III III I 

I I II I I II I II I II I I I I II II II II II II I 

I I II I I II I II I II I I I I I I II II II II II I 
III I I I III II l l l l l l l l III Ι Ι Ι Ι Ι Μ Μ Η Ι Ι Ι Η Η Μ Μ Η Π 

0.00 5.71 1.43 17.14 22.86 28.57 34.29 40.00 

Two Theta 

F i g u r e 5. C a l c u l a t e d powder X-ray d i f f r a c t i o n p r o f i l e s 
f o r the FAU (a) and BSS frameworks (b) and the sum of 
these two components i n the r a t i o BSS:FAU =3.0 (c) 
which approximates observed p r o f i l e s f o r z e o l i t e ZSM-20 
m a t e r i a l s (lower v e r t i c a l b ars- p o s i t i o n s of allowed 
r e f l e c t i o n s ) . 
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37. VAUGHAN ET AL. Synthesis and Characterization of Zeolite ZSM-20 553 

r e p o r t e d f o r a l l ZSM-20 p r e p a r a t i o n s (1.14-20). Z e o l i t e 
ZSM-20 thus comprises i n t e r g r o w n b l o c k s o f c u b i c and 
hexagonal s t a c k i n g s of f a u j a s i t e sheets, but i n r e l a t i v e 
amounts th a t f a l l w i t h i n q u i t e narrow bounds. This l i m i t e d 
v a r i a b i l i t y i n the r e l a t i v e c o n c e n t r a t i o n s o f the two 
components r e f l e c t s p a r t l y the r e l a t i v e l y narrow window of 
composi t i o n s and c o n d i t i o n s under which ZSM-20 can be 
c r y s t a l l i z e d . In a d d i t i o n , we suspect that i t a l s o r e f l e c t s 
the manner i n which the c u b i c and hexagonal components 
intergrow i n t h i s system. 

Although the cubic and hexagonal components s e p a r a t e l y 
form b l o c k s extended over s e v e r a l u n i t c e l l s , they are 
c o h e r e n t l y i n t e r g r o w n . Symptomatic of t h i s s t a c k i n g 
behavior, the peak widths i n the measured PXD p a t t e r n s are 
index-dependant (Figure 4). The 1 0 3 h ex r e f l e c t i o n at 11.0° 
i s , f o r example, c o n s i d e r a b l y broader than the adjacent 1 1 
Ohex r e f l e c t i o n ( Figure 4) . The p a t t e r n of peak widths 
i l l u s t r a t e d i n F i g u r e 4 i s t y p i c a l of a l l p r e v i o u s l y 
r e p o r t e d PXD p r o f i l e s (17.20.22) and i t i s a second 
c h a r a c t e r i s t i c of ZSM-20 m a t e r i a l s . A f u l l treatment of the 
e f f e c t s of coherent, c l u s t e r e d f a u l t i n g on the simulated 
PXD data (2J1) reproduces q u a n t i t a t i v e l y the p a t t e r n of peak 
widths and i n t e n s i t i e s observed f o r ZSM-20 m a t e r i a l s , and 
corroborates t h e i r d e s c r i p t i o n as f a u l t e d mixtures of cubic 
and hexagonal s t a c k i n g s o f f a u j a s i t e sheets i n t y p i c a l 
r e l a t i v e c o n c e n t r a t i o n s B5S:FAU o f 2 t o 2.5:1. The r e s u l t 
of such a c a l c u l a t i o n i n the 20 range 4° t o 19° i s compared 
i n F i g u r e 6 with the experimental X-ray d i f f r a c t i o n p a t t e r n 
of a seeded ZSM-20 product (Table 2 ) . Using a value f o r α 
= -0.7 (α = BSS I(BSS+FAU) ) , the e x p e r i m e n t a l i n t e n s i t y 
r e l a t i o n s h i p s are c l o s e l y matched. 

E l e c t r o n M i c r o s c o p y . S e v e r a l samples were examined by 
t r a n s m i s s i o n e l e c t r o n microscopy (TEM) i n a P h i l i p s 430T 
o p e r a t i n g at 300 kV. Samples were p r e p a r e d by u l t r a -
s o n i c a l l y d i s p e r s i n g the c a l c i n e d z e o l i t e i n eth a n o l , and 
c o l l e c t i n g the d i s p e r s e d z e o l i t e c r y s t a l l i t e s on a standard 
200 mesh 3mm Cu g r i d covered with a t h i n (-20 nm) amorphous 
carbon f i l m . 

High r e s o l u t i o n e l e c t r o n microscopy shows d i r e c t l y 
t h a t ZSM-20 i s an intergrowth of the c u b i c and hexagonal 
modes of s t a c k i n g of f a u j a s i t e sheets (Figure 7). There are 
q u a l i t a t i v e s i m i l a r i t i e s with CSZ-1 and CSZ-3 m a t e r i a l s 
(13 r14). As f o r CSZ-1 and CSZ-3, ZSM-20 c r y s t a l l i t e s adopt 
a hexagonal t a b u l a r morphology w i t h an asp e c t r a t i o , 
p l a t e l e t width t o t h i c k n e s s , of -3:1, compared with -8:1 
f o r CSZ-1 and -4:1 f o r CSZ-3. U n l i k e CSZ-1 and CSZ-3, 
however, the ZSM-20 p l a t e l e t s t e n d t o in t e r g r o w , w i t h 
p l a t e l e t normals mutually i n c l i n e d at -70°. 

There i s a high d e n s i t y of twinning i n most of the 
ZSM-20 p l a t e l e t s , with -65% of the FAU (111) planes being 
twinned t o produce a c r y s t a l l i t e which i s predominantly 
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J 

ZSM-20 

J 

Calculation 
α = 0.70 

I U L· 
4 7 10 13 16 19 

2 theta (°) 

F i g u r e 6. E x p e r i m e n t a l X - r a y d i f f r a c t i o n p a t t e r n o f a 
ZSM-20 m a t e r i a l c o m p a r e d w i t h a p a t t e r n c a l c u l a t e d u s i n g 
t h e c o h e r e n t f a u l t i n g m o d e l (28). The v a l u e α r e p r e s e n t s 
t h e p r o b a b i l i t y t h a t s u c c e s s i v e (111) p l a n e s w i l l 
i n t e r c o n n e c t v i a a m i r r o r o p e r a t i o n r a t h e r t h a n t h r o u g h 
an i n v e r s i o n . T h u s (X=0 r e p r e s e n t s p u r e F A U , a n d CC=1 
r e p r e s e n t s p u r e BSS. ZSM-20 h a s CC=0 .7 . 
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F i g u r e 7. E l e c t r o n m i c r o g r a p h o f a t y p i c a l ZSM-20 
c r y s t a l l i t e a g g r e g a t e . R e g i o n s o f b o t h h e x a g o n a l ABAB 
(BSS) a n d c u b i c ABCABC... (FAU) s t a c k i n g a r e e v i d e n t 
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hexagonal {BSS) i n s t a c k i n g c h a r a c t e r . In CSZ-1, about 10% 
of the (111) planes are twinned ( H J i ) . However, i n ZSM-
20, some of the i n t e r p e n e t r a t i n g c r y s t a l l i t e s tend t o have 
a s i g n i f i c a n t l y lower twin d e n s i t y (see F i g u r e 7 ) . T h i s 
a r i s e s b e cause h e x a g o n a l s t a c k i n g sequences cannot 
i n t e r p e n e t r a t e c o h e r e n t l y when c r y s t a l axes are i n c l i n e d . 
However, t h e u n f a u l t e d c u b i c F A U - s t a c k i n g can 
i n t e r p e n e t r a t e c o h e r e n t l y when c r y s t a l l i t e s are m u t u a l l y 
r o t a t e d by -7 0°. The interpénétrant growth may thus promote 
the occurrence of the c u b i c s t a c k i n g , as suggested by the 
s t a c k i n g i n t h e c r y s t a l l i t e t h a t p r o t r u d e s from t h e 
intergrown c r y s t a l l i t e i n F i g u r e 7. 

Discussion 

As i s d i s c u s s e d elsewhere (JJL) , the c u b i c (FAU) and 
h e x a g o n a l (BSS) s t a c k i n g s o f s h e e t s of s o d a l i t e cages 
d i f f e r i n the c h a r a c t e r o f the symmetry o p e r a t i o n t h a t 
r e l a t e s s u c c e s s i v e sheets a l o n g the [ l l l ] c u b i c o r [001] h e x. 
P a i r s of s o d a l i t e cages w i t h i n the sheets are i n both cases 
r e l a t e d (approximately) by i n v e r s i o n centers at the centers 
of the hexagonal prisms. In the c u b i c case, s u c c e s s i v e 
sheets along [ l l l ] c u b i c are a l s o r e l a t e d by i n v e r s i o n centers 
at t h e c e n t e r s of t h e h e x a g o n a l p r i s m s . In t h e 
hexagonal(BSS) form (10-12), these i n v e r s i o n c e n t e r s are 
r e p l a c e d by m i r r o r planes that b i s e c t the hexagonal prisms 
along [001] h e x. A stereoview of the BSS framework based on 
d i s t a n c e l e a s t squares optimized atomic c o o r d i n a t e s (which 
are g i v e n elsewhere) i s shown i n F i g u r e 8. The geometries 
o f the pore systems i n the FAU and BSS frameworks d i f f e r 
s i g n i f i c a n t l y (Figure 8). In the former, supercages have 
f o u r 1 2 - r i n g a p e r t u r e s a r r a n g e d t e t r a h e d r a l l y , 
i n t e r c o n n e c t i n g a d j a c e n t supercages i n a f a c e - c e n t e r e d 
c u b i c a r r a y . In c o n t r a s t two types of supercages occur i n 
BSS. The l a r g e r , which form s t r a i g h t c h a n n e l s a l o n g 
[ 0 0 1 ] h e x , have f i v e 1 2 - r i n g a p e r t u r e s ( F i g u r e 9). The 
s m a l l e r have three 12-ring apertures and p r o v i d e l a t e r a l 
c o n n e c t i o n s between channels. These d i f f e r e n c e s i n the 
supercage c o n f i g u r a t i o n s are l i k e l y t o be r e f l e c t e d i n 
s i g n i f i c a n t d i f f e r e n c e s i n s o r p t i o n and c a t a l y t i c 
p r o p e r t i e s . There i s t h e r e f o r e a s i g n i f i c a n t i n c e n t i v e f o r 
attempts t o s y n t h e s i z e m a t e r i a l s t h a t have a l a r g e r 
p r o p o r t i o n of the hexagonal s t a c k i n g than i s found i n ZSM-
20 m a t e r i a l s . 

The l i m i t e d v a r i a t i o n observed i n the r e l a t i v e 
p r o p o r t i o n s of the c u b i c and hexagonal components i n ZSM-
20 z e o l i t e s must be r e l a t e d t o c r y s t a l l i z a t i o n c o n d i t i o n s . 
Z e o l i t e ZSM-20 can be made r e p r o d u c i b l y p r o v i d e d that the 
recommended c o n d i t i o n s a r e s t r i c t l y f o l l o w e d . The 
syntheses are p a r t i c u l a r l y s e n s i t i v e t o c h a r a c t e r of the 
reagents used, and to r e s i d u a l a l c o h o l i n the g e l . T h i s 
l a t t e r v a r i a b l e may be r e s p o n s i b l e f o r a degree of non-
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F i g u r e 8. Stereoview of the BSS framework drawn as 
s t r a i g h t l i n e s connecting adjacent t e t r a h e d r a l v e r t i c e s . 
Atomic co-ordinates are based on dista n c e l e a s t squares 
optimized values. 

F i g u r e 9. O u t l i n e s of the supercages i n the FAU 
framework (A), and of the two d i f f e r e n t supercages i n 
the BSS framework (B and C). The l a r g e r cages (B) are 
connected i n a continuous fashion, forming s t r a i g h t 
channels along the c r y s t a l l o g r a p h i c c d i r e c t i o n . 
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r e p r o d u c i b i l i t y i n c r y s t a l l i z a t i o n r a t e s i n o t h e r w i s e 
i d e n t i c a l g e l s . R e a c t i o n times are a p p a r e n t l y o p t i m i z e d 
when t h e c o l d age s t e p i s some 2 t o 4 days. As 
i l l u s t r a t e d here, the form and p e r f e c t i o n o f the l a y e r 
s t a c k i n g s i n ZSM-20 m a t e r i a l s can be c a t e g o r i z e d by both 
powder X-ray d i f f r a c t i o n and, more d i r e c t l y , by h i g h 
r e s o l u t i o n l a t t i c e i m a g i n g . S p a t i a l l y r e s o l v e d 
measurements o f compositions and, perhaps, of framework or 
non-framework c o m p o s i t i o n a l z o n i n g are a l s o f e a s i b l e . 
D e t a i l s o f the r e l a t i o n s h i p between s y n t h e s i s c o n d i t i o n s 
and c r y s t a l l i z e d s t r u c t u r e may yet guide attempts t o make 
the pure hexagonal form (BSS). 
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Chapter 38 

Studies on the Kinetics 
of ZSM-23 Crystallization 
S. Ernst1, R. Kumar1,3, and J. Weitkamp2 

1Department of Chemistry, Chemical Technology, University of Oldenburg, 
Ammerlaender Heerstrasse 114-118, D-2900 Oldenburg, Federal 

Republic of Germany 
2Institute of Chemical Technology I, University of Stuttgart, 

Pfaffenwaldring 55, D-7000 Stuttgart 80, Federal Republic of Germany 

To optimize the synthesis condi t ions f o r z e o l i t e ZSM-23 
with respect to synthesis time and pur i ty of the pro
duct , its crystallization k i n e t i c s was studied in de
tail by X-ray powder d i f f r a c t i o n and scanning e lec tron 
microscopy. The fo l lowing react ion parameters were 
v a r i e d : Temperature, SiO2/Al2O3, OH-/SiO2, H2O/SiO2, pyrrol id ine /S iO2.  Pert inent r e s u l t s are: i) increas ing 
temperature or decreasing Al -content of the gel leads 
to shorter induct ion periods and enhanced crystalliza
tion r a t e s , ii) at SiO2/Al2O3 = 70 to 150 pure ZSM-23 
can be obtained; f o r lower or higher values other 
phases may form; iii) an optimum value f o r OH-/SiO2 seems to e x i s t (ca. 0.1) below which the crystalliza
tion rate is slow and above which impurity phases (e.g., 
C r i s t o b a l i t e ) appear before complete crystallization 
is achieved and, iv ) a minimum concentrat ion of pyrro
l i d i n e is required f o r ZSM-23 to crystallize. Alter
natively, the use of heptamethoniumbromide as template 
was s tud ied . Its main advantage is the much wider range 
of SiO2/Al2O3 r a t i o s with which ZSM-23 can be synthe
s i z e d . 

ZSM-23 i s a medium pore high s i l i c a z e o l i t e with i n t e r e s t i n g c a t a l y 
t i c and a d s o r p t i v e p r o p e r t i e s ( 1 - 5 ) . R e c e n t l y , i t s framework topo
logy was shown t o have orthorhombic symmetry (Pmmn) with u n i t c e l l 
parameters o f a = 0.501 nm, b = 2.152 nm and c = 1.113 nm. The pore 
s t r u c t u r e o f ZSM-23 c o n s i s t s o f l i n e a r , n o n - i n t e r p e n e t r a t i n g chan
n e l s with t e a r d r o p shaped openings o f c a . 0.45 χ 0.56 nm {6). I t was 
proposed to denote t h i s framework topology as MTT (Mobil-twenty-
t h r e e ) ( 6 ) . Based on a comparison o f X-ray powder d a t a , i t was 
suggesteïï t h a t two o t h e r z e o l i t e s , v i z . KZ-1 (_7) and ISI-4 (8) a l s o 
possess the MTT framework ( 6 ) . 

The s y n t h e s i s o f ZSM-23 can be accomplished i n the presence o f 
or g a n i c templates, v i z . p y r r o l i d i n e ( 1 ) , heptamethoniumbromide (99 10), octamethoniumbromide (JjO), c e r t a T n i m i d a z o l e d e r i v a t i v e s (11) 
3On leave from the Inorganic Chemistry Division, National Chemical Laboratory, Pune 411 008, 
India 

0097-6156/89/0398-0560$06.00/0 
© 1989 American Chemical Society 
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38. E R N S T E T AU Kinetics of ZSM-23 Crystallization 561 

and d i i s o p r o p a n o l a m i n e 0 2 ) . Regarding the s y n t h e s i s o f ZSM-23 
usin g p y r r o l i d i n e as the o r g a n i c base, t h e r e are some c o n t r a d i c t o r y 
r e p o r t s i n the l i t e r a t u r e : I t i s r e p o r t e d (6_) t h a t i n a p r e f e r r e d 
s y n t h e s i s o f ZSM-23, sources o f s i l i c a , alumina, c a u s t i c soda and 
p y r r o l i d i n e are r e a c t e d a t 150°C to 160°C u n t i l the c r y s t a l l i z a t i o n 
i s complete. On the o t h e r hand, i t has been f r e q u e n t l y s t a t e d (10, 
12, 13) t h a t with p y r r o l i d i n e as template, the s y n t h e s i s o f pure 
ZSM-23 f a i l e d . I nstead, ZSM-5 was the major phase formed. 

Suzuki e t a l . ( J 4 - ) have shown t h a t upon v a r i a t i o n of the gel 
composition as many as f i v e d i f f e r e n t z e o l i t e s t r u c t u r e s (ZSM-5, 
ZSM-35, ZSM-39, ZSM-48 and KZ-1) can be s y n t h e s i z e d i n the presence 
of p y r r o l i d i n e (14). Hence, not only the nature o f the o r g a n i c tem
p l a t e but a l s o tTïê gel chemistry and s y n t h e s i s c o n d i t i o n s have a 
marked i n f l u e n c e on the s t r u c t u r e o f the c r y s t a l l i n e product. In a 
r e c e n t s y s t e m a t i c study i t was po i n t e d out t h a t e s p e c i a l l y pH and 
Na +-content have to be c a r e f u l l y a d j u s t e d i n or d e r to a v o i d the f o r 
mation of phases o t h e r than ZSM-23 ( 4 ) . 

In an attempt to o p t i m i z e the s y n t h e s i s of ZSM-23 i n the pre
sence of p y r r o l i d i n e , the i n f l u e n c e o f the gel composition on the 
c r y s t a l l i z a t i o n k i n e t i c s was s t u d i e d i n d e t a i l . For comparison, some 
experiments with heptamethoniumbromide as template are a l s o i n c l u d e d . 
Experimental 
A l l s y n t h e s i s experiments were c a r r i e d out i n r o t a t i n g s t a i n l e s s 
s t e e l a u t o c l a v e s with an approximate volume of 250 cnw. A f t e r each 
experiment, the a u t o c l a v e s were cl e a n e d with 40 wt.-% HF to minimize 
seeding e f f e c t s by r e s i d u a l c r y s t a l l i z a t i o n p r o d u c t s . The prepara
t i o n o f the s y n t h e s i s mixture was as f o l l o w s . Fumed s i l i c a with a 
s u r f a c e area o f c a . 200 m2/g (CAB-0-SIL M-5) was mixed with about 
90 % o f the t o t a l amount of d i s t i l l e d water. To t h i s mixture were 
added subsequently under s t i r r i n g : NaOH p e l l e t s (Merck, p . a . ) , 
p y r r o l i d i n e ( F l u k a , p.a.) as s t r u c t u r e d i r e c t i n g agent, Α Η ^ ^ · 
9 H2O (Merck, p.a.) d i s s o l v e d i n the remaining 10 % water and con
c e n t r a t e d s u l f u r i c a c i d (98 wt.-%, Merck, p . a . ) . When heptamethoni
umbromide was used as template, a sodium w a t e r g l a s s s o l u t i o n (Merck, 
28.5 wt.-% S i 0 2 , 8.8 wt.-% Na 20, 62.7 wt.-% H 20) and A1 2(S04)3 · 16 
H 20 were used as the s i l i c a and the alumina s o u r c e s , r e s p e c t i v e l y . 
Heptamethoniumbromide (Ν,Ν,Ν,Ν' ,Ν' ,Ν'-hexamethylheptamethylendiam-
moniumdibromide; C y D i q u a t ) was prepared from 1,7-dibromoheptane and 
trimethylamine a c c o r d i n g to (9). The composition o f the r e a c t i o n 
mixtures was c a l c u l a t e d as d e s c r i b e d by Rollmann and V a l y o c s i k (15). 
The mixtures were thoroughly homogenized, f i l l e d i n the a u t o c l a v e s 
and afterwards r o t a t e d i n a furnace thermostated a t the d e s i r e d tem
p e r a t u r e . P e r i o d i c a l l y , a u t o c l a v e s were withdrawn from the oven and 
quenched with c o l d water. The c r y s t a l l i n e products were f i l t e r e d , 
washed with d i s t i l l e d water, d r i e d a t 120°C i n a i r and afterwards 
c h a r a c t e r i z e d by X-ray powder d i f f r a c t i o n ( C u K a - r a d i a t i o n ) and scanning e l e c t r o n microscopy. Percentage c r y s t a l l i n i t i e s o f ZSM-23 
were estimated from the h e i g h t of the peak a t 2Θ = 22.8°. 
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562 ZEOLITE SYNTHESIS 

R e s u l t s and D i s c u s s i o n 
Based on p r e l i m i n a r y experiments the f o l l o w i n g standard gel composi
t i o n was s e l e c t e d f o r f u r t h e r s y s t e m a t i c i n v e s t i g a t i o n s : S i O o / A U C ^ 
110, 0H"/Si0 2 = 0.1, H20/Si0 2 = 45, N a + / S i 0 2 = 0.41 and R / S i 0 2 = 0.45 (R: p y r r o l i d i n e ) . To check the i n f l u e n c e o f c r y s t a l l i z a t i o n tempera
t u r e on the k i n e t i c s o f ZSM-23 f o r m a t i o n from t h i s gel c o m p o s i t i o n , 
the s y n t h e s i s was conducted a t 160°C, 170°C and 180°C. The r e s u l t s 
are shown i n F i g u r e 1. I n c r e a s i n g temperature r e s u l t s i n a s h o r t e r 
i n d u c t i o n p e r i o d and enhanced c r y s t a l l i z a t i o n r a t e s . At 180°C, com
p l e t e l y c r y s t a l l i z e d ZSM-23 can be obt a i n e d a f t e r about 1 day. The 
X-ray powder p a t t e r n of a sample s y n t h e s i z e d i n t h i s manner i s shown 
i n F i g u r e 2. The l i n e p o s i t i o n s and r e l a t i v e i n t e n s i t i e s agree very 
well with p u b l i s h e d data { ] ) . No peaks due to o t h e r c r y s t a l l i n e 
phases c o u l d be observed. The product c r y s t a l l i t e s t y p i c a l l y pos
sess a d i s c l i k e morphology. The d i s c s are almost always intergrown 
( c f . F i g u r e 3). 

In the s y n t h e s i s o f z e o l i t e s the a l k a l i n i t y o f the r e a c t i o n 
mixture i s one o f the major f a c t o r s which govern n u c l e a t i o n and 
c r y s t a l growth (16, 17). T h e r e f o r e , 0H"/SiÛ2 was v a r i e d i n the range 
-0.25 t o 0.19 by a d j u s t i n g the amount of H2SO4 added to the g e l . 
Negative values o f 0H"/Si02 simply i n d i c a t e t h a t more moles of a c i d 
were added to the gel than o f hydroxide. A p o s s i b l e c o n t r i b u t i o n of 
the template to OH' c o n c e n t r a t i o n i s not taken i n t o account. The 
r e s u l t s are d e p i c t e d i n F i g u r e 4. A p p a r e n t l y , there e x i s t s a minimum 
value f o r 0H"/Si0o below which c r y s t a l l i z a t i o n of ZSM-23 i s very 
slow. I n c r e a s i n g the a l k a l i n i t y (0H"/SiÛ2 up to 0.10) r e s u l t s i n a 
d r a s t i c a c c e l e r a t i o n o f c r y s t a l l i z a t i o n . A f u r t h e r i n c r e a s e to OH"/ 
Si02 = 0.19 does not b r i n g about a f u r t h e r enhancement. Rather, 
a f t e r about 20 hours the c r y s t a l l i n i t y o f ZSM-23 i s no long e r im
proved, i n s t e a d c r i s t o b a l i t e s t a r t s to c r y s t a l l i z e as impu r i t y phase 
(not shown i n F i g u r e 4 ) . For g e l s with OH'/SiO? = 0.10 and 0.03 
c r i s t o b a l i t e i s o n l y observed f o r extended s y n t h e s i s times a f t e r 
complete c r y s t a l l i z a t i o n o f ZSM-23. Both, the decrease i n n u c l e a t i o n 
time and the enhanced r a t e s o f c r y s t a l growth with i n c r e a s i n g OH"/ 
Si02 r a t i o s can be a t t r i b u t e d to an i n c r e a s e d s o l u b i l i t y o f the 
r e a c t a n t s a t h i g h e r a l k a l i n i t i e s . T h i s r e s u l t s i n a hig h e r supersa
t u r a t i o n o f the mother l i q u o r (16). I t i s known from the s y n t h e s i s 
of o t h e r h i g h - s i l i c a z e o l i t e s (ëTg., ZSM-5 (J8) and ZSM-12 (j9)) 
th a t the c r y s t a l l i t e s i z e i n c r e a s e s with d e c r e a s i n g pH o f the g e l . 
The reason i s the slower r a t e o f n u c l e a t i o n which r e s u l t s i n a 
sm a l l e r amount of c r y s t a l s which are formed i n i t i a l l y . Fewer c r y 
s t a l s can grow to a b i g g e r s i z e b e f o r e the r e a c t a n t s a r e completely 
consumed. I t has now been found t h a t t h i s r u l e a l s o holds f o r ZSM-23. 
F i g u r e 5 shows a scanning e l e c t r o n micrograph o f ZSM-23 produced 
from a r e a c t i o n mixture with 0H"/Si0o = 0.03. The c r y s t a l s possess 
the same morphology as those o b t a i n e d a t OH'/SiOg = 0.10 ( c f . F i g u r e 
3) but are about twice as l a r g e . From the v a r i a t i o n o f the OH" con
c e n t r a t i o n i n the i n i t i a l g e l , the f o l l o w i n g main c o n c l u s i o n s can be 
drawn: i ) An optimum value f o r 0H~/Si02 seems to e x i s t ( c a . 0.1) be
low which the c r y s t a l l i z a t i o n r a t e i s slow and above which i m p u r i t y 
phases ( e . g . , c r i s t o b a l i t e ) appear before complete c r y s t a l l i z a t i o n 
i s a c h i e v e d and, i i ) the c r y s t a l s i z e o f ZSM-23 can be i n c r e a s e d 
upon lowering 0H"/Si02 however, the c r y s t a l l i z a t i o n time w i l l i n 
c r e a s e too. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

03
8

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



38. ERNST ET AL. Kinetics of ZSM-23 Crystallization 563 
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Ο 180 -
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CRYSTALLIZATION TIME , h 

160 

F i g u r e 1. S y n t h e s i s o f ZSM-23 from the r e a c t i o n mixture: S i 0 2 / 
AloOo = 110, 0H"7Si0 2 = 0.1, H 2 0 / S i 0 ? = 45, N a + / S i 0 2 = 0.41, R / S i 0 2 = 0.45: I n f l u e n c e o f c r y s t a l l i z a t i o n temperature. 

»— 
00 

10 15 20 25 30 
ANGLE 2 θ, deg • 

35 

F i g u r e 2. X-ray powder p a t t e r n o f ZSM-23 formed from the s t a n 
dard gel composition a f t e r c a . 1 day a t 180°C. 
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564 ZEOLITE SYNTHESIS 

F i g u r e 4. I n f l u e n c e of 0 H~/Si0 2 on ZSM-23 c r y s t a l l i z a t i o n (T = 
180°C, S i 0 2 / A l 2 0 3 = 110, H 2 0 / S i 0 2 = 45, N a + / S i 0 2 = 0.41, R / S i 0 2 = 
0.45). 
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38. ERNST ET AL. Kinetics of ZSM-23 Crystallization 565 

F i g u r e 5. ZSM-23 c r y s t a l l i t e s grown from a gel with the composi
t i o n Si02/Al2Û3 = 110, 0 H " / S i 0 2 = 0.03, H20/SÎ02 = 45, N a + / S i 0 2 = 0.41, R / S i 0 2 = 0.45 a t Τ = 180°C.  P
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The i n f l u e n c e o f the water content o f the gel on the c r y s t a l l i 
z a t i o n k i n e t i c s o f ZSM-23 i s shown i n F i g u r e 6. O b v i o u s l y , c r y s t a l 
l i z a t i o n i s f a s t e r f o r the more c o n c e n t r a t e d systems. T h i s observa
t i o n can be e a s i l y r a t i o n a l i z e d i f i t i s c o n s i d e r e d t h a t with de
c r e a s i n g amount of water i n the s y n t h e s i s mixtures the c o n c e n t r a t i o n 
of the r e a c t a n t s and hence pH i n c r e a s e s . T h i s has the same e f f e c t as 
an i n c r e a s e i n 0H"/SiÛ2 r a t i o , v i z . h i g h e r s u p e r s a t u r a t i o n o f the 
mother l i q u o r . The consequences have been d i s c u s s e d b e f o r e . 

In order t o o p t i m i z e the p y r r o l i d i n e c o n c e n t r a t i o n o f the gel 
and t o l e a r n more about i t s r o l e i n the s y n t h e s i s o f the MTT frame
work, the molar r a t i o p y r r o l i d i n e / S i 0 2 was v a r i e d by adding d i f f e r 
ent amounts of the o r g a n i c base to the r e a c t i o n mixture. I t can be 
seen from F i g u r e 7 t h a t the c r y s t a l l i z a t i o n o f ZSM-23 becomes f a s t e r 
i f R / S i 0 2 i n c r e a s e s . However, a t the h i g h e s t value i n v e s t i g a t e d i n 
t h i s study ( R / S i 0 2 = 0.67) c r i s t o b a l i t e s t a r t s to form b e f o r e ZSM-23 
i s c o m pletely c r y s t a l l i z e d . As a r e s u l t , a value o f c a . 0.45 f o r 
R / S i 0 2 can be recommended to ach i e v e both, f a s t c r y s t a l l i z a t i o n and 
high p u r i t y . I f no p y r r o l i d i n e i s added to the s y n t h e s i s mixture 
o n l y c r i s t o b a l i t e c r y s t a l l i z e s , even a f t e r extended s y n t h e s i s times 
( c f . F i g u r e 7 ) . T h i s o b s e r v a t i o n suggests t h a t , a t l e a s t f o r the gel 
composition used i n t h i s study, p y r r o l i d i n e i s e s s e n t i a l i n the 
n u c l e a t i o n stage o f ZSM-23. In a d d i t i o n a l experiments i t was t r i e d 
to s y n t h e s i z e ZSM-23 from p y r r o l i d i n e - f r e e r e a c t i o n mixtures u s i n g 
seeds. E i t h e r 1 or 2 wt.-% (based on S i 0 2 i n the g e l ) o f u n c a l c i n e d 
ZSM-23 seeds ( o b t a i n e d by c r y s t a l l i z i n g the standard r e a c t i o n mix
t u r e ) were added to a p y r r o l i d i n e - f r e e gel o f the composition: SiOo/ 
A 1 2 0 3 = 110, 0H"/Si0 2 =0.1, H 2 0 / S i 0 2 = 45, N a + / S i 0 2 = 0.41. A f t e r 
a u t o c l a v i n g a t 180°C f o r s e v e r a l days, c r i s t o b a l i t e was again the 
on l y c r i s t a l l i n e product. These r e s u l t s suggest t h a t p y r r o l i d i n e i s 
not o n l y important d u r i n g the n u c l e a t i o n stage of ZSM-23 but a l s o 
f o r i t s c r y s t a l growth. In t h i s case i t s e f f e c t maybe t h a t o f a pore 
- f i l l i n g agent. T h i s s u g g e s t i o n i s supported by the f o l l o w i n g rough 
e s t i m a t i o n : A c c o r d i n g to the o r i g i n a l patent (J_), c a l c i n e d ZSM-23 
adsorbs about 5.5 wt.-% o f n-hexane ( a t 25°C and P n _ h e x a n e ~ 2.7 kPa). I f t h i s v a l u e i s used and simply c o r r e c t e d f o r d e n s i t y d i f f e r 
ences, one would p r e d i c t a s o r p t i o n c a p a c i t y f o r p y r r o l i d i n e o f c a . 
7.2 wt.-%. From the n i t r o g e n content o f most o f the a s - s y n t h e s i z e d 
ZSM-23 samples i n (1) a p y r r o l i d i n e c o n t e n t of c a . 6.6 wt.-% can be 
c a l c u l a t e d . Hence, T t i s reasonable to assume complete o r n e a r l y 
complete p o r e f i l l i n g o f a s - s y n t h e s i z e d ZSM-23 with p y r r o l i d i n e . From 
these c o n s i d e r a t i o n s i t can be concluded t h a t p y r r o l i d i n e helps not 
only i n forming the ZSM-23 n u c l e i but a c t s a l s o as p o r e - f i l l i n g 
agent d u r i n g c r y s t a l growth. 

When the N a + / S i 0 2 r a t i o i s v a r i e d between 0.17 and 0.25 keeping 
a l l o t h e r r a t i o s c o n s t a n t , no s i g n i f i c a n t changes i n c r y s t a l l i z a t i o n 
k i n e t i c s are observed. S i n c e the covered range o f N a + / S i 0 2 i s on l y 
very r e s t r i c t e d , no c o n c l u s i o n s r e g a r d i n g the i n f l u e n c e of sodium 
can be made a t the present stage. 

I t i s cl a i m e d (1) t h a t ZSM-23 can be s y n t h e s i z e d with p y r r o l i 
dine as template witïïin a c e r t a i n range o f aluminium contents ( S i 0 2 / 
AI0O3 = 40 - 250). However, upon i n c r e a s i n g the aluminium content o f 
the r e a c t i o n m i x t u r e , c r y s t a l l i z a t i o n r a t e s decrease ( c f . F i g u r e 8 ) . 
T h i s o b s e r v a t i o n was a l s o made with o t h e r high s i l i c a z e o l i t e s , e.g., 
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Η 20 / Si 0 2 -

Δ 75 
• 60 
Ο 45 -

20 40 
CRYSTALLIZATION TIME 

60 

F i g u r e 6. I n f l u e n c e of the water content on c r y s t a l l i z a t i o n 
k i n e t i c s (T = 180°C, Si02/Al203 = 110, 0H"/Si0 2 = 0.1, N a + / S i 0 2 0.41, R / S i 0 2 = 0.45). 

F i g u r e 7. I n f l u e n c e of R/SiÛ2 on the c r y s t a l l i z a t i o n k i n e t i c s 
(T = 180°C, S i 0 2 / A l 2 0 3 = 110, 0H"/Si0 2 = 0.1, H 2 0 / S i 0 2 = 45, 
N a + / S i 0 2 = 0.41). 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

03
8

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



568 ZEOLITE SYNTHESIS 

F i g u r e 8. I n f l u e n c e of aluminium c o n t e n t on the c r y s t a l l i z a t i o n 
of ZSM-23 (T = 180°C, 0 I T / S i 0 2 = 0.1, H 2 0 / S i 0 2 = 45, N a + / S i 0 2 = 
0.41, R / S i 0 2 = 0.45).  P
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ZSM-5 ( 2 0 - 22) and ZSM-12 (19, 23). The r e v e r s e i s known f o r the 
s y n t h e s i s o f low s i l i c a z e o l i t e s : Due to an i n c r e a s e d s i l i c a con
t e n t i n the s y n t h e s i s g e l , the v i s c o s i t y o f the mixture i s i n c r e a s e d , 
which r e s u l t s i n a decreased c r y s t a l l i z a t i o n r a t e . As a p o s s i b l e 
e x p l a n a t i o n o f these o b s e r v a t i o n s i t i s assumed t h a t i n c o r p o r a t i o n 
of aluminium i n t o the framework o f ZSM-23 i s a d i f f i c u l t p r o c e s s , 
l i k e i t i s f o r ZSM-5 (20). T h i s i s u n d e r l i n e d by the decrease o f the 
c r y s t a l l i t e s i z e o f ZS"Mr23 with i n c r e a s i n g aluminium c o n t e n t o f the 
g e l : F or S102/A12Ο3 = 110, the c r y s t a l l i t e s are about 2 μηι i n l e n g t h 
( c f . F i g u r e 3) whereas i t d i m i n i s h e s to l e s s than 1 μηι f o r SiÛ2/ 
ΑΊ2Ο3 = 70 ( c f . F i g u r e 9 ) . These phenomena are i n agreement with 
o b s e r v a t i o n s made e a r l i e r i n the s y n t h e s i s of ZSM-5 (20, 22, 24) and 
ZSM-12 (]9) and seem to be o f a more general v a l i d i t y i n the synthe-
s i s o f h i g h - s i l i c a z e o l i t e s . 

The r e s u l t s d e p i c t e d i n F i g u r e 8 f u r t h e r i n d i c a t e t h a t , the 
more s i l i c e o u s the s y n t h e s i s mixtures a r e , the e a r l i e r C r i s t o b a l i t e 
s t a r t s to form. Hence, i f a ZSM-23 with r e l a t i v e l y high S i 0 2 / A l 2 0 3 r a t i o i s to be s y n t h e s i z e d , a c a r e f u l o p t i m i z a t i o n of c r y s t a l l i z a 
t i o n time and, perhaps c r y s t a l l i z a t i o n temperature should be made to 
o b t a i n pure products. I n c r e a s i n g the aluminium content o f the gel to 
S i O o / A ^ O j r a t i o s below c a . 50 a l s o y i e l d s ZSM-23 but contaminated 
with ZSM-b o f a p e c u l i a r morphology ( F i g u r e 10). 

It i s cla i m e d (9) t h a t with C y d i q u a t as template ZSM-23 can be 
s y n t h e s i z e d i n a mucïï broader range o f S102/A12Û3 r a t i o s than i t i s 
p o s s i b l e with p y r r o l i d i n e . T h e r e f o r e , complementary s y n t h e s i s expe
riments were conducted with Cy-diquat. In a gel with the composition 
0H"/Si02 = 0-3, N a + / S i 0 2 = 0.59, R +/SiOo = 0.15 the aluminium con
t e n t was v a r i e d such as t o o b t a i n SÎ02/A1203 r a t i o s between 60 and °°. 
From a l l s y n t h e s i s runs, pure and h i g h l y c r y s t a l l i n e ZSM-23 was ob
t a i n e d a f t e r 1 to 4 days a t 160°C under a g i t a t i o n . A t y p i c a l X-ray 
powder p a t t e r n of a ZSM-23 sample s y n t h e s i z e d i n t h i s way (SiU2/ 
Al2Ο3 = 140) i s shown i n F i g u r e 11. The r e s o l u t i o n o f the p a t t e r n 
i s c o n s i d e r a b l y improved. Note, f o r example, t h a t the f i r s t somewhat 
broad peak of ZSM-23 s y n t h e s i z e d with p y r r o l i d i n e ( c f . F i g u r e 2) 
s p l i t s i n t o two sharp l i n e s ( t h i s d i f f e r e n c e a l s o remains a f t e r c a l 
c i n a t i o n i n a i r a t 540°C). One c o u l d expect, t h a t the sharper l i n e s 
are due to a l a r g e r c r y s t a l s i z e . However, as i t can be seen from 
F i g u r e 12, t h i s i s not the case. ZSM-23 produced from systems con
t a i n i n g Cy-diquat has a p l a t e - l i k e h a b i t with c r y s t a l l i t e s i z e s 
around or below 1 μπι. Hence, the reasons f o r the improved r e s o l u t i o n 
of the XRD p a t t e r n s are not c l e a r a t the moment. One c o u l d s p e c u l a t e 
t h a t ZSM-23 ob t a i n e d from p y r r o l i d i n e c o n t a i n i n g systems has some 
amorphous m a t e r i a l occluded i n the pores, r e s u l t i n g i n a poorer 
c r y s t a l l i n i t y . T h i s should r e s u l t i n d i f f e r e n t a d s o r p t i v e and c a t a 
l y t i c p r o p e r t i e s o f ZSM-23 prepared with d i f f e r e n t templates. 
C o n c l u s i o n s 
Z e o l i t e ZSM-23 can be r e a d i l y s y n t h e s i z e d with p y r r o l i d i n e as orga
n i c template and fumed s i l i c a as s i l i c a source. P y r r o l i d i n e seems to 
in t e r v e n e i n the n u c l e a t i o n and c r y s t a l growth p r o c e s s , i n the l a t 
t e r case most probably as p o r e - f i l l i n g agent. By proper o p t i m i z a t i o n 
of the gel composition and the s y n t h e s i s c o n d i t i o n s , ZSM-23 can be 
s y n t h e s i z e d i n l e s s than one day. The s y n t h e s i s of ZSM-23 has some 
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570 ZEOLITE SYNTHESIS 

F i g u r e 9. C r y s t a l l i t e morphology of ZSM-23 s y n t h e s i z e d from a 
gel w i t h Si0 2 /A12Ο3 = 70. 

F i g u r e 10. ZSM-5/ZSM-23 mixture o b t a i n e d from a gel with S1O2/ 
A12Û3 = 50. 
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F i g u r e 11. T y p i c a l X-ray powder p a t t e r n of ZSM-23 (SiU2/Al2Ο3 
140) o b t a i n e d with Cy-diquat as template. 

F i g u r e 12. T y p i c a l c r y s t a l l i t e morphology o f ZSM-23 prepared 
from g e l s c o n t a i n i n g Cy-diquat as template. 
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f e a t u r e s i n common with the s y n t h e s i s o f ZSM-5 and ZSM-12: i ) i n 
c r e a s i n g the a l k a l i n i t y o f the gel reduces the c r y s t a l l i z a t i o n time 
and the c r y s t a l l i t e s i z e o f the product and i i ) i n c r e a s i n g the Si02/ 
Al2Ο3 r a t i o i n the gel enhances the r a t e o f c r y s t a l l i z a t i o n . Hence, 
these o b s e r v a t i o n s seem to be o f a more general v a l i d i t y i n the syn
t h e s i s o f h i g h - s i l i c a z e o l i t e s . With Cy-diquat as template, ZSM-23 
can be s y n t h e s i z e d i n a much broader range o f SiO^/Al2Ο3 r a t i o s and 
with b e t t e r r e s o l v e d powder p a t t e r n s . However, t h i s template i s not 
commercially a v a i l a b l e and i t s p r e p a r a t i o n r e q u i r e s c o s t l y r e a c t a n t s . 
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Chapter 39 

High-Resolution Electron Microscopic 
Studies of Zeolite ZSM-48 

Angus I. Kirkland, G. Robert Millward, Stuart W. Carr, 
Peter P. Edwards, and Jacek Klinowski 

Department of Chemistry, University of Cambridge, Lensfield Road, 
Cambridge CB2 1EW, England 

We have prepared large spherulitic crystals of ZSM-48 from 
silica-rich gels containing amines and structure-directing agents 
(templates). Thermally treated (steamed) crystallites have been 
studied by high-resolution electron microscopy (HREM) and 
x-ray diffraction (XRD). At an interpretable point resolution of 
ca. 3 Å in tandem with image simulations carried out according 
to established procedures, HREM enabled us to establish the 
imaging conditions under which the two previously proposed 
topologies can be distinguished. The majority of crystallites of 
ZSM-48 exhibit extensive (100) twinning. 

Since the discovery of ZSM-48 as an impurity phase in ZSM-39 (1) and its 
subsequent synthesis in an impurity-free form (2) the zeolite has been a 
subject of structural studies by powder x-ray diffraction (3,4). These studies 
have indicated a structure based on ferrierite sheets linked by oxygen atoms 
located on mirror planes, and an orthorhombic lattice with pseudo I or 
pseudo C centering. Schlenker et al. (5) reported that structures in which 
the four independent Τ atoms in the ferrierite sheet are in the U U D D (U = 
up, D = down) with Cmcm symmetry or in the U D U D with Imma sym
metry show the best agreement between calculated Smith plots (6) and the 
experimental x-ray powder patterns. Schlenker et al. (5) also report that a 
structure based on random intergrowths of these two basic structures gives 
rise to even better agreement. We have investigated the structure of Z S M -
48 by high resolution electron microscopy supported by image simulation 
in order to test these conclusions and identified the optimum conditions 
for imaging the zeolite. 

Experimental 

Zeolite ZSM-48 was synthesised according to ref. 7. A solution prepared by 
mixing 0.56 g of sodium hydroxide, 0.43 c m 3 30% aqueous ammonia and 

0097-6156/89/0398-O574$06.00/0 
ο 1989 American Chemical Society 
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39. KIRKLAND ET AL. Electron Microscopic Studies ofZeolite ZSM-48 575 

10 c m 3 of water was added with vigorous stirring to the thick slurry made 
by mixing 5 g fumed silica (Cab-O-Sil M5), 1.78 g hexamethonium bromide 
(HMBr2> and 60 c m 3 water. This gave a free-flowing gel of composition 5 
(ΗΜΒΓ2) : 5 N a 2 U : 5 ( N H ^ O : 60 S1O2 : 3000 H 2 0 . The mixture was heated 
in a Teflon-lined autoclave at 200°C for 72 hrs. The spherical crystallites 
(yield 4.35 g) were collected, washed with water and dried at 80°C for 16 hrs. 
They were larger than reported in ref. 7 and had a different crystal habit 
from those studied in ref. 5. 

The as-prepared ZSM-48 was calcined in air at 500°C for 48 hrs to 
give H,Na-ZSM-48. This was washed with 1.0 M HC1 at 25°C for 3 hrs to 
give H-ZSM-48. The material was then heated at 450°C for 30 hrs in a 
tubular quartz furnace (Hamdan, H . ; Sulikowski, B.; Kl inowski , J. T. Phys. 
Chem., in press) with water being injected at a rate of 12 ml per hour into 
the tube by a peristaltic pump so that the partial pressure of H 2 O above the 
sample was 1 atmosphere. It was then exchanged with 1 M N H 4 N O 3 and 
steamed at 650°C for a further 16 hrs. The ammonium exchange was 
repeated and the zeolite steamed at 650°C for 16 hrs and at 800°C for 8 hrs. 
X R D diffraction patterns (not shown) d id not indicate any loss of crystall
inity upon thermal treatment. 

High-resolution electron microscopic studies employed a modified 
JEOL-JEM200CX (8) operated at 200 k V with objective lens characteristics 
C s = 0.52 mm, C c = 1.05 m m leading to a theoretical point resolution as 
defined by the first zero in the phase contrast transfer function of 1.95 Â at 
the optimum or Scherzer (9) defocus position (400 Â underfocus). 

Samples for electron microscopy were prepared by dispersing the as-
synthesized zeolite in acetone and allowing one drop of the resultant 
suspension to dry onto an E M grid coated with a thin holey amorphous 
carbon film. Suitable crystallites were oriented along high symmetry zone 
axes in the selected area diffraction mode and subsequent high resolution 
images were recorded at electron optical magnifications of ca. 120,000x 
after correction of illumination system misalignments and residual object
ive lens astigmatism (10). In view of the established beam sensitivity of 
zeolites all images were recorded under conditions of low incident electron 
flux (11,12). 

Simulated images were computed on an I B M 3084 mainframe 
computer using the multislice method (13) for [00l], [OlO] and [lOO] project
ions, using programs written in this laboratory (14), and employing the 
atomic coordinates of Schlenker et al. (5) for both Cmcm and Imma space 
group symmetries. For all calculations electron optical parameters applic
able to our microscope were employed with images being calculated for 
crystal thicknesses of 20,40,60,80 and 100 Â and for defoci of between -29 
and -1029 Â in increments of 200 Â. N o account was taken of focal spread 
or beam divergence envelopes. The calculations were performed for an 
aperture limited resolution of either 3.1 or 3.5 Â, which entailed using 
structure factors extending into reciprocal space to 0.7525 or 0.875 À and 
evaluating the Fourier transform in the phase grating to 1.55 Â or 1.75 À. 
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576 ZEOLITE SYNTHESIS 

The choice of these artificial limits was felt to be appropriate since the theo
retical point resolution limit of 1.95 À at the optimum defocus is rarely 
achieved for zeolitic specimens due to their sensitivity to the electron 
beam. Typical total computation times were 120 s for each set of 25 images. 

Results and Discussion 

A scanning electron micrograph of as-prepared zeolite ZSM-48 (see 
Figure 1) shows the typical size of the crystals and their habit. Figure 2 
gives a representative low magnification high resolution micrograph of a 
small crystallite of ZSM-48 oriented along the [001] direction with a thin 
edge. From the micrograph and inset electron diffraction pattern it is 
clearly evident that the crystal contains a number of twins on (100) planes 
marked with arrows. These twin planes are found in almost all crystallites 
but there appears to be no regular periodicity between them. 

Figure 3 shows an enlargement of approximately the marked area of 
Figure 2 together with simulated images calculated for a crystal thickness of 
100 Â and an objective lens defocus of -429 Â for both the U U D D (Cmcm) 
and U D U D (Imma) structural models. From a comparison of experimental 
and calculated images it is evident that simulations based on both struct
ures of Schlenker et al. (5) give excellent agreement with those obtained 
experimentally at this crystal thickness and objective lens defocus. 
However, both Cmcm and Imma models would be expected to give rise to 
very similar image contrasts for thin crystals in view of the similarity of 
their projections along the [001] axis. Therefore, in the absence of addition
al experimental images projected along alternative zone axes, exact differ
entiation between the two structures is not possible at this resolution. 
Hence, the proposal that the disorder present in this system may arise from 
stacking faults involving a translation of c /2 cannot be confirmed. 

In parallel with these preliminary experimental imaging studies we 
have also calculated additional simulated images for [001], [100] and [010] 
incidence for both structural models at two different aperture limited 
resolutions in order to establish the optimal conditions for high resolution 
imaging. Figures 4-9 show the results of these calculations for [001], [100] 
and [010] incidence, respectively, for both Cmcm and Imma topologies, 
calculated in each instance for a resolution of 3.1 Â and objective lens 
defoci of between -29 and -1029 Â and crystal thicknesses of 20-100 Â. 

For simulations calculated for the [001] projection both topologies 
give rise to very similar image contrasts, at all the objective lens defoci and 
crystal thicknesses considered for a resolution of 3.1 A (see Figures 4 and 5). 
Furthermore, it is evident that the image contrast is a true reflection of the 
projected structure (with both the central 10-membered channel and the 
satellite 5- and 6-membered channels visible) only for objective lens defoci 
of between ca. -229 and -429 Â, and that this is true for all crystal thicknesses 
considered. This is not surprising since it has been established (14-16) that 
for values of objective lens defocus close to the optimum (-440 Â) that high 
resolution image contrast should be directly interprétable in terms of the 
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39. KIRKLANDETAL. Electron Microscopic Studies of Zeolite ZSM-48 577 

Figure 1. Scanning electron micrograph of as-prepared zeolite ZSM-48. 

Figure 2. A typical low magnification HREM image of ZSM-48 project
ed along [001] with the corresponding electron diffraction pattern (inset). 
Several twins on (100) planes are indicated. 
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578 ZEOLITE SYNTHESIS 

Figure 3. A n enlargement from approximately the marked area of 
Figure 2 together with calculated images (Af = -429 Â, thickness 80 Â) 
based on (a) the U U D D and (b) U D U D models. 
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39. KIRKLAND ET AL. Electron Microscopic Studies of Zeolite ZSM-48 579 

Figure 4. Calculated images for the Cmcm topology of zeolite ZSM-48 
for [001] incidence (Af =-29 to -1029 À; thickness 20,40, 60, 80 and 100 Â; 
resolution 3.1 Â). 
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580 ZEOLITE SYNTHESIS 

Figure 5. As for Figure 4, but calculated for the Imma topology. 

Figure 6. A s for Figure 4, but calculated for [010] incidence. 
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39. KIRKLANDETAL. Electron Microscopic Studies of Zeolite ZSM-48 581 

Figure 7. As for Figure 6, but calculated for the Imma topology. 

Figure 8. Calculated images for the Cmcm topology of zeolite ZSM-48 
for [100] incidence (Af =-29 to -1029 Â; thickness 20,40, 60, 80 and 100 Â; 
resolution 3.1 À). 
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Figure 9. A s for Figure 8, but calculated for the Imma topology. 
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39. KIRKLANDETAL. Electron Microscopic Studies of Zeolite ZSM-48 583 

projected charge density of the structure for relatively weakly scattering 
specimens. 

In an analogous fashion images projected along [010] of both 
structures are virtually indistinguishable at 3.1 Â resolution for all crystal 
thicknesses and objective lens defoci considered (Figures 6 and 7). Again, 
this is expected given the close similarity of the two projected charge 
densities and the above criterion. However, images calculated for [100] 
incidence for the two structures show notable differences in contrast at all 
crystal thicknesses and objective lens defoci, with the differences being 
most marked at defoci close to the optimum (Figures 8 and 9). Again, this 
difference may be rationalised in terms of the projected charge density of 
the structures which in this projection differ due to the arrangement of the 
four independent Τ atoms. For the case of the Imma topology all the 4-
membered rings have the same size projected along the a axis but in the 
case of the Cmcm structure the 4-membered rings are alternately large or 
small. Simulations calculated at 3.1 Â resolution show that the [100] 
projection is the most suitable for differentiation of the two proposed 
topologies. 

We have also calculated images for [001] incidence at 3.5 Â resolut
ion in order to ascertain whether differences in the two structures may be 
identified at lower resolution as has previously been found for imaging 
silver clusters in zeolite Y (17), wherein differences invisible at high 
resolution became apparent when the resolution was decreased. Figures 10 
and 11 show calculations performed for identical conditions to those of 
Figures 3 and 4 but with an aperture limited resolution of 3.5 Â as opposed 
to 3.1 Â. From these calculations it is apparent that at this resolution there 
are notable differences between images calculated for the two structures, 
wi th the satellite channels being clearly visible for the Cmcm topology but 
very much weaker for the Imma model. A n examination of the diffracted 
beam amplitudes for the (001) (1 = 2, 4 or 6) beams reveals the reason for this 
difference. 

Table I shows the calculated diffracted beam amplitudes for the (000), 
(002), (004) and (006) beams for both topologies, for a crystal 60 À thick. The 
principal difference between the intensities for the two structures lies in 
the intensity of the (004) beam relative to (006). [Note that in both cases the 
intensity of the central (000) beam is approximately the same and hence the 
intensities are approximately normalised with respect to each other thus 
allowing direct comparison]. In the case of the Imma structure the (004) 
beam is weak with respect to the (006) and hence the (006) must be included 
to resolve the satellite channels clearly. A t a limited resolution of 3.5 Â the 
(006) beam lies outside the objective aperture and hence the satellite 
channels are only very faint in the image. However, for the Cmcm model 
the relative intensities are reversed with the (004) beam stronger than the 
(006) and hence even if the (006) beam is excluded from the aperture the 
satellite channels w i l l be clearly resolved. 

In conclusion, we have shown that the [100] projection is the most 
suitable for distinguishing the two structure types at 3.1 Â resolution or 
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584 ZEOLITE SYNTHESIS 

Figure 10. Calculated images for the Cmcm topology of zeolite ZSM-48 
for [001] incidence (Af =-29 to -1029 Â; thickness 20,40, 60, 80 and 100 Â; 
resolution 3.5 Â). 

Figure 11. As for Figure 10, but calculated for the Imma topology. 
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39. KIRKLANDETAL. Electron Microscopic Studies ofZeolite ZSM-48 585 

T A B L E I. C a l c u l a t e d d i f f r a c t e d b e a m intensities of the (001) (1=2,4,6) 
beams for the t w o topologies of ZSM-48 

D i f f r a c t e d b e a m Intensity (arbitrary units) d(A) 

C m c m I m m a 

(006) 0.000% 0.0077 3.36 
(004) 0.00144 0.000774 5.03 
(002) 0.00668 0.00816 10.07 
(000) 0.50 0.52 

greater b u t that at the l o w e r r e s o l u t i o n of 3.5 Â differences are also 
a p parent for images r e c o r d e d for the [001] projection. T h e r e f o r e the 
p r o p o s a l of Schlenker et al. of a d i s o r d e r e d structure i n v o l v i n g s t a c k i n g 
faults of a translation of c/2 c o u l d be c o n f i r m e d d i r e c t l y at h i g h r e s o l u t i o n 
for [100] incidence o r at l ower r e s o l u t i o n f o r b o t h [100] a n d [001] incidence. 
F u r t h e r e x p e r i m e n t a l studies are c o n t i n u i n g to v e r i f y these proposals. 

Literature C i t e d 

1. Schlenker, J .L. ; D w y e r , F . G . ; Jenkins, E . E . ; Rohrbaugh , W . J . , 
Kokotai lo , G . T . N a t u r e (London), 1981, 294, 340. 

2. C h u , P. US Patent 4,397,827, 1981. 
3. R o l l m a n , C.D.; Valyocs ik , E . W . U S Patent 4,423,021, 1983. 
4. C h u , P. US Patent No. 4,448,675 (1984). 
5. Schlenker, J .L . ; Rohrbaugh, W.J . ; C h u . , P.; Valyocs ik , E . W . ; 

Kokotai lo , G . T . Zeolites, 1985, 5, 355. 
6. Smith, D . K . A Revised Program for Calculat ing X-ray Powder 

Diffraction Patterns, UCRL-502.64 , Lawrence Radiat ion Laboratories, 
1967. 

7. D o d w e l l , G . W . ; Denkewicz , R .T . ; Sand, L . B . Zeolites, 1985, 5, 153. 
8. Jefferson, D . A . ; M i l l w a r d , G.R. ; Thomas , J . M . ; Brydson , R.; 

H a r r i m a n , Α . ; Tsuno , K . N a t u r e (London), 1986, 323, 428. 
9. Scherzer, C J. A p p l . Phys. , 1949, 20, 20. 
10. Smith, D.J . ; Bursi l l , L . A . ; W o o d , G.J . U l tramicroscopy , 1985, 16, 19. 
11. Csencsits, R.; Gronsky , R. Ul tramicroscopy, 1987, 23, 421. 
12. Treacey, M . M . J . ; N e w s a m , J . M . Ul tramicroscopy, 1987, 23, 411. 
13. C o w l e y , J . M . ; M o o d i e , A . F . Ac ta Cryst . , 1957, 10, 609; G o o d m a n , P.; 

M o o d i e , A . F . Acta Cryst . , 1976, A32 , 823. 
14. Jefferson, D . A . ; M i l l w a r d , G.R.; Thomas , J . M . A c t a Cryst . , 1976, A32 , 

823. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

03
9

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



586 ZEOLITE SYNTHESIS 

15. Hirsch, P.B.; Howie, Α.; Nicholson, R.B.; Pashley, D.W.; Whelan, 
M.J. Electron Microscopy of Thin Crystals, Butterworths, London, 
1965, and references therein. 

16. Cowley, J.M. Diffraction Physics, North Holland, 1975, and 
references therein. 

17. Terasaki, O; Uppal, M.K.; Millward, G.R.; Thomas, J.M.; Watanabe, 
D. Proceedings of the 11th International Congress on Electron 
Microscopy, Kyoto, 1986, p. 1777. 

RECEIVED December 22, 1988 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

31
, 1

98
9 

| d
oi

: 1
0.

10
21

/b
k-

19
89

-0
39

8.
ch

03
9

In Zeolite Synthesis; Occelli, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



Chapter 40 

Competitive Role of Organic and Inorganic 
Cations in Directing One-Dimensional 

Zeolitic Structures 
ZSM-48 and EU-1 

Girolamo Giordano1, Janos B. Nagy, Eric G. Derouane, 
Nicole Dewaele, and Zelimir Gabelica 

Laboratory of Catalysis, Center for Advanced Materials Research, 
Facultés Universitaires Notre Dame de la Paix, Namur, 61 Rue 

de Bruxelles, B-5000 Namur, Belgium 

The Bis-quaternary ammonium ions (e.g. 
hexamethonium, HM++) favour the formation of 
two different one-dimensional zeolites, namely 
ZSM-48 and EU-1. The resulting structure 
essentially depends on the initial aluminium 
content in the starting hydrogel. The 
stability fields for both zeolites synthesized 
by using various reactant compositions have 
been established. Zeolite ZSM-48 is prepared 
from a silica hydrogel containing HM++ ions 
and alkali cations (Li, Na, and Κ), in 
presence or in absence of Al . For a higher 
in i t ia l Al content and increased 
crystallization time, zeolite EU-1 is 
obtained. The critical role of hexamethonium 
ions and inorganic cations on the 
crystallization rate of ZSM-48 was 
systematically studied. HM++ ions favor the 
ZSM-48 formation by interacting 
electrostatically with Al negative charges and 
stabilizing its structure by acting as pore 
fillers. 

The s y n t h e s i s o f pure and h i g h l y c r y s t a l l i n e 
z e o l i t e s from a l l u m i n o s i l i c a t e hydrogels r e q u i r e s the 
st u d y o f the s i m u l t a n e o u s e f f e c t s o f d i f f e r e n t 
parameters i n v o l v e d i n the s y n t h e s i s . Most of these 
z e o l i t e s are prepared i n presence of organic d i r e c t i n g 

Current address: Dipartimento di Chimica, Université della Calabria, Arcavacata di Rende, 
1-87030 Rende (CS), Italy 

0097-6156/89A)398-0587$06.00A) 
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588 ZEOLITE SYNTHESIS 

agents whose r o l e can be d r a s t i c a l l y i n f l u e n c e d by the 
a c t u a l composition of the hydrogel. 

Recent work has p o i n t e d out t h e predominant 
t e m p l a t i n g r o l e of b i s - q u a t e r n a r y ammonium ions (e.g. 
hexamethonium i o n s ) i n d i r e c t i n g o n e - d i m e n s i o n a l 
z e o l i t i c s t r u c t u r e s namely z e o l i t e s ZSM-48 and EU-1, the 
f i r s t r e p r e s e n t a t i v e member of the EU0 fami l y ( 1 - 4 . ) . 

Z e o l i t e s having ZSM-48 t o p o l o g y a l s o c r y s t a l l i z e 
from hydrogels c o n t a i n i n g other l i n e a r organic s t r u c t u r e 
d i r e c t i n g agents, such as diamines (UL) or v a r i o u s 
(poly)alkylamines (£). 

Z e o l i t e ZSM-50, another member of the EU0 f a m i l y 
p o s s e s s i n g the topology of EU-1, a l s o c r y s t a l l i z e s i n 
presence of dibenzyldimethylammonium ions (2). 

The framework of ZSM-48 i s composed of f e r r i e r i t e -
type sheets, connected i n such a s p e c i f i c way as t o 
generate l i n e a r 10-membered r i n g channels. The s t r u c t u r e 
i s a random intergrowth of the Imma-Cmcm frameworks and 
contains 48-T atoms per u n i t c e l l (&). 

Recently B r i s c o e et a l . (ϋ) d e s c r i b e d the framework 
t o p o l o g y o f z e o l i t e EU-1. I t c o n s i s t s o f a 
unidimensional 10-membered r i n g channel system with s i d e 
pockets formed at r e g u l a r i n t e r v a l s o f f the channels. 
The u n i t c e l l c o n t a i n s 112-T atoms and the framework 
symmetry i s Cmma. 

The aim o f t h i s work i s t o e v a l u a t e t h e 
(competitive) r o l e of other i n g r e d i e n t s i n s t a b i l i z i n g 
p r e f e r e n t i a l l y one or the other s t r u c t u r e . The most 
i n t e r e s t i n g are the c a t i o n i c s p e c i e s , namely the a l k a l i 
and HM + + ions, p o t e n t i a l n e u t r a l i z i n g agents t o A10 2~ 
n e g a t i v e l y charged framework c e n t e r s . Indeed, a l k a l i 
c a t i o n s were shown t o p l a y an important r o l e i n the 
f o r m a t i o n o f many z e o l i t e s , e i t h e r as s t r u c t u r e 
d i r e c t o r s i n the n u c l e a t i o n p r o c e s s ( 1 Ω . - 1 2 . ) or as 
s t a b i l i z i n g m i n e r a l i z e r s during growth ( 1 1 , 1 2 . ) , thereby 
a f f e c t i n g the f i n a l s i z e , morphology and composition of 
the c r y s t a l l i t e s . 

Besides t h e i r obvious r o l e as templates or s t r u c t u r e 
d i r e c t i n g agents (13.) or as s t a b i l i z i n g pore f i l l e r s 
Qrl!) the organic c a t i o n s w i l l a l s o compete with a l k a l i 
i o n s f o r the s t a b i l i z a t i o n o f the n e g a t i v e l y charged 
framework (1Û, 11,1!) . 

The p r e s e n t approach c o n s i s t s i n examining the 
s t r u c t u r e and c o m p o s i t i o n o f s e l e c t e d c r y s t a l l i n e 
z e o l i t e s o b t a i n e d by h e a t i n g under a p p r o p r i a t e 
c o n d i t i o n s hydrogels having the general composition: 

x M 20 y HMBr2 ζ A l 2 0 3 60 S i 0 2 3000 H 20 

by s y s t e m a t i c a l l y v a r y i n g the i n i t i a l c a t i o n i c , organic 
and A l content t o d e f i n e the fundamental r o l e of HM + + 

i o n s i n e a c h s y s t e m , a n d t o u l t i m a t e l y o p t i m i z e t h e o p e c i f i c c r y s t a l l i z a t i o n c o n d i t i o n s f o r each z e o l i t e . 
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Experimental 

A s e r i e s of hydrogels having the f o l l o w i n g molar 
composition : 

χ M 20 y HMBr2 ζ A 1 2 0 3 60 S i 0 2 3000 H 20 

(where HMBr 2 stands f o r hexamethonium bromide; M= L i , Na 
or K; 0<x<12.5; 0<y<25 and 0<z<2) was prepared by mixing 
the a p p r o p r i a t e amounts of the f o l l o w i n g commercial 
i n g r e d i e n t s : fumed s i l i c a ( A e r o s i l S e r v a ) f aluminium 
hydroxyde (Serva), a l k a l i hydroxyde (Janssen Chimica) , 
hexamethonium bromide monohydrate (Janssen Chimica) and 
d i s t i l l e d water. 

The r e a c t a n t s were c a r e f u l l y admixed i n t h e 
f o l l o w i n g o r d e r : A l ( O H ) 3 , MOH, HMBr 2, H 20 and S i 0 2 . 
The g e l was t r a n s f e r r e d i n t o a 60 ml T e f l o n - l i n e d Morey-
type a u t o c l a v e s , and heated at 200 ± 2 °C, under 
autogeneous p r e s s u r e , i n s t a t i c c o n d i t i o n s . At 
predetermined times, the autocl a v e s were removed from 
the oven and quenched t o room temperature i n c o l d water. 
The r e a c t i o n products were f i l t e r e d , thoroughly washed 
with c o l d d i s t i l l e d water and d r i e d overnight at 105 °C. 

The i d e n t i f i c a t i o n of the s o l i d phases and the 
determination of t h e i r c r y s t a l l i n i t i e s were c a r r i e d out 
by X-ray powder d i f f r a c t i o n (XRD), u s i n g a P h i l i p s PW 
1349/30 X-ray d i f f r a c t o m e t e r (Cu-KCC r a d i a t i o n ) . The 
c r y s t a l l i n i t y of each sample was eval u a t e d by u s i n g as 
standard the most c r y s t a l l i n e a s - s y n t h e s i z e d ZSM-48 from 
which the r e s i d u a l amorphous phase was f u r t h e r removed 
by u l t r a s o n i c treatment (15.) . A l k a l i and A l contents 
were determined by proton induced γ-ray emission (PIGE) 
(lu) or atomic a b s o r p t i o n , while the amount of org a n i c 
and water molecules was eval u a t e d by thermal a n a l y s i s 
( S t a n t o n R e d c r o f t St 780 combined TG-DTA-DTG 
the r m o a n a l y z e r ) . The amount of d e f e c t groups i n the 
s t r u c t u r e s was c a l c u l a t e d from s o l i d s t a t e MAS 2 9Si-NMR 
(15.) . 

Results and D i s n n a a i n n 

Influence of the i n i t i a l A l content 
P r e l i m i n a r y a d j u s t m e n t s o f N a 2 0 and HMBr 2 

c o n c e n t r a t i o n s d e f i n e d g e l compositions y i e l d i n g each 
phase i n re p r o d u c i b l e c o n d i t i o n s (see l a t e r ) . The values 
were : 

Na 20 5 HMBr2 f o r ZSM-48 
Na 20 10 HMBr2 f o r EU-1. 

"Fig u r e 1" shows the c r y s t a l l i n i t y v a r i a t i o n f o r 
ZSM-48 and EU-1 z e o l i t e s , as a f u n c t i o n of the i n i t i a l 
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3 ι I f 1 1 
1 2 

x mole A\2O3/60 S1O2 

Figure 1. V a r i a t i o n of the percentage of c r y s t a l l i n i t y of 
z e o l i t e s ZSM-48 and EU-1 as a fu n c t i o n of the AI2O3 content i n 
the f o l l o w i n g precursor g e l phases: 
· = ZSM-48 5Na 20 5HMBr2 x A l 2 0 3 60SiO 2 3000H 2O, (200°C, 66 h) . 
• = EU-1 10Na2O 10HMBr2 x A l 2 0 3 60SiO 2 3000H 2O, (200°C, 120 h) . 
0 = EU-1 + ZSM-48 (30%) 
Q = EU-1 + ZSM-48 (40%) + α-quartz and c r i s t o b a l i t e . 
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A l content (expressed i n mole AI2O3 per 60 mole S1O2), 
i n each g e l system. Nearly 100% c r y s t a l l i n e ZSM-48 was 
o b t a i n e d i n A l - f r e e g e l systems. The c r y s t a l l i n i t y 
f u r t h e r markedly decreases u n t i l the upper l i m i t of 1 
AI2O3, above which no ZSM-48 c r y s t a l s c o u l d be detected, 
even f o r longer r e a c t i o n times.In the A l - f r e e 10 Na 20 10 
HMBr2 hydrogel, ZSM-48, c r i s t o b a l i t e and α-quartz are 
the o n l y c r y s t a l l i n e phases detected, c o n f i r m i n g t h a t 
EU-1 can not be s t a b i l i z e d i n such a system (2.) . For 
0.5 AI2O3 about 40% c r y s t a l l i n e EU-1 was detected along 
with ZSM-48 and smaller amount of c r i s t o b a l i t e and 
α-quartz, and f o r 1 AI2O3 EU-1 and ZSM-48 are the only 
c r y s t a l l i n e phases. EU-1 i s the only phase present f o r 
1.5 AI2O3, but over t h i s value i t s c r y s t a l l i n i t y s t a r t s 
t o decrease, i n agreement with the w e l l e s t a b l i s h e d 
i n h i b i t i n g r o l e o f l a r g e amounts o f A l i n t h e 
c r y s t a l l i z a t i o n r a t e of many z e o l i t e s (11). 

Influence of HMBr2 

The amount of HM"1""1" ions i n the i n i t i a l h y d r o g e l 
d r a s t i c a l l y i n f l u e n c e s the nature of the z e o l i t e formed 
and i t s c r y s t a l l i z a t i o n k i n e t i c s . Pure and h i g h l y 
c r y s t a l l i n e ZSM-48 i s formed f o r a HMBr2 molar 
c o n c e n t r a t i o n c l o s e t o 2.5 ("Figure 2"). For h i g h e r 
HMB r 2 c o n t e n t s t he c r y s t a l l i n i t y shows a s l i g h t 
decrease, probably due to a marked m o d i f i c a t i o n of the 
hydrogel composition and/or of the s o l u b i l i t y of the 
va r i o u s r e a c t i v e s pecies, induced by the excess of 
organic molecules. For HM + + concentrations l y i n g between 
1 and 2.5 mole, dense S1O2 pol y m o r p h i c phases co
c r y s t a l l i z e w i t h ZSM-48, w h i l e f o r lower H M + + 

c o n c e n t r a t i o n s , e s s e n t i a l l y below 0.5 mole, ZSM-5 was 
found t o be predominant z e o l i t i c phase. T h i s l a t t e r 
o b s e r v a t i o n confirms once more t h a t Na + ions r e a d i l y 
i n i t i a t e the formation of 5-1 SBU i n h i g h l y s i l i c e o u s 
hydrogels (11,1£) . 

Our i n v e s t i g a t i o n s l e a d us t o propose the f o l l o w i n g 
optimum composition t o o b t a i n 100% c r y s t a l l i n e ZSM-48 
a f t e r 48 h: 

Na 20 2.5 HMBr2 0-0.5 A 1 2 0 3 60 S i 0 2 3000 H 20 

The optimum c r y s t a l l i n i t y of EU-1 was found i n the 
15-20 HM + + molar range and f o r 1.5 AI2O3 per 60 S1O2 
("Figure 3"). 

Furthermore we c o u l d d e f i n e more a c c u r a t e l y the 
appro x i m a t e g e l c o m p o s i t i o n i n which pure EU-1 
c r y s t a l l i z e s with a r e l a t i v e l y f a s t r a t e : 

10 Na20 17.5 HMBr2 1.5 A1 20 3 60 S i 0 2 3000 H20 
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80 -

2 60 -Φ > k. 
Ο 
^ 4 0 -

20 -

1 3 5 
χ mole HMBr2/60 S1O2 

Figure 2. V a r i a t i o n of the percentage of c r y s t a l l i n i t y of z e o l i t e 
ZSM-48 synthesized from:5Na 20 xHMBr2 0.5Al 20 3 60SiO 2 3000H2O 
gels (200 °C, 66 h) , as a fu n c t i o n of HMBr2 content 
0 = ZSM-48 + c r i s t o b a l i t e . 

20 -

5 15 25 
x mole HMBT2 / 60 S1O2 

Figure 3. V a r i a t i o n of percentage of c r y s t a l l i n i t y of z e o l i t e 
EU-1 synthesized from: 10Na2O xHMBr2 1.5Al 20 3 60SiO 2 3000H2O 
gels 
(200 °C, 7 days), as a fu n c t i o n of HMBr2 content 
• = EU-1 
• = EU-1 + α-quartz 
0 = EU-1 + ZSM-48 (t r a c k s ) . 
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c r y s t a l l i z a t i o n of dense phases f o r low co n c e n t r a t i o n s 
and general i n h i b i t i o n of c r y s t a l l i z a t i o n f o r high HM + + 

contents. I t i s i n t e r e s t i n g t o note t h a t between 5 and 
10 HM+ + , ZSM-48 c o - c r y s t a l l i z e s with EU-1. A s p e c i f i c 
composition of both z e o l i t e s c o u l d not be measured but 
i t seems reasonable t o suppose that t h i s ZSM-48 phase i s 
not r i c h e r i n A l than those c r y s t a l l i z e d from S i - r i c h e r 
g e l s , as most of the A l i s probably u t i l i z e d t o b u i l d up 
the EU-1 framework. 

Influence of NaOH c o n c e n t r a t i o n . 
The minimun Na 20 content (mole/60 mole S i 0 2 ) t o 

i n i t i a t e the c r y s t a l l i z a t i o n o f ZSM-48 and EU-1 i s 
r e s p e c t i v e l y 2.5 and 7.5, w h i l e t h e h i g h e s t 
c r y s t a l l i n i t y f o r each z e o l i t e i s observed f o r 5 and 10 
mole Na 20 r e s p e c t i v e l y ("Figure 4") . Because added as 
NaOH, a l a r g e r amount of N a + may a l s o i n d i r e c t l y 
i n c rease the c r y s t a l l i z a t i o n through the more pronounced 
m o b i l i z i n g e f f e c t of the OH" ions (JL2.) , but a l s o , more 
d i r e c t l y by s t a b i l i z i n g the f i r s t n u c l e i (IQ.,11) . The 
l a r g e r amount of Na + needed t o a c c e l e r a t e the growth of 
an A l - r i c h e r m a t e r i a l (here EU-1) suggests t h a t , i n both 
systems, N a + i s at l e a s t as e f f i c i e n t as HM + + i n the 
r o l e of counterion t o framework A l negative centers, i n 
agreement t o what i s u s u a l l y observed f o r z e o l i t e s 
s y n t h e s i z e d i n presence of both Na + and organic c a t i o n s 
(JUL,UL) . Note t h a t above these Na 20 optimum v a l u e s , 
dense phases l i k e α-quartz or c r i s t o b a l i t e s t a r t t o 
c r y s t a l l i z e i n both systems, as alr e a d y observed i n a 
previous study (2) . Indeed as soon as the maximum amount 
of z e o l i t e i s formed the system i s d e p l e t e d i n A l and 
merely behaves as usual Na-Si hydrogels. 

Influence of the n a t u r e of a l k a l i c a t i o n s on t h e o p t i m a l 
s y n t h e s i s p r o c e d u r e f o r ZSM-48. 

The d i f f e r e n t a l k a l i c a t i o n s a f f e c t n u c l e a t i o n and 
growth of z e o l i t e s i n various ways, independently or i n 
competition with the other organic c a t i o n i c s p e c i e s . In 
p a r t i c u l a r , s m a l l e r hydrated s t r u c t u r e - f o r m i n g c a t i o n s 
(towards water) l i k e L i + or Na + r e a d i l y favour, along 
t h e o r g a n i c t e m p l a t e s , the f o r m a t i o n o f r e g u l a r 
s t r u c t u r e d a l u m i n o s i l i c a t e p r e c u r s o r s or SBU, and 
e s s e n t i a l l y i n f l u e n c e the n u c l e a t i o n process. S t r u c t u r e -
b r e a k i n g c a t i o n s l i k e K + induce l e s s r e a d i l y s t a b l e 
p r i m i t i v e b u i l d i n g u n i t s , but can act as s t a b i l i z i n g 
m i n e r a l i z e r s during growth (11,19). 

We have checked such a behaviour by r e p l a c i n g Na + 

i o n s by L i + and K +, i n the g e l s g i v i n g ZSM-48 i n 
"optimum y i e l d " , namely 

M 20 2.5 HMBr2 χ A l 2 0 3 6 0 s i 0 2 3 0 0 0 H 2 ° 
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594 ZEOLITE SYNTHESIS 

Figure 4. Percentage of c r y s t a l l i n i t y f o r z e o l i t e s ZSM-48 and 
EU-1 as a fu n c t i o n of Na 20 content i n the g e l . 
Curve a: ZSM-48 synthesized from: 

xNa 20 5HMBr2 0.5Al 2O 3 60SiO 2 3000H2O; 
curve b: EU-1 synthesized from: 

xNa 20 10HMBr2 1.5A1 20 3 60SiO 2 3000H2O; 
curve c: α-quartz and/or c r i s t o b a l i t e c o - c r y s t a l l i z e d with 

ZSM-48; 
curve d: α-quartz c o - c r y s t a l l i z e d with EU-1. 
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with two d i f f e r e n t A l contents (x= 0 or 0.5). The so 
ob t a i n e d c r y s t a l l i z a t i o n k i n e t i c curves o f ZSM-48 i n 
absence ("Figure 5a") and i n presence ("Figure 5b") of 
A l were compared f o r each c a t i o n i c system. In a l l three 
cases, the c r y s t a l l i z a t i o n was found f a s t e r i n absence 
of A l , i n agreement with what was g e n e r a l l y observed f o r 
(M) ZSM-5 ( 2 Ώ . ) . In a d d i t i o n , the i n d u c t i o n p e r i o d v a r i e s 
i n the f o l l o w i n g order: 

L i < Na < K, 
s u g g e s t i n g t h a t the s t r u c t u r e - f o r m i n g L i + and Na + 

b e t t e r favour the ZSM-48 n u c l e a t i o n process than K +. The 
f u r t h e r growth r a t e s f o r the t h r e e systems appear 
comparable ("Figure 5a"). 

Table I. Cation and A l contents of four ZSM-48 samples 
s y n t h e s i z e d from 5 M 20 2.5 HMBr 2 (0 or 
0.5)Al 2O 3 60 S i 0 2 3000 H 20 a f t e r 48 h 

Sample M +/u.c. HM + +/u.c. Al/u.c . 
a b a 

Na-ZSM-48 0.05 1.0 
(Na+Al)ZSM-48 0.20 1.0 0.59 

K-ZSM-48 0.22 1.1 
(K+Al)ZSM-48 0.23 1.1 0.62 

a: atomic absorption; b: TG-DTA 

The amounts of i n c o r p o r a t e d a l k a l i c a t i o n s remain 
low (Table I) and these c a t i o n s o n l y n e u t r a l i z e the 
defe c t SiO~ negative charges f o r A l - f r e e samples. Note 
tha t the HM + + content f o r each sample i s s i m i l a r , t h i s 
s t r o n g l y suggesting that the e s s e n t i a l s t a b i l i z a t i o n of 
the framework i s achieved by the pore f i l l i n g a c t i o n , as 
i n the s i m i l a r system y i e l d i n g Nu-10 (14.) . However, t h i s 
f i l l i n g i s not completely a c h i e v e d by the o r g a n i c s 
(about 85%), because, f o r s t r u c t u r a l reasons, about one 
HM + +/u.c. i s the maximum p o s s i b l e amount t h a t can be 
incorporated i n the ZSM-48 framework (see below). 

S i m i l a r k i n e t i c s trends are observed i n presence of 
aluminium ("Figure 5b") with the d i f f e r e n c e t h a t Na + i s 
a l s o i n c o r p o r e t e d during growth, i n s i m i l a r amount than 
K +, both probably a c t i n g t o a l i m i t e d extent, as A10 2~ 
counterions. 
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Time (h) 

Figure 5 . C r y s t a l l i z a t i o n k i n e t i c s of z e o l i t e ZSM-48 i n presence 
of L i + , Na + and K + ions, without A l (a) and i n presence of 0.5 
mole A I 2 O 3 i n the g e l (b) : 5Na 20 2.5HMBr2 (0 or 0.5)Al2C>3 60SiO 2 

3000H2O. 
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C o m p e t i t i v e r o l e o f Na+ and HM++ s p e c i e s 
Unit c e l l composition of t y p i c a l z e o l i t e s prepared 

from d i f f e r e n t Na + b e a r i n g hydrogels are r e p o r t e d i n 
Table I I . 

The constant Na/Al r a t i o s measured f o r two ZSM-48 
samples c r y s t a l l i z e d from two d i f f e r e n t g e l compositions 
at d i f f e r e n t s y nthesis times and from which the r e s i d u a l 
amorphous phase was removed by u l t r a s o n i c c l e a n i n g , 
confirms t h a t Na + ions are c o n t i n u o u s l y i n c o r p o r a t e d 
d u r i n g growth. In n e i t h e r case they can n e u t r a l i z e 
t o t a l l y the A l bearing negative charges, suggesting that 
the HM + + ions a l s o p a r t i c i p a t e i n t h i s n e u t r a l i z a t i o n 
p r o c e s s . N e v e r t h e l e s s , the amount of o r g a n i c ions was 
found t o be remarkably constant, as i n the case of the 
other a l k a l i systems (Table I ) . 

S i m i l a r y , i n sample 4, about one HM + + was again 
found occluded per u n i t c e l l of ZSM-48. However sample 4 
contains a s l i g h t l y l a r g e r amount of N a + / u . c , and t h i s 
may be due to the l a r g e r Na 20 content c h a r a c t e r i z i n g i t s 
hydrogel p r e c u r s o r (Table II) . T h i s suggests t h a t Na + 

i o n s probably do not p l a y t h e i r n e u t r a l i z i n g r o l e as 
counterions t o A l . At l e a s t our o b s e r v a t i o n confirms 
t h a t , i n our sy n t h e s i s c o n d i t i o n s , Na + do not b r i n g A l 
to the s t r u c t u r e . 

Mechanism o f HM++ a c t i o n 
A l l the ZSM-48 samples s y n t h e s i z e d from the above 

envisaged g e l systems, accomodate about one HM + + per 
u n i t c e l l , t h i s corresponding to about 85% of the t o t a l 
pore f i l l i n g . By c o n t r a s t , the A l c o n c e n t r a t i o n can be 
d i f f e r e n t from one sample t o a n o t h e r , as i t s 
i n c o r p o r a t i o n i s governed by the i n i t i a l A l content i n 
the g e l , p r o v i d e d i t i s not too important. However, 
c o n s i d e r i n g the framework charge balance, at l e a s t p a r t 
of the HM + + ions must a l s o act as A l c o u n t e r i o n s . We 
t h e r e f o r e propose the f o l l o w i n g model t o e x p l a i n the 
r o l e of HM + + ions i n d i r e c t i n g syntheses of z e o l i t e s 
with l i n e a r channel systems such as ZSM-48 and EU-1. 

During the f i r s t r e s t r u c t u r a t i o n of the s i l i c a t e or 
S i - r i c h a l u m i n o s i l i c a t e complexes p r i o r t o the z e o l i t i c 
n u c l e a t i o n , t h e HM + + e n t i t i e s p l a y a s t r u c t u r e 
s t a b i l i z i n g r o l e . By t h e i r p a r t i c u l a r l i n e a r shape, they 
favour the formation of channel systems. Simultaneously, 
they can a l s o n e u t r a l i z e one AIO2"" negative center of 
the a l u m i n o s i l i c a t e complex by i t s p o s i t i v e — N + ( C H 3 ) 3 
ends. Note th a t t h i s does not exclude the formation of 
a c e l l i n v o l v i n g o n l y one (or l e s s ) A l , t h a t then 
i n t e r a c t s o n l y with one p o s i t i v e l y charged end of the 
template. The other p o s i t i v e end w i l l be s o l i c i t a t e d 
o n l y i f enough A l i s a v a i l a b l e i n the g e l , up t o a 
maximum of 2 Al per one HM++

f i.e. per unit c e l l . 
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The f i n a l s t r u c t u r e so genereted i s a Cmcm-Imma 
inte r g r o w t h (&) i n which the Cmcm u n i t i s only able to 
accomodate two A l at st a b l e p o s i t i o n s . 

For l a r g e r A l g e l concentrations r i n g s i n v o l v i n g an 
even number of Τ atoms (e.g. four membered ring s ) w i l l 
be p r e f e r e n t i a l l y f a v o u r e d and the f i n a l s t r u c t u r e 
s t a b i l i z e d by the HM + + ions w i l l be d i f f e r e n t i n terms 
of geometry and c o n c e n t r a t i o n of s t a b l e Τ s i t e s f o r 
aluminium (1£) . EU-1 i s one example of such a s t r u c t u r e , 
s t a b i l i z e d by HM + + ions under the p a r t i c u l a r c o n d i t i o n s 
d e s c r i b e d . 

For i n t e r m e d i a t e A l c o n c e n t r a t i o n s i n the g e l 
phases, one can suppose t h a t both s t r u c t u r e s co
c r y s t a l l i z e , each i n c o r p o r a t i n g the appropiate amount of 
A l . 

As a c o n c l u s i o n , HM + + i o n s are not e x c l u s i v e 
templates f o r a given s t r u c t u r e but w i l l s t a b i l i z e an 
a l u m i n o s i l i c a t e s t r u c t u r e that i s p r e l i m i n a r i l y favoured 
by other v a r i a b l e s such as the A l content i n the g e l . 
They w i l l a c t p a r t l y as co u n t e r i o n s t o the neg a t i v e 
framework, p a r t l y as pore f i l l e r s . O b v i o u s l y , they 
e x c l u s i v e l y act as pore f i l l e r s i n the A l fr e e g e l s , i n 
which a l k a l i c a t i o n s can be pre s e n t ( t h i s work) or 
absent (2) . 

In ZSM-48 the presence of HM + + generates a marked 
number of s t r u c t u r a l S i — Ο — R d e f e c t groups (up t o 11 
SiOR/ u.c.) (R = H, M + or HM+ + ), as measured by 
2 9Si-NMR (Table I I ) . In c o n t r a s t , when a l i n e a r 
diaminoalkane i s used as template a s m a l l e r amount of 
de f e c t groups i s measured (about 3.5 SiOR/u.c.) (21) . 
The d i f f e r e n c e between t h e s e two v a l u e s , about 8 
SiO R / u . c , can be e a s i l y e x p l a i n e d by c o n s i d e r i n g the 
a c t u a l s i z e of the bul k y t e r m i n a l trimethylammonium 
groups. Being l a r g e r (6.9 Â) than the average ZSM-48 
channel diameter (about 5.3*5.6 Â ) , they are accomodated 
w i t h i n the s t r u c t u r e by c r e a t i n g 4 SiOR groups at each 
end of the channel that r e s u l t from an empty Τ p o s i t i o n 
("Figure 6") . Such d e f e c t groups l i n k e d t o empty Τ 
p o s i t i o n s have a l s o been det e c t e d i n high s i l i c a ZSM-5 
(15.) .By c o n t r a s t few s t r u c t u r a l d e f e c t s are detected i n 
the EU-1 framework. T h i s i s e a s i l y e x p l a i n e d by 
c o n s i d e r i n g t h a t the si d e pockets r e s u l t i n g from the 
h i g h t o r t u o s i t y o f the s t r u c t u r e more e a s i l y 
accomodate the t e r m i n a l trimethylammonium groups of the 
HM + + i o n . 

Conclusion 

The framework of z e o l i t e ZSM-48 can be o r i e n t e d by 
hexamethonium (HM + +) templates i n v a r i o u s g e l systems 
h a v i n g d e f i n e d A l c o n c e n t r a t i o n s . The HM + + i o n s 
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600 ZEOLITE SYNTHESIS 

Figure 6.Schematic l o c a l i z a t i o n of hexamethonium ions i n ZSM-48 
channel s t r u c t u r e , generating SiO" defects near the terminal 
trimethylammonium groups of the template. 
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s t a b i l i z e the z e o l i t i c s t r u c t u r e i n formation and, by 
t h e i r p a r t i c u l a r l i n e a r shape, t h e y f a v o u r t h e 
generation of the channel system. In a d d i t i o n , they a l s o 
n e u t r a l i z e the negative charges of the s t r u c t u r e , l i n k e d 
e i t h e r t o S i - 0 - A l ~ e n t i t i e s or t o S i - 0 ~ d e f e c t groups. 
Because the complete f i l l i n g by the HM + + ions represents 
one HM + + per u n i t c e l l , the maximum number of A l atoms 
th a t can be introduced i n t o the framework, i s t h e r e f o r e 
e q u a l t o two. I n t e r e s t i n g l y because o f s t e r i c 
i n t e r a c t i o n s , the HM + + ions introduce defect groups i n t o 
the s t r u c t u r e , t he amount of which can be e a s i l y 
r a t i o n a l i z e d by supposing the presence of two missing Τ 
s i t e s per u n i t c e l l . Note that i f ZSM-48 i s formed i n 
presence o f polymethylenediamines, much l e s s d e f e c t 
groups are intro d u c e d i n the s t r u c t u r e . A l k a l i c a t i o n s 
p l a y a secondary r o l e and probably n e u t r a l i z e the Si-0"~ 
defect groups. 

A higher A l content i n the hydrogel i s a predominant 
v a r i a b l e t h a t leads t o a d i f f e r e n t l y arranged A l - r i c h e r 
EU-1 framework. HM + + s t a b i l i z e t h i s framework as 
counterio n s along with the a l k a l i c a t i o n s and a l s o as 
pore f i l l i n g agents, but do not i n i t i a t e i t s n u c l e a t i o n . 
The more open, t o r t u o u s pore s t r u c t u r e t h a t r e s u l t s , 
accomodates the HM + + ions e a s i l y , without much s t e r i c 
c o n s t r a i n t , and the EU-1 s t r u c t u r e c o n t a i n s a f a r 
smaller number of S i - 0 ~ defects than ZSM-48. 
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Chapter 41 

Phase Identification of Hydrothermal 
Crystallization Products 

from M2O-SiO2-SnO2-H2O Gels or Solutions 

Edward W. Corcoran, Jr., J. M. Newsam, H. E. King, Jr., 
and D. E. W. Vaughan 

Exxon Research and Engineering Company, Route 22 East, 
Annandale, NJ 08801 

A number of phases have been produced by 
hydrothermal crystallizations from M2O-SiO2-SnO2~H2O gels or solutions. The products of 
such syntheses are frequently multiphasic, 
complicating attempts at composition and 
structure definition. Preliminary 
microcrystal diffraction experiments using 
synchrotron X-rays and quantitative treatment 
of in-house powder X-ray diffraction data have 
enabled phase identification and facilitated 
the isolation of two largely phase-pure 
materials. Infrared spectroscopy and solid 
state 29Si and 119Sn nmr are consistent with 
the presence of octahedrally coordinated tin 
and tetrahedrally coordinated silicon in these 
phases. 

The recent d e s c r i p t i o n s of the ALPO-n, SAPO-n and 
MeAPO-n f a m i l i e s of microporous m a t e r i a l s i l l u s t r a t e t hat 
hydrothermal syntheses can a f f o r d a wide and d i v e r s e range 
of f o u r - c o o r d i n a t e framework s t r u c t u r e s based on near-
r e g u l a r t e t r a h e d r a [1,2]. As b u i l d i n g blocks, octahedra and 
te t r a h e d r a can a l s o be combined, i n various p r o p o r t i o n s , 
i n t o a v a r i e t y of s t r u c t u r e types [3,4]. R e f l e c t i n g the 
co n d i t i o n s used f o r conventional synthesis [3,4], most of 
these s t r u c t u r e s are condensed, with l i t t l e a c c e s s i b l e pore 
volume. There are, however, examples of both s y n t h e t i c [5-
7] and n a t u r a l m a t e r i a l s [8-11] that have microporous 
c r y s t a l l i n e s t r u c t u r e s . Further, the formation chemistry of 
s i l i c a t e s and a l u m i n o s i l i c a t e s [12,13] i l l u s t r a t e s t h a t the 
more open s t r u c t u r e s are g e n e r a l l y produced under 
r e l a t i v e l y m i l d c o n d i t i o n s . Open o c t a h e d r a l - t e t r a h e d r a l 
s t r u c t u r e s with l a r g e pore systems might t h e r e f o r e a l s o be 
a c c e s s i b l e under appropriate low temperature hydrothermal 
c o n d i t i o n s . 

0097-6156/89/0398-0603$06.00/0 
o 1989 American Chemical Society 
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604 ZEOLITE SYNTHESIS 

As an exemplary system, we have been studying 
c r y s t a l l i z a t i o n s from s t a n n o s i l i c a t e g e l s and s o l u t i o n s 
with v a r i o u s compositions i n the system M20-Si02~Sn02-H20 
(M = L i , Na, K, Cs). Previous l i t e r a t u r e data (discussed 
below) suggest that there i s scope f o r a range of s t r u c t u r e 
types t o be produced i n t h i s system, based both on p o s s i b l e 
v a r i a b i l i t y i n the r e l a t i v e p r o p o r t i o n s of octahedra and 
te t r a h e d r a , and a p o s s i b l e d i v e r s i t y i n the manners i n 
which they can be i n t e r l i n k e d . Broad scope i n the p o s s i b l e 
product s t r u c t u r e s , however, im p l i e s that the simultaneous 
c r y s t a l l i z a t i o n of more than one phase might be common. 
I n i t i a l scoping experiments are t h e r e f o r e l i k e l y t o be 
complicated by problems a s s o c i a t e d with product m u l t i p h a s i c 
behavior. 

In the present report we de s c r i b e i n i t i a l syntheses i n 
the M20-Si02-Sn02-H20 system. We i l l u s t r a t e how 
developments i n c h a r a c t e r i z a t i o n techniques can f a c i l i t a t e 
the i d e n t i f i c a t i o n of new phases i n these types of systems. 
We mention use of synchrotron X - r a d i a t i o n i n m i c r o c r y s t a l 
d i f f r a c t i o n experiments, f u l l p r o f i l e f i t t i n g of 'in-house' 
powder X-ray d i f f r a c t i o n data, and i n f r a r e d and s o l i d s t a t e 
1 2 9 S n and 2 9 S i nmr s p e c t r o s c o p i e s . 

Background on C r y s t a l l i n e S t a n n o s i l i c a t e s 

S e v e r a l minerals c o n t a i n i n g o c t a h e d r a l l y - c o o r d i n a t e d 
t i n and t e t r a h e d r a l l y - c o o r d i n a t e d s i l i c o n are known (Table 
1). In a d d i t i o n t o the n a t u r a l l y - o c c u r r i n g m a t e r i a l s , 
hydrothermal c r y s t a l l i z a t i o n s at higher temperatures 
(T>350°C) have been repor t e d [14-18], i n c l u d i n g the 
syntheses of s i x sodium s t a n n o s i l i c a t e s (Na2Sn3SÎ9025f 

NaeSn7Si2o058/ Na4Sn 5Siio032, N a i o S ^ S i g C ^ f NaisSneSi^C^g, 
Na2Sn2Si60i7) [15-17], three calcium s t a n n o s i l i c a t e s 
(CaSnSi05, CaSnSÎ3C>9, CaSnSi309 · 2H2O) [14], and a potassium 
s t a n n o s i l i c a t e (K2SnSi3C>9) [18] . Presumably because of the 
s e v e r i t y of the r e a c t i o n c o n d i t i o n s employed, only one of 
these phases i s reported t o co n t a i n water [14]. 

T a b l e 1 , s t a n n o s i l i c a t e M i n e r a l s * 

Name Approximate Composition Reference 

malayaite CaSnSiOs 19 
brannockite (K,Na) Li3Sn2Sii203o 20 
s o r e n s e n i t e Na4SnBe2Si60is · 2H2O 21 
e a k e r i t e Ca2SnAl 2SÎ60i6 (OH) 2 • 2H 20 22 
as b e c a s i t e Ca3Tio .eSno .2As6SÎ2Be202o 23 
p a b s t i t e BaSn.77T i .23S13O10 24 
s t o k e s i t e CaSnSÎ3C>9 · 2H2O 25 
s v e r i g e i t e NaMgMnBe2SnSi30i20H 2 6 

*Arandisite i s reported to be a stannosilicate, but no structural or 
compositional data are available [27] . Other minerals which may 
contain t i n have also been reported; examples include y f t i s i t e [28] 
and varlamoffite [29]. 
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41. CORCORAN ET AL. Hydrothermal Crystallization Products 605 

Some m a t e r i a l s f o r which s t r u c t u r a l data are a v a i l a b l e 
are l i s t e d i n Table 2. Inc o r p o r a t i o n of t i n i n t o 
t e t r a h e d r a l frameworks has been repor t e d [30], although 
d e t a i l s about the l o c a l t i n c o o r d i n a t i o n are s t i l l l a c k i n g . 

Synthesis of S t a n n o s i l i c a t e s 

The r e a c t a n t s t i n ( I V ) c h l o r i d e , a l k a l i - m e t a l base, and 
c o l l o i d a l s i l i c a (Ludox-HS40) were thoroughly mixed at room 
temperature, according t o the r a t i o s 2-5M20:Sn02:4-
10SiO2:80-100H2O, f o r each s y n t h e s i s [47]. C a b o s i l (fumed 
s i l i c a ) and sodium stannate were a l s o used as r e a c t a n t s . 
The r e s u l t i n g g e l s were heated (without c o l d - a g i n g or 
a g i t a t i o n ) i n s t a i n l e s s s t e e l autoclaves at temperatures of 
between 150°C and 225°C and at autogenous pressures f o r 
per i o d s ranging from 3 days t o 10 weeks. The r e a c t i o n 
v e s s e l s were then cooled t o room temperature and the 
product(s) removed and washed with water. C r y s t a l l i n e 
m a t e r i a l s g e n e r a l l y r e s u l t e d but, as with z e o l i t e 
syntheses, simultaneous c r y s t a l l i z a t i o n of two or more 
phases i s common. This i s evident i n Table 3 which l i s t s 
major products from a range of s t a r t i n g compositions and 
c o n d i t i o n s w i t h i n the system. 

When a g e l with M = Na at a composition of 
2Na2O:SnO2:4SiO2:80H2O i s heated f o r three weeks at 200°C a 
s t a n n o s i l i c a t e phase, l a b e l l e d A, r e s u l t s . The optimum 
r e a c t i o n g e l f o r producing t h i s compound i s obtained by 
mixing an aqueous sodium hydroxide s o l u t i o n with 40% 
c o l l o i d a l s i l i c a (14.9g NaOH i n 20g d i s t i l l e d H 2 O ; 27.4g 
Ludox-HS40) followed by a d d i t i o n of t i n ( I V ) c h l o r i d e i n 
water (16.Og SnCl4«5H20 i n 20g d i s t i l l e d H 2 O ) . Chemical 
analyses of phase A m a t e r i a l s i n d i c a t e an approximate 
formula of NasSn5Sii2036 · nH20. Higher l e v e l s of both sodium 
and s i l i c a produced a d i f f e r e n t phase (designated L) at 
200°C, though much longer s y n t h e s i s times were necessary. 
Samples of t h i s m a t e r i a l t y p i c a l l y contained an amorphous 
component which p e r s i s t e d even a f t e r c r y s t a l l i z a t i o n 
p e r i o d s of 6 weeks. Powder X-ray d i f f r a c t i o n and scanning 
e l e c t r o n microscopy data on phase L m a t e r i a l s suggest that 
i t may have a l a y e r e d s t r u c t u r e . 

When M = Na, L i (1:1) c r y s t a l l i z a t i o n of a g e l (with 
composition L 1 2 O :Na20 : Sn02 : 4SiC>2 : 8 O H 2 O ) f o r 3 weeks at 
200°C y i e l d s another s t a n n o s i l i c a t e phase l a b e l l e d B. The 
r e a c t i o n g e l f o r t h i s m a t e r i a l i s cr e a t e d by combining 
aqueous base and s i l i c a with d i s s o l v e d t i n ( I V ) c h l o r i d e 
(11.3g NaOH and 3.9g LiOH i n 20g d i s t i l l e d H 20 with 27.9g 
Ludox-40; 16.3g SnCl4*5H20 i n 20g d i s t i l l e d H 2 O i s added). 
Mixtures c o n t a i n i n g predominantly phase Β were a l s o 
recovered from M = Na g e l s when the s i l i c a source was 
v a r i e d . Phase Β e x h i b i t e d s p h e r i c a l aggregates of 
m i c r o c r y s t a l s i n scanning e l e c t r o n micrographs. An 
approximate phase Β formula of Nai6SneSi24072 ·ηΗ2θ was 
i n d i c a t e d by chemical a n a l y s i s . 
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60S ZEOLITE SYNTHESIS 

C r y s t a l l i z a t i o n of a r e a c t i o n g e l with a composition 
of Cs20:Na20:Sn0 2:4SÎ02:8OH2O y i e l d e d a product having a 
d i f f r a c t i o n p a t t e r n s i m i l a r t o that of phase B, although 
with a l t e r e d peak p o s i t i o n s and i n t e n s i t i e s presumably 
r e f l e c t i n g cesium i n c o r p o r a t i o n . The so l e use of e i t h e r 
LiOH or CsOH without NaOH i n the r e a c t i o n g e l y i e l d e d 
s t a n n o s i l i c a t e phases other than A, B, or L. 

Phase ide n t i f i c a t i o n 
Sodium S t a n n o s i l i c a t e Phase A 

Examination of the f i r s t new phase encountered i n the 
Na 20-Si02-Sn02-H 20 system ( l a b e l l e d A) y i e l d e d by chemical 
a n a l y s i s a Si:Sn r a t i o of about 2.4. The powder X-ray 
d i f f r a c t i o n p a t t e r n f o r the m a t e r i a l i s shown below i n 
F i g u r e 1. Thermogravimetric a n a l y s i s data showed a 
r e v e r s i b l e l o s s of 10% water, commencing at ~100°C. 2 9 S i 
nmr s p e c t r a measured from i n i t i a l samples showed two peaks 
at chemical s h i f t s of -88.5 ppm and -90.3 ppm from 
t e t r a m e t h y l s i l a n e . 1 1 9 S n nmr data showed a s i n g l e , 
r e l a t i v e l y sharp peak at -102 ppm from Sn02, c o n s i s t e n t 
with Sn(IV) o c t a h e d r a l l y coordinated by oxygen, and without 
immediate Sn neighbors. 

The main sharp f e a t u r e s i n the PXD p a t t e r n were 
indexed, with the a i d of the VISSER program [48], on the 
b a s i s of a monoclinic u n i t c e l l , with a = 6.509(8)Â, b = 
11.615(4)Â, c = 6.524(4)A, and β = 104.73(6)°. Several 
samples showed a d d i t i o n a l , broader l i n e s with v a r i a b l e 
i n t e n s i t i e s r e l a t i v e t o the phase A p a t t e r n that were not 
indexable on the b a s i s of the monoclinic c e l l (Figure 2). 
These l i n e s were a s c r i b e d t o a second phase, an 
i n t e r p r e t a t i o n confirmed by experiments with a c i d washing. 
A treatment f o r l h i n 1M HC1, f o l l o w e d by water washing 
removed e s s e n t i a l l y a l l of these broader l i n e s , l e a v i n g a 
l a r g e l y i n t a c t phase A p a t t e r n (Figure 1). One phase A 
sample showed c l e a r l y d e f i n e d s p l i t t i n g of the 110, 111 and 
221 peaks (Figure 2). These ' s p l i t t i n g s ' were a l s o not 
e x p l i c a b l e on the b a s i s of the monoclinic c e l l , suggesting 
i n i t i a l l y that phase A might have a l a r g e r u n i t c e l l volume 
or symmetry lower than monoclinic (see below). 

Scanning e l e c t r o n micrographs of t y p i c a l phase A 
products showed w e l l - d e f i n e d p l a t e s , t y p i c a l l y ~5μπι t h i c k 
and up to 15μπι i n length (Figure 3). C r y s t a l l i t e s i n t h i s 
s i z e range are amenable t o study by m i c r o c r y s t a l 
d i f f r a c t i o n techniques u s i n g synchrotron X-rays [4 9-52] 
and, indeed, phase A samples were used i n the process of 
developing these methods [52]. D i f f r a c t i o n data were 
c o l l e c t e d (on beamline X10A at the N a t i o n a l Synchrotron 
L i g h t Source) from a phase A c r y s t a l l i t e (5χ10χ10μπι) 
s e l e c t e d from one of the e a r l y s y n t h e s i s batches and 
mounted on a 50μπι diameter s o l i d g l a s s f i b e r . A 120s 
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COUNTS 
10000.0 

8000.0 

6000.0 

4000.0 

2000.0 

0.0 J L J L U 1 Jd/iĴ^ 
i \i \ I I III I III I I IIIHI il llll 11 llll I Hill I Hill I mi II 

5.00 12.86 20.71 28.57 36.43 44.29 52.14 60.00 

Τωο Theta 
F i g u r e 1. Results of f u l l pattern f i t t i n g (after [53]) of the 
PXD p a t t e r n of an a c i d - t r e a t e d phase A sample, based on 
an orthorhombic u n i t c e l l ( r e f i n e d l a t t i c e constants a = 
7.940(3)Â, b = 10.338(4)À, c = 11.591(5)A). The low 
angle peaks are somewhat asymmetric and are hence not 
f i t t e d w e l l by the assumed symmetric pseudo-Voigt peak 
shape. 
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COUNTS 
13950.0 

11160.0 

8370.0 

5580.0 

2790.0 

0.0 

Β
Α-1 

I I I I I I 
I I I I I II 

5.00 8 .57 12. 14 15.71 19.29 22 .86 26.43 30.00 

Two Theta 
F i g u r e 2 . PXD data f o r a phase A p r e p a r a t i o n c o n t a i n i n g 
a s i g n i f i c a n t phase Β component. The sets of v e r t i c a l 
bars i n d i c a t e computed r e f l e c t i o n p o s i t i o n s based on a 
C-centered orthorhombic u n i t c e l l with a = 7.94Â, b = 
10.34Â and c = 11.59Â (phase A - lower), and a p r i m i t i v e 
c u b i c u n i t c e l l with a = 12.44Â (phase Β - upper). The 
p o s i t i o n s of a d d i t i o n a l impurity peaks are i n d i c a t e d by 
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F i g u r e 3 . Scanning e l e c t r o n micrographs of t y p i c a l 
phase A and phase Β samples . 
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r o t a t i o n photograph was used as the b a s i s f o r i n i t i a l peak 
l o c a t i o n [52], and automatic indexing of the found peaks 
y i e l d e d a monoclinic c e l l of s i m i l a r dimensions to t h a t 
l i s t e d above. The near e q u a l i t y of the a and c axes and the 
r e s u l t i n g symmetry of the N i g g l i c e l l suggested that the 
t r u e d i r e c t c e l l was C-centered orthorhombic. The u n i t c e l l 
constants then optimized based on the s e t t i n g angles of 15 
a c c u r a t e l y centered r e f l e c t i o n s were a = 7.940(6)Â, b = 
10.338(9)Â, c = 11.591(12)Â, α = 89.98(8)°, β = 
89.94(7)° and γ =89.98(7)°. The orthorhombic symmetry of 
the c e l l was confirmed by the s i m i l a r i n t e n s i t i e s of each 
of s e v e r a l h k l , h k l and h k l sets of r e f l e c t i o n s , t y p i f i e d 
by the reasonable merging r e s i d u a l s obtained f o r a l i m i t e d 
set of i n t e n s i t y data c o l l e c t e d from t h i s same c r y s t a l . The 
PXD p a t t e r n s of s e v e r a l phase A samples were subsequently 
indexed s a t i s f a c t o r i l y on the b a s i s of s i m i l a r C-centered 
orthorhombic u n i t c e l l s . The r e s u l t s of a f u l l p a t t e r n 
decomposition [53] based on t h i s orthorhombic u n i t c e l l f o r 
an a c i d - t r e a t e d phase A m a t e r i a l (which contains a d d i t i o n a l 
low l e v e l peaks a r i s i n g from degradation products) i s shown 
i n F i g u r e 1. The m i c r o c r y s t a l d i f f r a c t i o n data i n d i c a t e d 
the space group to be C222^ (No. 20) although the l i m i t e d 
number of i n t e n s i t y data c o l l e c t e d from the m i c r o c r y s t a l 
(78 r e f l e c t i o n s , 24 unique) d i d not permit f u l l s t r u c t u r e 
s o l u t i o n . 

These data, however, i l l u s t r a t e t h a t the u n i t c e l l 
and phase information provided q u i t e r e a d i l y by 
m i c r o c r y s t a l d i f f r a c t i o n measurements u s i n g synchrotron X-
rays can enable f u r t h e r analyses of powder or 1 i n - h o u s e 1 

s i n g l e - c r y s t a l d i f f r a c t i o n data (the l a t t e r being w e l l 
i l l u s t r a t e d , f o r example, by the s t r u c t u r a l study of 
VOHPO4 · I/2H2O [54]). Developments aimed at enabling 
accumulation of f u l l , i n t e r n a l l y c o n s i s t e n t and p r e c i s e 
sets of i n t e n s i t y data from m i c r o c r y s t a l s i n the 1-10μπι 
s i z e range are i n progress [52]. 

Sodium S t a n n o s i l i c a t e Phase Β 

I n i t i a l PXD p a t t e r n s of phase Β m a t e r i a l s 
(encountered, as above, when fumed s i l i c a was used as the 
Si02 source, or when products were c r y s t a l l i z e d i n the 
presence of LiOH [47]) were c l e a r l y m u l t i p h a s i c , but by 
cross comparing r e f l e c t i o n appearances and i n t e n s i t i e s i n 
data from three d i f f e r e n t samples, i t proved p o s s i b l e to 
a s s i g n the main peaks i n the PXD p a t t e r n s t o one of three 
phases, of which the predominant was l a b e l l e d B. Attempts 
at indexing u s i n g the TREOR program [55] based on the 
p o s i t i o n s of a number of the peaks a s c r i b e d t o phase Β 
y i e l d e d two p o s s i b l e u n i t c e l l s , one t e t r a g o n a l (with a = 
8.812(1)A and c = 12.460(2)Â) and the other monoclinic 
(with a = 6.950(3)Â, b = 12.467(5)A, c = 4.911(1)A and β = 
116.24(2)°). A repeated sy n t h e s i s of phase Β y i e l d e d a 
much cleaner PXD p a t t e r n , that showed a w e l l - d e f i n e d ( i f 
weak) peak at 2 Θ -12.3° which i n d i c a t e d the former c e l l to 
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be the b e t t e r choice. The m e t r i c a l r e l a t i o n s h i p , 
i n t h i s c e l l i m p l i e d that the u n i t c e l l symmetry was i n 
f a c t cubic, with a = -12.4Â. Subsequent analyses have 
t h e r e f o r e been based on t h i s d e s c r i p t i o n . The r e s u l t s of a 
t y p i c a l f u l l decomposition of the PXD p a t t e r n [53] of a 
l a t e r phase Β synthesis i s shown i n Fi g u r e 4. Chemical 
a n a l y s i s y i e l d e d a Si:Sn r a t i o of ~3 i n phase B. 

The f i t t i n g based on the cubic c e l l leaves unaccounted 
f o r peaks at, e.g., 2Θ = 18.8°, 26.7°, and 38.5° (Figure 
4). Comparison with i n t e r p r e t a t i o n s of the m u l t i p h a s i c PXD 
pat t e r n s from e a r l i e r phase Β syntheses enabled these peaks 
t o be assigned t o a second phase, i d e n t i f i e d from the JCPDS 
f i l e as l i t h i u m m e t a s i l i c a t e , (LÎ2Si03) x, (Figure 4) . Peaks 
at these p o s i t i o n s i n phase Β pr e p a r a t i o n s are observed 
only when l i t h i u m hydroxide i s a component i n the synthesis 
mixture. The peak ' s p l i t t i n g s 1 observed i n one phase A 
product d e s c r i b e d above are now d i r e c t l y interprétable as 
d e r i v i n g from the simultaneous presence of phase Β (Figure 
2) . 

COUNTS 
10000.0 

8000.0 

6000.0 

4000.0 

2000.0 

0.0 

F i g u r e 4. Results of f u l l pattern f i t t i n g (after [53]) of the 
PXD p a t t e r n of a phase Β sample, based on a c u b i c u n i t 
c e l l ( r e f i n e d l a t t i c e constant a = 12.437(1)A). The 
upper r e f l e c t i o n bars i n d i c a t e the c a l c u l a t e d p o s i t i o n s 
of the most intense l i n e s from the PXD p a t t e r n of 
l i t h i u m m e t a s i l i c a t e . 
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Conclusion 

The M20-Si02-Sn02-H20 system c l e a r l y p r o v i d e s 
c o n s i d e r a b l e scope f o r the synthesis of new o c t a h e d r a l -
t e t r a h e d r a l microporous s o l i d s . This account of the i n i t i a l 
c h a r a c t e r i z a t i o n of two of the phases a c c e s s i b l e i n t h i s 
system i l l u s t r a t e s t h at a v a r i e t y of techniques can be 
h e l p f u l during the phase i d e n t i f i c a t i o n process. 
D e s c r i p t i o n s of other s t a n n o s i l i c a t e s and s t r u c t u r a l 
s t u d i e s of these v a r i o u s phases are i n progress. 
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Chapter 42 

Computational Studies 
of Zeolite Framework Stability 

R. A. van Santen, G. Ooms, C. J. J. den Ouden, B. W. van Beest, 
and M. F. M. Post 

Koninklijke/Shell-Laboratorium, Shell Research Β. V., Badhuisweg 3, 
1031 CM Amsterdam, Netherlands 

For the purpose of determining the relative stabilities 
of topologically different aluminum-free tetrahedral 
networks, Hartree-Fock-level ab-initio calculations 
have been done of the relative stability of three-, 
four-, five- and six-unit SiO(OH2 rings. Very small 
differences per Τ unit are found for the four-, five
-and six-rings; however, the energy per Τ unit is un
favourable for the three-ring. Rigid ion lattice mini
mization calculations have been performed on Al-free as 
well as high-Al-content zeolite systems. The results 
will be discussed for ZSM-5, mordenite and faujasite 
structures. Very small energy differences, of the order 
of ~ 20 kJ/mol, are again found for the Al-free net
works. Open structures have less favourable energy than 
dense structures due to decreased Madelung energy. 
Large changes in relative energy are found upon variation 
of the Al/Si ratio. Medium- and small-pore zeolites are 
much more sensitive to an increase in aluminum content 
than the wide-pore material. This should be ascribed to 
stacking of the cations in the channels of the zeolite. 
The implications of these results for zeolite synthesis 
are discussed. 

The theoretical work to be discussed here has been initiated with 
the aim of providing support to fundamental studies of zeolite syn
thesis. Central to our discussion is the question whether a synthe
sis approach for new zeolites can be developed on the basis of 
guidelines generated by computational design. 

For such an approach to be viable, certain fundamental physico-
chemical knowledge about zeolites and their behaviour is essential. 
In particular, one needs to know: 
- what zeolite structures are possible; 
- what laws govern their synthesis. 

Many leads on new zeolite structures are available in the open 
literature (1). We shall therefore concentrate on the second of the 

0097-6156/89/039&-0617$06.00/0 
o 1989 American Chemical Society 
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618 ZEOLITE SYNTHESIS 

two areas mentioned above, concerning the zeolite formation mecha
nism. 

We are interested in the role of organic ions and organic mole
cules in zeolite synthesis. The use of organic molecules in zeolite 
synthesis mixtures in addition to inorganic bases is known to result 
in the medium-pore-size low-aluminum-content zeolites, such as 
ZSM-5, that revolutionized several processes of importance to the 
oil-refining and petrochemical industry. 

Since, during synthesis, the organic molecules and ions become 
incorporated into the zeolite micropores in quantities much larger 
than required to neutralize the lattice framework, Flanigan (2) pro
posed that they act as a template around which the zeolite precursor 
molecules are formed. Barrer (3) proposed that adsorption of organic 
molecules during synthesis stabilizes the zeolite l a t t i c e . This 
second idea provided the starting point to our theoretical work. It 
can be understood on the basis of the following considerations. 

The major characteristic of a z e o l i t i c material that d i s t i n 
guishes i t from a non-zeolitic one is i t s microporous structure, due 
to the presence of interconnected channels. This implies that, 
whereas the interfacial energy is a negligible quantity for large 
crystallites of non-porous materials, this is no longer more the 
case for a microporous system. 

Consider, for instance, the interaction of the alumina-free 
s i l i c a framework of de-aluminated faujasite with water in the liquid 
phase. Per mol SiC^, 1.3 mol can be occluded. The heat of evapo
ration of water is 36 kJ/mol and the heat of adsorption -30 kJ/mol, 
so per mol S1O2 there is an energy cost of 20 kJ. 

It is of interest to compare this figure with the heat of 
immersion of aluminum-rich faujasite. For a compound with composi
tion NagQAlgQSi^^2°384 o n e calculates -122.5 kJ/mol (4), which is 
mainly hydration energy of intra-channel sodium ions. 

So in the crystallization of microporous systems there is a ba
lance between the energy cost of micropore generation and the energy 
gain because of interfacial stabilization by occluded molecules. 
Clearly there is no gain for porous aluminum-free systems in water, 
so they w i l l not be formed unless a trick is used. 

These notions can be given a more exact expression by the use 
of the rule of Gibbs: 

d M i - R Τ / a . I Σ± Θ±.ά1η(ρ±) ] (1) 

In this expression is the interfacial chemical potential, a the 
average surface area, the fraction of the surface covered by the 
adsorbed molecule i , and p^ the corresponding partial pressure. Ex
pression (1) can be par t i a l l y integrated, assuming Langmuir adsorp
tion for the adsorbed molecules, to give: 

μ ± - RT / f . [ l n d - E ^ i ) ] (2) 

In expression (2), is the fraction of cavities present in the 
structure per mol Si0 2. For instance, in s i l i c a l i t e f equals 24. 
Of course, crystallization of a microporous system completes with 
the formation of a dense system unless: 

< „dense _ zeo.lat. ( 3 ) 
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42. VANSANTENETAL. Zeolite Framework Stability 619 

In order to quantify this relation one needs information on the 
la t t i c e energies of zeolites as a function of lat t i c e topology and 
composition. 

In the next sections calculations of the l a t t i c e energies of 
zeolites via several different computational approaches w i l l be re
ported. Each approach is approximate; each has i t s own advantage(s). 

To begin with, we shall discuss computations of the lat t i c e 
energies of aluminum-free zeolites. We shall then go on to discuss 
the lattice energies of aluminum-containing zeolites. We shall con
clude this paper with a discussion of the relevance of the results 
obtained to zeolite synthesis. 

The Stability of Zeolitic S i l i c a Lattices 

Methods. I n i t i a l calculations were done using the semi-empirical 
Extended Huckel method (5). The purpose of these quantum chemical 
calculations was to explore the main electronic characteristics of 
chemical bonding in s i l i c a tetrahedral networks. The calculations 
showed that bonding can be considered covalent and can be considered 
to be due to localized SiOSi units. 

Very small differences in bond strength between different s i l i 
ca polymorphs were found. Since the Extended Huckel Method is too 
approximate to calculate reliably the small diffferences in energy 
between low-density material, containing micropores, and high-densi
ty material without micropores, work was initiated to study the same 
problem but now with two rigorous techniques that are currently con
sidered to be state of the art. 

Hartree-Fock-level ab-initio calculations can provide reliable 
potential energy diagrams for small clusters. Such calculations can 
be applied to the zeolite lattice i f the clusters are chosen care
f u l l y and use is made of the property that bonding is highly l o c a l i 
zed in these materials. Calculations were done using the GAMESS ab-
i n i t i o package. 

Since this approach does not account for long-range electro
static potentials present in the extended material, the second 
approach chosen was the rigid-ion lattice energy minimization tech
nique, widely used in solid-state chemistry. This method is based on 
the use of electrostatic potentials, as well as Born repulsion and 
bond-bending potentials parametrized such that computed atom-atom 
distances and angles and other material properties, such as, for i n 
stance, elastic constants, are well reproduced for related mate
r i a l s . In our case, parameters were chosen to f i t α-quartz. 

Results of Hartree-Fock Calculations. Using a ST03G basis set, c a l 
culations were performed on the open dimer (Figure 1) and 3-, 4-, 5-
and 6-rings of C n v symmetry (Figure 2), in which η stands for the 
number of (Si0)(0H>2 units, the dangling bonds being saturated with 
Η atoms. Figure 3 shows the equi-energy contours of the dimer as a 
function of bridging SiO length and SiOSi angle. The result f u l l y 
concurs with results from similar work obtained by Gibbs et al.(6). 

It can be seen that there is a steep increase in energy i f the 
SiO distance starts to dif f e r from i t s equilibrium value, but that 
the energy changes involved in angle variations are very small. The 
SiO bond strength is of the order of 450 kJ, whereas the change in 
energy with angle variation is only of the order of 20 kJ. The 
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620 ZEOLITE SYNTHESIS 

Figure 2. Ring structures; C n v symmetry assumed (n-3, 4, 5, 6). 
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42. VANSANTENETAL. Zeolite Framework Stability 621 

Figure 3. Total energy as a function of Si-0 bond length and 
Si-O-Si bond angle. Contour lines in units of kJ/mol. 
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latter measurement agrees well with the very low rocking and torsio
nal frequencies around the SiOSi bond measured by infrared experi
ments on zeolites (7). This implies that lattice deformation can 
take place at l i t t l e energy cost as long as no SiO bonds are broken. 

Tables I and II summarize the results found for the s i l i c a t e 
ring clusters. Table I,A presents the computed total energies per 
Si0(0H)2 unit. Bond lengths and bond angles in the rings were opti
mized within the constraint of C n v symmetry. As can be seen in 
Table I,A the energy difference between the 3-ring and the other 
rings is considerable. However, the energy differences per unit 
Si0(0H)2 of the 4-, 5- and 6-rings are computed to be within 1 kJ. 
Computed SiO distances and SiOSi angles are presented in Table II. 

The reason for the instability of the 3-ring can be readily 
seen. Within the tetrahedra the OSiO angles differ from the optimum 
tetrahedral angles; in addition, the SiO distances appear enlarged. 
A clear trend in SiO distance as well as SiOSi angle is observed as 
a function of ring size: the SiO distance shortens, whereas the 
SiOSi angle increases. The relation between SiO distance and SiOSi 
angle is f u l l y consistent with the potential energy diagram presen
ted in Figure 1 and is due to changes in hybridization of the elec
trons on the 0 atom (5). 

It is of interest to compare the extent to which geometry de
pends on ring size with the average bond lengths and angles observed 
in alumina-free zeolites with different numbers of rings. This com
parison is given in Table III. A trend in angle and distance varia
tion with increased amount of 5-rings compared to 4-rings similar to 
that observed in the calculations can be distinguished. The distan
ces compare well; the average angle measured for mordenite and ZSM-5 
appears somewhat large, though. This may be due to the d i f f i c u l t y in 
determining oxygen positions accurately. 

Table I. Ring Structures 

A. Total Energies 

η (Ring Size) e/n (a.u.) 

3 -508. .41206 
4 -508. .41547 
5 -508, .41578 
6 -508, .41580 

B. Energy Differences in kJ/mol 

η 3 4 5 6 

3 0. .000 
4 -8. .944 0, .000 
5 -9. .765 -0, .820 0. .000 
6 -9, .806 -0, .861 -0. .041 0.000 
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42. VANSANTENETAL. Zeolite Framework Stability 623 

Table II. Optimized Geometries for Ring Structures 

Distances in Angstrom, angles in degrees 

3 4 5 6 

Si-O 1. .662 1. .602 1. .595 1, .592 
Si-Si 2, .942 3. .042 3. .063 3, .067 

Si-O-Si 130, .1 143, .5 147, .5 148, .8 
O-Si-O 105, .7 108, .3 108, .4 108 .1 

Table III. Comparison of Average Distances (Angstrom) 
and Angles (Degrees) Calculated for a Few 

Zeolites with Different Ratios of η-Rings (nR) 

4R(%) 5R(%) 6R(%) Distance Angle 

Faujasite(26) 70 0 30 1.61 142 
Mordenite(22) 5 95 0 1.58 157 
ZSM-5(20) 5 85 10 1.59 156 

The results of these calculations are consistent with our ear
l i e r conclusions. As long as no 3-rings are present in the alumina-
free material, differences in covalent energy are very small. The 
ab-initio calculations indicate that these differences do not exceed 
1 kJ/mol. 

Rigid Ion Lattice Energy Minimization Calculations. Table IV pre
sents lattice energies derived from f u l l y converged r i g i d ion l a t 
tice energy minimization calculations. Again one notices the small 
difference in energy between dense and open structures. The depen
dence on density (8) is presented in Figure 4. 

The lower energy of the more open structures relates to the 
decrease in Madelung energy. However, as Figure 2 shows, local topo
logical effects also play a role. See, for instance, the difference 
in energy calculated between zeolite A and faujasite. 

Table IV. Calculated Rigid Ion Lattice Energies 
of Aluminum-Free Zeolite Lattices 

Zeolite Lattice Energy, 
kJ/mol 

Faujasite -11914 
Mordenite -11931 
Zeolite A -11931 
S i l i c a l i t e -11945 
Sodalite -11949 
α-Quartz -11959 
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624 ZEOLITE SYNTHESIS 

Discussion of Alumina-Free-Lattice Calculations. Two main conclu
sions emerge from the results presented so far. F i r s t l y , the energy 
differences between tetrahedral networks with different ring systems 
are very small, except when the networks contain 3-rings not found 
in nature. 

This is a very significant conclusion because i t is widely be
lieved (9) that, in order to synthesize systems with 5-rings, such 
as ZSM-5, the only requirement is to synthesize systems low in alu
mina. Both our quantum-chemical and our electrostatic l a t t i c e calcu
lations contradict this theory. The calculations show, for example, 
that sodalite, which contains only 4- and 6-rings and no alumina, is 
more stable than ZSM-5, in which 5-rings predominate. This agrees 
with recent experimental work relating to the synthesis of high-
s i l i c a sodalite (10). 

Secondly, the decrease in lattice energy with increasing micro
porous volume reaches a maximum at 45 kJ/mol, the difference between 
α-quartz and faujasite, faujasite being the zeolite with the largest 
micropore volume. 

Expressions 2 and 3 show that, in order to overcome this energy 
difference, the micropore cavities should be largely f i l l e d with ad
sorbed molecules. As mentioned earlier, in cases where low-alumina-
content materials have been directly synthesized, high values for 
are invariably found. This confirms Barrer's postulation. The domi
nant interaction that governs narrow- and medium-pore zeolite syn
thesis is the strong interaction of the occluded organic molecule 
with the micropore wall. 

Of interest with respect to this hypothesis is the significant 
difference in heat of paraffin adsorption between the medium-pore 
zeolite s i l i c a l i t e and large-pore, de-aluminated faujasite. The heat 
of paraffin adsorption is much smaller in the case of the de
aluminated faujasite, which has so far had to be prepared by an 
indirect route, than for s i l i c a l i t e , which can be synthesized direct 
in the presence of an organic molecule. The difference, which i n 
creases with chain length, is of the order of 5 kJ/mol per CH2 unit, 
and may be ascribed to the optimum f i t of hydrocarbon and channel in 
the case of the medium-pore zeolite (11, 12). 

^C solid-state NMR studies on occluded organic ions by our
selves (13) and others (14) have provided further evidence for the 
strong interactions between occluded organic molecule and micropore 
wall mentioned above. We have also reported lat t i c e stabilization of 
s i l i c a l i t e (ZSM-5) by occlusion of tetrapropylammonium ions (15.) . It 
is therefore very unlikely that a synthesis procedure can be defined 
for the preparation of highly siliceous forms of large-pore (12-ring 
or larger) zeolites such as faujasite direct. 

Variation of Zeolite Lattice Composition 

The changes in heat of formation as a function of alumina content 
were studied via two different approaches. 

One approach (4) is to calculate, for a certain zeolite struc
ture, the Madelung and polarization energies for fixed lattice posi
tions. The heat of formation due to ionic bonding is calculated both 
for the z e o l i t i c aluminosilicate with varying amount of aluminum and 
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42. VAN SANTEN ET AL. Zeolite Framework Stability 625 

sodium ions and for the ze o l i t i c s i l i c a , with the same framework 
distances as in the aluminum-containing material. The difference be
tween the two heats of formation is assumed to represent the contri
bution of the total heat of formation due to ionic bonding stemming 
from the presence of aluminum ions and cations in a particular 
zeolite structure. 

In these calculations averaged charges on the intra-tetrahedral 
lat t i c e cation positions were used. The difference between the two 
heats of formation due to ionic bonding is added to the heat of for
mation due to covalent bonding resulting from the simple Extended 
Huckel Method for z e o l i t i c s i l i c a s in order to arrive at the total 
heat of formation of the zeolite structure as a function of the 
amount of aluminum. 

For the calculations we used the method and computer program 
described by Piken and Van Gool (16,17). 

Adsorption of water into the pores of a zeolite structure may 
contribute considerably to the total heat of formation because of 
hydration of the cations present in the pores. Using empirical data 
on hydration with water we have estimated the magnitude of this 
effect (4). 

The second approach involves the use of the r i g i d ion latt i c e 
energy minimization method discussed earlier. This technique proved 
especially useful for determining the st a b i l i t y of structures f o l 
lowing calculation of their energy by the method discussed in the 
previous paragraph. The charges of aluminum and s i l i c o n were again 
averaged. 

Results of Madelung and Potential Energy Calculations. Figure 5 
gives the heat of formation due to ionic bonding for faujasite, mor
denite and ZSM-5 in the presence and in the absence of Al and Na + 

ions. Lattices with the same lattice constant are compared. SiO and 
AlO distances used are values extrapolated from low- and high-Al-
content zeolite crystallographic data. The results for the total 
heat of formation computed in the way explained earlier are given in 
Figure 6. A decrease in the heat of formation with increasing 
aluminum content is observed. In the f i n a l step of the calculation 
the effect of hydration of the cations was taken into account. The 
results are presented in Figure 7. 

Changing the aluminum content has a significant effect on the 
relative s t a b i l i t y of zeolite structures with very different topo
logy. While the heat of formation of the wide-pore zeolite i s affec
ted very l i t t l e , the heats of formation of the medium-pore zeolites 
f a l l significantly. 

Results of Lattice Energy Minimization Calculations. Relative l a t 
tice energies of faujasite, mordenite, s i l i c a l i t e and sodalite were 
compared. For the framework and cation positions of faujasite and 
sodalite the same data were used as before, from Hseu (18) and 
Olson (19), and Baerlocher (20) and Chao (21), respectively. For 
mordenite and sodalite the data of Meier (22) and Mortier (23.) (on 
mordenite) and Baerlocher and Meier (24) (on sodalite) were used. 
The starting unit cells for faujasite and mordenite have the chemi
cal composition Na x[Al xSi^g_ x0gg]. For sodaite and ZSM-5 we used 
Si^2°24 a n c* i i ax[ A^x s^96-x°192l * T ^ e f r a m e w o r k a n < i cation positions 
were allowed to relax under constant pressure. Parameter values used 
and details of the calculation can be found in (25). 
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Figure 4. Lattice energy as a function of density. 
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Figure 5. Influence of Al/Si ratio 
on heat of formation due 
to ionic bonding. 
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Figure 6. Total heat of formation as 
a function of Al/Si ratio 
without effect of hydration. 
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Figure 7. Total heat of formation as 
a function of Al/Si ratio 
with effect of hydration. 
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Figure 8A shows the computed lattice energies for faujasite and 
mordenite as a function of Al/Si ratio. These f u l l y converged c a l 
culations agree very well with approximate calculations discussed 
earlier. At Al/Si ratios larger than 0.2 the lattice energy of mor
denite starts to decrease compared to that of faujasite. Figure 8B 
shows computed latt i c e energies for ZSM-5 as a function of Al/Si 
ratio. Only the f i r s t two calculations are f u l l y converged to an 
energy minimum. The calculations for Al/Si>0.05 correspond to c a l 
culations where no energy minimization is performed. 

It appears that convergence of the calculations is only possi
ble for a f i n i t e range of Al/Si ratios. This is shown in Figure 9. 
The maximum Al/Si ratio at which calculations converge is 0.05 for 
ZSM-5, 0.5 for mordenite and 0.8 for faujasite. Also indicated in 
the figure are the maximum Al/Si ratios which can be obtained by 
direct synthesis. 

Discussion of the Calculated Al/Si Dependence. Both approaches show 
very clearly the great changes that occur in relative energy upon 
variation of the Al/Si ratio, whereas the electrostatic contribution 
to the total energy is very small for the Al-free material, i t be
comes significant for Al-containing materials. The greater s e n s i t i 
vity of the medium-pore zeolites than the wide-pore material to the 
increase in aluminum content has to be ascribed to the stacking of 
the cations in the channels of the zeolite. For instance, i t is 
shown in Figure 10B that a ZSM-5-type structure cannot accommodate 
sodium cations at a Si/Al ratio of 1.4, because the cations become 
so close that strong repulsive interactions take place. In addition, 
such low Si/Al ratios result in unfavourable channel positions 
having to be occupied. As can be seen in Figure 10A, for a Si/Al 
ratio of 11 the sodium cations are much less clustered together, so 
that repulsion is far less. 

Impact on Zeolite Synthesis Strategies 
We have presented evidence that the interaction of molecules or ions 
occluded in the micropores between themselves and with the zeolite 
wall plays a decisive role in the thermodynamics of zeolite forma
tion. 

It has been shown that the alumina-free zeolites are hydropho
bic and hence interact unfavorably with water. This renders them 
thermodynamically unstable in aqueous solution with respect to dense 
phases. Only when organic molecules are occluded does water pene
tration decrease and the favourable interaction of occluded mole
cules with the z e o l i t i c s i l i c a micropore wall become dominant. This 
is a means whereby the alumina-free zeolites may become thermo
dynamically stable. 

We have also discussed the fact that a good f i t between the 
organic molecule and zeolite wall is required for such a favorable 
interaction. This implies that synthesis techniques employing orga
nic molecules may be expected to yield aluminum-free zeolites with 
pore dimensions of the order of the dimensions of the organics used. 

It follows from the calculations on the lattice energy as a 
function of Al/Si ratio that synthesis of new wide-pore zeolites 
would require a different strategy. We have found that increasing 
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Figure 8. Lattice energy as a function of Al/Si. 
A: Faujasite and mordenite. 
B: ZSM-5. 
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M A X I M U M A L L O W A B L E A l / S i R A T I O 
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Figure 9. Experimental and predicted maximum allowable Al/Si 
ratios. 
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Figure 10. Sodium distribution in ZSM-5. 

A: Si/Al - 11. 

B: Si/Al - 1.4. 
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isomorphic substitution of cations of a lower valency for Si in the 
tetrahedral zeolite framework causes large-ring structures to stabi
l i z e with respect to dense structures. In small- to medium-pore zeo
l i t e s , the cations which w i l l have to be introduced in the 
micropore channels in order to compensate for the negative charge on 
the zeolite l a t t i c e and to maintain charge neutrality w i l l interact 
with each unfavorably other i f the concentration of low-valency 
cations in the latt i c e is high. In wide-pore zeolites the repulsion 
is less; moreover, more favorable channel positions may be available 
than in the more dense zeolites. 

In the search for wide-pore zeolite synthesis conditions, 
therefore, efforts should be concentrated on the f i e l d where zeo
l i t e s are produced with a large amount of isomorphous substitution. 

Lattice energy calculations can assist in assessment of which 
cations are to be chosen in the zeolite lattice or channels in order 
to stabilize the structure. 
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636 ZEOLITE SYNTHESIS 

Al concentration, effect on zeolite 
crystallization, 525-531 

Al content, influence on zeolite 
crystallinity, 589,590/,591 

2 7 A l magic angle spinning NMR spectroscopy 
faujasitic catalysts, 450,453/,454 
iron in faujasite lattice, 414 

2 7 A l NMR spectroscopy, aluminosilicate 
solutions, 57-60 

Al-rich zeolite, preparation, 525 
Alcohol, effect on zeolite 

crystallization, 102,104-107 
Alkali cations 
effect on optimal synthesis 

procedure, 593,595*,596/ 
role in zeolite synthesis, 588 

Alkali metal silicate solutions 
effect of cation on Si distribution, 71,73/ 
2 9Si NMR spectra, 71,72/· 

Alkaline silicate solutions 
calculated and experimental concentrations 

of oligomers, 88,89̂ ,90,91-92/ 
choice of parameters, 85,86/ 
comparison with Harris' data, 90 
distribution of ionized forms of Si(OH)4 

vs. pH, 84 
form of silica, 84 
investigation techniques, 83-84 
pK values of linear and cyclic trimers, 87* 
polymerization constant, 87-88 
principles of calculation of oligomer 

species concentrations, 84-85 
Alkaline solutions containing silicate and 

aluminate ions 
activity of aminosilicate oligomer, 94 
concentration of cyclic tetramers, 94,95* 
oligomer concentration vs. polymerization 

degree and connectivity, 94 
solubility of alkaline aluminosilicates 

vs. that of silica, 93-94 
AlPOs, moles of water per mole, 25* 
AlP04-5, preparation, 347-348 
A1P0 4-H 3 

hydroxyl groups, 322,323/ 
pore filling, 324 

A1P0 4-H 3 synthesis 
effect of agitation, 320 
effect of pH of gel, 319 
effect of temperature, 319-320 

Alumina-free lattice calculations, 
discussion, 624 

Aluminate solutions 
ions at various pH values, 49 
ions available for zeolite synthesis, 11 

Aluminosilicate gel(s) 
aging procedure, 125 
characteristics, 128,132* 
chemical composition of liquid phase 

during crystallization, 132* 

Aluminosilicate gel(s)—Continued 
effect of temperature on aging, 135-136 
IR spectra of solid phase, 133,134/,135 
NMR spectra, 77,81/ 
preparation, 125 
X-ray diffractogram of solid 

phase, 133,134/135 
Aluminosilicate gel precursor, effect of 

low-temperature aging on zeolite 
crystallization, 124-125 

Aluminosilicate solutions 
27A1 NMR spectrum, 57/*,58,77,79f 
composition, 51/52/ 
effect of alkali concentration on Al NMR 

spectra, 58,59/ 
effect of gel time on Al NMR spectra, 60f 
effect of silica content on Al(OH)4 and 

Al(Si)2 chemical shifts, 58f 
factors influencing gel formation, 63-64 
formation, 50 
gel time 
measurements, 52 
vs. alkali concentration, 55/ 
vs. cation type, 53,54/ 
vs. composition, 53-54 

investigation techniques, 83 
light scattering curves, 55,56f 
light scattering measurements, 52 
NMR spectra, 56 
NMR spectroscopy, 52-53 
preparation, 50 
2 9Si chemical shift ranges, 77,78* 
2 9Si NMR spectra, 60,61/,77,79-8Qf 
zeolite crystallization, 53 
zeolite production, 61,62f,63* 

Ammonium fluoride salt crystals, 
preparation, 421 

Ammonium titanium fluoride reaction with 
zeolites 

chemical analyses and physical property 
measurements, 423,424* 

IR spectra, 426,428/* 
product description, 427 
reaction conditions, 421,422*,423 
scanning electron micrograph, 432,433/434 
TO2 formulas, 427,429-434 

Β 

Β zeolite 
crystalline phases, 533*,534 
crystallization kinetics, 534,535/ 
effect of TEAOH on formation, 532-536 
effect of temperature on crystallization, 

534,536* 
synthesis, 2-3 
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INDEX 637 
B zeolite—Continued 
synthesis conditions and properties, 534/ 

n B magic angle spinning NMR spectroscopy 
borosilicate zeolites, 396397/398,40(y 
mordenites, 381,383/ 

Beta zeolite 
competitive roles of Na + and TEA + ions in 

forming and stabilizing frameworks, 
539,54Qf,541 

crystallization kinetics, 522,524/ 
crystallographic structure, 519 
parameters influencing formation, 519 
ternary compositional diagram, 522,523/ 

Bikitaite, molar volume times vapor 
pressure, 19,21/ 

Bisquaternary ammonium ions, templating role 
in zeolite synthesis, 588 

Borate additive, effect on ZSM-5 
morphology, 272 

Boron 
incorporation into zeolite frameworks, 

393-402 
isomorphous substitution in mordenite and 

Y zeolite, 375-390 
Boron-substituted mordenites, See Mordenites 
Borosilicate precursors, unit cell 

composition, 361,362/ 
Borosilicate zeolites 

n B MAS NMR spectra, 396,397/,398,4(Xy 
catalytic activity, 393 
IR spectra, 401 
optical microscope photograph, 398,399f 
relative NMR spectral intensities, 398,400/ 
X-ray diffraction, 401,402/" 

«-Butane cracking, metal aluminophosphate 
molecular sieves, 342/,343 

C 

C zeolite, synthesis, 2-3 
Cancrinite(s) 

cation molar fractions, 204,205/ 
cation molar ratios, 204,205/ 
cell parameters of phases, 203/ 
chemical analyses and molar ratios, 203,204/ 
experimental procedures for synthesis, 

197-198 
factors influencing crystallization by 

cations, 206 
influence of ethanol on crystallization, 

102,104/,105,106f 
ion exchange, 204,205/ 
powder X-ray diffraction, 203 
role of cations in synthesis, 196-197 
schematic representation of formation from 

cation systems, 207/ 
specificity for large inorganic cation, 206 

Cancrinite(s)—Continued 
structure of cation molecules, 205-206 
thermal behavior, 204 
X-ray diffraction patterns, 105,106f 

Cancrinite crystal(s), scanning electron 
micrographs, 199,200-201/ 

Cancrinite crystallization 
fields of phases, 199,202̂ ,203 
influence of cations, 198-199 
phases synthesized in presence of cationic 

couples, 199,203/ 
Catalysis, zeolites, 5-6 
Catalyst, characterization, 481-482 
Catalytic activity 

MCM-1 zeolite, 322,324/ 
metal aluminophosphate molecular 

sieves, 342/343 
Cations, role in silicate crystallization, 

196-207 
Centrifugation, effect on nucleation slurry, 

445/,446-447/ 
Chabazite 
applications, 1-2 
synthesis, 2 

Characterization 
A1P04-H3, 314315-31#317 
MCM-1 zeolite, 314-320 

Chemical analysis, metal aluminophosphate 
molecular sieves, 339340/ 

Clathrasil, synthesis, 187-188 
Cold aging, effect on ZSM-20 zeolite 

synthesis, 549 
Colloidal silicas, silica sources, 510 
Commercial synthetic faujasite, overall batch 

composition of syntheses, 440,441/442 
Commercialization, molecular sieve 

zeolites, 7 
Computational design of zeolite synthesis 

approaches, required information, 617 
Computational studies, zeolite framework 

stability, 617-632 
Contact time, effect on isomorphous 

substitution of Al, 455,456/ 
Conventional preparation method, rapid 

crystallization, 482,483/ 
Crystals), factors influencing growth, 347 
Crystal growth 
activation energy for growth rates, 18/ 
application of laws to zeolite synthesis, 493 
effect of crystal size on kinetics, 493-494 
effect of gravity, 234-242 
yield vs. time, 16,17/18 
zeolites, 14 

Crystal growth of omega zeolite 
application of growth laws to synthesis, 493 
kinetics and mechanism, 493-504 

Crystal structure, zeolites, 3 
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638 ZEOLITE SYNTHESIS 

Crystalline stannosilicates 
background, 604*,605,606* 
phase identification, 608-613 
synthesis, 605,606*,607*,608 

Crystalline zeolite, study methods, 50 
Crystallinity, measurement, 164 
Crystallization 
cancrinite, 197-207 
ECR-1 zeolite, 506-516 
omega zeolite, 494-495 
rapid, See Rapid crystallization 
silicate, 236-242 
slow, See Slow crystallization 
zeolites, 12-14,98-107,110-121 
ZSM-20 zeolite, 545-558 

Crystallization kinetics 
change in tractions during crystallization, 

118,llSif,120 
exponent q vs. ratio of number of 

particles, 118,liy 
influencing factors, 120-121 
number of particles vs. mass of particles, 

118,llSy 
plots, 114,115-116/ 
theory, 111-114 
values of kinetic constants, 114,117*,118 
ZSM-23 zeolite, 560-572 

Crystallization of zeolites, role of gel 
aging, 124-138 

Crystallization rate, enhancing factors, 
484,486/487 

CSZ-1 zeolite, framework, 544-545 

Dealuminated zeolites 
27A1 MAS NMR spectra, 470,471/ 
27A1 quadrupole nutation spectra, 470-477 
unit cell parameters, 470,471* 
X-ray diffraction, 470 

Di-/t-propylamine 
effect on metal aluminophosphate 

molecular sieve synthesis, 338-339* 
synthesis of VPI zeolite, 292,295/296*,297/ 

Direct heating method, rapid 
crystallization, 484,485/ 

Direct synthetic substitution of boron 
mordenite, 377-380 
Y zeolite, 379 

Disordered pentasil-type borosilicates 
alkylammonium cation molar ratios, 

267,269* 
effect of cation on formation, 367369 
factors influencing stacking probability, 

369,37Qf,371 
scanning electron micrographs, 371,372f 
scattered intensity calculation, 364-368 
synthesis, 361 

Disordered pentasil-type 
borosilicates—Continued 

X-ray diffraction patterns, 361,363/364 
D 20, influence on zeolite crystallization, 

105,107 
Double-rt-ring silicates, zeolite precursors, 29 

Ε 

Ε zeolite 
effect of tetramethylammonium cation 

on nature of synthesis product, 154*,155 
on synthesis, 153 

framework, 152 
Si/Al ratios in synthesis products, 155* 

ECR-1 zeolite 
analytical methods, 510-515 
crystallization product composition, 

510,510*,511/ 
description, 506 
factors influencing crystallization, 508 
organic template, 513 
temperature, 513 

impurity phases, 513 
scanning electron micrographs, 508,50Sjf,510 
scanning electron micrographs of 

cocrystallizing zeolites, 513,515/ 
silica sources, 508,510 
sorption properties, 513,516 
structure, 516 
synthesis procedures, 5O8,509f,510*,511/ 
topology, 506,507/ 
X-ray diffraction patterns, 510,512/",513,514* 

Electron microprobe analysis, ZSM-5 
crystals, 355,356** 

Electron microscopic studies 
ZSM-20 zeolite, 553,555/556 
ZSM-48 zeolite, 574-586 

Electron spin resonance spectroscopy, iron 
in faujasite lattice, 413-414,415/ 

Enthalpy of formation, standard, 
propylammonium cation-MFI 
zeolites, 228-230 

Erionite, synthesis, 3 
Ethanol, influence on zeolite 

crystallization, 102,104*,105,10Çf 
Ethylene glycol-silica sodalite 
crystallization fields, 210,211/212,213/ 
description, 209 
effect of Na 2C0 3 on synthesis, 212,213/ 
effect of NaOH on synthesis, 210,211/212 
experimental procedure for synthesis, 210 
ion signal vs. temperature, 217,218f,219 
powder X-ray diffraction patterns, 

212,214/215 
removal of occluded ethylene glycol, 

215,217,213f,219 
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INDEX 639 

Ethylene glycol-silica sodalite—Continued 
role of ethylene glycol in synthesis, 215 
scanning electron micrograph, 215,21<y 
synthesis, 210-216 

EU-1 zeolite 
effect on crystallinity 

HMBr2, 591̂ 92̂ ,593 
initial AI content, 589,59Qf,591 
NaOH concentration, 593,594/" 

framework topology, 588 

FAU zeolite, competitive roles of Na + and 
TEA"1" ions in forming and stabilizing 
frameworks, 538-539 

Faujasite(s) 
activation energy for growth rates on 

crystals, 18* 
centrifugation of nucleation slurry, 

445*,446-447/ 
characterization procedures, 407-408 
crystal structure, 3 
heat of immersion, 618 
hydrothermal synthesis procedure, 406-407 
molar volume times vapor pressure, 19,21* 
promotion of crystallization at pH 11, 

442,443/444* 
synthesis, 3-4 
See also Y zeolite 

Faujasite lattice, isomorphous substitution 
of iron, 405-418 

Faujasite-type zeolites, composition and 
structural characteristics, 518,519f 

Faujasitic catalysts, secondary synthesis, 
448-463 

FER zeolites 
crystallization, 185,186/ 
factors influencing crystallization, 187,18Sjf 
scanning electron micrograph, 187,190-191/ 
synthesis, 185-191 

Fluorosilicate treatment process, 
description, 420-421 

Formation of silicate anions with cagelike 
structures 

Na ion addition, 143 
organic quaternary ammonium ions, 141-143 
silicon source structure, 141-142 
temperature, 142 
water, 142 
water-miscible organic solvent, 142-143 

Framework charge balance, NU-10 
zeolite, 171,172/" 

Framework composition, NU-10 zeolite, 
166,167*,168 

G 

Gel aging, in zeolite crystallization, 
124-138 

Gel time measurements, aluminosilicate 
solutions, 52 

Gel-zeolite transformations, crystallization 
kinetics, 110-121 

Gibbs rule, equation, 618 
Gismondite, synthesis, 2 
Gmelinite 
effect of tetramethylammonium cation on 

nature of synthesis products, 155* 
synthesis, 3 

Gravity, effect on silicalite crystallization, 
234-242 

H 

HBr2, influence on zeolite crystallinity, 
591,592/;593 

Hexamethonium species 
mechanism of action in zeolite synthesis, 

597,599,60Qf 
role in zeolite synthesis, 597,598* 

Hexanol-water biphasic systems 
influence of agitation and synthesis 

temperature, 307308*309310-311/ 
preparation, 306-307 

High-silica faujasites, composition, 439* 
High-silica mordenite, preparation, 440 
High-silica zeolites 
catalytic applications, 518 
effect of amine additives on crystallization, 

444*,445 
effect of pH on Si/Al, 442,443/ 

Highly crystalline zeolites, synthesis from 
aluminosilicate hydrogels, 587-588 

Host-guest solutions 
chemical potentials, 22* 
effect of temperature on host stabilization, 

23,24* 
model, 20,22/",t,23* 
stabilization of porous crystals, 

18-19,20-21* 
Host stabilization, effect of temperature, 

23,24* 
HS zeolite 
effect of tetramethylammonium cation on 

nature of synthesis product, 155* 
framework, 153 

Hydrogel(s) 
molar composition, 589 
preparation, 589 

Hydrogelatinous precursor of crystals, rapid 
crystallization, 482-487 
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640 ZEOLITE SYNTHESIS 

Hydrothermal treatment of zeolites with 
borate species 

conditions, 394,395* 
procedure, 394 
(2-Hydroxyethyl)trimethylammonium silicate 

solid 
reheating, 148,14S(f,150 
silicate skeleton structure, 148,149f 

Infrared spectra 
borosilicate zeolites, 396,401 
method, 307 

Infrared spectroscopy 
A1P04-H3 and MCM-1 zeolite, 314,315/ 
faujasitic catalysts, 450 
iron in faujasite lattice, 411,412f,413* 
ZSM-20 zeolite, 549-550,551/ 

Iron in faujasite lattice 
chemical composition of samples, 408* 
differential thermal analysis plots, 
409,41QT,411 

ESR spectroscopy, 413-414,415/ 
forms, 406 
IR spectroscopy, 411,412/;413i 
NMR spectroscopy, 414-418 
spin-echo decay, 416-417,41̂  
thermal analysis, 409-411 
unit cell parameter vs. Fe content, 
408-409,41Qf 

X-ray diffraction, 408-411 
zeolite synthesis, 406-407 

Iron-substituted zeolites 
preparation, 421 
reaction conditions, 421,422*,423 
Isomorphous substitution 
Al and Si in zeolite framework, 405-406 
definition, 374 
impact on catalysis, 420 
Isomorphous substitution of Al 
concentration of realuminating solution, 
457-463 

contact time, 455,456* 
controlling factors, 455-463 
effect of base type on extent of 

realumination, 463* 
mechanism, 454 
residual sodium content, 455,456* 
temperature, 455,456*,457,45Sy 
Isomorphous substitution of boron in 
mordenite and Y zeolite, experimental 
procedures, 375,376*377 

Isomorphous substitution of boron in ZSM-5 
zeolite 

n B MAS NMR spectra, 396,397/398,40(y 
boronation procedure, 394395* 

Isomorphous substitution of boron in ZSM—5 
zeolite—Continued 

effect of treatment temperature, 398,401 
experimental materials,394 
IR spectra, 396,401 
MAS NMR spectroscopy, 396 
optical microscope photograph, 39839Sjf 
relative NMR spectral intensities, 398,400* 
X-ray diffraction, 396,401,402/* 
Isomorphously substituted zeolites 
crystal formation, 375 
preparation methods, 374-375 

Κ 

Kholmogorov equation, development, 493-494 
Kinetics 
crystal growth of omega zeolite, 493-504 
zeolite formation, 41,42/" 

Kinetics of zeolite crystallization 
change in chemical characteristics of 

liquid and solid phases, 128,129-131/ 
change in values with time of gel aging, 136* 
constants, 126*,128 
equation, 126 
plot, 126,127/ 

L 

L zeolite, synthesis, 444*,445 
Large zeolite crystals 
effect of gravity on crystal growth, 234-242 
synthesis, 233 

Lattice energy minimization calculations 
maximum allowable Al/Si ratios, 628,630/" 
vs. Al/Si ratio, 625,628,62Sjf 

Light scattering measurements, 
aluminosilicate solutions, 52 

Low-temperature zeolite synthesis, 
development, 436 

LZ-210 zeolite, composition, 439* 
LZ-224 Fe-substituted NH4Y, formulas, 
430-431 

LZ-225 Ti-substituted NH4Y, formulas, 
427,429 

LZ-226 Fe-substituted synthetic mordenite, 
formulas, 431-432 

LZ-228 Fe-substituted NH4L, formulas, 432 
LZ-229 Ti-substituted NH4L, formulas, 429 
LZ-230 Ti-substituted NH4W, formulas, 
429-430 

LZ-241 Ti-substituted ZSM-5, formulas, 430 
LZ-247 Ti-substituted omega zeolite, 

formulas, 429 
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INDEX 641 

M 

Madelung energy calculations, zeolite silica 
lattices, 625,626-627/ 

Magic angle spinning (MAS) NMR 
spectroscopy 

A1P04-H3, 317318/* 
borosilicate zeolites, 396-400 
faujasitic catalysts, 450 
MCM-1, 314316/317 
method obtained, 307 

MCM-1 zeolite 
anhydrous chemical composition, 306 
catalytic activity, 322324* 
chemical composition, 317320* 
effect on synthesis 

agitation, 320 
pH of gel, 319 
temperature, 319-320 

hydroxyl groups, 322323/ 
IR spectrum, 322323/ 
isomorphous substitution of Si, 

320321/322,323/ 
MAS NMR spectra, 320321/ 
pore filling, 324 
void structure, 324325*326 

Metal aluminophosphate molecular sieves 
acronym, 329-330 
adsorption, 340341*342 
/i-butane cracking values, 342*343 
catalytic activity, 342*343 
characterization, 339-343 
chemical analysis, 339,340* 
discovery, 329 
effect on synthesis 

di-/i-propylamine, 338-339* 
quinuclidine, 336337* 
tetraethylammonium, 333-334,335/336 
tetramethylammonium, 333* 
tripropylamine, 329 

elemental composition of gel and product, 
336337-338* 

product distribution vs. gel Mg 
concentration, 334335/336 

structures, 330331* 
synthesis conditions 

favoring structure formation, 338* 
for crystallization with di-n-propylamine, 

338339* 
synthesis procedure, 329 
thermal stability, 343 
X-ray crystallography, 340 
X-ray diffraction patterns, 330-331332/" 

Metal incorporation, zeolites, 487 
Metallosilicates, synthesis using rapid 

crystallization, 491 
MFI zeolites, influence of organic molecules 

in synthesis, 221-222 

MFI zeolites containing propylammonium 
cations 

calorimetric measurements, 224 
chemical formula per unit cell, 223* 
sample calorimetric cell, 224,225/ 
standard enthalpy of formation, 228-229 
standard solution enthalpy, 228-229 
starting chemical molar composition, 222* 
synthesis, 222-223*,224 
thermochemical cycle, 224,226,227/ 
thermochemical scheme for enthalpy of 

formation, 226* 
MFT zeolites 

η-propyl alcohol adsorption, 188,192/;i93 
synthesis, 180-185 

Microporous crystals 
isotherms, 20,22/" 
model for host-guest solutions, 20,22/*,23* 
synthesis with host-guest solutions of 

zeolites, 18-19,20-21* 
Microporous materials, hydrothermal 

syntheses, 603 
Microporous silicoaluminophosphates 

A1P0 4-H 3 and MCM-1 zeolite 
characterization, 314-320 
conditions for synthesis, 319-320 
hydroxyl groups, 322323/ 
pore filling, 324 

catalytic activity, 322324* 
influence of agitation and synthesis 

temperature of two-phase system, 
307308*309,310-311/ 

isomorphous substitution of Si, 
320,321/322,323/ 

MCM materials, 305-306 
SAPO materials, 305-306 
scanning electron micrograph, 309311/ 
synthesis in emulsifying conditions with 

Pr4N-OH, 309312*313/ 
synthesis in nonemulsifying conditions 

with Pr2N using increasing amounts of 
Si, 309312* 

void structure of MCM-1 zeolite, 
324325*326 

X-ray diffraction pattern, 308310-311/ 
Mineralizers, role in zeolite synthesis, 18 
M 2 0-Si0 2 -Sn0 2 -H 2 0 gels/solutions, phase 

identification of hydrothermal 
crystallization products, 603 

Molecular sieve materials, interest in large 
crystals, 346-347 

Molecular sieve zeolites 
catalysis, 5-6 
commercialization, 7 
crystal structure, 3 
hydrothermal synthesis, 2 
major contributors to discovery and 

commercialization, 8-9 
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642 ZEOLITE SYNTHESIS 

Molecular sieve zeolites—Continued 
patents, 4—5 
synthesis 

history, 329 
methodology, 1-3 

Molecular water, role in zeolite 
synthesis, 18 

Mordenites 
n B MAS NMR spectrum, 381383/ 
boron content vs. Si07/Al203 ratio, 

37737ÇP79 
boron substitution level vs. gel 

composition, 37938Q/* 
boron uptake of synthetic and dealuminated 

samples, 382383/ 
catalytic properties, 388-389,39Qf 
characterization of substituted boron, 

379,381*382,383/ 
direct synthesis, 375 
direct synthetic substitution of boron, 

37737̂ 37938QT 
framework substitution of boron, 384* 
high silica, preparation, 440 
NMR spectra, 388 
postsynthetic boron incorporation, 376*,377 
postsynthetic substitution of boron, 382-387 
2 9Si NMR spectra, 384385-386/ 
SiO^A^Oj ratio of product vs. gel 

composition, 377378/* 
unit cell dimensions, 381* 

Morphology, VPI zeolite, 298,299-301/ 
MTT zeolites 
crystallization, 185,186/ 
factors influencing crystallization, 187,189f 
scanning electron micrograph, 187,190-191/ 
synthesis, 185-191 

Ν 

Na + species, role in zeolite synthesis, 
597,598* 

NaOH concentration, influence on zeolite 
crystallinity, 593,594/ 

Na-Pc zeolite 
crystallization kinetics from aged 

aluminosilicate gells, 126,127/ 
kinetic constants from crystallization, 

126*,128 
scanning electron micrograph, 128,131/ 
size of crystallite vs. crystallization time, 

128,131/132-133 
yields, 137-138 

Natural zeolites, high-silica forms, 440* 
NMR spectroscopy 
aluminosilicate solutions, 52-53 
iron in faujasite lattice, 414-418 
study of zeolite synthesis, 66-81 

Nonaqueous synthesis of silica sodalite 
experimental procedure, 210 
removal of occluded ethylene glycol, 

215,217,218/*,219 
synthesis of ethylene glycol-silica 

sodalite, 210-216 
NU-1 zeolite, synthesis, 187-188 
NU-10 zeolite 
characterization methods, 164 
concentration range of Al for 

synthesis, 166 
effect of Cs on crystallization, 166 
framework charge balance, 171,172/* 
framework composition, 166,167*,168 
incorporation of inorganic alkali 

cations, 174 
pore filling, 168,170r,171 
preparation, 163 
Si vs. Al per unit cell, 171,172/* 
Si/Al ratio in gel vs. that in zeolite, 

168,16Sy 
stabilization by SiO~ defect groups, 174 
synthesis 

conditions, 164,165* 
efficiency, 173-174 
procedure, 163-164 

Nucleation 
free energy vs. structural units, 14,16,17/ 
zeolites, 14 

Nucleation slurry, effect of centrifugation, 
445*,446-447/ 

Ο 
Offretite 
framework, 152 
influence of tetramethylammonium cation on 

synthesis, 153 
Omega zeolite 
crystallization methods, 495 
influence of tetramethylammonium cation on 

synthesis, 153,155* 
reactor and reagents for crystallization, 494 
sampling and characterization during 

crystallization, 495 
synthesis procedure, 495 
synthesis with external Al supply, 502,503/ 

Omega zeolite crystallization 
Al concentration vs. time, 496,50Qf 
crystal habit modification, 497,502,503/ 
crystal habit vs. Al concentration and 

temperature, 496,50Q/* 
effect of temperature, 496,498/* 
growth rates of crystals, 496-497,501/ 
growth rates vs. Al concentration, 497,501/ 
hexagonal prisms, 496,4951/" 
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INDEX 643 
Omega zeolite crystallization—Continued 
kaolinite and barrel-shaped crystals, 

496,49S)f 
methods, 495 
phenomenology, 496 
procedure, 495 
reactor and reagents, 494 
sampling and characterization, 495 
unreacted kaolinite mixture and 

spheroids, 496,498/* 
One-dimensional zeolites, templating role of 

bisquaternary ammonium ions, 588 
Optical microscopy, borosilicate zeolites, 
398,39̂  

Organic compounds, use in pentasil zeolite 
synthesis, 274,275* 

Organic guest molecules, stabilization, 
25*,26 

Organic ions, role in zeolite synthesis, 618 
Organic molecules, role in zeolite 

synthesis, 618 
Organic quaternary ammonium 

hydroxide-tetraethoxysilane mixture, 
temperature vs. stirring time, 144,146/* 

Organic quaternary ammonium ions, effect on 
formation of silicate anions with 
cagelike structures, 141 

Organic quaternary ammonium silicates, rapid 
solidification, 143-150 

Organic species, influence on MFI 
zeolite synthesis, 221-222 

Organic substances, role in zeolite synthesis, 
28-29 

Ρ zeolite 
crystallization from clear solutions, 
12,13/,14 

percent of crystallinity vs. synthesis 
time, 100,101/ 

Particle size distribution 
AH zeolite crystals, 34935Qf 
ZSM-5 zeolite crystals, 351353/ 

Patents, A and X zeolites, 4-5 
Pentasil(s) 
examples, 360 
framework structure, 360 

Pentasil-type borosilicates, disordered, 
See Disordered pentasil-type 
borosilicates 

Pentasil zeolite(s) 
correlation of starting composition with 

crystallization, 249 
formation fields, 249,25Qf 
synthesis, 274-289 

Pentasil zeolite synthesis 
batch composition, 276 

Pentasil zeolite synthesis—Continued 
concentrations of hydroxyl species and 
framework aluminum, 287,289* 

crystallization vs. time, 280,282/* 
effect of compound amount on 

properties, 275,276* 
*H MAS NMR spectra, 287,288/* 
isothermal phase transformation diagram, 
281,282/* 

kinetics of crystallization with organic 
compounds, 280 

morphology, 281,285/ 
NMR characterization, 281,287,28if/;289* 
NMR measurements, 277 
scanning electron micrograph of 

products, 281,284/286/* 
synthesis procedure, 276 
types of organic compounds, 274,275* 
X-ray diffraction patterns, 277,27SJf,280 
X-ray measurements, 277 
yield of synthesis, 277,280* 
yield vs. Si02/Al203 ratio, 281,283/ 
yield vs. time, 277,278/* 

pH, effect on Si/Al in zeolite product, 
442,443/ 

Polyalkylenepolyamines, factors influencing 
zeolite crystallization, 162 

Pore filling 
A1P04-H3 and MCM-1 zeolite, 324 
NU-10 zeolite, 168,170*,171 

Porosils, moles of water per mole, 25* 
Postsynthetic substitution of boron 
advantages, 382 
mordenite, 382-387 
Y zeolite, 387* 

Potential energy calculations, zeolite 
silica lattices, 625,626-627/ 

Powder X-ray diffraction patterns, 
experimental procedure, 99 

Pr4N+, effect on zeolite synthesis, 162 
Precursor heating method, rapid 

crystallization, 484 
Propylammonium species, influence on 
MFI zeolite synthesis, 221-230 

Q 

Quadrupole nutation NMR studies 
conditions of sample preparation, 468,469* 
dealuminated zeolites, 470-477 
description, 465 
detection period, 466,468 
determination of local Al environment in 

zeolite catalysts, 465-466 
effect of aqueous KOH, 477 
evolution period, 466 
experimental procedures, 468 
intensity of spectra, 473-474 
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644 ZEOLITE SYNTHESIS 

Quadrupole nutation NMR studies—Continued 
preparation period, 466 
realuminated zeolites, 472-477 
sample preparation, 468 
schematic representation of procedure, 
466,467/ 

second-generation faujasitic catalysts, 
465-477 

spectra of amorphous samples, 
474,475/477 

Quaternary ammonium ions, effect on zeolite 
structure, 161-162 

Quinuclidine, effect on metal 
aluminophosphate molecular sieve 
synthesis, 336, 337* 

Rapid crystallization 
advantages, 480 
application to synthesis of 

metallosilicates, 491 
catalyst characterization, 481-482 
catalytic reaction method, 482 
preparation of zeolites, 480-481 

Rapid crystallization from hydrogelatinous 
precursor of crystals 

conventional preparation method, 482,483/ 
direct heating method, 484,485/ 
factors enhancing crystallization rate, 
484,486/487 

precursor heating methods, 484 
Rapid crystallization from precipitated gel 

precursor of crystals 
effect of milling of crystal precursor, 488 
effect of regulating starting solution 

composition, 487-488 
effect of temperature on crystallization 

rate, 488,489/ 
performance of methanol conversion, 
488,49Qf,491 

Rapid solidification of organic quaternary 
ammonium silicates 

analytical procedure, 144 
solution preparation, 143 

Rapid syntheses, zeolites, 479-491 
Realuminated zeolites 

27A1 MAS NMR spectra, 470,471/ 
27A1 quadrupole nutation spectra, 472-477 
X-ray diffraction, 470 

Realuminating solution, effect of 
concentration on isomorphous 
substitution of Al, 457-463 

Residual sodium content, effect on 
isomorphous substitution of Al, 
455,4567 

Rigid ion lattice energy minimization 
calculations 

energies of aluminum-free zeolite 
lattices, 623* 

lattice energy vs. density, 623,626/ 

S zeolite, crystallization from clear 
solutions, 12,13/14 

Scanning electron micrographs 
AFI zeolite crystals, 349,35Qf 
disordered pentasil-type borosilicates, 
371372*-

ECR-1 zeolite, 508,50Çî/,510 
method, 307 
sodium stannosilicate phase A, 
609,611/612 

ZSM-5 zeolite crystals, 
351352P55357-358** 

ZSM-20 zeolite, 547,548/" 
Scattered intensity of disordered 

pentasil-type borosilicates 
calculation of X-ray profiles, 364-368 
calculation procedure, 364 
characterization, 364 
disordered model, 364 
intensity disagreement factor, 364,365-366/ 
reflection intensity ratio vs. fault 

probability parameter, 367368/* 
scaling of patterns, 364 
structural parameters, 364367* 

Secondary synthesis of faujasitic catalysts 
^Al MAS NMR spectra of hydrated 

samples, 450,453/454 
factors controlling isomorphous 

substitution, 454-463 
IR spectra, 450 
MAS NMR spectroscopy, 450 
mechanism of isomorphous substitution, 454 
populations of tetrahedral building blocks, 
450,452* 

possible tetrahedral environments of Si 
atom, 457,462f,463 

sample preparation, 449 
2 9Si MAS NMR spectra of samples before 

treatment, 450,451/ 
X-ray diffraction, 449 

Secondary synthesis of zeolites, 
description, 448 

Secondary synthesis process, description, 
420-421 

Shape-selective zeolites 
disadvantages of hydrothermal 

crystallization, 479-480 
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INDEX 645 

Shape-selective zeolites—Continued 
preparation requirements, 479 

^Si magic angle spinning NMR spectroscopy 
amorphous samples, 474,476/* 
faujasitic catalysts, 450,451/ 
iron in faujasite lattice, 414,415/416* 

2 9Si NMR spectra, silicate solutions, 
3537-3Ç/39 

2 9Si NMR spectroscopy 
aluminosilicate gels, 77,81/ 
aluminosilicate solutions, 77,78*,79-8Qf 
mordenites, 384,385/ 
silicate solutions, 66-76 

^Si spin relaxation 
dependence of rate coefficient on cation 

radius, HJ6f 
fraction of inverted spins, 71,75/ 

(Si,Al)-ZSM-5 zeolite, synthesis, 394 
Silica-based materials with controlled 

skeletal structures, 140 
Silica sodalite, nonaqueous synthesis, 

209-219 
Silica source, effect on zeolite 

crystallization, 530 
Silicalite 

analysis, 235-236 
experimental procedure, 235 
molar ratios of reacting synthesis species, 

234*,235 
synthesis, 394 

from clear solution, 40-41,42/* 
procedure, 234-235 

Silicalite—1, framework structure, 360 
Silicalite crystallization 

average crystal length, 236-237 
average crystal size vs. gravity, 

236-237,238-23SÎ/ 
model in high-gravity environment, 

237,242 
optical micrographs of crystals, 237,24Qf 
pH vs. gravity, 237,241/ 
yield of crystals vs. gravity, 236-237,24Qf 

Silicate anions with cagelike structures 
formation by organic quaternary ammonium 

ions, 141-143 
gas chromatograms, 145,146 
gel permeation chromatogram, 145,147/ 
reaction process, 145—148 
recovery of cubic octamer, 145,148 

Silicate oligomers 
concentrations, 92,93* 
structure, 92 

Silicate solutions 
characterization techniques, 29 
composition, 34*,35,36/ 
dynamics, 34-35 
effect of pH and dilution on polymer 

formation, 49-50 

Silicate solutions—Continued 
identification of zeolite precursor species, 

39-40 
ions available for zeolite synthesis, 11 
preparation, 3034* 
role in zeolite synthesis, 29 
2 9Si NMR spectrum, 35,37-38/39,66-76 
silicate composition and properties, 

30,32-33* 
silicate distribution, 34* 

Silicate species with cagelike structure in 
solutions, formation, 140-150 

Silicoaluminophosphate(s), microporous, See 
Microporous silicoaluminophosphates 

Silicoaluminophosphate (SAPO) materials 
anhydrous chemical composition, 305-306 
substitution mechanisms, 306 

Silicon NMR spectrometry, aluminosilicate 
solutions, 60,61/ 

Silicon sources, effect on formation of 
silicate anions with cagelike structures, 
141-142 

Slow crystallization, disadvantages, 479-480 
Sodium hydroxide-tetraethoxysilane mixture, 

exothermal reaction, 144-145 
Sodium ion addition, effect on formation of 

silicate anions with cagelike 
structures, 143 

Sodium silicate solution 
assignment of ^Si NMR peaks, 68,69* 
effect on anion mole percentages on 

silicate ratios, 68,70r,71 
^Si NMR spectrum, 66,67/68 

Sodium stannosilicate 
phase A 

scanning electron micrographs, 
609,611/612 

X-ray diffraction pattern, 608,609-61Q/* 
phase B, X-ray diffraction patterns, 

612,613/ 
Solidification of organic quaternary 

ammonium silicates, rapid, See Rapid 
solidification of organic quaternary 
ammonium silicates 

Solution enthalpy, standard, propylammonium 
cation-MFI zeolites, 228-229 

Spin-echo experiments, iron in faujasite 
lattice, 416-417,418/* 

Stability of zeolite silica lattices 
alumina-free lattice calculations, 624 
calculation methods, 619 
Hartree-Fock calculations, 619-623 
rigid ion lattice energy minimization 

calculations, 623*,626/ 
Stannosilicates 
compositions, 604* 
crystalline, See Crystalline stannosilicates 
phase identification, 608-613 
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646 ZEOLITE SYNTHESIS 

Stannosilicates—Continued 
reaction components and compositions, 

605,607* 
structural details, 605,606* 
synthesis, 605,607*,608 

Synthesis 
AFI zeolite crystals, 348-349*,35Qf 
cancrinite, 197-207 
disordered pentasil-type borosilicates, 361 
ECR-1 zeolite, 506-516 
nonaqueous, silica sodalite, 209-219 
NU-10 zeolite, 163-174 
omega zeolite, 494-495 
pentasil zeolites, 274-289 
silicalite from clear solution, 40-41,42/" 
VPI-5 zeolite, 291-303 
zeolites, 1-3,66-81 
ZSM-5 zeolite, 244-256 
ZSM-20 zeolite, 519-532,545-558 
ZSM-23 zeolite, 560 

Synthesis efficiency 
isomorphic substitution of Al for Si, 173 
zeolites 173-174 

Synthesis of zeolites 
in presence of fluoride ions, 176-193 
role of tetramethylammonium cation, 

152-159 
Synthetic faujasites 
composition, 436,437* 
optimum composition, 437 
ordered Al distribution, 437 
Si/Al by unit cell size, 437,438/",439 

Τ 

Temperature 
effect on formation of silicate anions 

with cagelike structures, 142 
effect on host stabilization, 23,24* 
effect on isomorphous substitution of Al, 

455,456*,457,45Sy 
effect on zeolite crystallization, 534,536* 

Tetraalkylammonium silicate solutions, 
^Si NMR spectra, 71,73-74/ 

Tetrabutylammonium hydroxide, synthesis of 
VPI zeolite, 297,298/" 

Tetraethylammonium (TEAOH) 
effect of concentration on beta zeolite 

formation, 532-536 
effect on metal aluminophosphate molecular 

sieve synthesis, 333-334335/336 
Tetraethylammonium cations, role in zeolite 

synthesis, 519-542 
Tetramethylammonium, effect on metal 

aluminophosphate molecular sieve 
synthesis, 333* 

Tetramethylammonium cation 
effect on crystallinity of A zeolite 

reaction mixtures, 156,157/ 
effect on nature of zeolite products, 

154-155* 
frameworks of zeolites synthesized, 152 
procedures for zeolite synthesis, 153,154* 
sodalite cage occupancy in Y zeolites, 

155,156* 
zeolite synthesis mechanism, 156,158-159 

Thermal stability, metal aluminophosphate 
molecular sieves, 343 

Titanium-substituted zeolites 
preparation, 421 
reaction conditions, 421,422*,423 

TON zeolites 
crystallization, 185,186/ 
factors influencing crystallization, 187,189/" 
scanning electron micrograph, 187,190-191/ 
synthesis, 185-191 

Tripropylamine, effect on metal 
aluminophosphate molecular sieve 
synthesis, 337338* 

U 

Ultrastable type Y zeolite, composition, 439* 

V 

Void structure, MCM-1 zeolite, 324,325*326 
VPI-5 zeolite 
adsorption, 298302*303 
morphology, 298,299-301/ 
pH vs. time, 297,298/" 
synthesis procedures, 291-294 

with di-n-propylamine, 
292,294*,295/,296*,297/ 

with tetrabutylammonium hydroxide, 
292,294*,297 

X-ray diffraction pattern, 292,293/ 
VPI-5 zeolite synthesis 
degree of crystallinity, 295,297/ 
pH vs. time, 292,295/ 
variation in gel composition, 295,296*,297 

W 

Water, effect on formation of silicate 
anions with cagelike structures, 142 

Water-miscible organic solvent, effect on 
formation of silicate anions with 
cagelike structures, 142-143 
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INDEX 647 

X zeolite 
catalyst, 5-6 
crystal structure, 3 
crystallization kinetics from aged 

aluminosilicate gells, 126,127/ 
influence of ethanol on crystallization, 

102,104f,105,10Çf 
kinetic constants from crystallization, 

126U28 
patents, 4-5 
percent of crystallinity vs. synthesis 

time, 100,101/ 
scanning electron micrograph, 128,131/ 
size of crystallite vs. crystallization 

time, 128,131/132-133 
synthesis, 2-4 
ternary compositional diagram, 522,523/ 
X-ray diffraction patterns, 105,106/" 
yields, 137-138 
X-ray crystallography, metal 

aluminophosphate molecular sieves, 340 
X-ray diffraction 
borosilicate zeolites, 396,401,402/" 
disordered pentasil-type borosilicates, 
361,363/364 

ECR-1 zeolite, 510,512/",513,514i 
faujasitic catalysts, 449—450 
iron in faujasite lattice, 408-411 
sodium stannosilicate phase A, 
608,609-610/" 

sodium stannosilicate phase B, 612,613/ 
ZSM-5 zeolite, 569,571/ 
ZSM-20 zeolite, 550,551-552/;553,554/ 
ZSM-23 zeolite, 562,563/ 

X-ray diffraction patterns 
A1P04-H3 and MCM-1 zeolite, 314,315/ 
method, 307 
zeolites, 105,106/" 

Y zeolite 
catalyst, 5-6 
crystallization from clear solutions, 12,13/14 
direct synthesis, 376 
direct synthetic substitution of boron, 379 
effect of tetramethylammonium cation on 

nature of synthesis product, 154/,155 
framework, 153 
postsynthetic boron incorporation, 376 
postsynthetic substitution of boron, 387/ 
preparation, 436 
Si/Al ratios in synthesis products, 155; 
sodalite cage occupancy by 

tetramethylammonium cation, 155,156/ 
American Chemical Society 

Library 
1155 16th St., N.W. 

Washington, D.C* 20036 

Y zeolite—Continued 
substitution levels, 387/ 
synthesis, 4 
ternary compositional diagram, 522,523/ 
See also Faujasites 

ZAM-3 zeolite, framework, 545 
Zeolite(s) 
catalysis, 5-6 
catalytic activity, 448 
characteristics, 168,170r,171 
commercialization, 7 
crystals) 
growth, 16,17/18/ 
structure, 1 

crystallization from clear solutions, 12,13/14 
discovery, 291 
effect of framework on properties, 448 
formation mechanism, 98 
metal incorporation, 487 
microporous structure, 618 
molar volumes, 19,20r 
moles of water per mole, 20,21/ 
nucleation 
mechanism, 14,15/,16,17/ 
reaction mixtures, 12 

patents, 4-5 
pentasil, See Pentasil zeolites 
reactions with aqueous fluorosilicate 

solution, 420 
secondary synthesis, 448 
size limitations, 291 
stabilization of porous crystals, 
18-19,20-21/ 

synthesis 
efficiency, 163 
methodology, 2-3 
vs. chemistry of silicate solutions, 29 
use of aluminate and silicate solutions in 

synthesis, 11-12 
Zeolite A, See A zeolite 
Zeolite AFI, See AFI zeolite crystals 
Zeolite B, See Β Zeolite 
Zeolite beta, See Beta zeolite 
Zeolite C, See C zeolite 
Zeolite crystal, large, See Large zeolite 

crystals 
Zeolite crystallization 
experimental procedure, 99-100 
framework densities of products, 61 
from aluminosilicate solutions, 53 
influence of alcohol, 105,107 
influence of D20,105,107 
influence of ethanol, 102,104/,105,106/" 
kinetics, 102,103/ 
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648 ZEOLITE SYNTHESIS 

Zeolite crystallization—Continued 
kinetics of crystal growth, 110-111 
percent of crystallinity vs. synthesis 

time, 100,101/ 
products from thermal treatment of gelled 

aluminosilicate solutions, 61,62/* 
role of gel aging, 124-138 

Zeolite CSZ-1, See CSZ-1 zeolite 
Zeolite E, See Ε zeolite 
Zeolite ECR-1, See ECR-1 zeolite 
Zeolite EU-1, See EU-1 zeolite 
Zeolite FAU, See FAU zeolite 
Zeolite FER, See FER zeolites 
Zeolite formation 
crystallization curves, 41,42/* 
effect of organics, 41,43 
influencing factors, 98 
kinetics, 41,42/* 
nucleation rate, 41 

Zeolite framework stability, computational 
studies, 617-632 

Zeolite frameworks, boron incorporation, 
393-402 

Zeolite growth, monitoring by spectroscopic 
techniques, 98-99 

Zeolite HS, See HS zeolite 
Zeolite kinetics 
change in fractions during crystallization, 

118,HS(f,120 
exponent q vs. ratio of number of particles, 

118,115|/ 
influencing factors, 120-121 
number of particles vs. mass of particles, 

i i 8 , n s y 
plots, 114,115-116/* 
theory, 111-114 
values of kinetic constants, 114,117*,118 

Zeolite L, See L zeolite 
Zeolite lattice, stabilization, 162 
Zeolite lattice composition, variation, 

624-630 
Zeolite LZ-210, See LZ-210 zeolite 
Zeolite matrix, preference for Al or Si, 163 
Zeolite MFI, See MFI zeolite 
Zeolite MFT, See MFT zeolite 
Zeolite MTT, See MTT zeolite 
Zeolite Na-Pc, See Na-Pc zeolite 
Zeolite NU-1, See NU-1 zeolite 
Zeolite NU-10, See NU-10 zeolite 
Zeolite omega, See Omega zeolite 
Zeolite P, See Ρ zeolite 
Zeolite S, See S zeolite 
Zeolite silica lattices 
calculated Al/Si dependence, 628,631/ 
dimer cluster, 619,62Qf 
effect of ring size on geometry, 622,623* 
energies for ring clusters, 622* 

Zeolite silica lattices—Continued 
energy vs. bond length and angle, 

619,621/622 
influence of Al/Si on heat of formation, 

625,626-627/ 
optimized geometries for ring structures, 

622,623* 
ring structures, 619,62Qf 
stability, 619-624 

Zeolite synthesis 
applications of NMR spectroscopy, 66-81 
competitive role of Na* and hexamethonium 

species, 597,598* 
formation from aluminosilicate gels 

49-64 
formation from secondary building 

units, 66 
mechanism, 156,158-159 
precursors, 28—46 
role of 

alkali cations, 588 
mineralizers, 18 
molecular water, 18 
organic ions and molecules, 618 
tetramethylammonium cation, 152-159 

strategies, 628,632 
Zeolite synthesis in presence of fluoride ions 
advantages, 193-194 
crystallization yield, 177-178 
development, 176-177 
experimental procedure, 177 
factors influencing fluoride content, 

188,192/;i93 
MFI zeolites, 179* 

purely siliceous, 179*,180 
with Si partly substituted by Ti(III), 

180,181*,182,183-184/ 
with Si(IV) substituted by Ge(IV) 

or Ti(IV), 182,185* 
other microporous solids, 187—188 
products, 178* 
reaction media, 178* 
scanning electron micrographs, 

182,183-184/ 
unit cell parameters of monoclinic 

materials vs. number of Ge in unit 
cell, 185* 

Zeolite synthesis in presence of OH~ 
crystallization yield, 177-178 
reaction media, 178* 

Zeolite TON, See TON zeolites 
Zeolite VPI-5, See VPI-5 zeolite 
Zeolite X, See X zeolite 
Zeolite Y, See Y zeolite 
Zeolite ZAM-3, See ZAM-3 zeolite 
Zeolite—zeolite transformations, 
Zeolite ZK-4, See ZK-4 zeolite 
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INDEX 649 

Zeolite ZSM-5, See ZSM-5 zeolite 
Zeolite ZSM-11, See ZSM-11 aluminosilicate 
Zeolite ZSM-20, See ZSM-20 zeolite 
Zeolite ZSM-23, See ZSM-23 zeolite 
Zeolite ZSM-34, See ZSM-34 zeolite 
Zeolite ZSM-48, See ZSM-48 zeolite 
ZK-4 zeolite 

framework, 152 
influence of tetramethylammonium cation on 

synthesis, 153,154/,155 
Si/Al ratios in synthesis products, 155/ 

ZSM-5 crystals 
a/c ratios of developing pyramidal crystals, 

264,267 
Al distribution among and within cubic 

crystals, 269,271/ 
characterization, 261 
comparison of crystal growth rates, 

351354/ 
compositional factors and synthesis levels, 

349,351/ 
difference between elongated and cubic 

forms, 269,272 
effect of borate additive on morphology, 272 
electron microprobe analysis, 355356/" 
genesis of cubic crystal, 264,266/" 
growth from gel spheres, 264,266-272 
hydrothermal treatment without added 

alumina, 261,262/",264 
influence of Al content on crystal 

morphology, 354,355/ 
light micrograph of silica bodies, 261,263/ 
light micrograph of silica gel body during 

crystallization, 264,265/ 
particle size distribution, 351353/ 
scanning electron micrograph(s), 

261,263/351-358 
holes from pyramidal crystals, 

264,268f,269 
pyramidal crystal, 264,267/269 

shapes, 269,27Qf 
synthesis, 260 
synthesis of large crystals, 349,351-357 
treatment to determine factors influencing 

crystal size, 351354/ 
treatments to determine factors 

influencing product yield, 351/ 
ZSM-5 zeolite(s) 

characterization 
crystals, 261 
Na species, 246-251 
solid product, 245 
crystallization kinetics, 110-121 
crystallization procedure, 244-245 
crystals synthesized, 249,251/ 

ZSM-5 zeolite(s)—Continued 
defects, 43/,44,45-46/ 
difficulties in studying growth 

principles, 258 
effect of guest organic amine on X-ray 

diffraction profiles, 246,248/* 
effect of preferred orientation on X-ray 

diffraction profiles, 246,249,251/ 
effect of silica source on crystallization, 

249,252,253/ 
formation, 30,31/ 
formation fields, 249,25Qf 
guest molecules for synthesis, 23/ 
initiation of crystallization, 254,255/256 
intensities, 44,46/ 
Na/Al starting atomic ratio 
vs. induction period, 254,255/ 
vs. nucleation rate, 254,255/256 

preparation, 347,480-481 
properties, 43/ 
scanning electron micrograph 

morphologies, 246,248/249 
2 9Si NMR characterization of silicate 

species, 245-246 
2 9Si NMR spectra, 252,253/254 
significance of silica source on 

controlling pentasil zeolite 
phase, 249,252,253/254 

silica sources, 252,254 
single crystal forms, 257,258-259/" 
starting chemicals and inorganic 

impurities, 260/ 
synthesis, 244 
types of synthesis formulations, 260 
X-ray diffraction profiles, 246,247/ 

ZSM-5 zeolite/silicalite, hydrothermal 
isomorphous substitution of boron, 
393-402 

ZSM-11 aluminosilicate, framework 
structure, 360 

ZSM-20 zeolite 
1 3 C CPMAS NMR spectra, 416-417,418/ 
characterization of synthesis products, 

549-556 
characterization techniques, 521 
chemical analysis and sorption data, 549 
Cirvic and Valyocik synthesis methods, 546/ 
competitive roles of Na + and TEA + ions 

in forming and stabilizing frameworks, 
537/,538 

crystallinity and yield vs. initial Al 
concentration, 526,530/ 

crystallization kinetics, 522,524/ 
effect of Si/Al ratio on solid 

intermediate phases, 526,527/ 
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650 ZEOLITE SYNTHESIS 

ZSM-20 zeolite—Continued 
effect of silica source, 530,532/*,533* 
effect on crystallization 

diluted media, 522,523/ 
initial Al concentration, 526,52Sjf,530 
seeding, 522,524/525 

effect on synthesis 
Al concentration, 525-531 
cold aging, 549 
potassium cations, 546,547/548/' 

electron microscopy, 553,555/556 
experimental synthesis, 521 
factors influencing crystallization, 556,558 
framework, 544 
IR spectra, 549-550,551/ 
mechanism of Al incorporation, 525-526 
nucleation influences on synthesis, 547,549* 
nucleation time and particle size vs. 

initial Al content, 530,531/ 
physicochemical characteristics, 532,533* 
poor synthesis efficiency, 525,527/ 
primary critical variables in synthesis, 

522-525 
scanning electron micrograph, 547,548/" 
2 9Si NMR identification of Si,Al 

complexes, 526,528/* 
stereoview of hexagonal framework, 

556,557/ 
supercages in cubic framework, 556,557/ 
synthesis in presence of 

tetraethylammonium cations, 519,520* 
synthesis procedure, 545-546 
ternary compositional diagram, 522,523/ 
X-ray diffraction patterns, 

532/*,550,551-552/",553,554/" 
ZSM-23 zeolite 
crystallite morphology, 

562,564/569,570-571/ 
description, 560 
factors influencing crystal structure, 561 
framework topology, 560 

ZSM-23 zeolite—Continued 
influence of crystallization temperature 

on kinetics, 562,563/ 
influence on crystallization 

Al content, 566,568/*,569 
hydroxide, 562-564/ 
R/Si02, 566,567/ 
water content, 566,567/ 

scanning electron micrographs of hydroxide 
mixture, 562,565/ 

synthesis, 560-572 
synthesis procedure, 561 
X-ray diffraction pattern, 562,563/569,571/ 
ZSM-5/ZSM-23 mixture, 569,57Qf 

ZSM-34 zeolite, preparation, 480 
ZSM-48 zeolite 
calculated diffracted beam intensities of 

[001] beams, 583,585* 
calculated images 

[001] incidence, 576,579-58Qf, 583,584/* 
[010] incidence, 576,580-581/ 
[100] incidence, 576,581-582/* 

computation of simulated images, 575-576 
discovery, 574 
electron microscopy, 575 
influence of nature of alkali cations on 

optimal synthesis procedure, 
593,595*,596/ 

influence on crystallinity 
HMBr2, 591,592f,593 
initial Al content, 589,59Qf,591 
NaOH concentration, 593,594/ 

low-magnification high-resolution electron 
micrograph, 576,577-578/* 

mechanism of hexamethonium species in 
synthesis, 597,599,600/" 

scanning electron micrograph, 576,577/ 
simulated images, 576,579-584 
structure, 574 
synthesis procedure, 574-575 
X-ray diffraction studies, 574 
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