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Foreword 
The ACS S Y M P O S I U M SERIES 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 th  Editor  with th  assistanc f th  Serie
Advisory Board and
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 

THIS STATE-OF-THE-ART book began with some exploratory 
discussions we had almost three years ago at an executive committee 
meeting of the Division of Industrial and Engineering Chemistry, 
Inc., of the American Chemical Society. It gathered support from 
discussions with peopl
Inc., and Fuel Chemistry
after several brainstorming sessions face-to-face and over the phone. 
The result, Perspectives in Molecular Sieve Science, provides much 
satisfaction to us as editors. 

A unique aspect in which we take some pride is the arrangement 
with the Books Department of the American Chemical Society to 
have this book published in time for the meeting at which the 
symposium sessions will be held. This was made possible by the 
cooperation of our authors and reviewers, who met the necessary 
deadlines, as well as some fancy footwork by the editors. 

The timing we chose for this book, coming between meetings of 
the International Zeolite Association during a period of high 
research activity, has resulted in comprehensive coverage and high 
quality. We have included a number of reviews that provide some 
background and introduction to the field of molecular sieves and 
related materials for those who have entered the field recently. At 
the same time, significant new work in a number of areas is reported 
to keep those with experience abreast of new developments and to 
stimulate discussions which we hope will lead to further progress. 

A lot of work went into putting this book and the symposium 
together as coherent packages. We acknowledge the important 
contributions of John-Pierre Gilson of Shell Research B.V., who 
compiled comprehensive lists of reviewers for the draft manuscripts, 
and of V. Udaya S. Rao of the U.S. Department of Energy, who 
organized the scheduling details for the symposium program. We 
were especially pleased to have George T. Kerr write an 
introduction to the book. We also thank Lillian De Lello and 
Charlotte Reynolds for their extra effort in helping to make it all 
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happen. Organizing this book has been a rewarding, if sometimes 
hectic, experience for us, and we hope our audience will be satisfied 
with the results. 

WILLIAM H. F L A N K 
Molecular Sieve Department 
Union Carbide Corporation 
Tarrytown, N Y 10591 

THADDEUS E. W H Y T E , JR. 
The PQ Corporation 
Lafayette Hill, PA 19444 

February 2, 1988 
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Introduction 

by George T. Kerr 

Past President, International Zeolite Association 

A Brief History 

THE TERM "MOLECULAR
McBain to describe the selective adsorption of molecules of 
relatively small size over molecules of larger size by chabazite, a 
mineral zeolite, which had been purged free of adsorbed water. At 
that time, zeolite science or molecular sieve science was rudimentary 
at best, and zeolite technology was nonexistent. Starting about 1940, 
R. M. Barrer published a number of papers on the synthesis and 
adsorptive properties of zeolites, some of which had neither 
structural nor naturally occurring (mineral) counterparts. Barrer's 
work attracted the attention of researchers at Union Carbide's Linde 
Division, who initiated a program in 1949 on the synthesis of zeolites 
because they hoped to use the selective sorptive or molecular sieve 
properties of zeolites for the fractionation of air. Fractional 
distillation of liquid air was a longstanding commercial activity of the 
Linde Division. About the same time, many coals were reported to 
be ultramicroporous, similar to zeolites, a fact that led to the 
preparation of amorphous molecular sieve carbons by the charring of 
organic polymers. 

In 1955 Union Carbide announced the commercial availability of 
a number of cationic forms of two synthetic zeolites designated A 
and X , the latter a synthetic form of the rare mineral faujasite. At 
this announcement, Mobil Research and Development Corporation, 
as well as the research and development laboratories of other major 
petroleum companies, hastened to obtain samples from the Linde 
Division. In 1955 and 1956 Mobil began to explore the potential use 
of these materials as adsorbents and catalysts and also began its own 
program on zeolite synthesis. 

In 1962 Mobil began using the rare-earth form of zeolite X as a 
gas-oil cracking catalyst, the first commercial use of a zeolite as a 
catalyst. By this time a flurry of activity was underway throughout 
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the world on zeolite research and development. Barrer, at Imperial 
College of Science and Technology in London, realized the extent of 
this activity and organized the first international meeting on 
molecular sieves in 1967 in London. At the end of this meeting, the 
participants enthusiastically recommended that another meeting be 
held in 1970. In that year the Second International Conference on 
Molecular Sieves was held in Worcester, Massachusetts, and the 
London meeting has since become known as the First International 
Conference on Molecular Sieves. The Third International 
Conference on Molecular Sieves convened in Zurich in 1973 and the 
fourth in Chicago in 1977. At the Chicago meeting, the participants 
approved the formation of the International Zeolite Association, 
which was incorporated in 1982  Since that time  the triennial 
international meetings
Conferences, and the numeration already in use for the International 
Conferences on Molecular Sieves has continued. The Fifth 
International Zeolite Conference was held in Naples, Italy, in 1980; 
the sixth in Reno, Nevada, in 1983; and the seventh in Tokyo in 
1986. I hope that this historical review is of interest to newcomers in 
the zeolite or molecular sieve fields. 

What Is a Zeolite? 

No permanent majority agreement has been reached among workers 
in these fields as to which term is preferable, zeolite or molecular 
sieve. "Molecular sieve" is all-inclusive in that it embraces all 
materials that exhibit shape selectivity, regardless of composition or 
degree of crystallinity. Traditionally, everyone has agreed that 
zeolites are crystalline aluminosilicates that have cation-exchange 
capacities and can reversibly sorb and desorb guest molecules small 
enough to enter the zeolite pores or channels. In addition, zeolites 
were recognized as three-dimensional framework structures 
composed of silicon and aluminum tetrahedra bound to one another 
by oxygen. 

The recent syntheses of zeolitelike crystalline silicas, which 
contain infinitesimal amounts of aluminum, and the more recent 
syntheses of zcolitelike crystalline aluminum phosphates, chemical 
analogues of crystalline silica, have further confused the "zeolite" 
versus "molecular sieve" question. The conservative position 
contends that these molecular sieve crystals are not zeolites on two 
counts: They are not aluminosilicates, and they do not contain 
exchangeable cations. Furthermore, some of the relatively high 
silicon-containing materials have an average of less than one 
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aluminum per unit cell, which disqualifies them as zeolites. The 
liberal view is that the traditional zeolite definition should be 
updated to state simply that zeolites are crystalline molecular sieves 
consisting of three-dimensional frameworks composed of 
tetrahedrally coordinated atoms or ions bound to one another by 
oxygen. Many of these new substances have frameworks that are 
isostructural with conventional zeolites. Also, some people argue that 
some of the high silicon-containing crystals, whose average aluminum 
contents amount to less than one aluminum per unit cell, have been 
shown to have aluminum concentration gradients such that some 
portions of the crystals have at least one aluminum per unit cell, 
whereas other regions within the same crystal are essentially 
aluminum-free. Are such crystals both zeolites and nonzeolites? The 
resolution of this disagreemen
participants of a future International Zeolite Conference. 

About the Book 

Although the title of this book, Perspectives in Molecular Sieve 
Science, avoids the zeolite definition controversy, a large majority of 
the research reported here centers on traditional zeolites. Only three 
of the 39 chapters comprising the book deal with materials that are 
clearly nonzeolitic: Two cover clay-type derivatives, and one deals 
with carbon molecular sieves. Not surprisingly, interest in these 
materials lies in their possible use as catalysts. Only four chapters 
present work on mineral zeolites and three on aluminum phosphate-
type molecular sieves. Two of those chapters are by workers from 
Union Carbide, the laboratory that did the pioneering work in this 
field. It is surprising that other workers have not submitted papers 
on the aluminum phosphates, but perhaps this situation indicates that 
although much activity may be underway, laboratories hesitate to 
publish until patent positions are established in this potentially 
lucrative area. Union Carbide's synthetic faujasites (zeolites X and 
Y) and zeolite A receive the most attention, while ZSM-5-class 
materials are accorded more attention than zeolite A alone. This 
reflects the important roles that zeolites X and Y and ZSM-5 
materials have already played as catalysts. 

Of the phenomena discussed in this book, catalysis and acidity 
head the list, with sorption a relatively close second, followed by ion 
exchange. This situation has been the order of activity for the past 
20 to 25 years. Studies of crystal structure, crystal and solution 
chemistry, and crystal growth are presented, indicating that efforts 
are still underway to make zeolite synthesis a more predictive 
science than it is at present with only a collection of empirically 
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derived recipes available. That about a dozen known mineral 
zeolites have not yet been synthesized is a great challenge to zeolite 
synthesis scientists. Among relatively new instrumental techniques, 
magic-angle spinning-nuclear magnetic resonance (MAS-NMR) is 
the most popular, having already proven its value in confirming 
earlier research on the mechanism of dealumination and the crystal 
chemistry of dealuminated zeolites. Several interesting papers in this 
book deal with recent results using 2 7 A1 and 2 9 S i M A S - N M R in 
further elucidating zeolite crystal and solution chemistry. 

One of the most interesting chapters in this book announces the 
synthesis of a silica that is isostructural with AlPO^-5. This is the 
first example in which synthesis of a unique aluminum phosphate 
structure preceded the synthesis of other isostructural chemical 
analogues. Perhaps th
synthesis of an aluminosilicate that has this structure. What will be 
the conservative point of view regarding the classification, zeolite or 
nonzeolite, of a substance whose "parent" is not a traditional zeolite? 

February 2, 1988 
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Chapter 1 

NMR Spectroscopy and Zeolite Chemistry 

J. B.Nagy and E. G. Derouane 

Laboratory of Catalysis, Center for Advanced Materials Research, 
Facultés Universitaires Notre Dame de la Paix, Rue de Bruxelles 61, 

B-5000 Namur, Belgium 

The characterization of catalysts before, during, and after their 
catalytic evaluation is essentiel  Nuclear magnetic resonance (NMR) 
is a well-suited techniqu
catalysts as their compositio
nuclei such as 27Al, 29Si, and 17O as well as others, i.e., 7 Li , 
23Na, etc... corresponding to exchange cations. In addition, the 
method can also be used to study the behavior of adsorbed 
molecules and of carbonaceous deposits during or after testing. In 
this review paper, we focus our attention on the characterization of 
the as-synthesized zeolites, the changes occurring during their 
pretreatment and/or subsequent modifications (calcination, 
steaming, dealumination, isomorphous substitution in their 
framework), and the conversion of adsorbed reactants. 

29Si-NMR enables the determination of the Si/Al ratio of zeolitic 
frameworks and of the number of crystallographically distinct sites. 
Indeed the chemical shift of Si is influenced by both the geometry 
of the sites (Si-O-T angles, T = Si,Al,B, ...) and their chemical 
environment (substitution of Si by other atoms (Al,B, ...) in the 
second coordination sphere). The distribution of the Al atoms can 
be either random or specific (partly or completely). The recognition 
of this fact may impact on our picture of the zeolite action as 
catalysts. Finally, the observation of SiOH defect groups in 
precursor zeolites, and of their modification during calcination, 
steaming, or dealumination, etc... does largely contribute to our 
understanding of the chemistry of these materials. 

27Al-NMR characterizes aluminium species of different 
coordination (tetra- or octahedral), and their interaction with the 
surroundings. Quantification of 27Al-n.m.r. measurements can be 
achieved in well-defined conditions. The nature of the species 
resulting from dealumination can be inferred by studying the 
chemical shift and linewidth variations of the observed resonances. 

7 Li- and 23Na-NMR probe the exchange cations compensating 
the framework ([Si-O-Al]-) or defect (SiO-) negative charges. The 
distribution of alkali cations in the as-synthesized catalysts throws 
some light on their capability to accompany the aluminium atom in 
the structure. In addition, the method can also be used to investigate 
the chemical behavior of precursor gels. 

0097-6156/88/0368-0002$08.75/0 
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1. B.NAGY AND DEROUANE NMR Spectroscopy and Zeolite Chemistry 3 

Interactions between the molecules occluded during synthesis and 
the zeolitic framework can be examined by 13C-NMR The behavior 
of reactants can also be monitored before (mobilities), during 
(reactivity) and after (reaction products and coking) the catalytic 
tests. Some typical examples of such in-situ N M R studies will be 
discussed. 

Zeolites are microporous crystalline silicoaluminate materials (1). They have been 
extensively studied during the last 30 years, leading to the synthesis of novel 
structural species (1,2) and to a great number of applications (ion-exchange, 
molecular sieve, catalytic reactions,...) (1.2). 

Microporous materials with optimal properties (composition, acidity, thermal 
stability, pore size,...) desired for various applications can be obtained either by 
modifying classical zeolites (to reach higher Si/Al ratios using various dealumination 
procedures or substituting Si and/or A l by other elements) or by synthesizing novel 
zeolitic structures (borosilicates
phosphoaluminates, ...) (2-4)
characterization of the as-synthesized zeolites, the changes occurring during their 
pretreatment and subsequent modifications (calcination, steaming, dealumination, 
isomorphous substitution in their framework), and the conversion of adsorbed 
reactants. 

Several review papers appeared recently, which deal with the application of 
N M R to the characterization of zeolites (5-7) or with the study of the 
adsorbent-adsorbate interaction (7-10). Most of them, however, emphasize the 
importance of the N M R measurements (5.6.8.9) and only two reviews treat the 
problems from essentially a catalytic point of view (7.10). 

This short review paper will be devoted to our own results obtained in the 
Laboratory of Catalysis and reference will only be done to illustrative publications in 
the literature. 

EXPERIMENTAL 

N M R spectra were recorded at room temperature using a Bruker CXP-200 
high power spectrometer. The relevant N M R parameters are described in Table I. 

Table I. N M R parameters for the various nuclei 

Nucleus 
on 

v(MHz) Reference tpulse^) 6<°) 

1 3 c 
2 3 N a 
7 L i 

39.7 
50.3 
52.1 
52.9 
77.7 

TMS 6 
TMS 6 
A1(N0 3 ) 3 aq 7 
NaC10 4 aq 6 
L i C l aq 5 

7C/2 
71/2 
7C/8 
7C/6 
71/6 

3 
4 
0.1 
0.2 
1 

Magic angle spinning (MAS) at ca. 3.5 kHz was used for ^ S i - a n ( j 1 3 C - N M R 
measurements, while 2 3 N a - N M R spectra were taken without M A S . For 2 7 A l - and 
7 L i - N M R both techinques were used. The following parameters were used for 
cross-polarization 1 3 C - N M R : 1 3 C (50.3 MHz) and lK (200.0 MHz) rf fields were 
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4 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

39.0 G and 9.8 G respectively satisfying the Hartmann-Hahn condition. A single 
contact sequence comprised 5.0 ins, contact time and a recycle time of 4.0 s. The 
corresponding parameters for the ^ S i - N M R cross-polarization experiments are : 
2 9 S i (39.7 MHz) and lU (200.0 MHz) rf fields were 39.3 and 9.8 G respectively, 
with a contact time of 10.0 ms and a recyle time of 3.0 s. 

RESULTS AND DISCUSSION 
Characterization of as-synthesized zeolites 

The first application of high-resolution solid-state N M R with 
magic-angle-spinning (MAS-NMR) to the investigation of silicates and 
silicoaluminates was made by Lippmaa et al. ( I l l They showed clearly that distinct 
and well resolved peaks could be observed for ^ S i - M A S - N M R spectra of solid 
silicates and silicoaluminates corresponding to different chemical environments, 
depending essentially on the number of tetrahedral A l atoms in the second 
coordination sphere of Si (12.13)
belonging to defined Si(nAl
crystallographic arrangements of the SiC>4 tetrahedra characterized by the different 
interatomic distances and angles of the Si-O-T linkages (T = Si or Al) (13.14). 

In silicates the total range of 2 9 S i - N M R chemical shifts is appreaciable (from 
-60 to -120 ppm) and is subdivided into characteristic ranges for monosilicates 
(Q())> disilicates and chain end groups (Q\), middle groups in chains and cycles 
(Q2) , chain branching sites (Q3) and the three-dimensional cross-linked framework 
(Q4) (12) (Figure 1). Substitution of silicon by aluminium leads to an additional 
paramagnetic shift. In addition, the sharpness of the resonance lines reflects the 
degree of crystallinity and depends on the regularity of the Si,Al distribution. 

From the relative intensities of the different Si(nAl) N M R lines, quantitative 
determination of S i /Al ratios is possible, provided the A l avoidance rule of 
Loewenstein is obeyed (15): 

t I 
n = 0 Si(nAl) 

_ S i _ } 

4 
A l N M R I 0.25 n I 

n=0 ASi(nAl) 

This formula is easy to understand, if one realizes that each Si-O-Al linkage accounts 
for 0.25 A l atoms. 

For zeolites characterized only by one type of crystallographic site, the 
computation of the Si/Al ratio is quite obvious. This is illustrated in Figure 2, where 
the 2 9 S i - N M R spectra of zeolite Y and ZSM-20 are compared. The spectrum of 
zeolite Y includes five lines corresponding to Si(4Al), Si(3Al), Si(2Al), Si(l Al) and 
Si(OAl) configurations while that of ZSM-20 consists of four lines of Si(3Al), 
Si(2Al), Si( lAl) and Si(OAl) configurations. These latter resonance lines are 
systematically located at lower chemical shifts relative to the lines of zeolite Y (£), 
due to the higher Si content of the ZSM-20 zeolite. The Si /Al ratio computed from 
the relative N M R line intensities is equal to 4.3 and agrees quite well with the 
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B.NAGY AND DEROUANE NMR Spectroscopy and Zeolite Chemistry 

Figure 1. Si-NMR chemical shifts of silic(oalumin)ates. 
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1. B.NAGY AND DEROUANE NMR Spectroscopy and Zeolite Chemistry 7 

chemical E D X analysis (4.2) (1£). Indeed, zeolite ZSM-20 is a silica-rich zeolite, 
possessing a faujasite-like character but having a hexagonal symmetry unit cell 
(16.17). The high silica content could result in higher (hydro)thermal stability and 
acid strength, and better resistance to deactivation relative to the Y-type zeolites. 

The computation of the S i /Al ratio becomes more tedious, when several 
crystallographic sites are present, resulting in overlapping of various Si(nAl) X j 
configurations (T^: ith crystallographic site) (i&). Several methods have recently 
been proposed based on one of the following assumptions regarding aluminium site 
location : specific location of A l on certain crystallographic sites (19.20) (see 
below), a fully random distribution of A l atoms (20.21) or a random distribution 
with some preferential location of A l on specific sites (22.23). 

The Generalized Random with some Constraint model (GRC) is based on the 
following hypotheses (22): 

i) On each type of Tj site the Si  A l distribution is random  but the A l per Tj 
site is different for each i typ

ii) The Loewenstein'

This model is applied to the study of A l distribution in offretite and omega 
zeolites, which both possess two different crystallographic sites. The probability p 
for a S i j i atom to have an A l atom as a Tj neighbour is described by : 

P i = P tAlx i : S i T 1 ] p 2 = p [ A l X 2 : S i T 2 ] 

p 3 = p [ A l x 2 : S i T 1 ] p 4 = p [ A l x l : S i x 2 ] 

(Note that in ref. 22 only two probabilities p^ and p 2 were taken into account.) 

Including Loewenstein's rule into the calculation, these probabilities have the 
following simple expressions (22): 

P i = A l x l / S i x l p 2 = A l ^ / S i ^ 

p 3 = (a/b) ( A l ^ / S i x x ) p 4 = (b/a) ( A l ^ / S i ^ ) 

where a = S i X i + A l X j and b = Si X o + A 1 X 2 are the numbers of crystallographic 
sites 1 and 2 per unit cell, respectively. The relative amounts S i X j and A l X j can be 
expressed as a function of two variables, i.e. R = Si /Al (global ratio) and x = 
A l - H / A l - n O a ) : 

S i x l = [a(R+l) (x+1) - x(a+b)]/(R+l) (x+1) 

S i X 2 = [b(R+l) (x+1) - (a+b)/(R+l) (x+1) 

A 1 X 1 =x(a+b)/(R+l)(x+l) 

A l X 2 = (a+b)/(R+l)(x+l) 

Finally the relative intensity of the NMR lines are computed: 

(xSi(nAl))Ti = [ S i T i / ( S i x l + S i ^ ) ] x S i (nAl) x i x I t o t 

where I t o t is the total line intensity and Si(nAl)Xj the fraction of Si(nAl)Xj atoms, 
determined by combinational analysis : 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



8 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

Si (nAl ) T 1 (n ) ( 1 - P l ) 3 " n

 P l

n ( l-p 3 ) + (4*-n) (1-Pi) 4 " n P i 1 1 " 1 p 3 

SiCnAl)^ £ ) d-P2) 2 - n P^(l-P4)2+ ( 4

2

n ) (1-P2) 4 - 1 1 P 2 n " 2 P4 2 

+ r/4) - ( 2) - ( 2 ) ] ( l - p 2 ) 3 - n (l-n)V2n~l P4 
"n 4-n 

These expressions are formally similar to those reported in ref. 22, they differ 
however in the meaning of the probability p .̂ 

Finally the spectra are simulated by varying R, x, and w, where w is the 
linewidth at half maximum. The experimental and theoretical spectra for steam 
dealuminated omega and
correspondence between th
has also to emphasize, that the computation yields R = Si/Al, where the A l atoms are 
only those in tetrahedral sites of the structure noted as (Si/Al)jy in Figure 3. The 
Si /Al ratio determined by chemical analysis corresponds, on the other hand, to 
global composition including both tetrehedral framework and tetra-and/or octahedral 
non-framework aluminium atoms. The presence of extraframework A l can be noted 
in both cases because the Si/Al values are systematically lower than the (Si/Al)jy 
values. 

It was mentioned above that the ^ S i - N M R chemical shifts are also sensitive 
to the different interatomic distances and angles of the Si-O-T linkages (13.14). 
Indeed, the spectrum of the monoclinic form of highly siliceous ZSM-5 (or silicalite 
1) shows as many as twenty one different resonance lines (Figure 4) (2£). It is now 
well known that the structure becomes orthorhombic at higher temperatures (2£) and 
under the influence of adsorbed molecules (22). 

The SiOR (R = H , metal or organic cation) defect groups are also readily 
detected by 2 9 S i - N M R . In zeolites of quite different structures the corresponding 
resonance line is at ca -103 ppm (13.19.28). due probably to the similar average 
Si-O-T angles. Cross-polarization enhances the line characterized by a large 
contribution of SiOH groups (7.28) (Figure 5). The amount of SiOR defect groups 
increases with decreasing A l content of the ZSM-5 samples (29.30) (Figure 6) and 
as many as 32 SiOR per unit cell can be detected in highly siliceous samples. As 
four SiOR groups could correspond to each missing tetrahedral site (see below), this 
means that some eight T sites would be non occupied in the structure. These results 
confirm the model previously proposed for the formation of ZSM-5 zeolite, where 
double five-membered rings were supposed to condense to lead to a structure 
containing a high number of defect groups (2Q). 

The 2 ^ A 1 - N M R spectra are essentially used to characterize tetrahedral 
framework and octahedral extraframework A l species (6.31). (Figure 7). However, 
quite recently, Lippmaa et al. succeded in determining the precise chemical shift of 
A l using special N M R techniques, such as 2D M A S N M R or measuring the first or 
second spinning side-bands of the least shifted first satellite (±3/2, ±1/2) transition 
(32). They found a linear correlation between the chemical shift and the mean 
Al-O-Si bond angles in framework silicoaluminates. This method will thus be quite 
complementary to the 2 9 S i - N M R to characterize the zeolite structures. It can also be 
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Figure 3. Experimental and theoretical Si-NMR spectra of steam 
dealuminated offretite and omega. (Reproduced with permission from ref. 23. 
Copyright 1988 Elsevier.) 
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Figure 4. Si-NMR spectrum of highly siliceous ZSM-5 zeolite. (Reproduced 
with permission from ref. 25. Copyright 1987 Macmillan Magazines.) 
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Figure 5. Si-NMR spectra of mordenite dealuminated by acid leaching and 
subsequent steaming. (Reproduced from ref. 19. Copyright 1986 American 
Chemical Society.) 
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Figure 6. Variation of the SiOR/u.c. (R = H, M, and TPA) as a function of 
Al/u.c. in the ZSM-5 zeolites. (Reproduced with permission from ref. 41. 
Copyright 1987 Butterworth.) 
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Figure 7. Al-NMR spectra of H-Mordenite recorded at two different flip 
angles. (Reproduced with permission from ref. 34. Copyright 1988 Elsevier.) 
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used to position A l atoms in the different crystallographic sites, provided the bond 
angles are accurately determined. 

For quantitative measurements, special care should be taken for the flip angle 
used. Indeed, it was shown previously, that in the case of quadrupolar nuclei the 
magnetization corresponding to different transitions rotate at different rates around 
the rf field (22). This results in a large variation of the line intensity. Figure 7 shows 
the different line intensities for the tetra- and octahedral A l atoms obtained at 
different flip angles (34). It has to be emphasized, that for adequate quantitative 
measurements short pulse anlges (0 < %I6) should be used (33.34). Figure 8 
illustrates the variation of normalized line intensity as a function of flip angle. It 
should be noted, that for the two separate components, the intensities are normalized 
with respect to the total A l atoms in the sample. It is clear that the correct relative 
intensities can only be computed from small flip angles, id ca. 20° in this case. The 
method for quantitative analysis is the direct comparison of the initial slopes. From 
the initial slopes, the ratio of the octahedral to the tetrahedral A l species can be 
computed as (24) * 

slope (octahedral species) 
=27% 

slope (tetrahedral species) 

-NMR has also been applied quite recently to the characterization of 
zeolites (35.36). Figure 9 shows the wide line N M R spectra of Linde A (having 
only Si-O-Al bonds), SiC>2 (for Si-O-Si bonds), the sum of these spectra and the 
spectrum of Linde Y . The quadrupolar coupling constants as well as the chemical 
shifts of Si atoms in either Si-O-Al or Si-O-Si bonds are sufficiently different and 
the spectrum of zeolite Y can be decomposed into two contributions. This 
decomposition also leads to an easy determination of the Si/Al ratio. Indeed : 

2[Si-0-Si] + [Si-O-Al] 
Si /Al = 

[Si-O-Al] 

where the concentrations of the Si-O-Si and Si-O-Al bonds are directly determined 
from the spectra^ The 1 7 0 - N M R brings thus complementary informations obtained 
by 2 9 S i - and 2 7 A 1 - N M R . The basic difficulty resides in the low sensitivity of 
natural compounds and hence 1 70-enriched materials should be used to achieve 
spectra of high signal to noise ratios. 

7 L i - and 2 ^Na-NMR techniques are useful to study the hydration state of 
these alkali cations as well as their interactions with the negative centers of the 
framework. Relatively few studies have been reported either on the behaviour of L i + 

(37-39) or that of Na+ ions (29.37.40). Figure 10 illustrates the 7 L i - N M R spectra 
of the precursor and calcined ZSM-5 zeolite samples. Two lines can be distinguished 
in the spectrum of the precursor : a broad line (AH = 4 kHz) and a narrow line (AH 
= 0.5 kHz) both centered at ca 0 ppm (41). The former is assigned to partially 
hydrated or anhydrous L i + cations, while the latter is characteristic of fully hydrated 
cations. Indeed, thermal gravimetry (TG) data indicate that the available water is not 
sufficient to hydrate fully the total amount of L i + cations (Table II). For a full 
hydration of L r cation ca four water molecules are required (42). A relatively slow 
exchange may occur between the two species. The relative amount of Lihydr 
decreases with decreasing amount of Al /u .c . Indeed, it is accompanied oy a 
decrease of the amount of those L i + ions which are counterions to [Al-O-Si]" 
framework negative charges. In this state these ions are then fully hydrated. Similar 
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Figure 9. O-NMR spectra of zeolites A, Y, and Si02. (Reproduced from ref. 
36. Copyright 1986 American Chemical Society.) 
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Figure 10. 7 Li-NMR spectra of the precursor and calcined ZSM-5 samples 
(Reproduced with permission from ref. 41. Copyright 1987 Butterworth.) 

Table II. 7Li-NMR and chemical analysis of (TPA,Li)-ZSM-5 zeolites 

L i 2 O a A l 2 0 3

a 7 L i - N M R S i / A l d Al/u.c. d Li /u.c. c SiOLi/u.c. f L i + . . . " [ A l - 0 - S i ] f H2Q& 

A H (kHz) AH°(kHz) L i hydr 

^otal 

-xlOO /u.c. / L i t o t a l 

0.25 1 4.0 0.62 28 39 2.4 0.4 0 0.6 2.3 
1 1 4.2 0.50 - 39 2.4 1.3 0.6 0.9 0.9 
2 1 4.5 0.42 30 41 2.3 1.7 0.9 0.9 0.6 
1 0.6 4.1 0.54 15 69 1.4 1.2 1.4 0 2.0 
1 0.3 4.2 0.54 15 85 1.1 2.6 3.1 0 1.1 
1 0 4.3 0.54 19 390 0.25 1.2 - - -

a) Relative amounts in initial gels : xTPABr-y(TPA)2O-zLi^O-wAl2O3-60SiO2-700H2O; x + 2y 
= 8 (constant TPA content) and y + z = 2 (constant alkalinity) 

b) Broad NMR line 
c) Narrow NMR line 
d) PIGE (proton induced y-ray emission) measurements 
e) Atomic absorption values 
f) Values computed from combined chemical analysis, 2 9Si-NMR and thermal analysis of TPA 

(41) 
g) TG (thermal gravimetry) data combined with chemical analysis 

SOURCE: Reproduced with permission from ref. 41. Copyright 1987 Butterworth. 
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conclusions have been arrived at, when considering the state of N a + ions in the 
ZSM-5 zeolite samples (43.44). It is also clear from Table II, that the non- or 
less-hydrated L i + species are the SiOLi defect groups, where the less delocalized 
negative charge of the O atom interacts preferentially with less solvated cations 
(41.45V 

Both linewidth and the chemical shift of ^ N a depend on the relative amount 
of A l in the ZSM-5 samples (29.401 A chemical shift close to 0 is obtained for 
highly siliceous samples, while the high Al-samples exhibit a spectrum characterized 
by a 8 = -15 - -20ppm (29.40.45). The linewidth is also greatly influenced by the 
relative hydration of the cation. A systematic work is still lacking including both the 
relative importance of SiONa and (Si-0-Al)~Na + groups in the zeolitic samples 
together with the degree of hydration of the N a + cations. 

High resolution M A S -NMR is a promising method to investigate the 
nature of carbon-containing molecules occluded into the zeolitic channels or cavities 
during the synthesis. The ^
ions are occluded intact in th
for tetrabutylammonium and -phosphonium cations which direct the ZSM-11 
structure (10.46). Moreover, two types of methyl groups are distinguished, the 
difference in chemical shift being due to different chemical environments. In ZSM-5 
zeolite every channel intersection is occupied by a tetrapropylammonium ion. 
Oppositely, tetrabutyl-ammonium and -phosphonium cations occupy preferentially 
the large cavities in ZSM-11 zeolite, the small cavities being only partially occupied. 
The alkyl chains of all these organic cations occluded in both ZSM-5 and ZSM-11 
zeolites extend in the channel system in order to fill completely the available channel 
length. 

Note that ^ C - N M R has also been used to detect the presence of small 
ZSM-5 particles, which must contain less than 3 or 4 unit cells in thickness, 
corresponding to a size which is beyond the X R D detection limit (48.49). A change 
in the interaction occurs between the tetrapropylammonium ions and the ZSM-5 
framework during calcination and the doublet splitting of the methyl groups 
disappears (50.51). The new species formed is described as a relaxed 
tetrapropylammonium ion occluded in a partially healed ZSM-5 structure (51). 

It was shown quite recently that in the synthesis of zeolite ZSM-48 in 
presence of an alkylamine and tetramethylammonium (TMA) ions, only the 
n-alkylamine plays a structure-directing role, while T M A + ions are the main species 
incorporated during the growth process, until complete filling of the channels is 
achieved (£2). For example, 0.2 molecule of n-octylamine (2.6 A) and 1.9 T M A + 

ions (13.1 A) per unit cell are occluded intact in final crystalline samples. 

In contrast to zeolite ZSM-48, the formation of ZSM-39 seems to be 
exclusively directed by the T M A + ions. Indeed, a slight modification in the gel 
composition (no alkylamine present, increase in the A l content) and in the synthesis 
procedure, leads to preferential formation of zeolite ZSM-39. Its crystallization is 
accompanied by the dequaternation of T M A + ions, producing trimethylammonium 
ions in equilibrium with trimethylamine. These latter two organic compounds are 
essentially occluded in the large cavities of ZSM-39 (52) (Figure 11). Note that the 
species adsorbed on external surface can be distinguished from those occluded in 
internal cavities by considering the much broader N M R lines of the former. 

In presence of hexamethenium (HM++) ( ( C r ^ + N - C r ^ - C I ^ - C H ^ 
ions, either zeolite ZSM-48 or ZSM-50 can be formed, depending on the initial 
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aluminium concentration. A decomposition of H M + + ions in the synthesis 
conditions only occurs if the precursor hydrogel contains ammonium ions (Figure 
12). This decomposition leads to the formation of hexyltrimethylammonium ions, 
which are also occluded into the zeolite crystals. It is concluded, mat H M + + ions act 
as structure-directing agents and the total filling of the void volume is achieved in 
both cases (52). 

Dealumination and realumination of zeolites 

In order to increase their thermal stability and the strength of their acid sites, 
high A l content zeolites are submitted to various dealumination treatments 
(7.19.53-55).Some procedures will be illustrated by the dealumination of zeolite 
mordenite, where the 2 9 S i - N M R results are shown to lead to the determination of A l 
distribution in the samples, as well as to the proposition of a dealumination 
mechanism (19). 

The 2 7 A 1 - N M R spectr
(Norton)) and of its analogue
and for various times are presented in Figure 13. The Na-Z spectrum is characterized 
by a unique resonance line at 8 = 50 ppm vs A1(H20)£ 3 + , corresponding to 
tetrahedralry coordinated A l of the framework (Alj) . An additional line at 8 = 0 ppm 
appears in the spectra of acid-treated samples and it belongs to octahedral A l species 
extracted from the lattice (AIQ). The narrowness of this line (0.8 kHz) suggests that 
the octahedral A l + 3 ions are fully hydrated and occupy probably cationic positions. 
From these spectra, the relative amounts of tetrahedral and octahedral A l atoms can 
be determined. (Note that all the spectra were taken at small flip angles providing 
quantitative detection of all A l atoms (34)). These data together with the Si/Al ratios 
obtained by chemical analyses (Table HI) allow one to compute the real composition 
of the zeolitic framework, if it is assumed that all A l y atoms belong to the lattice 
(Table IV). 

Table m . Dealumination of mordenite by acid leaching 

Si/Al* 
sample exptl conditions A A E D X 2 7 A 1 - N M R av 

Na-Z b 

H - Z - l 4 M H N 0 3 , 293 K , 8 h 
H-Z-2 4 M H N O 3 , 323 K, 24 h 
H-Z-3 4 M H N O 3 , 363 K , 24 h 
H-Z-4 6 M H N O 3 , 363 K, 24 h 
H-Z-5 14 M H N O 3 , 363 K, 24 h 

5.5 5.6 5.4 5.5 
6.1 6.6 6.3 6.3 
5.8 7.1 7.1 6.7 
20.5 19.2 21.6 20.4 
20.6 22.3 27.6 23.5 
31.2 28.0 30.7 30.0 

a A A atomic absorption; E D X energy-dispersive X-ray analysis; 2 7 A l N M R results 
obtained from a calibration curve 
" Commercial Na-Zeolon. 
SOURCE: Reproduced from ref. 19. Copyright 1986 American Chemical Society. 
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Figure 11. 1 3 C-NMR spectra of zeolite ZSM-39 prepared without n-
alkylamine: precursors and partially calcined sample at 530 °C to remove 
externally adsorbed species. (Reproduced with permission from ref. 52. 
Copyright 1988 Elsevier.) 
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Figure 12. Characteristic 1 3 C-NMR spectra of a ZSM-48 sample prepared in 
the presence of (NH ) 20 and low Al content and of a ZSM-50 sample 
obtained without (NH 4) 20 and with a high Al content in the gel. 
(Reproduced with permission from ref. 52. Copyright 1988 Elsevier.) 
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Figure 13. High-power solid-state Al-NMR spectra of Na-Zeolon and its 
dealuminated forms. (Reproduced from ref. 19. Copyright 1986 American 
Chemical Society.) 
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Table IV. Determination of the Si/Al ratios of the zeolite framework from the 
relative amounts of tetrahedral (T) and octahedral (O) A l and the overall chemical 

composition of the Na-and acid-treated mordenite samples 

samples chem. compn. 2 7 A 1 N M R latticecompn 
S i / A l a A l x % A 1 Q % Si/A1D Al j /uc c 

Na-Z 5.5 100 0 5.5 7.4 
H - Z - l 6.3 81 19 7.7 5.5 
H-Z-2 6.7 75 25 8.9 4.8 
H-Z-3 20.4 89 11 22.9 2.0 
H-Z-4 23.5 93 7 25.3 1.8 
H-2-5 30.0 93 7 32.2 1.4 

a From Table m 
J S i / A l ) l a t t i c e = [(Alp + A1X)/A1T] (Si/Al) global 
c A l j /uc = number oftetrahedral A l atoms per unit cell; 

Al T /uc = 48/[l + (S i /A l ) l a t t i c e ] 
SOURCE: Reproduced from ref. 19. Copyright 1986 American Chemical Society. 

Figure 14 shows the high-resolution M A S 1 y S i - N M R spectra of 
Na-mordenite and its dealuminated counterparts. The spectrum of Na-Z consists of 
three resonance lines at -99, -105 and -110 ppm, corresponding to Si(2Al), Si(lAl) 
and Si(OAl) configurations respectively. In addition, silanol groups at defect lattice 
sites contribute to the intensity of the N M R line at -105 ppm. As dealumination 
proceeds, the lines at -99 and -105 ppm decrease, while the relative intensity of the 
-110 ppm line increases (Table V). 

Table V. Variation of relative HRMAS z y Si-NMR line intensities of mordenite at 
various degrees of dealumination by acid leaching 

samples S i / A l a 8 = 
relative line intensities" (%) at 

-99 8 = -105 8 = -110 S i / A l c 

Na-Z 5.5 13 45 42 5.6 
H - Z - l 7.7 12 45 43 5.8 
H-Z-2 8.9 10 43 47 6.3 
H-Z-3 22.9 5 23 72 12 
H-Z-4 25.3 4 21 75 14 
H-Z-5 32.2 2 16 82 20 

a Lattice composition (Table IV). " Relative to the total N M R intensity. 
c Recalculated by using the relation Si /Al = It/( X 0.25 n Isi(nAlp a s s u m m S m a t 

SiOH defect groups do not contribute to the -105 ppm line intensity. 
SOURCE: Reproduced from ref. 19. Copyright 1986 American Chemical Society. 
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This shows unambiguously the extraction of A l from the lattice leading to a decrease 
of the number of Si(lAl) and Si(2Al) configurations and to an increase of Si(OAl) 
configurations. However, the Si /Al ratios calculated from the general formula (see 
above) are not in good agreement with those obtained by combined 2 ' A l -NMR and 
chemical analyses (Table V). The origin of this discrepancy can be explained by 
assuming a substantial contribution of SiOH groups to the -105 ppm line. Direct 
evidence for these SiOH groups are obtained by cross-polarization 2 9 S i - 1 H 
measurements for samples shown in Figure 5. The acid-leaching was followed by 
subsequent steaming. Consequently, the line at -105 ppm contains the contribution 
of both Si(lAl) configuration and defect SiOH groups : 

J-105 = I S i ( l A l ) + I S i O H 

and as J-99 = JSi(2Al> 

* S i ( l A l ) c a n b e computed from 

S i / A 1 ) lat t ice 
2 x 0.25 x I S i ( 2 A l ) + 1 x 0 2 5 x J Si ( lAl ) 

a n d JSi(0Al) = l-110 + x SiOH 

The relative intensities of the different configurations so obtained are listed in 
Table VI. The number of SiOH groups at defect lattice sites per extracted A l atom is 
shown as a function of the number of extracted A l atoms per unit cell (Figure 15). In 
the beginning of dealumination up to four SiOH defect groups per extracted A l atom 
are generated in the structure (5©. 

Table V I : Evolution of the different Si configurations and tne number of SiOH 
defect groups generated per extracted A l during mordenite dealumination by acid 

leaching 

lattice compn Si configurations (% of total Si) 
samples Si/Al Al/uc SiOH Si(2Al) Si(lAl) Si(OAl) b S i O H / A l ^ 2 1 

Na-Z 5.5 7.4 0 13 45 42 
H - Z - l 7.7 5.5 17 11 28 61 3.7 
H-Z-2 8.9 4.8 18 10 24 66 3.0 
H-Z-3 22.9 2.0 15 5 8 87 1.3 
H-Z-4 25.9 1.8 14 4 7 89 1.2 
H-Z-5 32.2 1.4 8 2 8 90 0.6 

aNumber of SiOH generated per A l extracted, b S i ( O A l ) t o t a l = Si(OAl) + SiOH 
SOURCE: Reproduced from ref. 19. Copyright 1986 American Chemical Society. 
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Figure 14. High-resolution MAS 2 9Si-NMR spectra of Na-Zeolon and its 
dealuminated forms. (Reproduced from ref. 19. Copyright 1986 American 
Chemical Society.) 
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Figure 15. Variation of the total number of SiOH groups and the amount 
generated per extracted Al atom with the amount of Al extracted per unit cell. 
(Reproduced from ref. 19. Copyright 1986 American Chemical Society.) 
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The decrease of this number as dealumination proceeds is the result of a 
partial healing of the structure as it was also emphasized by other research groups 
(57.581 Figure 5 also shows that in addition to SiOH defect groups some Si(OH)9 
groups are also present in the highly dealuminated sample. (Although on the basis of 
chemical shifts some other species like A10Si(OH)2 or ( A l O ^ S i O H could also be 
present, we regard them as minor components in these highly dealuminatied 
samples.) In addition, the 2 9 S i - N M R spectrum without cross-polarization reflects 
the presence of different crystallographic sites, the attribution of the NMR lines was 
made on the correlation between chemical shifts and mean Si-O-Si angles (59). 

When the dealumination is carried out using SiCl4, the extracted A l is 
deposited in the channels as extra-framework aluminous species. In addition, the 
SiCl4 treatment only partly removes A l from the lattice. This is caused by both 
reduced diffusivity of SiCl4 in the channels of mordenite, and by the presence of 
residual N a + cations. The reduced diffusivity of SiCl4 is responsible for the partial 
dealumination, while the residual N a + cations can react with the aluminium chlorides 
to form NaAlCl4 which is precipitated in the channels. Finally, these chlorides are 
hydrolyzed during washing to produce A1(H90)5 3 + species. Note that relative to the 
acid leaching process the dealumination by & C I 4 generates only a few defect SiOH 
groups (IS). 

As it is emphasized above, it is possible to determine the relative ^ S i - N M R 
line intensities from different types of A l distributions in the lattice. Figure 16 shows 
two possible distributions for which the theoretical and experimental Si(nAl) 
configurations are compared. It is obvious, that the fully random distribution among 
all crystallographic T j , Tj, T 3 and T 4 sites cannot account for the experimental 
results. The same conclusion holds for a random distribution in the 6-ring sheets, 
i.e., on sites T j and T 2 (12). The random distribution on sites T 3 + T 4 , i.e. in the 
4-membered rings, or on T j only or on T 2 only do not reproduce the experimental 
values of the Si(nAl) configurations either (19). In order to explain adequately the 
experimental results, it is of paramount importance to include the mechanism of 
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dealumination in the correct computation of the A l distribution. Figure 16 b shows, 
that if the A l atoms are only located on sites T 3 and T 4 and the configurations with 
only one A l atom in the 4-rings are excluded, a very good agreement is found 
between the calculated and experimental values of the Si(nAl) configurations. (Some 
discrepancy can be noted for the slightly dealuminated and the initial samples, which 
suggests that additional informations should be included for the as-synthesized 
samples. See also ref. 23). 

We therefore propose an adequate picture for the mechanism of mordenite 
dealumination by acid leaching. In the initial sample, nearly all 4-rings contain two 
A l atoms. As dealumination proceeds, 4-rings with no A l atoms appear in the 
structure and the remaining 4-rings thus contain two A l atoms. In addition, SiOH 
defect groups appear, the number of which is close to four per extracted A l atom. 
The model implies, that both A l atoms are quasi simultaneously extracted from the 
4-ring. During subsequent dealumination, the structure is reorganized (even at 353 
K) by recombining the SiOH defect groups. Indeed, the number of SiOH per 
extracted A l atom decrease
X-ray diffraction studies
preferential siting of A l in the 4-rings of the structure. 

Very recently, pentacoordinated A l at 8 = 30 ppm was shown to exist in 
steamed crystalline or amorphous siHc(oalurnin)ate samples (Figure 17) (62). It was 
suggested that the presence of pentacoordinated A l may reduce the extent of coke 
formation during hydrocarbon cracking reactions .However, this interpretation is 
questioned and it is suggested that this line should belong to tetrahedral 
extraframework A l (63.64). Using 2DNMR, two different tetrahedral A l species can 
be distinguished in dehydrated Y zeolite samples. They give rise to separate signals 
in the F l display where the characteristic lineshapes depend on the ratio of the 
quadrupole interaction constant and the rf field strength corf. The framework 
tetrahedral A l is characterized by a lower quadrupole constant, while the strong 
quadrupolar interaction for the non-framework A l nucleus indicates that its 
tetrahedral symmetry is heavily distorted (£4). 

Incorporation of A l in the zeolite as a terracoordinated species by treatment of 
zeolites with A I C I 3 is strongly supported by 2 7 A 1 - N M R spectroscopy (65-67). The 
proposed mechanism for the alumination of ZSM-5 involves the reactive hydroxyl 
nests (see above) both on the external surface and in the internal channels (67). 
Indeed, the FTIR results also show clearly that the intensity of SiOH groups (at 
3740 cm" 1 ) decreases concomitantly to an increase in the Al(OH)Si acidic groups 
(at 3610 cm"1) (fi&£Z). 

Application of 1 3 C - N M R to reactions on zeolites 

l ^C-NMR spectroscopy proves to be a powerful tool to characterize adsorbed 
species on various zeolites (7-10). The nature of the adsorbed species can be 
inferred from the usual chemical parameters, i.e. chemical shifts, linewidths and 
relaxation times. These latter allow one to study the mobility of the molecules on the 
surface. As an analytical tool, 1 3 C - N M R spectroscopy can also be used to determine 
the concentration of reactants and products as a function of time and hence kinetic 
constants can easily be determined. 

The reactivity of 2- -isopropanol adsorbed on K- and Cs-ZSM-5 zeolites 
is examined in a batch-reactor (68). Propylene is formed by dehydration at 200°C 
(Figure 18). The subsequent polymerization of propene to form paraffinic 
compounds is quite significant on K-ZSM-5, while Cs-ZSM-5 yields only ca 10 % 
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Figure 16. Comparison between the variation of the experimental Si(nAl) 
configurations and those computed from two Al distributions in the lattice: a) 
random among all sites and b) Al only on sites T 3 and with two or no Al 
atoms in the 4-rings. (Reproduced from ref. 19. Copyright 1986 American 
Chemical Society.) 
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Figure 17. Al-NMR spectrum of hydrothermally dealuminated faujasite. 
(Reproduced with permission from ref. 62. Copyright 1987 The Royal Society 
of Chemistry.) 
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Figure 18. Evolution of high-resolution low-power 1 3 C-NMR spectra of 2-
13C-isopropanol adsorbed on K- and Cs-ZSM-5 zeolites. Reaction 
temperature: 200 °C, measuring temperature: 25 °C. (Reproduced with 
permission from ref. 68. Copyright 1985 Elsevier.) 
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of paraffins after 90 % conversion of isopropanol. A certain deactivation of the 
catalysts occurs, due to probable pore blocking by polymers and/or coke formation 
(68). On K-ZSM-5, olefins different from propylene are also detected (Figure 18). It 
is important to note that no diisopropylether has been detected on any of the 
catalysts. After 90-100 % conversion, the polymerized products are cracked at 
370°C. The strongly adsorbed species entrapped in the channels as a result of pore 
blocking are analyzed by high-resolution M A S solid state ^ C - N M R (Figure 19). 
The Cs-ZMS-5 shows the presence of propene, cis- and trans-2-butenes, and 
cis-2-pentene, together with some aromatic compounds (35 mol %) and butane (65 
%). The K-ZSM-5 only yields cis- and trans-2-butenes as olefins and toluene and 
ethylbenzene as aromatics (15 %), while the distribution of paraffinic compounds 
(85 %) is larger, including butane, isobutane, pentane and isopentane. These results 
emphasize the shape selective role of the alkali cations occluded into ZSM-5 
channels. 

Molecular traffic control (62), and other network tortuosity effects (22) have 
been postulated to affect th
investigate and further discus
ethylene (*CH2=*CH2) is studied on the H-form of three intermediate pore size (ca 
0.55 nm) pentasil-type catalysts : H-ZSM-5, H-ZSM-11 and H-ZSM-48. As the A l 
content (Si/Al = 30,28 and 21 respectively) and the particle size (ca 0.5 }j.m) of these 
catalysts are comparable and assuming that non-homogeneous A l distribution 
(clustering, zoning, etc.) effects are negligible or small, these catalysts thus differ 
only by their channel network tortuosities and intersection dimensions. Figure 20 
shows that the oligomerization product of ethylene at ambient temperature is 
characterized by three distinct N M R lines, corresponding to terminal methyl (8 = 
13.2 ppm), penultimate methylene (8 = 23.5 ppm) and inner methylene groups (8 = 
31.9 ppm), respectively (71). H-ZSM-5 and H-ZSM-11 behave analogously, as 
expected, both having interconnected channels of comparable size and length : the 
oligomer chains are composed of 36 and 38 carbons respectively. (Note that the 
methyl and methylene line intensities are semi-quantitatively comparable using cross 
polarization with 5.0 ms contact time and a recycle time of 4.0 s.) On the other 
hand, H-ZSM-48 yields shorter oligomers (chain length of 22 carbons) and shows 
the presence of a rather high amount of unreacted ethylene (Figure 20). These 
ethylene molecules correspond to species trapped between occluded oligomers, 
which have no access to active sites because of the one-dimensional nature of the 
ZSM-48 network. These results provide clear evidence for an augmentation in 
molecular traffic when the dimensionality of the zeolite channel network increases, 
and for the need to distinguish between aging resulting from either pore or site 
blockage (22). 

CONCLUSIONS 

High resolution M A S multinuclear N M R is a very valuable tool to 
characterize zeolitic catalysts in the as-synthesized form, to detect changes that occur 
during their pretreatment and subsequent modifications and to follow the conversion 
of adsorbed reactants. 

The HR ^^Si-NMR is able to resolve crystallographically different sites (e.g. 
highly siliceous ZSM-5) and helps the characterization of new type zeolites 
(ZSM-20) by comparing spectra with zeolites of known structures (Y zeolite). The 
A l distribution can be inferred from the 2 ^ S i - N M R spectra provided adequate 
models are elaborated. Finally, a large amount of SiOH defect groups are identified 
in highly siliceous ZSM-5 samples.The quantitative determination of either tetra-or 
octahedral A l in the zeolitic samples requires the use of small flip angles for the 2 7 A l 
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Figure 19. High-resolution MAS solid-state C-NMR spectra of the cracked 
products of the dehydration-polymerization products of 2-13C-isopropanol. 
(Reproduced with permission from ref. 68. Copyright 1985 Elsevier.) 
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Figure 20. CP 1 3 C-MAS-NMR spectra of oligomerized ethylene on H-ZSM-5, 
H-ZSM-11, and H-ZSM-48 zeolites. (Reproduced with permission from ref. 71. 
Copyright 1986 Elsevier.) 
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nuclei. The ^O-NMR, almost unexploited at present, gives encouraging results for 
the analysis of Si-O-Si and Si-O-Al bonds. 

The ^ L i - and ^Na-NMR spectra are quite sensitive on the degree of 
hydration and the nature of the counterions (either SiO" or (Al-O-Si)" groups). The 
1 3 C-NMR analysis yields valuable information on the molecules incorporated into 
the zeolitic cages or channels during the synthesis. These molecules may remain 
intact (e.g. tetrapropylammonium in ZSM-5 or hexamethonium in ZSM-50) or are 
partially decomposed (e.g. tetramethylammonium in ZSM-39 and hexamethonium in 
ZSM-48 in presence of ammonium ions). 

The combined used of ^ S i - and ^ A l - N M R leads to the determination of the 
silicon-aluminium ordering in mordenite. The Al atoms preferentially occupy 
tetrahedral positions in the four-membered rings of the structure. In addition, a 
mechanism of dealumination can be inferred, consisting in removing the Al atoms 
two by two from the four-membered rings. Four SiOH groups are generated per 
extracted Al atom in the beginnin
decreases to two, suggesting
for substantial dealumination. 

The presence of pentacoordinated Al atoms is suggested by ^ A l - N M R in 
steamed crystalline or amorphous silic(oalumin)ate samples. 

The conversion of reactants is illustrated by the dehydration-polymerization of 
2-isopropanol adsorbed on K- and Cs-ZSM-5 zeolites as followed by 1 3 C-NMR. 
On the other hand, the polymerization of ethylene shows a clear-cut difference 
between three-dimensional channel systems (ZSM-5 and ZSM-11) able to promote 
the molecular traffic of reactants and on one-dimensional channel systems (ZSM-48) 
where some unreacted ethylene is still detected after polymerization. 
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Chapter 2 

Analysis of Cation Position 
in Ion-Exchanged Y Zeolites 

by 23Na NMR 
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The results presente
in different catio
distinguished by their sodium-23 NMR chemical shift 
at high magnetic fields. As a result, sodium-23 NMR 
can be used to monitor the sodium cation distribution 
extant after partial cation exchange. To illustrate 
this technique, two cation exchanged series of hydra
ted Y zeolites, ammonium/sodium and calcium/sodium, 
have been studied by sodium-23 magic angle spinning 
NMR (MASNMR). Spectral simulations with symmetric 
lines were used to determine the chemical shift and 
relative strength of the constituent lines. These 
NMR lines were then correlated with the specific 
cation sites of Y zeolite in the supercages, sodalite 
cages, and hexagonal prisms using cation site locations 
and occupancies derived from XRD and IR studies. The 
sodium-23 MASNMR results are consistent with the 
selective removal of sodium cations from the Y zeolite 
supercages by the partial cation exchange, and demon
strate that this technique can be used to monitor how 
cation distributions in Y zeolites change with various 
sample treatments. 

High r e s o l u t i o n s o l i d s Nuclear Magnetic Resonance (NMR) techniques 
have been used extensively i n recent years to ch a r a c t e r i z e z e o l i t i c 
m a terials, by studying the z e o l i t e frameworks. By comparison, 
r e l a t i v e l y l i t t l e e f f o r t has been devoted to the study of cations 
i n z e o l i t e s using such NMR techniques. It i s the intent of t h i s 
paper to examine the scope of information which can be obtained 
v i a the a p p l i c a t i o n of high r e s o l u t i o n s o l i d s NMR techniques at 
high magnetic f i e l d s to the study of cations i n z e o l i t e s . S p e c i f i 
c a l l y , the use of sodium-23 magic angle spinning NMR (MASNMR) to 
probe the chemical s h i f t d i f f e r e n c e s of sodium cations i n the 
supercages, s o d a l i t e cages and hexagonal prisms of Y z e o l i t e w i l l 
be discussed. 

The l o c a t i o n of cations i n z e o l i t e s i s of considerable 
p r a c t i c a l importance since t h e i r l o c a t i o n s can a f f e c t , among others, 
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c a t i o n exchange e f f e c t i v e n e s s , and the sorption and d i f f u s i o n 
properties of organic molecules i n z e o l i t e s . The c a t i o n p o s i t i o n s 
i n z e o l i t e s have been probed i n the past using a number of d i f f e r e n t 
techniques. Perhaps the most widely applied i s that of x-ray 
d i f f r a c t i o n (XRD) (1-3). Most of the c a t i o n l o c a t i o n data i n the 
l i t e r a t u r e which are relevant to t h i s study have been generated by 
these XRD methods, i n c l u d i n g what i s known about the l o c a t i o n of 
sodium cations i n Y z e o l i t e . The work of Mortier et a l . (4) and 
others has shown that there are cations located i n the hexagonal 
prisms, i n the s o d a l i t e cages and in the supercages of the f a u j a s i t e 
s t r u c t u r e . The most s i g n i f i c a n t problem encountered i n using XRD 
for t h i s purpose i s that only the s t a t i o n a r y cations can be located. 
Since some of the cations i n z e o l i t e s are very mobile, e s p e c i a l l y 
in the presence of water, often fewer than 50% of the cations can be 
located for hydrated samples by XRD techniques. A higher percentage 
(nearly 100%) of the cations can often be located i f the sample i s 
dehydrated to reduce cati o
may i t s e l f a l t e r the d i s t r i b u t i o

IR methods have also been used to study cat i o n l o c a t i o n s i n 
z e o l i t e s . For example, the work of Roessner et a l . (5) follows the 
migration of calcium and rare earth cations to various s i t e s i n Y 
z e o l i t e . By looking at the d o u b l e - s i x - r i n g v i b r a t i o n band, he shows 
that the c a t i o n locations depend on the exchange procedure and 
thermal treatment of the samples. Only l i m i t e d information was 
obtained for the cations i n the supercage and the s o d a l i t e cage 
using IR, the same cations which x-ray techniques have the most 
d i f f i c u l t y l o c a t i n g . In contrast, as a technique to study cations 
i n z e o l i t e s , NMR has the advantage that the mobile cations are the 
most e a s i l y observed. Since the e f f e c t s of second-order quadrupolar 
i n t e r a c t i o n s are reduced at high magnetic f i e l d s , the use of a high 
f i e l d NMR spectrometer for t h i s study s i g n i f i c a n t l y enhances the 
s p e c t r a l r e s o l u t i o n that can be achieved and increases the percent
age of NMR observable sodium cati o n s . 

For our high r e s o l u t i o n s o l i d s NMR studies, two s e r i e s of 
samples were prepared i n which the locations of the remaining 
sodium ions were vari e d in a systematic manner. These s e r i e s were 
p a r t i a l l y exchanged Y z e o l i t e s with e i t h e r calcium or ammonium ions 
r e p l a c i n g some of the sodium ions. The exchange isotherms for Y 
z e o l i t e s , with framework S i / A l mole r a t i o s near 2.7, i n d i c a t e that 
for calcium and ammonium ions only about 70% of the sodium cations 
can be exchanged at ambient temperatures (6). Considering the 
r e l a t i v e populations of the exchange s i t e s i n the hexagonal prism 
( s i t e I ) , i n the s o d a l i t e cage ( s i t e I 1 ) and i n the supercage 
( s i t e II) as determined by XRD (1-4), these data i n d i c a t e that only 
the supercage s i t e s are i n i t i a l l y exchanged. Sherry has pointed 
out that t h i s l i m i t may be k i n e t i c , since he achieved 95% exchange 
of calcium for sodium i n a Y z e o l i t e by using an exhaustive 
exchange procedure (7). His r e s u l t s also i n d i c a t e that water 
s t r i p p i n g of cations can play an important r o l e i n e q u i l i b r a t i o n of 
c a t i o n l o c a t i o n s i n Y z e o l i t e s . Thermal treatments of p a r t i a l l y 
exchanged Y z e o l i t e s are also known to accelerate the r e d i s t r i b u t i o n 
of the cations among a l l of the exchange s i t e s (7). These data were 
used to help i n t e r p r e t the NMR data c o l l e c t e d i n t h i s study. 
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EXPERIMENTAL 

Sample D e s c r i p t i o n and Preparation. A l l of the samples discussed i n 
t h i s paper were prepared from a hig h l y c r y s t a l l i n e sample of LZY-52, 
a Na-Y z e o l i t e from Linde. Two s e r i e s of p a r t i a l l y exchanged 
samples were prepared. The same exchange procedure was used i n the 
preparation of a l l the samples of a given s e r i e s . Only the amount 
of calcium or ammonium s a l t added was v a r i e d . This procedure 
consisted of d i s s o l v i n g the calcium or ammonium s a l t i n 100 cc 
deionized water. The s o l u t i o n concentrations ranged from 0.03M to 
0.5M for calcium and 0.08M to 1.0M for ammonium s a l t s . The Na-Y 
z e o l i t e (10 g, v o l a t i l e - f r e e ) was s l u r r i e d i n the exchange s o l u t i o n 
for 72 hours at room temperature. The exchanged Y z e o l i t e was 
washed and the samples were dr i e d i n a forced a i r oven at 40°C 
overnight to remove the i n t e r p a r t i c u l a t e water. In the course of 
t h i s study we have observed that the exact d i s t r i b u t i o n of cations 
i n a Y z e o l i t e i s very
the handling procedures
generated from samples whose h i s t o r i e s are d i f f e r e n t or unknown 
must proceed with caution. 

A nine-sample s e r i e s of calcium exchanged Y z e o l i t e s and an 
eight-sample s e r i e s of ammonium exchanged Y z e o l i t e s were prepared. 
The chemical analyses obtained on these samples are given i n Table I 
along with the c a l c u l a t e d percent exchange. The percent exchange 
was c a l c u l a t e d as the percentage of ca t i o n s i t e s which are not 
occupied by sodium ions divided by the t o t a l number of catio n 
exchange s i t e s . The ammonium exchanged s e r i e s extended over the 
range of 0 to 56% s u b s t i t u t i o n for sodium while the calcium 
exchanged s e r i e s covered the range of 0 to 62% s u b s t i t u t i o n . 

The samples discussed i n t h i s paper were studied i n the 
hydrated state. A l l samples were e q u i l i b r a t e d at 50% r e l a t i v e 
humidity for 18 hours before the NMR data were obtained. This was 
done to produce samples with reproducible l e v e l s of hydration. The 
loss on i g n i t i o n (L0I) at 900°C of the e q u i l i b r a t e d samples was 
about 25%.. Portions of each preparation were dr i e d at 150°C, which 
reduced the L0I at 900°C to 2%. NMR spectra of these dehydrated 
samples were also obtained. The i n t e r p r e t a t i o n of the dehydrated 
sample spectra i s complicated by the presence of la r g e r quadrupolar 
i n t e r a c t i o n s and broader linewidths. Results on the dehydrated 
z e o l i t e s w i l l be discussed i n a l a t e r p u b l i c a t i o n . 

A c q u i s i t i o n , Processing and Simulation of Sodium-23 NMR 
Spectra. Sodium-23 MASNMR spectra were obtained on 6.3, 8.45 and 
11.7 Tesla multinuclear s o l i d s NMR spectrometers at Spectral Data 
Services and the U n i v e r s i t y of I l l i n o i s i n Champaign, I l l i n o i s . 
Sample spinning rates of 3 to 5 KHz were used i n most cases. A 
t y p i c a l spectrum was acquired using 1000 scans, a r e c y c l e time of 
0.5 sec. and an r f e x c i t a t i o n pulse width of 2.0 microsec. Since 
the sodium-23 nucleus has a quadrupolar moment, the pulse width was 
chosen to be less than 1/4 of a 90 degree pulse of sodium i n 
s o l u t i o n . The integrated i n t e n s i t y of the sodium NMR l i n e s i n the 
spectrum then c l o s e l y approximates the concentration of the sodium 
species g i v i n g r i s e to the NMR l i n e s . Spectra were t y p i c a l l y 
processed using a 25 Hz exponential broadening. 
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Table I 

CaCion Exchanged Samples of Y Z e o l i t e 

% Exchange % Na 20 7 oSi0 2 % A l ^ Molarity of 
Sample Type (of S i t e s ) (VF) (VF) (VF) Exchange 

Solution 

LZY-52 0 14. .02 61.17 20.67 ---

(Ca,Na)-Y 11 
(Ca,Na)-Y 21 
(Ca,Na)-Y 35 8. .20 0. .082 M 
(Ca,Na)-Y 45 6. .92 0. .123 M 
(Ca,Na)-Y 50 6. .32 0. .163 M 
(Ca,Na)-Y 52 5. .99 0. .245 M 
(Ca,Na)-Y 56 5, .51 0. .299 M 
(Ca,Na)-Y 58 5. .19 0. .367 M 
(Ca,Na)-Y 62 4. .81 0. .463 M 
(NH Na)-Y 9 11. .40 0. .080 M 
(NH ,Na)-Y 26 9. .32 0. .161 M 
(NHV,Na)-Y 
(NRV,Na)-Y 
(NHV ,Na)-Y 

32 8. .56 0. .241 M (NHV,Na)-Y 
(NRV,Na)-Y 
(NHV ,Na)-Y 

41 7. .37 0. .361 M 
(NHV,Na)-Y 
(NRV,Na)-Y 
(NHV ,Na)-Y 47 6. .59 0. .482 M 
(Nh\,Na)-Y 
(NHV,Na)-Y 

53 5. .95 0. .723 M (Nh\,Na)-Y 
(NHV,Na)-Y 55 5, .64 0. .883 M 
(NH^,Na)-Y 56 5. .48 1. .084 M 

RESULTS 

The sodium-23 MASNMR spectrum of a Na-Y z e o l i t e at 132 MHz (11.7 
Tesla) i s shown i n Figure l a . As discussed below, the features of 
th i s spectrum a r i s e from the presence of at least two separate NMR 
l i n e s . A simulation of t h i s spectrum, with symmetric l i n e s of 
mixed Gaussian/Lorentzian character, i s also shown i n Figure l a , 
along with the component l i n e s of the simulation. Such a spectrum 
i s d i f f i c u l t to simulate uniquely because of the overlap of the 
l i n e s and the errors introduced into the spectrum as a r e s u l t of 
sp e c t r a l phasing and baseline c o r r e c t i o n . 

To determine i f the features of the spectrum of Figure l a 
ind i c a t e the existence of two or more l i n e s , as simulated, or 
a r i s e from a si n g l e NMR l i n e with a lineshape due to second order 
quadrupole i n t e r a c t i o n s , sodium-23 MASNMR spectra of a Na-Y z e o l i t e 
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Figure l b . Comparison of sodium-23 MAS-NMR spectra of the same 
sample at 76 MHz (MAS =2.5 KHz), 96 MHz (MAS =4.1 KHz), and 
132 MHz (MAS =4.0 KHz). 
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were obtained at 76, 96 and 132 MHz under s i m i l a r conditions. 
Plotted on the ppm scale, s p e c t r a l features a r i s i n g from second order 
quadrupole i n t e r a c t i o n e f f e c t s would increase by a fa c t o r of 1 . 9 , for 
the 96 MHz spectrum and 3 . 4 , for the 76 MHz spectrum, when compared 
with the 132 MHz spectrum. Inspection of the spectra i n Figure lb 
indic a t e s that t h i s i s not occurring, e s t a b l i s h i n g that the s p e c t r a l 
features are associated with separate sodium-23 MASNMR l i n e s . This 
r e s u l t can be more c l e a r l y observed for the p a r t i a l l y exchanged, 
hydrated Y z e o l i t e s discussed below. 

The sodium-23 MASNMR spectra of the ser i e s of hydrated 
(NH^,Na)-Y z e o l i t e s obtained at 96 MHz, are presented i n Figure 2. 
The order of the spectra are for increasing ammonium concentration 
from top to bottom. Inspection of t h i s f i gure c l e a r l y shows that 
the peak near -2 to -3 ppm loses i n t e n s i t y r e l a t i v e to the peak near 
-7 ppm. At the highest exchange l e v e l s , there i s l i t t l e evidence of 
the l i n e near -2 to -3 ppm. This again demonstrates the existence 
of more than one l i n e i
of these spectra were reru
Figure 2 were obtained to determine i f the spectra were time 
dependent. S l i g h t changes were observed i n the r e l a t i v e l i n e 
i n t e n s i t i e s of the spectra of the samples which were most highly 
exchanged, suggesting both that a nonequilibrium state of the sodium 
cations gave r i s e to the o r i g i n a l spectra and that a subsequent 
e q u i l i b r a t i o n over long periods of time at room temperature caused 
the observed changes.) 

The e n t i r e s e r i e s of spectra shown i n Figure 2 have been 
simulated to determine the NMR properties of each l i n e (chemical 
s h i f t , linewidth and r e l a t i v e i n t e n s i t y ) . Various s p e c t r a l simula
tions with symmetric l i n e s were examined. Three l i n e simulations 
were found to give the best f i t s ; however, the simulations cannot 
be considered to be unique due to both the degree of overlap of the 
l i n e s and the possible presence of l i n e asymmetry due to quadrupolar 
i n t e r a c t i o n s . The simulations of these spectra have been performed 
i n the following manner. Since the r e s o l u t i o n of the two peaks i s 
highest for the 47% ammonium exchanged Y z e o l i t e , t h i s spectrum was 
simulated with three l i n e s , and shown i n Figure 3. The remaining 
spectra of the se r i e s were then simulated using the same three l i n e s , 
keeping the linewidth and the l i n e p o s i t i o n changes to the minimum 
required for a reasonable simulation. The Na-Y z e o l i t e was also 
simulated with the same set of l i n e s . The r e s u l t s of these simula
tions are discussed l a t e r i n t h i s paper. 

The sodium-23 MASNMR spectra of the ser i e s of hydrated 
(Ca,Na)-Y z e o l i t e s are presented i n Figure 4 , i n order of increasing 
calcium ion concentration from top to bottom. The s p e c t r a l changes 
observed i n the calcium exchanged s e r i e s , with i n c r e a s i n g calcium 
concentration, are very s i m i l a r to the changes observed i n the 
ammonium exchanged s e r i e s . The chemical s h i f t s of the two pronounced 
peaks are s l i g h t l y d i f f e r e n t , p o s s i b l y i n d i c a t i n g that there i s some 
i n t e r a c t i o n between the sodium ions and the respective calcium and 
ammonium ions. The peak near -2 ppm decreases i n i n t e n s i t y when 
compared to the peak near -6 ppm. Simulations of these spectra were 
performed i n a fashion s i m i l a r to that of the simulations of the 
spectra of the hydrated (NH,,Na)-Y z e o l i t e s e r i e s . 
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Figure 2. Sodium-23 MASNMR spectra of a ser i e s of hydrated, 
p a r t i a l l y ammonium exchanged Na-Y z e o l i t e s at 96 MHz. The l e v e l 
of ammonium exchange i s as in d i c a t e d . 
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SIMULATED SPECTRUM 
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Figure 3 . Spectral simulation of the hydrated 4 7 % ammonium 
exchanged Y z e o l i t e shown i n Figure 2 . 
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Figure 4. Sodium-23 MASNMR spectra of a seri e s of hydrated, 
p a r t i a l l y calcium exchanged Na-Y z e o l i t e s at 96 MHz. The l e v e l 
of calcium exchange i s as i n d i c a t e d . 
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DISCUSSION 

To understand the information on cati o n d i s t r i b u t i o n s contained i n 
the sodium-23 MASNMR spectra, requires a knowledge of the sodium-
ammonium and sodium-calcium cati o n populations r e s u l t i n g from the 
ca t i o n exchange process. This involves not only the e f f e c t s of the 
actual conditions of cati o n exchange but the e f f e c t s of the subse
quent hydration, drying or other treatments on the c a t i o n 
d i s t r i b u t i o n s . Considerable information on the i n i t i a l occupancy of 
the c a t i o n s i t e s i s a v a i l a b l e from the cati o n exchange isotherms of 
the materials as synthesized (6). About 68% of the cations i n a 
Na-Y z e o l i t e , having a S i / A l mole r a t i o of 2.7, are removed when the 
exchange i s performed at 25 to 50°C (10,11). Apparently the sodium 
cations i n the hexagonal prisms ( s i t e I) and i n the s o d a l i t e cages 
( s i t e s I 1 and I I 1 ) are not removed. The ammonium ions and the 
hig h l y hydrated calcium ions are too large to e a s i l y pass through 
the six-membered r i n g r e s t r i c t i n
and the hexagonal prisms
i n i t i a l l y removed only from the supercage s i t e s (Type II s i t e s ) . 
Only sodium cations should be found i n the Type I, I 1 and I I 1 s i t e s 
of (NH^,Na)-Y z e o l i t e u n t i l s u f f i c i e n t l y severe conditions are used 
to decompose the ammonium ca t i o n and convert the z e o l i t e to a 
(H,Na)-Y z e o l i t e . 

L i t e r a t u r e r e s u l t s i n d i c a t e that the s i t u a t i o n i n a (Ca,Na)-Y 
z e o l i t e i s considerably more complicated. Various XRD studies 
(4,12), and IR studies (5) i n d i c a t e that the calcium cations prefer 
to occupy s i t e s of higher coordination with increasing temperature. 
Sodalite cage s i t e I 1 and hexagonal prism s i t e I appear to be 
preferred r e l a t i v e to the supercage s i t e II for calcium cations (5). 
The work of Sherry (8) i n d i c a t e s that water s t r i p p i n g of the hydrated 
calcium ions plays an important r o l e i n c o n t r o l l i n g the rate at which 
calcium ions can penetrate the s o d a l i t e cage and then the hexagonal 
prism. In dehydrated Y z e o l i t e s , the "bare" calcium ion can 
penetrate to the Type I s i t e s , which are favored. Sherry (7) 
demonstrated that sodium i n the s o d a l i t e and hexagonal prisms can be 
removed by exchanging out 96% of the sodium ions i n a Y z e o l i t e with 
28 exchanges of 24 hours each at 100°C. This supports the idea that 
slow d i f f u s i o n of calcium ions into the s o d a l i t e and hexagonal cages 
does occur. C l e a r l y , the sodium d i s t r i b u t i o n for (Ca,Na)-Y z e o l i t e s 
can be expected to depend on the degree of hydration, the time since 
the exchange, and previous thermal treatments. As a r e s u l t the 
samples used i n t h i s study were handled at low temperatures to reduce 
the thermal r e d i s t r i b u t i o n of the cations. A l l the samples were 
prepared simultaneously and the NMR data were c o l l e c t e d as qui c k l y 
as possible to r e t a i n the i n i t i a l c a t i o n d i s t r i b u t i o n s . 

Various types of NMR experiments have previously been performed 
on the cations of Y z e o l i t e s . The work of Basler (9) on hydrated 
Y z e o l i t e s i s p a r t i c u l a r l y relevant. Performing s t a t i c sodium-23 
NMR measurements at 16 MHz, he observed a s i n g l e NMR l i n e which 
disappeared as he exchanged i n increasing amounts of calcium. He 
concluded that sodium i n the supercage was being p r e f e r e n t i a l l y 
removed, and that sodium i n the Type I and I 1 s i t e s was unobservable 
at such a low frequency, due to quadrupolar i n t e r a c t i o n s . In order 
to use the sodium-23 NMR spectra of Figures 2 and 4 to determine how 
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the d i s t r i b u t i o n of sodium i s changing as a r e s u l t of the cation 
exchange process the sodium concentrations measured from the NMR 
spectra must be ca l c u l a t e d from the s p e c t r a l i n t e n s i t i e s . When the 
sodium NMR s p e c t r a l i n t e n s i t y i s integrated, the t o t a l s p e c t r a l 
i n t e n s i t y (adjusted for sample weight) of each sample can be 
compared and p l o t t e d . This comparison i s shown i n Figure 5 for both 
the calcium and ammonium exchanged s e r i e s . For each s e r i e s the 
decrease i n the integrated s i g n a l i n t e n s i t y with decreasing sodium 
concentration i s nearly l i n e a r and i n good agreement with the 
chemically determined sodium l o s s . This l i n e a r decrease of the 
integrated i n t e n s i t y of the Na NMR s i g n a l with Na loss i n d i c a t e s 
that a l l Na species are c o n t r i b u t i n g to the NMR s i g n a l . Using these 
absolute s p e c t r a l i n t e n s i t y data, the r e l a t i v e i n t e n s i t y of the NMR 
li n e s can be p l o t t e d , normalized to the sodium content of the Na-Y 
z e o l i t e . These r e s u l t s are displayed i n Figure 6 for the ammonium 
ser i e s and i n Figure 7 for the calcium s e r i e s . These figures then 
provide the appropriat
l i t e r a t u r e r e s u l t s of
general features of these two pl o t s are roughly the same. The -2 
to -3 ppm l i n e decreases to near zero i n t e n s i t y as the sodium i s 
removed, and the -6 or -7 ppm l i n e shows a more gradual decrease. 
The low i n t e n s i t y l i n e i s roughly constant. 

Assignment of the NMR l i n e s to s p e c i f i c c a t i o n s i t e s depends 
c r i t i c a l l y on two XRD r e s u l t s (3). The f i r s t i s that XRD ind i c a t e s 
cations i n a Y z e o l i t e reside only i n the Type I, I' and II s i t e s . 
The second i s that XRD determined occupations of the Type I s i t e s 
i n d i c a t e that the percentage of the sodium cations i n these s i t e s i s 
small, of the order of 15% or l e s s , while the occupations of the 
Type I 1 and Type II s i t e s are always s u b s t a n t i a l l y higher. With 
these r e s u l t s the following assignment of NMR l i n e s of s p e c i f i c 
c a t i o n s i t e s i s believed to be warranted. The l i n e near -2 ppm i s 
apparently associated with sodium cations i n the supercages. These 
cations are completely exchangeable. These hydrated sodium complexes 
are probably mobile but may also be associated with Type II s i t e s . 
The l i n e near -6 or -7 ppm i s believed to be associated with sodium 
cations i n the Type I' s i t e s i n the s o d a l i t e cages. These cations 
appear to be less r e a d i l y exchanged than those i n the supercages. 
The broader, less intense, l i n e near -13 ppm i s presumably associated 
with a small number of sodium cations i n the Type I s i t e s of the 
hexagonal cages, as well as any r e s i d u a l sodium r e s i d i n g i n the 
z e o l i t e but not associated with an exchange s i t e . 

SUMMARY 

Two c a t i o n exchanged s e r i e s of hydrated Y z e o l i t e s , ammonium/sodium 
and calcium/sodium, have been studied by sodium-23 MASNMR methods. 
The d i f f e r e n c e s i n chemical s h i f t of the l i n e s were c o r r e l a t e d with 
the c a t i o n l o c a t i o n s i n Y z e o l i t e using previously published XRD and 
IR data. As a r e s u l t , the simulations and various i n t e n s i t y p l o t s 
discussed i n t h i s report provide an analys i s of the d i s t r i b u t i o n of 
the sodium cations among the various Y z e o l i t e cages, and a method 
of monitoring how these d i s t r i b u t i o n s change as a r e s u l t of z e o l i t e 
hydration and other treatments. The r e s u l t s presented here strongly 
i n d i c a t e that sodium-23 MASNMR can be used as an a n a l y t i c a l t o o l 
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Figure 5 . T o t a l integrated NMR l i n e i n t e n s i t y of the hydrated, 
p a r t i a l l y calcium and ammonium exchanged Na-Y z e o l i t e s versus 
the percent of ca t i o n exchange. 
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Figure 6 . Integrated NMR l i n e i n t e n s i t i e s of the component NMR 
l i n e s of the hydrated, p a r t i a l l y ammonium exchanged Na-Y z e o l i t e 
s e r i e s normalized by the t o t a l integrated NMR l i n e i n t e n s i t i e s 
given i n Figure 5 . 
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Figure 7. Integrated NMR l i n e i n t e n s i t i e s of the component NMR 
l i n e s of the hydrated, p a r t i a l l y calcium exchanged Na-Y z e o l i t e 
s e r i e s normalized by the t o t a l integrated NMR l i n e i n t e n s i t i e s 
given i n Figure 5. 
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capable of providing cation distribution information not available 
by other techniques such as XRD or IR. Sodium-23 MASNMR spectra 
have also been obtained on these samples in the dehydrated state. 
The information on cation distributions available on the dehydrated 
Y zeolites will be presented in a subsequent publication. 
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Chapter 3 

29Si and 27Al Magic-Angle Spinning-NMR 
Spectroscopic Study of Rare-Earth-Exchanged 

Y Zeolites 

P. S. Iyer, J . Scherzer, and Z. C. Mester 

Science and Technology Division, Unocal Corporation, P.O. Box 76, 
Brea, CA 92621 

Lanthanum (La)  cerium (Ce)  praseodymium (Pr) and 
neodymium (Nd) exchange
rare earth content
-cerium exchanged zeolites, have been prepared and 
characterized. 29Si and 27Al MASNMR spectra, 
surface area, crystallinity and unit cell size data 
were obtained for fresh and steamed zeolites. The 
stability of these zeolites toward steam has been 
investigated. An increase in lanthanum content 
from about 14 wt% La2O3 to over 20 wt% enhances the 
stability of the LaY zeolite towards dealumination 
by steam. A similar effect was observed for NdY 
and PrY zeolites. The resolution loss of 29Si-NMR 
signals observed for paramagnetic ions (Nd3+, Pr3+, 
Ce3+) and higher-valency ions (Ce4+) is discussed. 
Upon steaming zeolites containing lanthanum-cerium 
mixtures, dealumination increases and stability 
decreases with increased cerium content of the 
zeolite. The differences in observed stability are 
discussed. XPS data show that steaming induces the 
migration of both aluminum and rare earths to the 
surface of the zeolite crystals. 

Rare earth (RE) exchanged Y z e o l i t e s are of cons iderab le i n t e r e s t 
due to t h e i r high c a t a l y t i c a c t i v i t y f o r many react ions (1 -4 ) . 
Such z e o l i t e s are the major component of many modern hydrocarbon 
crack ing c a t a l y s t s (5 ,6) . The s t r u c t u r a l c h a r a c t e r i s t i c s of these 
z e o l i t e s have been ex tens i ve l y i n ve s t i g a ted . The c a t i o n i c d i s 
t r i b u t i o n in rare earth exchanged, natura l f a u j a s i t e , as wel l as 
in LaY, LaX and CeX z e o l i t e s , has been i nves t i ga ted by x-ray 
c ry s ta l l o g raphy (7-10). The s t r u c t u r a l c h a r a c t e r i s t i c s of f re sh 
and hydrothermal ly t rea ted rare earth Y z e o l i t e s have in f a c t been 
descr ibed in numerous papers (3,10-31). Using a v a r i e t y of 
phys ica l methods ( e . g . , x - ray d i f f r a c t i o n , i n f r a r e d and NMR 
spect roscopy) , i t was shown that hydrothermal treatment of rare 
earth Y z e o l i t e s r e s u l t s in framework dealuminat ion. In a recent 
p u b l i c a t i o n (27), i t was shown that steaming of REY z e o l i t e s not 
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3. IYER ET AL. Rare-Earth-Ezchanged Y Zeolites 49 

only r e s u l t s in framework dealumination but i s accompanied by 
aluminum migrat ion towards the z e o l i t e p a r t i c l e su r face . 
Co r re l a t i on s between s t r u c t u r a l c h a r a c t e r i s t i c s ( i n c l ud ing extra 
framework aluminum) and c a t a l y t i c p roper t ie s of rare earth Y 
z e o l i t e s have been d iscussed more recen t l y by Corma et a l . (29) 
and Lemos et a l . (30). 

In t h e i r use as c a t a l y s t components, rare earth Y z e o l i t e s 
are f reauent l y prepared by ion exchange with commercial rare earth 
s a l t s o l u t i o n s . Such commercial s a l t s are mixtures of d i f f e r e n t 
rare ea r th s , in which the major components are lanthanum, cer ium, 
praseodymium and neodymium (5J . These rare earth elements t he re 
fore play a major r o l e in determining the phys ico-chemical charac 
t e r i s t i c s and s t a b i l i t y of Y z e o l i t e s that are used in many 
commercial c a t a l y s t s . 

Most of the publ i shed s t r u c t u r a l s tud ies were done e i t h e r on 
lanthanum or mixed rare earth exchanged Y z e o l i t e s . Few s tud ies 
can be found on the e f f e c
s t r u c t u r a l c h a r a c t e r i s t i c

In t h i s paper, Si and Al MASNMR spectroscopy i s used in 
conjunct ion with c r y s t a l l i n i t y , sur face area and un i t c e l l s i z e 
measurements to study i n d i v i d u a l rare earth exchanged Y z e o l i t e s 
in order to determine the e f f e c t of i n d i v i d u a l rare earths cat ions 
on t h e i r s t ruc tu re and s t a b i l i t y . These methods are used to 
f u r t h e r probe rare earth induced s t r u c t u r a l changes that occur 
during hydrothermal treatment of the z e o l i t e s . The s tud ies were 
extended to a l so e s t a b l i s h the e f f e c t of d i f f e r e n t lanthanum-
cerium mixtures on z e o l i t e s t a b i l i t y . The data presented and 
d iscussed are f o r lanthanum, cer ium, praseodymium and neodymium 
exchanged Y z e o l i t e s , as wel l as f o r z e o l i t e s exchanged with 
d i f f e r e n t lanthanum-cerium mixtures. 

Experimental 

M a t e r i a l s . The rare earth exchanged Y z e o l i t e s were prepared from 
commercial NaY z e o l i t e (LZ-Y-52 from Union Carbide Co.) and 
i n d i v i d u a l rare earth ch l o r i de s (99.9% pure, from A l f a Products ) . 
The NaY z e o l i t e had a SiO^/AlpO- mole r a t i o of 4.93 and a un i t 
c e l l composit ion of (Na 2 i ) ) 2 7 5 \ A 1 0 2 ) 5 K ( S i 0 o ) - i 3 7 . Port ions of 
water washed NaY z e o l i t e were exchanged t w i c e S n t n the correspond
ing rare earth c h l o r i d e s o l u t i o n , according to a procedure de
sc r ibed in the l i t e r a t u r e (1_0). The p a r t i a l l y rare earth ex
changed z e o l i t e s (RE,NaY) were c a l c i n e d at 540°C f o r two hours in 
a i r . The c a l c i n e d mater ia l was ammonium exchanged to f u r t h e r 
reduce the sodium content of the z e o l i t e . The f i n a l product was a 
rare e a r t h , ammonium Y z e o l i t e (RE,NH*Y) and contained between 14 
and 15 wt% rare earth ox ide. Part of t h i s mater ia l was f u r t h e r 
rare earth-exchanged, r e s u l t i n g in a h i gh - rare earth Y z e o l i t e 
(Hi-REY). 

In the case of cerium exchanged z e o l i t e s , the i o n i c exchanges 
were c a r r i e d out under n i t r o gen , in order to avoid the ox ida t ion 
of cerium (I I I) i ons . Part of the cerium (I I I) exchanged z e o l i t e 
was c a l c i n e d under oxygen f o r 6 hours at 540°C in order to convert 
cerium (I I I) to cerium (IV) ions . Lanthanum-cerium exchanged 
z e o l i t e s were prepared with the fo l l ow ing composi t ion: 75% La , 25% 
Ce; 50% La , 50% Ce; and 25% L a , 75% Ce. 
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To e s t a b l i s h the e f f e c t of hydrothermal treatment upon the 
rare earth exchanged z e o l i t e s , por t ions of these z e o l i t e s were 
steamed at d i f f e r e n t temperatures under 100% steam, and charac 
t e r i z e d by d i f f e r e n t phys ica l methods. 

29 27 
Si and Al NMR Spectroscopy: Instrumentation and Measurements. 

29 
Si MASNMR spectra were obtained on an IBM AF270 NMR spectrometer 

at a frequency of 53.7 MHz. Samples were spun in 7mm alumina 
rotors at speeds between 2.5 and 3.5 KHz. Chemical s h i f t s were 
referenced to externa l TMS set to 0.0 ppm by sample exchange, 
using a s u i t a b l e secondary standard. For each spectrum, 2K data 
points were d i g i t i z e d during a 51 msec data a c q u i s i t i o n . The data 
were zero f i l l e d to 4K and apod izat ion equ iva lent to 20 to 50 Hz 
of l i n e broadening was app l i ed p r i o r to Four ie r t rans format ion. 
T y p i c a l l y , 200 to 2000  needed  produc  s u i t a b l
s igna l to noise> 7 levels

70.4 mHz Al MASNM
instrument. Typ i ca l scan cond i t ions invo lved 18° (1 ysec) pulse 
with a recyc le delay of 0.2 sees. 2K data points were acquired 
over 31 msec a c q u i s i t i o n time (corresponding to a sweep width of 
33.3 kHz). The data were zero f i l l e d to 4K and 50 Hz l i n e 
broadening app l ied before Four ie r t rans format ion . Samples were 
spun in 7 mm z i r c o n i a rotors f i t t e d with vespel end caps, at 3.0 
to 3.5 kHz^ Chemical s h i f t s reported are referenced to externa l 
aqueous Al (H^0) 6 ( set to 0.0 ppm). 27 

A 18° f n ' p angle was employed to make the Al v $ i 9 n j A 
i n t e n s i t i e s as q u a n t i t a t i v e as p o s s i b l e . In c a l c u l a t i n g Al /A l 
r a t i o s , i t was assumed that the sp inning sidebands (SSB) were of 
equal i n t e n s i t i e s , as observed in the f resh z e o l i t e samples. 

Other Measurements. The x-ray d i f f r a c t i o n patterns were recorded 
and un i t c e l l sTzes measured on a Siemens D-500 d i f f r a c t o m e t e r . 
The XPS data were obtained on a Escalab Mark V instrument, made by 
V.G. 

Results and D i scuss ion 

The chemical composit ion and se lec ted p roper t ie s of the mater ia l s 
prepared are l i s t e d in Table 1. The rare earth (RE) content of 
RE,NH.Y z e o l i t e s shows that about 2/3 of the exchange s i t e s are 
occupied by rare earth ions . The rare earth content of Hi-REY 
z e o l i t e s shows that over 75% of s i t e s are occupied by rare earth 
ions . In some of the Hi-REY samples where rare ear th + exchange^ 
were c a r r i e d out a f t e r c a l c i n a t i o n , the sum of RE and Na 
equ iva lents i s h igher than that requ i red to compensate the 
framework charge. Jfiis i s du£ to formation of lower-va lency 
hydroxy l - ions [RE0H , RE(0H) z ] dur ing c a l c i n a t i o n . Steaming 
r e s u l t s in greater un i t c e l l s i ze shr ink ing f o r RE,NH4Y than f o r 
Hi-REY. A s i g n i f i c a n t lo s s of c r y s t a l l i n i t y occurs during 
steaming of RE,NaY z e o l i t e s , due to t h e i r r e l a t i v e l y high sodium 
content. 
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TABLE I. COMPOSITION AND SELECTED PROPERTIES 
OF RARE EARTH EXCHANGED Y ZEOLITES 

STEAMED REY 4788°C/5h) 
REY Type R E ^ , wt% Na,,0, wt% % Cryst, (e[ SA, nT/g U.C, A (e) 

La, NaY 
La,NH.Y 
Hi-LaY 

La,Ce,NaY ( 3 : l ) ( b ) 

La,Ce,NH.Y (3:1) 
Hi-La,CeY (3:1) 

La,Ce,NaY (1:1) 
La,Ce,NH.Y (1:1) 
Hi-La,CeY (1:1) 

La,Ce,NaY (1:3) 
La,Ce,NH.Y (1:3) 
Hi-La,CeY (1:3) 

Ce,NaY 
Ce,NH,Y 
Hi-CeY 

Pr,NaY 
Pr,NH.Y 
Hi-PrY 

Nd,NaY 
Nd,NH.Y 
Hi-NdY 

(a) The fresh, non-steamed materials had a surface area between 750 and 850 m /g, 
and a unit c e l l size between 24.68 and 24.72A. 

(b) The numbers in parantheses indicate the approximate La/Ce r a t i o in the z e o l i t e . 
(c) The f i r s t number represents wt% L a ? 0 3 , while the second one represents wt% CeO«. 
(d) In the case of cerium exchanged z e o l i t e s , the rare earth content i s expressed as 

weight percent Ce0 2. 
(e) C r y s t a l l i n i t y and Dnit c e l l sizes were measured according to ASTM 3906 and 3942, 

respectively. 

14.3 3.9 73 630 24.64 
14.5 0.3 73 680 24.58 
25.4 

11.7/3.8
103/3.5 0.6 69 660 24.54 
16.5/5.4 0.4 54 550 24.63 

7.7/8.4 4.2 0 260 24.58 
6.7/7.1 0.3 59 645 24.46 
10.5/13.6 0.6 36 430 24.61 

3.9/12.2 4.0 0 180 24.59 
3.5/10.9 0.6 56 600 24.43 
5.3/16.6 0.6 21 280 24.59 

1 4 . 2 ^ 4.1 <5 40 
15.9 0.2 48 570 24.37 
22.8 0.4 24 230 24.57 

14.8 2.9 64 600 24.61 
14.2 0.2 69 650 24.58 
19.1 0.4 70 690 24.68 

16.2 4.2 64 625 24.60 
15.3 0.3 70 690 24.56 
19.2 0.3 71 700 24.69 
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The Si NMR spectra of Y z e o l i t e s can e x h i b i t up to f i v e 
d i s t i n c t s i g n a l s , which can be assigned to the f i v e pos s ib le types 
of SiCL tetrahedra with d i f f e r e n t numbers of Al0^ tetrahedra 
connected to them (32). The s i gna l s marked S i ( n A l ) , (n = 0 -4 ) , 
correspond to S i 0 a tet rahedra connected to n A l 0 - te t rahedra . 
From the chemical s h i f t s and corresponding s ignal i n t e n s i t i e s , a 
q u a n t i t a t i v e d i s t r i b u t i o n of the f i v e S i ( r A l ) groupings i s 
obtained that al lows determinat ion of the S i / A l r a t i o in the 
z e o l i t e framework. 

The Al NMR s p e c t r a , on the other hand, e x h i b i t s i gna l s that 
d i s t i n g u i s h the presence of te t rahedra l and octahedral aluminum 
spec ie s . S ince the te t rahedra l aluminum s igna l (^50 ppm) i s 
generated by framework aluminum, and the octahedral aluminum 
s igna l (^0 ppm) i s generated by non-framework aluminum spec i e s , 
the presence of such s i gna l s and t h e i r i n t e n s i t y can be used to 
i nve s t i g a te the dealumination process of the z e o l i t e

2 5 
LaY Z e o l i t e s . The S  spectr
shown in Figure 1A. The spectrum of f resh La , NaY shows s i gna l s 
at - 89 , -95 , -101 and -106 ppm, corresponding to S i ( 3 A l ) , S i ( 2 A l ) , 
S i ( l A l ) and S i (OAl ) groups, r e s p e c t i v e l y , with the s trongest 
s i gna l s given by S i ( l A l ) and Si(ZA1) s t r u c t u r a l u n i t s . The 
spectrum i s s i m i l a r to that of NaY z e o l i t e . 

The spectrum of f resh La,NH-Y z e o l i t e a l so resemble that of 
La , NaY, except f o r evidence of dealumination and some loss in 
r e s o l u t i o n . Such a loss in r e s o l u t i o n can be caused by c a t i o n i c 
migrat ion and as soc ia ted framework d i s t o r t i o n s during the thermal 
treatment p r i o r to ammonium exchange (K) ) , as well as by a p a r t i a l 
loss in c r y s t a l l i n i t y (33.). The e f f e c t of stoyrt-range d i so rder 
caused by bond length and angle d i s t o r t i o n s on Si NMR resonances 
has been reported p rev ious l y in the l i t e r a t u r e (24,34,35,36). The 
spectrum of dry Hi-LaY z e o l i t e shows good r e s o l u t i o n , s i m i l a r to 
the spectrum of La , NaY. 

Upon steaming, La,NH,Y z e o l i t e shows a dramatic change in the 
d i s t r i b u t i o n of s t r u c t u r a l groups in the framework. The 
predominant group observed a r i s e s from S i (OAl ) un i t s at -109.6 
ppm. The S i ( l A l ) and S i (2A l ) groups observed at -102.8 and -96.6 
ppm, r e s p e c t i v e l y , appear with d iminished i n t e n s i t i e s , c l e a r l y 
r e f l e c t i n g the advanced degree of dealumination (F igure l A , c ) . An 
ana ly s i s of the spectrum shows a framework S i / A l r a t i o of 5.9, 
compared to 2.5 in the i n i t i a l z e o l i t e . 

The spectrum of steamed Hi-LaY z e o l i t e a l so shows framework 
dea luminat ion, but to a l e s s e r extent than steamed La,NH,Y (F igure 
l A , e ) . Besides a strong s igna l at -110.3 ppm corresponding to 
S i (OAl ) groups, f a i r l y strong s i gna l s are a l so seen at -104.8 and 
-99.7 ppm, corresponding to S i ( l A l ) and S i (2A l ) s t r u c t u r a l u n i t s , 
r e s p e c t i v e l y . The framework S i / A l r a t i o c a l c u l a t e d f o r steamed 
La,NH.Y i s d i s t i n c t l y higher than that of steamed Hi-LaY: 5.9 vs 
3.6. The greater dealumination of steamed La,NH,Y i s a l so ev ident 
in the lower un i t c e l l s i z e : 24.58A f o r steamed La,NH 4Y vs 24.70A 
f o r steamed Hi -LaY. These conc lus ions are in agreement with 
s t r u c t u r a l and i n f r a r e d data reported in the l i t e r a t u r e (10). 
Roelofsen et a l . {26) have found that at rare earth l e v e l s below 
15% RE ? 0~, the degree of dealumination induced by steam i s not 
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Figure 1: Si NMR spectra of LaY and NdY z e o l i t e s . 

A: (a) La,NaY, f r e s h ; (b) La,NrLY, f r e s h ; 
(c) La,NhLY, steamed; (d) H i -LaY, f r e s h ; 
(e) H i -LaY, steamed. 

B: (a) Nd,NaY,fresh; (b) Nd,NaY, c a l c i n e d ; 
(c) Nd,NH,Y f f r e s h ; (d) Nd,NH.Y, steamed; 
(e) Hi-NdY, f r e s h ; ( f ) Hi-NdY, steamed. 
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a f f e c t e d by the rare earth content. Our data show that higher 
rare earth l e v e l s indeed have a strong impact upon the degree of 
dealuminat ion. 

The lower degree of dealumination observed in steamed Hi-LaY 
z e o l i t e can be r e l a ted to the s tronger e l e c t r o s t a t i c f i e l d 
generated by the large number of lanthanum ions and the lower 
proton concentrat ion in Hi -LaY. The strong e l e c t r o s t a t i c f i e l d 
opposes the formation of c a t i o n i c oxy- or hydroxy-aluminum species 
and thus reduces framework dea luminat ion, whi le the lower proton 
concentrat ion reduces the p r o b a b i l i t y of S i -O -A l bond c leavage. 
The large number of rare earth ions in the Hi-LaY z e o l i t e a l so 
oppose un i t c e l l sh r ink ing that accompanies framework 
dealuminat ion. 

The higher thermal s t a b i l i t y of LaY z e o l i t e s has been 
a t t r i b u t e d to the presence of lanthanum ions in the s o d a l i t e cages 
( l oca ted at SI* s i t e s ) and bridged by one or more extra-framework 
hydroxyl groups (3,7,25,31)
groups are converted t
in the s o d a l i t e cage i s a l so coordinated to three l a t t i c e oxygen 
atoms of the 6-membered r ing that connects the s o d a l i t e cage to 
the hexagonal pr ism. It i s be l i eved that such a con f i gu ra t i on i s 
respons ib le f o r the high thermal s t a b i l i t y of LaY z e o l i t e s . 

29 
NdY Z e o l i t e s . The Si NMR spectrum of Nri,NaY shows two s i gna l s 
at ^-94 and -99 ppm (Figure IB,a) , f l anked by weak sp inning s ide 
bands (SSBs) spaced approximately 3.2 kHz apar t . Upon 
c a l c i n a t i o n , these s i gna l s not only broaden cons iderab ly but a l so 
d i sp l ay pronounced broad SSBs. Th i s observat ion i s a t t r i b u t e d to 
i n t e r a c t i o n s between the s i l i c o n atoms 2$nd the paramagnetic metal 
i on . Inspect ion of the corresponding Al NMR spectra (F igure 2) 
ru le s out any major dealumination or s t ruc tu re c o l l a p s e . Only a 
sma^J ampjjnt of dealumination i s seen to r e s u l t from c a l c i n a t i o n 
(Al /A l 0.17). The stronger i n t e r a c t i o n between s i l i c o n 
atoms and metal ions can be a t t r i b u t e d to the removal, during 
c a l c i n a t i o n , o f the water molecules a s soc ia ted with metal i ons , 
r e s u l t i n g in a decrease in the e f f e c t i v e c a t i o n i c r ad iu s . 
Furthermore, the decrease in c a t i o n i c radius a l so f a c i l i t a t e s the 
migrat ion of neodymium ions from the supercages in to the smal ler 
s o d a l i t e cages (and pos s ib l y hexagonal prisms) through the 
6-membered r ings (d ^ 2.2A). Such an i o n i c migrat ion due to 
thermal treatment has been confirmed f o r lanthanum Y z e o l i t e s 
(3,10,31). 

It i s i n t e r e s t i n g to note that whi le aqueous ammonium ion 
exchange of the c a l c i n e d Nd,NaY z e o l i t e r e s u l t s in the removal of 
£J-je non-framework aluminum, as seen in the Al NMR spectrum, the 

Si NMR spectrum remains p r a c t i c a l l y unchanged (F igure l B , c ) . 
The per s i s tence of the broad resonance and as soc ia ted SSB suggests 
that the paramagnetic ca t ion i s i r r e v e r s i b l y trapped in the 
smal ler cages. 

Upon steaming, a cons-uterable amount of dealumination occur s , 
|§ evidenced by the broad Al s igna l at ^0 ppm (F igure 2d). The 

Si peak observed at ^109 ppm, corresponding to s i l i c o n atoms 
with no immediate aluminum neighbors a l so corroborates t h i s . The 
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s igna l i s f a i r l y sharp s ince these centers do not i n t e r a c t c l o s e l y 
with the neodymium cat ions in the absence of aluminum atoms. 

S i m i l a r to LaY z e o l i t e s , the steamed Hi-NdY z e o l i t e s show 
less dealumination than steamed Nd,NH-Y as seen from the NMR 
spectra and un i t c e l l s i ze data (Table F). 

29 
PrY Z e o l i t e s . The Si NMR spectrum of f resh Pr,NaY z e o l i t e shows 
s i gna l s a t 2 ^ 8 8 . 4 , -93 .8 , -99.9 and -106.9 ppm (F igure 3A). The 

Si and Al spectra of f re sh and steamed PrY z e o l i t e s are 
s i m i l a r to those obtained f o r the corresponding NdY z e o l i t e s . 
Not iceab ly absent are SSBs in the spectra of PrY z e o l i t e s . 

29 
CeY Z e o l i t e s . The Si-NMR spectra of d i f f e r e n t CeY z e o l i t e s are 
"shown TTi F igure 3B. The spectra of a l l CeY z e o l i t e s show 
cons iderab le l i n e broadening. Such severe l i n e broadening has 
a l so been observed by Roelofse
LaY, steamed Ce,NH,Y show
Hi-CeY z e o l i t e . The d i f f e r e n c  degre
a l so r e f l e c t e d in the corresponding un i t c e l l s i z e s : 24.37A f o r 
steamed Ce,NH,Y vs 24.57A f o r steamed Hi-CeY. Steaming of 
p a r t i a l l y ox id i zed CeY z e o l i t e with about 1/3 of t o t a l cerium as 
cerium (IV) a l so shows dealumination and peak broadening. 

A comparison of the spectra of steamed La,NH.Y and Ce,NH,Y 
suggests cons iderab ly s tronger dealumination in the l a t t e r 
m a t e r i a l , in s p i t e of the poor q u a l i t y of spectra obtained with 
cerium conta in ing z e o l i t e s . The lower un i t c e l l s i ze of steamed 
CeNH-Y with the same rare earth content supports t h i s conc lu s i on . 
The Strong s ignal at -110 ppm in the spectrum of steamed Hi-CeY i s 
i n d i c a t i v e of the presence of amorphous s i l i c a , r e s u l t i n g from 
p a r t i a l s t r u c t u r a l co l l ap se (33). 

A s t ruc tu re s i m i l a r to that of LaY z e o l i t e s has been 
suggested f o r CeY z e o l i t e s (3 ,7) . However, s t r u c t u r a l x-ray 
s tud ies of CeX z e o l i t e s have shown (9) that the presence of 
t r i v a l e n t and e s p e c i a l l y t e t r ava len t " ' cerium r e s u l t s in a 
cons iderab le d i s t o r t i o n of the 6-membered r i n g . Such a d i s t o r t i o n 
could exp la in the lower hydrothermal s t a b i l i t y and stronger 
dealumination of CeY z e o l i t e s vs LaY z e o l i t e s . Indeed, the loss 
in c r y s t a l l i n i t y and sur face area observed f o r steamed CeY 
z e o l i t e s as compared to corresponding LaY z e o l i t e s (Table I) i s 
i n d i c a t i v e of s i g n i f i c a n t s t r u c t u r a l c o l l a p s e . Furthermore, the 
paramagnetism of t r i v a l e n t cerium ions and the l o ca l framework 
d i s t o r t i o n s , caused p r i m a r i l y by t e t r a v a l e n t cerium ions , w i l l 
r e s u l t in a d e t e r i o r a t i o n of spec t ra l r e s o l u t i o n . 

29 
La,CeY Z e o l i t e s . Si MASNMR spectra f o r a se r i e s of f resh and 
steamed z e o l i t e s at d i f f e r e n t La-Ce r a t i o s are presented in Figure 
4. For f resh RE,NH-Y, two c l e a r l y reso lved peaks appeared around 
97 ppm and 103 ppm. These chemical s h i f t s can be assigned to 
S i (2A l ) and S i ( l A l ) environments. The S i (2A l ) s igna l decreases in 
i n t e n s i t y as the cerium content of the z e o l i t e inc reases . Th i s i s 
most l i k e l y due to increased i n t e r a c t i o n s between the paramagnetic 
cerium ions and high-aluminum conta in ing s t r u c t u r a l un i t|gOf the 
framework, leading to a weakening of the corresponding "Si NMR 
s i g n a l . Steam treatment re su l ted in dealumination as i nd i ca ted by 
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Figure 3: Si NMR spectra of PrY and CeY z e o l i t e s . 

A: (a) Pr,NaY, f r e s h ; (b) Pr,NaY, c a l c ; (c) Pr,NH-Y, 
f r e s h ; (d) Pr,NH,Y, steamed; (e) H i -P rY , f r e s h ; 
( f ) H i -PrY , steam?d. Steaming: 788°C/5 hr s ; 
c a l c i n a t i o n : 540°C/2 hrs . 

B: (a) Ce,NaY, f r e s h ; (b) C e ^ H - Y , f r e s h ; 
(c) Ce,NH-Y, steamed; (d) C§,NH,Y o x i d i z e d , 
steamed; Ce) Hi-CeY, f r e s h ; ( f ) Hi-CeY, 
steamed. Steaming: 788°C/5 hrs . 
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Figure 4: 2 9 S i NMR spectra of La , Ce, NĤ Y z e o l i t e s . 

A: (F resh ) : (a) La,NH,Y; (b) La,Ce,NrLY ( 3 :1 ) ; 
(c) La,Ce,NrLY ( 1 : T ) ; (d) La , Ce, NhLY (1 :3 ) ; 
(e) Ce, NH4YT 4 

B: (Steamed): (a) La,NrLY; (b) La,Ce,NHAY ( 3 :1 ) ; 
(c) La,Ce,NH4Y (1 :1 ) 1 (d) La,Ce,NH 4Y ( 1 :3 ) ; 

(e) Ce,NH4Y. Steaming: 788 °C/2 hr s ; numbers 
in parentheses show La/Ce r a t i o in z e o l i t e . 
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the emergence of a narrow peak between 105-110 ppm. This range 
f o r chemical s h i f t s i s c h a r a c t e r i s t i c of S i (OAl ) environments 
i nc lud ing amorphous s i l i c a . The degree of dealumination in 
steamed z e o l i t e s increases as the ^ r i u r n content i nc reases . Th i s 
i s r e f l e c t e d in the Si-NMR and Al-NMR spectra of the steamed 
z e o l i t e s (F igures 4 and 5) . The peak around 57 ppm corresponds to 
te t rahedra l (framework) aluminum (F igure 5 ) , whi le the one around 
0 ppm corresponds to octahedral aluminum. The r a t i o between the 
octahedral and te t rahedra l aluminum peak areas increases in the 
order LaY < La,CeY (3:1) < La,CeY (1:3) < CeY from 0.035 to 0.26, 
i n d i c a t i n g a corresponding increase in framework dealuminat ion. 
Although the accuracy and absolute values of these r a t i o s are 
debatable (38), the trend shown by them i s in agreement with other 
phys ica l data (v ide supra) . 

The e f f e c t 2 f i f steaming s e v e r i t y on dealumination i s shown in 
Figure 6. The Si NMR spectra show t h a t  f o r a s p e c i f i c z e o l i t e 
compos i t ion, framework
steaming s e v e r i t y . 

The f resh RE,NaY samples a l l d i sp layed spectra s i m i l a r to a 
NaY s i eve . For the lanthanum-cerium binary exchanges, only two 
peaks were well reso lved at 94-98 and 100-103 ppm. Steam 
treatment of Hi-REY, s i m i l a r l y to REjNH.Y, r e su l t ed in de
a luminat ion cha rac te r i zed by the appearance of a peak at 108-111 
ppm. Substant ia l r e ten t i on of the Y z e o l i t e framework was 
observed f o r 100% La and 75% La/25% Ce exchanges i n d i c a t i n g the 
s t a b i l i z i n g i n f l uence of lanthanum over cerium. 

C r y s t a l l i n i t y , sur face areas and un i t c e l l constants of the 
steam t reated z e o l i t e s are shown in Table I. Hydrothermal 
treatment diminished sur face areas and c r y s t a l l i n i t y more severe ly 
f o r Hi-REY and RE,NaY than f o r Lo-REY. The greater decrease in 
c r y s t a l l i n i t y and surface area of Hi-REY compared to RE,NH.Y, upon 
steaming, r e f l e c t s the lower s t a b i l i t y of Hi-REY due to i t s h igher 
cerium content. Surface areas o f steamed RE,NH,Y, Hi-REY and 
RE,NaY decreased with i nc reas ing cerium content i n d i c a t i n g 
d e c l i n i n g s t a b i l i t i e s in t h i s d i r e c t i o n . The c r y s t a l l i n i t y of the 
steamed z e o l i t e s showed a s i m i l a r t rend (F igure 7A). At s i m i l a r 
sodium content of about 4% Na«0, the sur face area of steamed 
mater ia l s are higher f o r z e o n t e s with higher La/Ce r a t i o s , 
i n d i c a t i n g higher hydrothermal s t a b i l i t i e s . 

Unit c e l l s , s i m i l a r to sur face areas , a l so shrank with 
i nc reas ing r e l a t i v e cerium content upon steaming (F igure 7B). 
Unit c e l l s i ze measurements r e f e r only to the c r y s t a l l i n e f r a c t i o n 
of the mater ia l and do not reveal loss of c r y s t a l l i n i t y as do 
surface area measurements. At a f i x e d La-Ce r a t i o , steamed 
RE,NH^Y shows the strongest un i t c e l l decrease. The r e l a t i v e l y 
small change in un i t c e l l s i ze f o r RE, NaY may seem s u r p r i s i n g but 
the higher l eve l of sodium in the z e o l i t e prevented extens ive 
l a t t i c e con t rac t i on (37). At low sodium and low rare earth 
exchange l e v e l s , however, such cont rac t ions are qu i te pronounced. 
For the steamed Hi-REY, un i t c e l l constants decreased with 
inc reas ing cerium content. 

The experimental data obtained f o r La,CeY z e o l i t e s suggest 
the ex i s tence of a c o r r e l a t i o n between hydrothermal s t a b i l i t y and 
degree of dealumination under steam. The less s tab le z e o l i t e s are 
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5: Al NMR spectra of steamed La,Ce,Y z e o l i t e s . 

(a) La.NH.Y; (b) La,CeNH AY (3 :1 ) ; (c) La,Ce,NhLY 
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6: " S i NMR spectra of La,Ce,NhLY (3:1) z e o l i t e 
steamed under d i f f e r e n t s e v e r i t i e s . 
Steaming c o n d i t i o n s : (a) 540°C /2 h r s ; 
(b) 788°C /2 h r s ; (c) 788°C/5 hrs . 
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Figure 7: V a r i a t i o n of c r y s t a l l i n i t y (A) and un i t c e l l s i ze 
(B) of steamed La,CeNhLY z e o l i t e s as a func t i on of 
La-Ce r a t i o . Steaming: 788°C/5 hrs . 
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TABLE II. XPS DATA FOR La AND Ce EXCHANGED Y ZEOLITES 

Surface mole, % 
(Carbon-free normal izat ion) 

Z e o l i t e P re t rea t A l La Ce 

Hi-LaY Fresh 
Steamed 788°/5h 

7 
10 

1 
0.9 

— 

Lo-LaY Fresh 
Steamed 788°/5h 

7.5 
13 

0.4 
0.6 --

Lo-CeY Fresh 
Steamed 788°/5h 

7 
20 

-- 0.5 
1 
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more readily dealuminated than the hydrothermally more stable ones 
under identical treatment. Furthermore, the structural collapse 
of the zeolite is more likely to affect preferentially the 
aluminum-containing structural units in the framework and be 
preceded by dealumination. 

XPS data for fresh and steamed LaY and CeY zeolites are shown 
in Table II. The steamed samples show an enrichment in surface 
aluminum when compared to the fresh samples. This is indicative 
of steam induced non-framework aluminum migration to the crystal 
surface. The aluminum enrichment of the surface of steamed 
zeolites increases in the order Hi-LaY<Lo-LaY<Lo-CeY, and follows 
qualitatively the increase in framework dealumination (vide 
supra). 

The data in Table II also show that steaming results in a 
surface enrichment of rare earths for Lo-LaY and Lo-CeY, while 
leaving practically unchanged Hi-LaY  The surface enrichment in 
rare earths of the steame
Lo-CeY than for Lc-La
dealumination and loss in crystallinity of the CeY zeolite. The 
migrating rare earths are likely to originate in the structurally 
collapsed regions of the zeolite crystals. The data indicate that 
steaming of these zeolites induces the migration of both aluminum 
and rare earths to the crystal surface. The surface composition 
of Hi-LaY zeolite crystals shows the least change upon steaming, 
due to its higher structural stability. 

These data point out a striking difference between 
hydrothermal dealumination of rare earth exchanged Y zeolites 
(with over 14 wt% RÊ O-) and ammonium exchanged zeolites. While, 
in the first case, framework dealumination precedes or is 
accompanied by loss of structure, in the latter case, 
dealumination leads to a more stable structure (ultrastable Y 
zeolite). 
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Pentasil MFI (ZSM-5) type materials exhibiting different 
crystallite sizes and AEL (SAPO-11) type materials have 
been studied. Structural investigations using X-ray 
diffraction techniques, developed for polycrystalline 
powdered samples, allow one to determine precisely the 
structure and crystallinity of the samples and the 
effect of adsorbates (e.g., p-xylene, n-hexane, etc) on 
the framework topology (monoclinic towards orthorhombic 
for MFI) and unit-cell dimensions. 
The diffusion rates of hydrocarbons have been studied 
by thermogravimetry as a function of crystallite size. 
Acidity of the materials has been determined by ir and 
thermodesorption of ammonia and their catalytic proper
ties for toluene alkylation with methanol have been 
studied. Relations between acidic strength, diffusion 
rate, catalytic shape selectivity and structural featu
res are discussed. It is suggested that the microporous 
framework has to be considered as a "living material" 
under catalytic reaction conditions. 

Z e o l i t e s and molecular sieve materials e x h i b i t f a s c i n a t i n g properties, 
p a r t i c u l a r l y as sorbents or c a t a l y s t s . From a fundamental point of 
view, they represent a family of c r y s t a l l o g r a p h i c a l l y well-defined 
s o l i d materials ( t h i s i s not always the s i t u a t i o n f o r most of the 
m e t a l l i c oxides). When considering c a t a l y s i s , two main fac t o r s play 
an important r o l e , i . e . , the nature of the a c t i v e s i t e s ( p a r t i c u l a r l y 
a c i d i c s i t e s ) and the topology ( c a v i t i e s , channels, pores . . . ) . 

Many i n v e s t i g a t i o n s have already been devoted to the modification 
of z e o l i t e s , e i t h e r during or a f t e r t h e i r synthesis. The aim was to 
change t h e i r c a t a l y t i c p r o p e r t i e s , e i t h e r by c r e a t i n g a c t i v e s i t e s or 
by monitoring the pore s i z e (shape s e l e c t i v i t y ) . For instance, i t has 
been shown that s u b s t i t u t i n g B, Fe, Ga ... fo r A l i n pen t a s i l - t y p e 
z e o l i t e s r e s u l t s i n a decrease of the a c i d i c strength (1-3), p a r t i 
c u l a r l y i n the case of boron (2). Moreover, the presence of an extra -
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framework phase w i t h i n the pores or at the pore-openings, modifies 
the d i f f u s i v i t y features, thus a l t e r i n g the s e l e c t i v i t y of r e a c t i o n 
processes, e.g. toluene a l k y l a t i o n into xylene isomers. Hydrothermal 
treatment, or even c a l c i n a t i o n , was shown to extract aluminum from 
framework p o s i t i o n s and r e s u l t i n the formation of amorphous alumina 
or s i l i c o a l u m i n a , deposited w i t h i n the pores (4). Such a deposit 
could also be responsible for s p e c i f i c c a t a l y t i c p r o p e r t i e s . This i s 
very probably the case f o r the g a l l o - (5,6), zinco- (7), f e r r i - (8) 
or t i t a n o s i l i c a t e s (9) of the p e n t a s i l MFI family, which promote 
b i f u n c t i o n a l type c a t a l y s i s , e.g., propane aromatization (Ga - or 
Zn-ZSM-5) or d i r e c t hydroxylation of aromatic hydrocarbons with hydro
gen peroxide (Ti-ZSM-5). On the other hand, some elements of the 
deposited oxide may react with the microporous matrix and produce 
framework T-atom s u b s t i t u t i o n . This was shown to occur for boron-
impregnated ZSM-5 samples (2,10) and one must be aware of t h i s when 
some binders ( c l a y s , alumina) are used for i n d u s t r i a l c a t a l y s t formu
l a t i o n s . 

Another feature tha
c r y s t a l s t r ucture modifications induced by hydrocarbon adsorption, 
which might r e s u l t i n changes i n some c a t a l y t i c p r o p e r t i e s . Therefore, 
i t appeared very important to us, to c h a r a c t e r i z e the s t r u c t u r a l 
properties of z e o l i t i c - t y p e materials versus chemical, hydrothermal 
or adsorptive m o d i f i c a t i o n s , and subsequently to determine the chan
ges i n a c i d i c and c a t a l y t i c p r o p e r t i e s . The aim of t h i s paper i s to 
present some examples of our own, i n order to i l l u s t r a t e the changes 
observed for the ZSM-5 (MFI) and SAP0-11 (AEL) type materials (11). 

Adsorption Investigations 

Experimental. P e n t a s i l MFI (Al or B substituent) samples, A to F, 
were prepared i n a f l u o r i d e medium, i n the Laboratory of Prof. Wey 
(Mulhouse) (12). Sample G was prepared i n basic medium conditions 
(13, example 1) i n our Laboratory, SAP0-11 material (sample H) was 
synthesized i n our Laboratory, as described i n reference (14) with 
di-n-propylamine as template. 

In order to obtain the H-form, the samples A to F and H were 
ca l c i n e d under nitrogen flow at 550°C, and then under a i r flow f o r 
16 hours at the same temperature. Sample G ( a f t e r the same treatment) 
was ammonium-exchanged and r e c a l c i n e d at 550°C. 

Chemical analyses were performed using atomic absorption spec
troscopy. The morphology of the c r y s t a l l i t e s was determined by 
scanning e l e c t r o n microscopy (CAMECA). Adsorption c a p a c i t i e s and 
sor p t i o n k i n e t i c s of n-hexane, p-xylene and 3-methyl-pentane were 
determined g r a v i m e t r i c a l l y with a SARTORIUS microbalance, at room 
temperature using p/p 0 varying from 0.1 to 0.2. A c i d i t i e s of the 
samples were studied by i n f r a r e d (hydroxyl groups) ammonia adsorption-
desorption and thermoprogrammed desorption of ammonia (TPDA). A l k y l a 
t i o n of toluene with methanol was performed at 400°C i n a flow-
microreactor using a methanol/toluene r a t i o of 1/4, i n order to favor 
a l k y l a t i o n over d i r e c t conversion. 

Results. Chemical a n a l y s i s data, s i z e , morphology of the c r y s t a l l i t e s 
and adsorption c a p a c i t i e s are given i n Tables I and I I . 
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Table I. Formulae c a l c u l a t e d according to the chemical analyses 

Sample Composition 

A H-B.ZSM-5 H1.4 A 10.02 B1.38 S l94.6°192 
B H-Al.ZSM-5 H 3 . 5 6 N a 0 . 0 5 A 1 3 . 6 1 S l 9 2 . 3 9 ° 1 9 2 
C H-B.ZSM-5 H3.20 M0.02 B3.18 S l93 .40° 192 
D H-Al.ZSM-5 

H4.83 A 14.80 B0.03 S l91.17°192 
E H-Al.ZSM-5 H3.14 A 13.11 B0.03 S l92.86°192 
F S i l i c a l i t e N a 0 . 1 1 A 1 0 . 1 1 S l 9 6 . 8 9 ° 1 9 2 
G H-Al.ZSM-5 H 3 . 8 N a 0 . 3 A 1 4 . l 0 S l 9 1 . 9 0 ° 1 9 2 
H SAPO-11 

In the MFI framework, the adsorption c a p a c i t i e s of n-hexane and 
p-xylene are close to 8 m o l e c u l e s / u n i t - c e l l , and 5 molecules/uc f o r 
3-methyl-pentane, i n d i c a t i n g that the n-hexane and the p-xylene 
gain access to both channel systems, while the branched p a r a f f i n , due 
to i t s s i z e , has a r e s t r i c t e d adsorption i n the s i n u s o i d a l channel 
(15). The adsorption k i n e t i c s agree with these observations since 
p-xylene and n-hexane adsorption i s very f a s t . 

Table I I . C r y s t a l l i t e s i z e s and adsorption c a p a c i t i e s 

Sample s i z e A/V* adsorption c a p a c i t i e s (mol/uc) 
(ym) (ym"1) n-hexane 3--Me-pentane p-xylene 

A 90x15x15 0.28 7.4 5.3 -
B 38x20x12 0.32 8.2 5.1 -C 30x12x8 0.48 - 4.7 7.5 
D 17x7x5 0.8 - 5.0 8.3 
E 2.5x.8x.6 6.6 8.7 6.3 -F 5xlx.3 9.0 8.2 4.8 -G lx.6x.35 1 1 .0 7.5 5.8 -H 10-15 0.2-0.3 1.9 - 2.7 

A l l ZSM-5 samples are rhombic prisms more or less expanded along 
t h e i r c a x i s . The SAP0-11 sample co n s i s t s of s p h e r i c a l agglomerates. 
A and V are the external surface and volume of the c r y s t a l l i t e s , 
r e s p e c t i v e l y . 

For 3-methyl-pentane, the i n i t i a l ranges of the adsorption 
k i n e t i c s are shown i n f i g u r e 1. I t i s observed that except f o r sample 
C, the k i n e t i c s strongly depend on the c r y s t a l l i t e s i z e of the samples. 
The curves may be analyzed i n terms of the F i c k i a n d i f f u s i o n law (16) 
at small time values (17) : 
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mt/moo = (2A/V) ( D / I I ) 1 / 2 t / 2 

Here : - m. and m are the amounts adsorbed at time t and at t . . °° e q u i l i b r i u m , 
- A and V are the external surface area and the volume of the 

c r y s t a l l i t e s , 
- D i s the d i f f u s i o n c o e f f i c i e n t . 

1/2 
According to f i g u r e 2 the m /mw versus t p l o t s are s t r a i g h t 

l i n e s for i n i t i a l adsorption periods. 
The slopes of these l i n e s roughly depend on A/V (f i g u r e 3). This 

allows us to c a l c u l a t e an average d i f f u s i o n c o e f f i c i e n t for 3-methyl-
pentane i n MFI topologies, i . e . , D = 1.1 x 10"11 cm2 s ~ l . In the same 
way, the d i f f u s i o n c o e f f i c i e n t D = 2.4 x 10~1° cm^ s~* i s obtained 
for p-xylene (samples C and D)

In c a t a l y t i c a l k y l a t i o
Al-ZSM-5 samples were observe
xylene s e l e c t i v i t y . For sample G, the a c t i v i t y remained for several 
days with the following s e l e c t i v i t y f o r xylene isomer d i s t r i b u t i o n : 
52/36.5/1 1.5 (for p-, m- and o-xylene, r e s p e c t i v e l y ) . In contrast, 
for samples B and D, a c t i v i t y was observed to decrease down to a 
tenth a f t e r one day, while s e l e c t i v i t y was very high i n favor of the 
para isomer (92 % ) . The increase i n p a r a - s e l e c t i v i t y may e a s i l y be 
explained when considering the rate of 3-methyl-pentane adsorption 
(see f i g . 1) which characterizes the change i n i n t r a c r y s t a l l i n e 
d i f f u s i v i t y . The d e a c t i v a t i o n rate characterizes the blocking of the 
pore-openings and therefore obviously increases per weight-unit, when 
the A/V r a t i o decreases, i . e . , when the c r y s t a l l i t e s i z e increases. 

B-ZSM-5 samples (A and C) were observed to be i n a c t i v e f o r the 
a l k y l a t i o n , even at 600°C, with a very low methanol conversion 
y i e l d i n g l i g h t o l e f i n s . The SAP0-11 sample (H) gave very low a l k y l a 
t i o n conversion with thermodynamic para-xylene e q u i l i b r i u m s e l e c t i v i t y . 
The l a t t e r r e s u l t obviously a r i s e s from the pore dimensions 
(6 x 6.2 A), l a r g e r than for MFI samples. 

TPDA experiments allowed us to compare the a c i d i t y of the sam
p l e s . The TPDA peaks correspond to 190, 200-340 and 230-430°C, 
r e s p e c t i v e l y , f o r the B-ZSM-5, SAPO-11 and the Al-ZSM-5 samples (11). 
These data c l e a r l y show that a c i d i c strength i s i n the order 
B-ZSM-5 < SAP0-11 « Al-ZSM-5 for the H-form of z e o l i t e s . In IR 
spectroscopy hydroxyl group bands were observed near 3740 and 
3700 cm-1 for B-ZSM-5 (2), 3740, 3710, 3675 and 3605 cm"1 for SAPO-11 
(_U) and 3740 and 3605 cm"1 for Al-ZSM-5 0 8 ) . The 3740 cm"1 band 
corresponds to non a c i d i c s i l a n o l groups, the 3700 cm"* band to weak 
aci d s i t e s and the 3605 cm"^ to strong a c i d i c s i t e s for MFI-type 
samples. 

These data are quite consistent with the c a t a l y t i c p roperties for 
a c i d type r e a c t i o n s , as summarized above. I t shows that s u b s t i t u t i n g 
A l f o r B i n a ZSM-5 sample, r e s u l t s i n low a c i d i t y . This was explained 
(2) on the basis of t r i - c o o r d i n a t i o n of framework boron, as schemati
zed on the i n s e r t . This also explains the r e l a t i v e i n s t a b i l i t y of 
framework boron under r e a c t i o n conditions (10) or under c a l c i n a t i o n . 
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Figure 2. F i c k i a n p l o t s f o r 3-methyl-pentane adsorption at room 
temperature ( l e t t e r s as i n f i g u r e 1 and Table I ) . 
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H 

In the case of SAPO-11 materials, s i l i c o n was observed to i n c o r 
porate the AEL framework with some d i f f i c u l t y , i n order to induce 
medium strength a c i d i t y by s u b s t i t u t i o n f o r P. I t could also c o rres
pond to s p e c i f i c A l environments, i . e . , not a l l the A l atoms are 
tetracoordinated, but some have s i x neighbors or even f i v e . Such a 
concept may broaden the f i e l d of AlPO-type materials which e x h i b i t 
novel topologies. 

S t r u c t u r a l i n v e s t i g a t i o n s 

In order to get a b e t t e
r i a l s i n c a t a l y s i s , sorbate/sorbate and/or sorbate/ framework interac
tions have to be i n v e s t i g a t e d by several complementary techniques. 
Among these, techniques such as masNMR, XPS(ESCA), ESR, IR give l o c a l 
information whereas otriers l i k e X-ray and neutron d i f f r a c t i o n t e c h n i 
ques give global information. I f a sorbed molecule i n a z e o l i t i c 
framework y i e l d s a stable complex, i t might then be p o s s i b l e to i n 
v e s t i g a t e the s o l i d phase by d i f f r a c t i o n techniques, and get informa
t i o n about the l o c a l i z a t i o n of the sorbed species. Of course, the 
best s t a r t i n g material for ab i n i t i o s tructure determinations i s the 
" s i n g l e c r y s t a l " . Unfortunately, when a v a i l a b l e , most c r y s t a l s of 
synthetic z e o l i t e s are u s u a l l y twinned, and i n the case of s o r p t i o n 
complexes, the s i n g l e c r y s t a l i s out of the question ! For these 
reasons, the powder d i f f r a c t i o n technique has been extensively develo
ped, and the well-known Rietveld-type f u l l - p a t t e r n - f i t t i n g s tructure 
refinement procedure has been applied to moderately complex s t r u c t u 
res . 

Recently, by using neutron powder-diffraction, i t has been 
po s s i b l e to l o c a l i z e the perdeuterated benzene (19) and p y r i d i n e (20) 
guests i n high symmetry z e o l i t e s . In the case of MFI type frameworks 
( s i l i c a l i t e , ZSM-5, b o r a l i t e s , etc) the problem i s somewhat dif f e r e n t , 
since extensive peak-overlap occurs throughout the pattern (vide 
i n f r a ) . In that case, most of the r e f i n a b l e parameters are h i g h l y 
c o r r e l a t e d . These parameters form two d i s t i n c t groups : one corres
ponds to the p r o f i l e parameters, which must f i r s t be v a r i e d : the 
second corresponds to a l l the s t r u c t u r a l atomic parameters (x, y, z, 
thermal f a c t o r s , occupancy). Some of which must be severely c o n s t r a i 
ned . 

In our case, the most widely used experimental techniques are 
conventional X-ray and neutron powder-diffractions. Very recent 
equipment using h i g h - r e s o l u t i o n devices (e.g., Brookhaven NSLS, Chess, 
Grenoble ILL, Orsay LURE, etc) have shown promise and are now widely 
e x p l o i t e d f o r the present purpose. Nevertheless, these i n s t a l l a t i o n s 
are very s o p h i s t i c a t e d , and t h e i r a c c e s s i b i l i t y i s somewhat l i m i t e d . 
However, conventional X-ray equipment i s l e s s u s e f u l , but i t i s 
e s s e n t i a l l y immediately a v a i l a b l e at most c o l l e g e s , u n i v e r s i t i e s and 
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i n d u s t r i a l research l a b o r a t o r i e s . Therefore, i n the f o l l o w i n g 
d i s c u s s i o n , only t h i s l a t t e r technique w i l l be considered. 

The very f i r s t problem i s to have "a good q u a l i t y z e o l i t i c sam
pl e " . Let us suppose that we have one ! The next problem i s to get a 
"good q u a l i t y d i f f r a c t i o n p attern". Most of the commercially a v a i l a 
ble X-ray d i f f r a c t i o n equipment i s l i k e l y to y i e l d moderately-
resolved step-scanned patterns, which provide a s t a r t i n g point f o r 
the s t r u c t u r a l i n v e s t i g a t i o n s . To the best of our knowledge, the very 
f i r s t succes i n l o c a l i z i n g extra-framework material i n an MFI frame
work, by using conventional X-rays, i s the work of BAERLOCHER on a 
s i l i c a l i t e / T P A - t e m p l a t e complex (21). Our purpose here i s to show 
that with standard routine equipment and computer programs, one has a 
means of l o c a t i n g "some b u t t e r f l i e s " s i t t i n g i n microporous m a t e r i a l s . 

MFI m a t e r i a l s . X-ray i n v e s t i g a t i o n s have shown that the powder 
d i f f r a c t i o n patterns are very s e n s i t i v e to sorbate-induced s t r u c t u r a l 
modifications (22-24). Figur
(X-ray powder d i f f r a c t i o n
(TPA) and c a l c i n e d + a i r - e q u i l i b r a t e d (WAT) forms of sample A (also 
c a l l e d b o r a l i t e (25) ( c f . Table I)) having the Hj 4 Bj 3 g A l 0 0 2

s i 9 4 5 
Oj92 framework composition. Both patterns correspond to orthorhombic 
phases (Pnma space group). If the j u s t - c a l c i n e d B-ZSM-5 i s analysed 
by XRD, i t s structure appears to be monoclinic (P2j/n space group) 
(see Table I I I ) . These three (TPA, CAL, and WAT) forms are commonly 
observed and t h e i r XRD patterns represent a good c r i t e r i o n f o r c r y s 
t a l l i n i t y estimations of newly prepared samples. The d i f f e r e n c e 
between the TPA (tetrapropylammonium) and WAT forms i s the replacement 
of the TPA template by water molecules. These s t r i k i n g d i f f e r e n c e s 
i n the XRD patterns provide i n d i r e c t evidence that the TPA ions are 
l o c a l i z e d on f i x e d s i t e s i n the framework (21 ,26). 

As a t y p i c a l example of s o r b a t e - l o c a l i z a t i o n i n a MFI framework 
l e t us now consider the p-xylene/ZSM-5 complexes. I t i s w e l l -
e s t a b l i s h e d that the adsorption of p-xylene i n MFI type materials 
takes place i n two steps (22,27,29). The f i r s t one corresponds to the 
formation of a low-coverage complex (XYL I) (Figure 5) containing up to 
four m o l e c u l e s / u n i t - c e l l , and the second one to the formation of a high-
coverage complex (XYL II) containing up to eight m o l e c u l e s / u n i t - c e l l 
at ambient temperature. Recently, one of us was able l o c a l i z e the 
p-xylene guest molecule i n two B-ZSM-5 samples by t r i a l - a n d e r r o r 
methods (30,31) and by a d i r e c t c h a r a c t e r i z a t i o n method described 
elsewhere (32-34). In order to propose reasonable l o c a l i z a t i o n s f o r a 
sorbate molecule the symmetry-compatible elements between the sorbent 
and the sorbate have to be considered. I f we assume four p-xylene 
m o l e c u l e s / u n i t - c e l l as i n (31), i t appears that the best f i t might be 
obtained i f one of the mirror planes of the molecule coincides with 
the m plane of the MFI framawork. The three p o s s i b l e assumptions are 
SI - the long-axis of the p-xylene (methyl-methyl l i n e ) i s p a r a l l e l 
to the (010) d i r e c t i o n , S2 - the long-axis i s on the m plane of the 
Pnma space group, and the planar p-xylene i s normal to m, S3 - the 
aromatic cycle and the long-axis are on the mirror plane. In a l l 
cases the c e n t r o i d of the molecule i s on the mirror plane (4c s i t e s ) . 
These three s i t u a t i o n s are represented i n Figures 6 (number p a i r s 
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Figure 3. Slopes of the l i n e a r transformation ( f i g u r e 2) of 
adsorption curves ( f i g u r e 1) versus A/V values. 

Figure 4. D e t a i l s of the XRD patterns f o r the TPA and WAT forms 
of a synthetic B-ZSM-5. 
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Figure 5. XRD pattern d e t a i l s for the XYL I form of B-ZSM-5 
sample A. 

Table I I I . U n i t - c e l
complexes containing 1.38 B/uc 

form a(A) b c a(°) V(A 3) 5a(%)*5b(%) 6c(%) 

CAL 20.081(6) 19.854(3) 13.366(4) 90.58 5329 0 0 0 
TPA 20.040(5) 19.904(3) 13.377(3) 90.00 5336 -.20 + . 25 + .08 
XYLI 20.013(3) 19.928(3) 13.378(2) 90.00 5335 -.34 +. 37 + .09 
XYLII 20.105(2) 19.826(2) 13.440(2) 90.00 5357 + .12 14 + .55 
TOLI 20.079(6) 19.881(7) 13.399(7) 90. 12 5345 -.01 +. 13 + .24 
TOLII 20.096(9) 19.86(1) 13.44(1) 90.00 5364 + .07 +. 03 + .55 
BNZI 20.021(3) 19.805(3) 13.383(2) 90.00 5307 -.30 25 + .13 
BNZII 19.934(3) 19.875(3) 13.325(2) 90.00 5279 -.73 + . 11 -.31 
HEX 20.128(5) 19.881(2) 13.400(8) 90.44 5362 + .23 16 + .18 
WAT 20.058(3) 19.886(3) 13.373(2) 90.00 5334 -.11 16 + .05 

the reference corresponds to the CAL (calcined) form. 
CAL : c a l c i n e d f o r 24 h at 550°C - immediate XRD spectrum 
TPA : as-synthetized form (tetrapropylammonium ion template) 

(3.55 mol/uc) a 

XYLI : p-xylene low-coverage a form (2.67 mol/uc) a 

XYLII : p-xylene high-coverage* 5 form (8 mol/uc) a 

TOLI : toluene low-coverage form^ 
TOLII : toluene high-coverage form 0 

BNZI : benzene low-coverage form (3.78 mol/uc) a 

BNZII : benzene high-coverage form 0 

HEX : n-hexane form (7.16 mol/uc) a 

WAT : c a l c i n e d form a f t e r 1 week a i r - e q u i l i b r a t i o n 

^ x-ray refinement of the occupancy fac t o r s 
low-coverage : 0 - 4 guest m o l e c u l e s / u n i t - c e l l 

c high-coverage : 4 - 8 guest m o l e c u l e s / u n i t - c e l l 
Compared to the c a l c i n e d (empty) monoclinic form the parameter 
v a r i a t i o n s are non-predictable and a n i s o t r o p i c . This i s some 
evidence f o r sorbent/sorbate i n t e r a c t i o n s . 
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are f o r T atoms), 7 and 8. For each s o l u t i o n , the corresponding 
c a l c u l a t e d XRD pattern using the atomic coordinates reported i n (21) 
i s also presented for comparison with the experimental one (f i g u r e 5). 

It appears that the best f i t i s obtained f o r the f i r s t s o l u t i o n 
(SI) where the p-xylene i s s i t t i n g at the ch a n n e l - i n t e r s e c t i o n with 
i t s long-axis p a r a l l e l to the s t r a i g h t channel. I t must be emphasized 
here that f o r the three t h e o r e t i c a l s o l u t i o n s the most important 
d e t a i l when l o c a l i z i n g the p-xylene molecule i s the o r i e n t a t i o n of 
i t s long-axis : f o r each case, the c a l c u l a t e d XRD pattern i s not very 
s e n s i t i v e to the r o t a t i o n of the molecule about t h i s a x i s . The S2.65/ 
S3.0 and S2.155/S3.65 patterns are almost i d e n t i c a l , and i t appears 
that the t i l t of the long-axis between the S2.65 and S3.0 solution s 
(15°) i s not too s i g n i f i c a n t . The r e s u l t s obtained by t h i s t r i a l - a n d -
e r r o r method have been v e r i f i e d by the d i r e c t c h a r a c t e r i z a t i o n method 
which y i e l d s e s s e n t i a l l y the same r e s u l t s , i . e . , the p-xylene guest i s 
disordered ( p a r t i a l l y hindered r o t a t i o n a l disorder) and l o c a l i z e d at 
the channel i n t e r s e c t i o n s
stand f o r p o s s i b l e s i t e

The d i r e c t - c h a r a c t e r i z a t i o n method used f o r the detec t i o n and 
the l o c a l i z a t i o n of adsorbed molecules i n z e o l i t i c frameworks pre
sents three relevant points : 1-refinement of the X-ray powder p r o f i l e 
using the "monochromatic" approximation for the otj-c^ doublet and 
the DBW3,2 program (35), thus avoiding numerical monochromatization 
methods ; i n that case the apparent FWHM ( f u l l - w i d t h at half-maximum) 
i s about 1.3-1.4 times that of a\ recordings ; 2-investigations of 
the most " s e n s i t i v e " angular domain corresponding p o s s i b l y to at 
le a s t 100 hkl t r i p l e t s ; f o r MFI materials the 6-48°(29) domain i s 
usu a l l y s u f f i c i e n t (about % 444 h k l ) , and the preliminary i n v e s t i g a 
tions ( v i s u a l f i t ) correspond mostly to the 9.5-22.5°(20) domain 
(fy 48 hkl) ; 3-computer runs by combining f u l l - p r o f i l e refinements 
(34), e x t r a c t i o n of the integrated i n t e n s i t i e s (modified DBW3.2 pro
gram) and conventional d i f f e r e n c e - F o u r i e r synthesis (any of the 
av a i l a b l e s i n g l e - c r y s t a l structure-refinement programs). This method 
has now been used with success for several sorbent/sorbate complexes, 
i n c l u d i n g n-hexane (32,34), TPA (34), benzene (33) and high-coverage 
p-xylene/ZSM-5 phases (36,37) . I t i s hard to imagine a more democra
t i c method f o r the i n v e s t i g a t i o n of sorbent/sorbate complexes, and 
accordingly, t h i s s i m p l i f i e d procedure was named b u t t e r f l y - h u n t i n g 
(chasse aux p a p i l l o n s ) (31,33) when we f i r s t s t a r t e d using i t ! 

Even i f one might be s c e p t i c a l when considering our d i r e c t -
c h a r a c t e r i z a t i o n method, i t works c o r r e c t l y and so f a r y i e l d s c o n s i s 
tent r e s u l t s . The aim of t h i s method i s two-fold : 1-obtain the best 
information concerning the whereabouts of sorbed molecules i n molecu
l a r sieve m a t e r i a l s , by using mostly " r o u t i n e " equipment, and 2-be 
able to in v e s t i g a t e a whole s e r i e s of materials f o r varying composi
t i o n and/or sorbate. This second c r i t e r i o n i s , of course, the more 
important : i t i s always b e t t e r to have valuable preliminary r e s u l t s 
on such complex systems, by choosing the b e s t - s u i t e d specimen before 
going to hi g h l y s o p h i s t i c a t e d X-ray synchrotron, pulsed-neutron, 
t i m e - o f - f l i g h t and other advanced i n s t a l l a t i o n s where the success 
of the operation i s only evident a f t e r a c o s t l y run. However, i t 
must not be considered that the apparent s i m p l i c i t y of our method 
precludes a prec i s e knowledge of materials science and s o l i d - s t a t e 
chemistry and physics, nor that i t i s a c u r e - a l l procedure f o r 
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Figure 8 . The S3 s o l u t i o n . 
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Figure 9. p-xylene i n the MFI framework. 
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inexperienced workers. I t must be r e c a l l e d again that there can be 
severe peak-overlap occuring for MFI type frameworks : 
v i z . c a . 15, 25, 40, 63 and 73 r e f l e c t i o n s overlapping, respec
t i v e l y , at 27, 37, 48, 62 and 70° 29 (38). 

SAP0-11 (AEL) m a t e r i a l s . SAP0-11 type molecular sieves are now 
widely i n v e s t i g a t e d and at the time we s t a r t e d i n v e s t i g a t i n g t h e i r 
synthesis and s t r u c t u r e , only information about t h e i r T-atom topology 
was a v a i l a b l e (39,40). I t appeared to us that the as-synthesized SYN 
(di-n-propylamine) and c a l c i n e d + a i r - e q u i l i b r a t e d WAT forms correspond 
to d i f f e r e n t XRD patterns which could be unambiguously indexed i n , 
r e s p e c t i v e l y , the Ima2 and Pna2j ( i n both cases the o r i g i n has to be 
f i x e d by p o s t u l a t i n g a r b i t r a r i l y the z coordinate of one atom) 
orthorhombic space groups (assuming s t r i c t Al/P a l t e r n a t i o n ) . In order 
to i n v e s t i g a t e sorbent/sorbate complexes of SAPO-11 materials (AEL 
topology) with several molecules (see Table IV) we needed some better 
s t r u c t u r a l information. 

The above-mentione
graphically-determined coordinates of the T atoms ( a l t e r n a t i n g P, Al) 
c a l c u l a t e d from distances and angles close to those reported f o r 
AIPO4-5 materials (41). S u r p r i s i n g l y , i n both cases (synthesized and 
calcined) the d i f f e r e n c e - F o u r i e r maps reveal a l l the framework 
oxygen atoms, and consequently, j u s t before the paper of BENNETT et 
a l . appeared i n Z e o l i t e s (42) we proposed p a r t i a l l y r e f i n e d atomic 
coordinates f o r these materials (43,44). Ab i n i t i o c a l c u l a t i o n s using 
a distance-least-squares (DLS) program (45) have been shown to y i e l d 
very comparable coordinates, but i n our opinion the intimate s t r u c t u 
re of A l P O ^ - l l derived materials i s a rather d i f f i c u l t question 
(due to severe s t r u c t u r e - d e f e c t problems) (42,43,46,47), but f o r 
preliminary sorbent/sorbate i n v e s t i g a t i o n s these defects do not 
hamper too severely the p r o f i l e - r e f i n e m e n t s . 

A general observation i s that several c a l c i n a t i o n - a d s o r p t i o n 
cycles on the same sample y i e l d b etter p r o f i l e - f i t s than the prepared 
raw m a t e r i a l . Furthermore, when the j u s t - c a l c i n e d material i s analy
sed by XRD before i t s a i r - e q u i l i b r a t i o n , d r a s t i c time-resolved 
s t r u c t u r a l changes are observed (46) : i t might accordingly be 
supposed that the true c a l c i n e d form i s even more complicated than 
the WAT form reported i n Table IV. Figure 10 represents p a r t i a l XRD 
patterns corresponding to the SYN, WAT and CYC (cyclohexane adsorbed) 
forms. 

Si m i l a r r e s u l t s on p-xylene, n-hexane and isopropanol complexes 
show that f o r the Ima2 (AEL topology) phases there are no evident 
nor v i s u a l sorbate-induced s t r u c t u r a l modifications as those observed 
fo r MFI topology m a t e r i a l s . Most s u r p r i s i n g l y , i f a s i n g l e , and 
always the same s i t e ( i n t e r p r e t e d as a carbon atom) , detected by 
d i f f e r e n c e - F o u r i e r ( i n the s t r a i g h t channel) i s introduced i n the 
refinement c y c l e , the Rp ( p r o f i l e ) and Rb (Bragg) values ( c f . r e f . 
(35)) drop s y s t e m a t i c a l l y from 16-12 % to 6-3 %. Accordingly, some 
hosts i n the ID channel system must be present but cannot be l o c a l i 
zed p r e c i s e l y . Here we must remember the symmetry-compatible c r i t e 
r i o n mentioned above : most of the sorbed molecules have no evident 
matching symmetry elements with the AEL framework, so that they might 
a l l be considered as completely disordered, i . e . , as s p h e r i c a l 
d i f f r a c t i n g centers. Another p o s s i b l e v i s u a l i z a t i o n i s to consider 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



80 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

Table IV. U n i t - c e l l parameters of several forms of 
a SAPO-11 containing 2Si/uc (sample H) 

form a(A) b c V(A 3) 6a( % ) * 6b(%) 6c(%) sp.gr 

SYN 18.671(3) 13.373(2) 8.422(1) 2102 0 0 0 Ima2 
WAT 18.056(8) 13.799(5) 8.126(3) 2024 -3.29 +3.18 -3.51 Pna2i 
CYC 18.660(2) 13.514(2) 8.3762(8) 2112 -.06 + 1.05 -.54 Ima2 
XYL 18.586(3) 13.543(2) 8.377(1) 2108 -.45 + 1.27 -.53 Ima2 
IPRA 18.559(2) 13.517(2) 8.3753(9) 2101 -.60 + 1.08 -.55 Ima2 
HEX 18.647(2) 13.509(2) 8.3724(9) 2109 -.13 + 1 .02 -.60 Ima2 

SYN : as-synthetized (di-n-propylamin
(^ 2 DPA/uc) a> b 

reference f o r parameter v a r i a t i o n 
WAT : 1 week a i r - e q u i l i b r a t e d c a l c i n e d form 
CYC : cyclohexane form (1.78, 2.00 mol/uc) b 

XYL : p-xylene form (2.74 mol/uc) a (2.48 mol/uc) a 

IPRA : isopropanol form (2.72 mol/uc) a (2.72 mol/uc) a 

HEX : n-hexane form (2.04 mol/uc) a (2.64 mol/uc) a 

aX-ray refinement of the occupancy f a c t o r 
^chemical a n a l y s i s 

Both the SYN and CAL forms are orthorhombic. I f we accept that these 
phases present exact Al/P a l t e r n a t i o n (ordered s t r u c t u r e s ) , then 
t h e i r respective space groups are Ima2 and Pna2.. 

Figure 10. XRD pattern d e t a i l s of the SYN, WAT and CYC forms 
of a SAP0-11 molecular sieve. 
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the channel volume as a diffracting continuum ; in other terms the 
sorbed molecules are in an endless movement possibly induced by the 
polar 2j axis in the channel. For instance, figure 11 represents a 
possible situation where the p-xylene molecule has to obey the local 
symmetry elements (for a better visualization the original and the 
2j-transformed molecule are slightly displaced). Whatever the solu
tion might be, materials of AEL topology appear to have very attrac
tive properties (47) which need to be more extensively investigated 
by powder diffraction and other techniques. 

Conclusion 

Several conclusions may now be drawn from the present work. First of 
all, the crystallite size plays an important role in the diffusivity 
of reactant or product molecules, and subsequently in catalytic shape 
selectivity and deactivation rate. When the crystallite size increa
ses, diffusion rate decreases
tion rate increase. Thes
ment in the molecule pathway within the zeolite matrix, and from a 
decrease in the number of pore openings per unit weight when the 
crystallite size increases. 

Another important suggestion may be proposed on the basis of 
structural data. It was shown that upon adsorption of different mole
cules (p-xylene, benzene, toluene, pyridine, etc.) the zeolitic fra
mework symmetry is closely related to the amount of sorbed organic 
guests, e.g. b axis compression and a and c axis expansion when 
filling MFI materials with more than four p-xylene molecules/uc (see 
Table III). Moreover, if a sample filled with a given hydrocarbon 
remains in air under atmospheric pressure and at room temperature, 
the guest hydrocarbon may be expelled by itself without heating or 
outgassing. For instance, p-xylene is desorbing from 8 to 4 molecules/ 
uc with a diffusion coefficient about equal to that for adsorption 
(48)-

It thus turns out that the zeolitic matrix exhibits some relaxa
tion strength resulting in the automatic desorption of adsorbates. 
For instance, in the high-coverage form, p-xylene was shown to be 
localized both at the channel-intersections and in the sinusoidal 
channel-junctions of a B-ZSM-5 matrix, but to desorb only via the 
straight channels, and even more via one direction only (48). This 
might be related to the molecular traffic control (MTC) concept 
proposed several years ago by Derouane and Gabelica (49). 
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Diffuse reflectanc
copy is being used to investigate the interaction of 
hydrocarbons with catalytically active zeolites, such as 
H-ZSM-5. The experiments are carried out in a control
led environment (temperature, gas composition) diffuse 
reflectance cell. The reactivity of alcohols, light 
olefins, and ethers on ZSM-5- and offretite-type 
zeolites has been probed by observing the changes in 
intensity of the framework O-H stretching vibrations as 
a function of the type of reactant, temperature, and 
product mix (determined by gas chromatography/mass 
spectrometry). C-H stretching vibrations of organic 
fragments retained in the zeolite channels and pores are 
also observed in these experiments, and they too are 
correlated with reactant, temperature, and product mix. 

This paper presents examples of the a p p l i c a t i o n of d i f f u s e r e f l e c 
tance i n f r a r e d Fourier transform (DRIFT) spectroscopy to the study 
of a c i d s i t e chemistry and c a t a l y s i s by p r o d u c t - s e l e c t i v e molecular 
sieve m a t e r i a l s . The most a t t r a c t i v e features of the DRIFT method 
are that ( i ) uncompacted, high-surface-area powders can be studied 
i n c o n t r o l l e d chemical environments and over a wide range of temper
atures; ( i i ) reactants can be passed through a bed of the powdered 
sample and i n f r a r e d spectra recorded simultaneously at temperatures 
i n excess of 500°C with high species d e t e c t i o n s e n s i t i v i t y ; and 
( i i i ) the sample can be repeatedly regenerated and exposed to 
reactants without being removed from the d i f f u s e r e f l e c t a n c e (DR) 
c e l l assembly. 

The DRIFT method has proven to be extremely u s e f u l f o r s t u d i e s 
of the 0-H, 0-D, C-H, and C-D s t r e t c h i n g region (nominally 2000 to 
4000 cm~l) of molecular siev e materials (1-3). Kazansky and co
workers (4-6) have employed the DRIFT technique to i n v e s t i g a t e the 
combination and overtone s t r u c t u r e of the 0-H and 0-D band systems 
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of z e o l i t e s i n the n e a r - i n f r a r e d region. However, i n the a p p l i c a 
t i o n of DRIFT spectroscopy to the s p e c t r a l region below 2000 cm~l, 
problems with anomalous specular r e f l e c t a n c e and other l i g h t s c a t 
t e r i n g phenomena are often encountered when studying molecular sieve 
m a t e r i a l s (2,3). While these e f f e c t s can be overcome i n most cases 
by 10- to 100-fold d i l u t i o n of the sample i n a powder matrix of a 
m a t e r i a l having very low absorbance over the s p e c t r a l range of 
i n t e r e s t , such d i l u t i o n leads to a s i g n i f i c a n t reduction i n the 
i n t e n s i t y of s p e c t r a l features o r i g i n a t i n g from the sample. A l s o , 
fo r the types of i n v e s t i g a t i o n s described i n t h i s paper, the d i l u e n t 
chosen must be one that does not ( i ) ion exchange or react with the 
molecular sieve m a t e r i a l (at or below ~600°C), ( i i ) react d i r e c t l y 
with the hydrocarbons fed to the d i f f u s e r e f l e c t a n c e c e l l , or ( i i i ) 
have c a t a l y t i c a c t i v i t y of i t s own under the r e a c t i o n conditions and 
at the temperatures of i n t e r e s t . 

The r e s u l t s and d i s c u s s i o n which f o l l o w show how DRIFT spec
troscopy i n a c o n t r o l l e
a c t i v e s i t e s i n s y n t h e t i
ture dependence of the organic species ( r e f e r r e d to h e r e i n as f r a g 
ments) bound w i t h i n the z e o l i t e framework during and a f t e r exposure 
of the z e o l i t e to l i g h t hydrocarbons, and, i n conjunction with gas 
chromatography/mass spectrometry (GC/MS), the rate, product s p e c i a -
t i o n , and mechanism of the z e o l i t e - i n d u c e d reforming r e a c t i o n s . 

The authors recognize that some of the r e s u l t s presented i n 
t h i s paper p a r a l l e l published f i n d i n g s based on other types of 
i n f r a r e d spectroscopic techniques, but f e e l that t h e i r p r e s e n t a t i o n 
i n the context of t h i s paper serves to e s t a b l i s h the c r e d i b i l i t y of 
the DRIFT/GC/MS procedure i n advance of the p u b l i c a t i o n of s i m i l a r 
studies c u r r e n t l y under way on other molecular sieve systems that 
have not been i n v e s t i g a t e d i n d e t a i l by such methods. 

Experimental Methods 

The alcohols used i n t h i s work were obtained from A l d r i c h Chemical 
Co. (99+% grade). The ethylene and dimethyl ether were Matheson 
C P . grade. The H-ZSM-5, the H - o f f r e t i t e , and t h e i r a l u m i n o f e r r i -
s i l i c a t e analogs were synthesized by standard methods that are 
described i n the l i t e r a t u r e (7-11). The sodium s u b s t i t u t e d forms of 
these same z e o l i t e s were prepared by repeated washing of the 
protonated form of the z e o l i t e i n 1 M NaCl. 

The apparatus used f o r the DRIFT studies c o n s i s t s of a c o n t r o l 
l e d environment d i f f u s e r e f l e c t a n c e c e l l (Harrick S c i e n t i f i c Corp., 
Model HVC-DRP) i n t e r f a c e d with o p t i c s (Harrick S c i e n t i f i c Corp., 
Model DRA-SID) that allow adaptation to a BOMEM D3A FTIR spectro
meter. A sketch of the d i f f u s e r e f l e c t a n c e (DR) c e l l i s shown i n 
Figure 1. A powdered specimen (8 to 10 mg) of the z e o l i t e i s placed 
on the screen i n the sample cup at the top of the sample post (see 
Figure 1). To introduce a l i g h t hydrocarbon reactant which i s a 
l i q u i d at room temperature, a stream of dry nitrogen i s bubbled 
through a glass trap containing the l i q u i d and then passed on to the 
DR c e l l . Gaseous reactants (e.g., ethylene, dimethyl ether) con
ta i n e d i n t h e i r as-received l e c t u r e b o t t l e s are fed d i r e c t l y i n t o 
the DR c e l l through a bleed valve. The reactant stream flows i n t o 
the c e l l at i t s base (gas entrance p o r t ) , upwards along the heated 
sample post, through the powdered sample, and i n t o an annular space 
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Figure 1. C o n t r o l l e d environment d i f f u s e r e f l e c t a n c e c e l l 
(Harrick S c i e n t i f i c Corp., Model HVC-DRP). 
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below the screen which i s connected ( v i a a small diameter tube) to 
the gas e x i t port. 

The thermocouple b u i l t i n t o the Harrick Model HVC-DRP c e l l i s 
attached to the outside surface of the sample post at a point below 
the sample cup (as shown i n Figure 1). In order to get a more 
accurate reading of the ac t u a l sample temperature, an a u x i l i a r y 
thermocouple (not shown i n Figure 1) was epoxied i n t o a f i t t i n g that 
attached to a t h i r d port i n the base of the c e l l . The s e c t i o n of 
t h i s a u x i l i a r y (iron/constantan) thermocouple i n s i d e the c e l l was 
strapped to the gas e x i t tube that runs from the upper p o r t i o n of 
the sample post to the gas e x i t port, a f t e r which the t i p end was 
bent i n t o a small s e m i c i r c l e so that the t i p of the thermocouple 
could be p o s i t i o n e d at the surface of the powdered specimen i n the 
sample cup. The b u i l t - i n thermocouple was used as the c o n t r o l 
thermocouple, but i t s temperature s e t t i n g was adjusted to give the 
desired temperature at the sample surface as measured by the 
a u x i l i a r y thermocouple.
were those measured by th

The DRIFT spectra c o n s i s t of 500 co-added scans taken at 4 cm"* 
r e s o l u t i o n . Each sample spectrum i s r a t i o e d against the DRIFT 
spectrum of powdered KBr (under dry N2 flush) recorded i n the DR 
c e l l at a temperature near that at which the sample spectrum was 
taken. This procedure i s b e n e f i c i a l i n reducing the thermal back
ground enhancement due to i n f r a r e d emission, which becomes progress
i v e l y more troublesome as the temperature i s increased. These 
e f f e c t s are, however, l e s s severe i n the 2000 to 4000 cm"* region 
than at frequencies below 2000 cm"^ where thermal emission c o n s t i 
tutes a s i g n i f i c a n t l y greater f r a c t i o n of the t o t a l i n f r a r e d power 
reaching the detector. The major s p e c t r a l features i n Figures 2 
through 5, i . e . , the 0-H and C-H s t r e t c h i n g bands are t y p i c a l l y 0.1 
to 0.2 absorbance u n i t s (peak-to-baseline). This s e n s i t i v i t y i s 
achieved f o r a loading of ~10 mg of z e o l i t e packed i n t o a c i r c u l a r 
w e l l ~3 mm i n diameter and 2 mm deep. 

In a t y p i c a l experiment, the z e o l i t e sample i s f i r s t heated 
slowly i n flowing dry a i r to 525+25*C where i t i s held f o r 20 to 30 
minutes; the a i r f l u s h i s then switched to a dry N2 f l u s h to purge 
the system of O2. During t h i s treatment, h e r e a f t e r c a l l e d "condi-
i t i o n i n g , " a l l adsorbed water and organic matter (e.g., from p r i o r 
exposures to l i g h t hydrocarbons) are removed, lea v i n g the z e o l i t e 
pores and channels free of phy s i - and chemi-sorbed species. The 
z e o l i t e i s then cooled to the desired temperature f o r the next 
exposure experiment, a DRIFT spectrum i s taken, and the reactant i s 
introduced. The rate of d e l i v e r y of a l i q u i d reactant can be con
t r o l l e d by adjusting the N2 flow rate and/or the temperature of the 
glass t r a p ; bleed valve adjustments are made i n the case of gaseous 
reactants. A f t e r a 5 to 15 minute exposure of the c a t a l y s t sample 
to the reactant stream, the flow of reactant i s terminated, the DR 
c e l l i s purged with dry N2 for se v e r a l minutes, and a second DRIFT 
spectrum i s taken. In experiments where product s p e c i a t i o n i s 
studied, the reactant-plus-product stream coming out of the gas e x i t 
port i s passed through a glass catch bulb which i s designed to 
c o l l e c t specimens f o r subsequent a n a l y s i s by gas chromatography/mass 
spectrometry (using a Finnegan Model 4021C GS/MS system). 
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Results and Discu s s i o n 

One of the most i n t e r e s t i n g and informative features of the i n f r a r e d 
s p ectra of protonated (or acid) form molecular sieve c a t a l y s t s i s 
the character of the 0-H s t r e t c h i n g v i b r a t i o n s . For example, i t i s 
u s u a l l y the case that the a c i d form of a molecular sieve m a t e r i a l i s 
the most a c t i v e c a t a l y t i c a l l y ; f o r z e o l i t e s t h i s a c i d i t y i s p r i m a r i 
l y Bronsted i n nature and can have a f a i r l y wide a c i d e f f e c t i v e n e s s 
range. For a given z e o l i t e framework s t r u c t u r e , the Bronsted a c i d i 
ty can be c o r r e l a t e d with the frequency of the 0-H s t r e t c h i n g v i b r a 
t i o n — t h e lower the frequency the more weakly bound (more a c i d i c ) 
the proton. Two types of 0-H v i b r a t i o n a l s i t e s are normally detec
ted by i n f r a r e d spectroscopy, those associated with hydroxyls con
nected only to s i l i c o n atoms and those associated with hydroxyls 
connected to aluminum atoms. The former type (SiOH) are found 
mainly on the outer periphery of z e o l i t e c r y s t a l l i t e s and i n essence 
terminate the disrupted
l a t t e r type, those i n v o l v i n
i n t r a s t r u c t u r a l l y at silicon-oxygen-aluminum bridges (Si-OH-Al), 
where the attached proton balances the negative charge associated 
with the aluminate subunit. 

DRIFT spectroscopy i s e s p e c i a l l y u s e f u l f o r probing the a c i d 
character of z e o l i t e 0-H v i b r a t i o n s . This u t i l i t y can be i l l u s 
t r a t e d by comparison of r e s u l t s f o r three z e o l i t e systems having the 
fo l l o w i n g framework s t r u c t u r e s and metal atom s t o i c h i o m e t r i e s : 
H-ZSM-5 with Si/AlZIO and Fe = 0, AFS-H-ZSM-5 with Si/Fe^43 and 
Al^O, and H - o f f r e t i t e with Si/A1^4. DRIFT spectra of these three 
z e o l i t e s i n the 0-H s t r e t c h i n g region (Figure 2) demonstrate how 
hydroxyl s i t e character i s a f f e c t e d by metal atom s u b s t i t u t i o n i n a 
f i x e d framework s t r u c t u r e (H-ZSM-5 vs. AFS-H-ZSM-5) and by v a r i a t i o n 
of a l u m i n o s i l i c a t e framework (H-ZSM-5 vs. H - o f f r e t i t e ) . I t i s w e l l 
e s t a b l i s h e d (5,6,10,12-17) that the band at "3745 cm""1 i n each spec
trum (Figure 2) i s the 0-H s t r e t c h i n g mode of the terminal s i l a n o l 
(SiOH) s i t e s on the outer surfaces of the z e o l i t e c r y s t a l l i t e s . The 
frequency of the s i l a n o l 0-H s t r e t c h shows l i t t l e s e n s i t i v i t y to 
z e o l i t e s t r u c t u r e and composition when i t i s measured on the same 
instrument using the same sampling technique. With the DRIFT method 
appl i e d i n t h i s work, i t i n v a r i a b l y appears at 3745 + 5 cm"1 f o r a 
wide range of z e o l i t e s and r e l a t e d s i l i c a t e s . 

The remaining 0-H bands i n Figure 2 l i e at frequencies below 
the s i l a n o l s t r e t c h and have been a t t r i b u t e d to the framework 
hydroxyl groups that e x h i b i t Bronsted a c i d i t y . The prominent bands 
at 3610 cm"1 f o r H-ZSM-5 and 3630 cm"1 f o r the AFS-H-ZSM-5 a r i s e 
from the 0-H s t r e t c h of a p a r t i c u l a r l y a c t i v e M-OH-Si hydroxyl s i t e 
(M = A l and Fe, r e s p e c t i v e l y ) . The s h i f t to higher frequency when 
the A l ( I I I ) i s replaced by Fe(III) r e f l e c t s the reduced Bronsted 
a c i d i t y of AFS-H-ZSM-5 compared to that of H-ZSM-5 (10). 

The weak 0-H band at 3660 cm"1 i n the H-ZSM-5 spectrum i s seen 
with varying i n t e n s i t y i n most preparations of t h i s s y n t h e t i c zeo
l i t e (1,5,6,12,17). I t seems to gain i n t e n s i t y with i n c r e a s i n g 
silicon-to-aluminum r a t i o i n the framework (5,12) and s e v e r a l 
explanations have been o f f e r e d concerning i t s o r i g i n . Sayed et a l . 
(12) suggest that t h i s mode i s due to water-perturbed nests of 
s i l a n o l s i t e s , while Kazansky et a l . (5) claim that i t should be 
ascri b e d to 0-H v i b r a t i o n s of nonframework aluminate species. 
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Figure 2. DRIFT spectra (3000 -• 4000 cm - 1) of (a) H-ZSM-5, 
(b) AFS-H-ZSM-5, and (c) H - o f f r e t i t e . 
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Another p o s s i b i l i t y ( r e l a t e d to the one proposed by Kazansky) i s 
that the 3660 cm~l band a r i s e s from small amounts of amorphous or 
poorly c r y s t a l l i z e d phases containing terminal -A10H s i t e s . 

The 0-H spectrum of H - o f f r e t i t e (Figure 2) i s dominated by the 
absorption envelope between 3500 and 3700 cm"^ which appears to 
c o n s i s t of at l e a s t three i n d i v i d u a l components--3550, 3610, and 
3660 cm~l, i n good accord with the f i n d i n g s of Mirodatos et a l . 
(18). The much greater combined i n t e n s i t y of these bands versus 
that of the s i l a n o l s t r e t c h at 3745 cm'-'- must be due i n part to the 
low silicon-to-aluminum r a t i o f o r the H - o f f r e t i t e (~4). However, 
when making such comparisons i t i s important to keep i n mind that 
the s i l a n o l peak i n t e n s i t y can be as much a f u n c t i o n of the surface 
area-to-volume r a t i o of the z e o l i t e c r y s t a l l i t e s as i t i s of the 
silicon-to-aluminum r a t i o (13). 

The DRIFT method can also be employed i n conjunction with gas 
chromatography/mass spectrometry (GC/MS) to c o r r e l a t e a c i d s i t e 
occupancy and organic fragmen
and the s p e c i a t i o n of products
t r a t e d i n Figure 3 f o r the r e a c t i o n of a 50/50 mixture of CH3OH and 
CH3OD on the f e r r i s i l i c a t e (AFS) form of ZSM-5 with Si/Fe = 43 and 
Fe/Al >>1. The f i g u r e includes r e s u l t s f o r the a c i d form of the 
f e r r i s i l i c a t e z e o l i t e (AFS-H-ZSM-5) at 200 and 350°C and f o r the 
sodium-substituted form (AFS-Na-ZSM-5) at 350°C. DRIFT spectra of 
the r e s p e c t i v e forms of the AFS z e o l i t e recorded a f t e r 15 minutes of 
exposure to CH3OH/CH3OD followed by a five-minute purge with N2 are 
shown on the right-hand side of the f i g u r e . The corresponding 
reconstructed i o n chromatograms (RICs) from GC/MS analyses of the 
gas flushed from the DR-cell j u s t p r i o r to the recording of each 
DRIFT spectrum of the exposed z e o l i t e sample are presented to the 
l e f t of the corresponding spectrum. GC/MS and DRIFT r e s u l t s 
obtained at 200°C and 350°C f o r the i n a c t i v e AFS-Na-ZSM-5 are nearly 
the same i n appearance and hence only the 350*C set i s presented i n 
Figure 3. A l s o , since the s p e c t r a l p r o f i l e s i n the 0-H and 0-D 
s t r e t c h i n g regions are i d e n t i c a l i n each DRIFT spectrum, only the 
0-D region i s shown i n Figure 3. 

At 200*C, the RIC f o r the a c t i v e AFS-H-ZSM-5 i n d i c a t e s a 
product mix c o n s i s t i n g of a wide range of p a r a f f i n i c , o l e f i n i c , and 
aromatic compounds having four (C4) to twelve (C12) carbon atoms. 
At 350°C the product RIC i s reduced to that of a mixture of a l k y l 
s u b s t i t u t e d benzenes. RICs of the f l u s h gas taken f o l l o w i n g the 
methanol/AFS-Na-ZSM-5 exposure show l i t t l e evidence of C4 or greater 
products at e i t h e r 200 or 350*C. The corresponding DRIFT spe c t r a 
contain the SiOH and SiOD v i b r a t i o n s f o r both z e o l i t e s at each 
r e a c t i o n temperature, but the 0-H v i b r a t i o n s of the Fe-OH-Si and 
Fe-OD-Si s i t e s only appear for the a c t i v e (AFS-H-ZSM-5) form of the 
z e o l i t e at 350*C. Another key feature of the DRIFT spe c t r a i n 
Figure 3 i s that r e s t r u c t u r i n g of the C-H s t r e t c h i n g band accompan
ies the temperature increase f o r AFS-H-ZSM-5, but there i s very 
l i t t l e evidence of r e s t r u c t u r i n g i n the C-H region when the AFS-Na-
ZSM-5 r e a c t i o n temperature i s increased from 200 to 350°C. 

The r e l a t i v e number of counts obtained from the in t e g r a t e d RICs 
fo r each experiment represented i n Figure 3 were >10^ f o r AFS-H-ZSM-
5 at 350°C, >10 4 f o r AFS-H-ZSM-5 at 200*C, <10 3 f o r AFS-Na-ZSM-5 at 
350°C and <10 2 f o r AFS-Na-ZSM-5 at 200°C. These r e s u l t s imply a 
>100-fold r e a c t i v i t y d i f f e r e n c e between the protonated and sodium 
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GC/MS RECONSTRUCTED ION 
CHROMATOGRAM (RIC) 
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Figure 3. DRIFT and GC/MS study of the reaction of CH3OH/CH3OD 
on AFS-H-ZSM-5 and AFS-Na-ZSM-5. Numbers in parentheses on 
each RIC indicate the total number of counts in the C4 to C^2 
range. 
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forms of the AFS m a t e r i a l (with the r e s i d u a l a c t i v i t y of the sodium 
form most probably a r e s u l t of incomplete exchange of the protons). 
They a l s o h i g h l i g h t the c l e a r c o r r e l a t i o n between C-H band s t r u c t u r e 
and r e a c t i v i t y . 

The DRIFT technique that i s most d e f i n i t i v e f o r e l u c i d a t i o n of 
the intraframework i n t e r a c t i o n s and species that accompany adsorp
t i o n and r e a c t i o n of l i g h t hydrocarbons on shape s e l e c t i v e molecular 
sieve c a t a l y s t s i s one based on the a p p l i c a t i o n of s p e c t r a l subtrac
t i o n procedures to the DRIFT spectra recorded p r i o r to and f o l l o w i n g 
exposure of the z e o l i t e sample to a reactant. T y p i c a l l y , the spec
trum recorded p r i o r to exposure i s subtracted from the post-exposure 
spectrum. The r e s u l t i n g d i f f e r e n c e spectrum provides a signature of 
the changes i n protonated s i t e occupancy and gives evidence of the 
formation of organic fragments that tend to remain i n the z e o l i t e at 
moderate temperatures even a f t e r purging of the reactant. Results 
f o r exposures of H-ZSM-5 to isopropanol, n-butanol, and n-pentanol, 
which i l l u s t r a t e the e f f e c t
d i f f e r e n c i n g experiments
cover the s p e c t r a l region of the 0-H and C-H s t r e t c h i n g v i b r a t i o n s . 
They show that the s i l a n o l (3745 cm"^) and aluminol (3610 cm~l) s i t e 
occupancies are reduced i n the presence of the "trapped" organic 
fragments, that a l l 0-H s i t e s tend to recover t h e i r occupancies as 
the trapped fragments desorb at higher temperatures, and that the 
h i g h l y a c i d i c 3610 cm"! s i t e i s the l a s t one to recover i t s i n i t i a l 
proton occupancy. For reactions i n v o l v i n g l i g h t alcohols and o l e 
f i n s on H-ZSM-5, the temperature at which fragment r e t e n t i o n and 
protonated s i t e occupancy reach zero (as determined by DRIFT d i f f e r 
ence spectra) i s gen e r a l l y around 400°C. 

Experiments of the type described above and i l l u s t r a t e d i n 
Figure 4 have been c a r r i e d out for a s e r i e s of z e o l i t e s which 
included H-ZSM-5, H - o f f r e t i t e , and t h e i r i r o n s u b s t i t u t e d analogs, 
using l i g h t a l c o h o l s , dimethyl ether, and ethylene as reactants. 
From one z e o l i t e to another, only subtle d i f f e r e n c e s are seen i n the 
shape and i n t e n s i t y of the C-H band envelope as a f u n c t i o n of reac
tant and temperature. The response p a t t e r n depicted i n Figure 4 --
a double-peaked C-H band envelope at lower temperatures ( u s u a l l y up 
to ~200°C) which broadens to a s i n g l e band at higher temperatures 
and eventually disappears ( c i r c a 400*0) -- i s t y p i c a l of what i s 
observed i n every case i n v e s t i g a t e d where there i s p a r a l l e l i n g e v i 
dence (from downstream GC/MS) that the reactant i s being converted 
i n t o higher molecular weight products. 

Greater d i f f e r e n c e s are seen i n the response of the framework 
0-H s t r e t c h i n g v i b r a t i o n s to various types of reactants and to the 
presence of water i n the incoming reactant stream. Some of these 
responses are shown i n Figure 5. Dry o l e f i n s exposed to conditioned 
H-ZSM-5 and i t s i r o n - s u b s t i t u t e d analog leave a fragment that 
depletes the protons at the aluminol ( s i t e ) but does not s i g n i f i 
c a n t l y a l t e r the proton occupancy of the s i l a n o l s i t e . This e f f e c t , 
exemplified by spectra a and b of Figure 5, i s i n t e r p r e t e d as e v i 
dence that the retained fragment i s a carbocation which has assumed 
the charge balancing r o l e formerly played by the aluminol proton. 
The C-H band s t r u c t u r e of t h i s carbocation f i t s the pa t t e r n of many 
l i g h t p a r a f i n s ; and the lack of any s i g n i f i c a n t i n f r a r e d absorption 
i n the 3000 to 3200 cm"1 region precludes the presence of s i g n i f i 
cant amounts of o l e f i n i c or aromatic e n t i t i e s . 
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Figure 4. DRIFT spectrum of conditioned H-ZSM-5 at 523 K 
(Curve a) and d i f f e r e n c e spectra of H-ZSM-5 taken a f t e r 
exposure to isopropanol, (b) and ( c ) ; n-butanol, (d) and (e); 
and n-pentanol, ( f ) , (g), and (h) at various temperatures. 
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Figure 5. DRIFT d i f f e r e n c e spectra f o r C2H4 on H-ZSM-5 at (a) 
373 K and (b) 473 K; DRIFT spectra of H - o f f r e t i t e (c) before 
and (d) a f t e r exposure to C2H4 at 573 K; (e) = (d) - ( c ) ; (f) 
DRIFT d i f f e r e n c e spectrum f o r (^3)20 on H - o f f r e t i t e at 573 K. 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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DRIFT spectra of H-ZSM-5, H - o f f r e t i t e , and the AFS analog of 
H-ZSM-5 taken a f t e r exposure to l i g h t alcohols or dimethyl ether 
r e v e a l retained organic fragments with C-H st r u c t u r e s very much l i k e 
those observed f o l l o w i n g exposure to ethylene. These spectra a l s o 
show d e p l e t i o n of the aluminol protons (3610 cm~l) but o f t e n give 
evidence of d e p l e t i o n of the s i l a n o l s i t e (3745 cm"^) as w e l l . This 
e f f e c t , seen i n Figure 4 and i n spectra e and f of Figure 5, has 
been t i e d to the presence of traces of water i n the incoming reac
tant stream and i n the case of H-ZSM-5 i s more prevalent at tempera
tures below 150°C, the temperature at which water appears to f r e e l y 
desorbed from H-ZSM-5 that i s a c t i v e l y being exposed to a l i g h t 
a l c o h o l , o l e f i n , or ether. 

The r e s u l t s i n Figure 5 f o r the C2H4/H-offretite exposure 
(spectra c and d and t h e i r d i f f e r e n c e curve, spectrum e) are p a r t i 
c u l a r l y i n t e r e s t i n g because the negative peak s t r u c t u r e i n the 3600 
to 3750 cm~l region i s very c l o s e l y matched with the 0-H region of 
H-ZSM-5 (see spectrum a
that of spectrum c i n Figur
region of spectrum c (Figure 5), i . e . , that remaining i n spectrum d 
(Figure 5), must, therefore, be due to protonated s i t e s that are 
e i t h e r not a c c e s s i b l e to the reactant or not exchangeable. This 
behavior i s i d e n t i c a l to that observed by Mirodatos et a l . (.18) and 
i s n i c e l y summarized i n Table 1 of t h e i r paper. The essence of 
t h e i r explanation i s that the 3745 cm~l band i s a c c e s s i b l e , i . e . , to 
exchange with l a b i l e protons, but nonacidic ( j u s t l i k e i n H-ZSM-5); 
the 3660 cm~l band i s not a c c e s s i b l e to hydrocarbons ( p o s s i b l y 
located i n the hexagonal prisms); the 3610 cm"^ band i s both acces
s i b l e and a c i d i c ( j u s t l i k e the 3610 cm - 1 band of H-ZSM-5); and the 
3550 cm~l band i s a c i d i c but l a r g e l y i n a c c e s s i b l e ( p o s s i b l y located 
i n the c a n c r i n i t e cages). 

Concluding Remarks 

The r e s u l t s presented i n t h i s paper show that d i f f u s e r e f l e c t a n c e 
i n f r a r e d F o u r i e r transform spectroscopy, used i n conjunction with 
c o n t r o l l e d environment techniques and gas chromatography/mass 
spectrometry, can be a powerful t o o l f o r the study of c a t a l y s i s by 
product (shape) s e l e c t i v e molecular sieve m a t e r i a l s . By u t i l i z i n g 
s p e c t r a l d i f f e r e n c i n g techniques i t i s p o s s i b l e to t r a c k the v a r i 
ations i n protonated s i t e occupancy and the formation of st a b l e 
organic species that occur during exposure of molecular sieve 
c a t a l y s t s to organic reactants. 
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Chapter 6 

Strong Acid Sites of Dealuminated 
Y Zeolites Prepared by Conventional 

Treatments and Isomorphous Substitution 
Microcalorimetric Study 

A. Macedo1, A. Auroux2, F. Raatz1, E. Jacquinot1, and R. Boulet1 

1Institut Français du Pétrole, Boîte Postale 311, 92506 Rueil-Malmaison, 

2Institut de Recherche
de la Recherche Scientifique, 2 Avenue Albert Einstein, F-69626 

Villeurbanne, Cedex, France 

The acidity of dealuminated Y zeolites 
prepared either by conventional treatments or 
isomorphous substitution has been characterized in 
detail through a microcalorimetric study of the 
adsorption of ammonia. 

In agreement with previous studies, 
microcalorimetry confirms that in steamed products, 
most of the strong acid sites are poisoned by 
cationic extra-framework Al species. These sites 
can be recovered by an optimized post-steaming acid 
leaching. Isomorphously substituted HY which is 
free of extra-framework cationic species possesses 
more acid sites than conventionally dealuminated 
solids with similar framework Si/AlIV ratio. 

The catalytic performances of the solids in 
the conversion of cyclohexene are in qualitative 
agreement with their acidic properties as 
determined by calorimetric experiments or other 
techniques such as TPD of ammonia and infrared 
spectroscopy. 

It is well known, that depending on the post-synthesis 
treatments, the acidity of zeolitic materials in terms of type, 
strength, localization and number of acid sites can vary over a 
wide range (1-5). The modification of the acidity of zeolites 
through various treatments is indeed widely used to design 
efficient FCC, hydrocracking , isomerization catalysts (6,8), 
etc. Since in solids, the acidity concept involves various 
aspects, several complementary characterization techniques have 
to be used. Over the last decade the acidic properties of 
zeolites have been the subject of extensive work (9-12) which has 
led to a deep understanding of the acidity of a large variety of 
solids (13,14). However, a limited number of systematic studies, 

0097-6156/88/0368-0098$06.00/0 
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based on a multitechnique approach, have been devoted to the 
detailed determination of the evolution of the acidic properties 
of modified zeolites at each step of the post synthesis 
dealumination procedures (15-17). 

In this work we wi l l specif ical ly focus on the acidic 
properties of ful ly characterized Y zeolites dealuminated by i) -
conventional treatments (steaming, acid leaching) and i i ) -
isomorphic substitution (f luorosi l icate) . To achieve a detailed 
description of the acidity of these series of solids and of the 
mechanisms involved, complementary techniques have been retained 
: TPD of NH , IR of the hydroxyls, IR of adsorbed probe 
molecules with various basic strengths and adsorption of NH^ 
followed by microcalorimetry. Results concerning TPD and IR have 
either been already published (18) or are the scope of another 
paper presented at the present conference (19). Here we wi l l 
res tr ic t ourselves to microcalorimetry  This powerful technique 
has proved to give
strength distributio
(12,15,20,21). Our main aim here is to follow the evolution of 
the acid strength distribution (ASD) in dealuminated Y zeolites 
at each step of the dealumination procedures. We wi l l also 
attempt to determine whether a direct l ink exists, at least on a 
semi-quantitative basis, between the acid strength distributions 
given by microcalorimetry of adsorbed NH^ and the catalytic 
performance in a model reaction such as the conversion of 
cyclohexene. 

EXPERIMENTAL 

Solids. Starting from a low sodium, {% Na<0.17 wt), NĤ Y (Si /Al 
- 2.5), dealuminated solids have been prepared according to the 
two previous routes : i) - hydrothermal treatment, (HT), at 
various temperatures (773 K to 1123 K) followed by two successive 
acid leachings at 353 K in 1.5 N (HTA1) and 4 N (HTA2) HC1 
solutions, and i i ) - isomorphic substitution (IS) in (NH ) SiFg 
solutions buffered with CH 3 CÔ NH at 348 K. A l l g e s e solids 
have been characterized by chemical analysis, XRD, Si MAS NMR 
and adsorption. 

Microcalorimetry. Following a pretreatment at 623 K under vacuum 
(<10 torr) overnight, the differential heat of adsorption of 
ammonia was measured at 423 K using a SETARAM - Tian-Calvet type 
microcalorimeter associated with a volumetric equipment allowing 
the simultaneous determination of the adsorption isotherm. 

Model reaction. A Geomecanique microtest unit adapted to the 
study of reactions giving rise to a rapid catalyst deactivation 
waŝ  used (22). The reaction was conducted at a total pressure of 
10 kPa with a cyclohexene part ia l pressure of 0.2* 10 kPa, 
contact times in the range 0.5 to 1.5 s, at 643 K. Sampling was 
performed at various times on stream (2, 5, 8, 11 min). 

Further details on the dealumination procedures, the 
characterization techniques and the model reaction studies can be 
found in ref. (23,24). 
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RESULTS 

The main consequences of each step of the preparation procedures 
on the physicochemical p r o p e r t i e s of the s o l i d s (unit c e l l 
parameter, X-ray c r y s t a l l i n i t y , etc.) have already been described 
i n r e f . (18). However f o r the sake of c l a r i t y , the most important 
c h a r a c t e r i s t i c s of the s o l i d s are given again i n Tables I and II 
together with the dealumination operating conditions. 

Conventional dealumination (HT, HTA1, HTA2 s o l i d s ) . 
Steaming : As should be expected (18), steaming at i n c r e a s i n g 
temperature leads to a l o s s of a c i d s i t e s (Figure 1). More 
s p e c i f i c a l l y , while a rather sharp peak i s evident near 150 KJ 
mole i n the a c i d strength d i s t r i b u t i o n (ASD) of (HT) s o l i d s 
t r e a ted below about 973 K ( f i g u r e 3-a-c, table I ) , the (HT) 
s o l i d s treated at higher temperature e x h i b i t a quite uniform ASD 
(Figure 3-e-h, Table I )
(HT) s o l i d s with a highl
s t i l l possess a small amount of very strong a c i d s i t e s i n the 200 
kJ mole range (Figure 3-e-h). 

Acid leaching : Providing that the steaming temperature i s higher 
than about 800 K, the s e l e c t i v e a c i d leaching conducted under 
mild conditions (no or very l i t t l e framework A l extraction) 
r e s u l t s i n a s i g n i f i c a n t increase of the number of a c i d s i t e s 
(Figures 1, 2). A l l these (HTA1) s o l i d s , even those derived from 
(HT) s o l i d s c h a r a c t e r i z e d by a uniform ASD (steaming at 
temperature higher than about 973 K) , are c h a r a c t e r i z e d bŷ  an 
intense peak located roughly between 150 and 200 kJ mole i n 
t h e i r ASD (Figure 3 - b - d - f - i ) . An important point emerges from 
Figure 3 : the gain i n strong s i t e s (Q >100 kJ mole" ) r e s u l t i n g 
from the mild a c i d leaching decreases gradually as the steaming 
temperature increases. 

In contrast with the mild a c i d leaching, the second and more 
severe a c i d treatment leads to (HTA2) s o l i d s possessing a very 
small amount of strong s i t e s and c h a r a c t e r i z e d by a very f l a t 
ASD. The ASD of these s o l i d s i l l u s t r a t e d i n the case of HY52 on 
Figure 3-g does not depend on the X-ray c r y s t a l l i n i t y obtained 
a f t e r the a c i d treatment (Table I ) . 

Isomorphic s u b s t i t u t i o n (IS s o l i d s ) 

From Figure 4, i t appears c l e a r l y that the (IS) s o l i d s which are 
only dealuminated up to about 50 %, possess a much l a r g e r 
quantity of a c i d s i t e s with chemisorption energy i n the 150-200 
kJ mole range than the (HT) or (HTA1) s o l i d s . The higher 
quantity of a c i d s i t e s s t i l l holds true even f o r (IS) and (HT) or 
(HTA1) s o l i d s with comparable u n i t c e l l parameter (Figures 1, 2, 
4, Tables I, I I ) . Another important feature of most of the (IS) 
s o l i d s i s a two- peak ASD (Figure 5). The progress of the 
isomorphic s u b s t i t u t i o n a f f e c t s t h i s ASD i n two ways : 

- the two peaks are moved to higher a c i d strength 
- the area of the l e a s t " a c i d i c " peak decreases more r a p i d l y 
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400; 

Figure 2. Heat of adsorption of ammonia versus 
coverage for the steamed and acid leached solids 
(HTA). 
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Figure 3. Acid strength d i s t r i b u t i o n (ASD) of the 
(HT) and (HTA) s o l i d s . 
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Figure 3. Continued. Acid strength d i s t r i b u t i o n (ASD) 
of the (HT) and (HTA) s o l i d s . 
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Figure 4. Heat of adsorption of ammonia versus 
coverage for the isomorphously substituted solids 
(IS). 
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Figure 5. Acid strength d i s t r i b u t i o n (ASD) of the 
(IS) s o l i d s . 
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than that of the most " a c i d i c " peak; f o r dealumination l e v e l s 
higher than about 40 % only the most " a c i d i c " peak remains. 

DISCUSSION 

Before d i s c u s s i n g the m i c r o c a l o r i m e t r i c experiments i t would be 
h e l p f u l to summarize b r i e f l y the main r e s u l t s which have been 
prev i o u s l y obtained by other techniques on the same s o l i d s (18). 

Concerning the conventional dealumination method, i t has 
been shown that the l o s s of a c i d s i t e s a r i s i n g from steaming does 
not only r e s u l t from the e x t r a c t i o n of framework A l atoms. 
Another mechanism i s involved, namely the poisoning of the 
strongest s t r u c t u r a l Bronsted s i t e s by c a t i o n i c extra-framework 
aluminium species which are l i k e l y to be mainly located i n the 
supercages (25). This poisoning e f f e c t i s e s p e c i a l l y important 
f o r (HT) s o l i d s t r e ated below about 973 K  Providing that the 
post-steaming a c i d leachin
poisoning species ca
appreciable framework dealumination (18). Such an optimized a c i d 
leaching could r e s u l t i n an increase of the number of strong 
s i t e s (18). In contrast a non s e l e c t i v e a c i d attack always leads 
to s o l i d s possessing very few a c i d s i t e s whatever the r e t e n t i o n 
of the X-ray c r y s t a l l i n i t y (18). 

In contrast to the (HT), (HTA1), (HTA2) s o l i d s , the 
isomorphously s u b s t i t u t e d (IS) s o l i d s , which are nearly free from 
extra-framework species, only e x h i b i t Bronsted a c i d i t y without 
any s i g n i f i c a n t amount of Lewis s i t e s (18). Moreover compared to 
the (HT), (HTA1), (HTA2) s o l i d s , they show a two-peak NH^ TPD 
spectrum (18). 

I t i s important at t h i s stage to emphasize that the 
isomorphic s u b s t i t u t i o n by (NH^^SiF^ gives s o l i d s with l i m i t e d 
dealumination l e v e l s : up to about 60 %, which corresponds to 
u n i t c e l l parameters not smaller than about 2.442 nm (26,27), 
whereas a t o t a l framework dealumination could be e a s i l y achieved 
by conventional treatments (un i t c e l l parameter down to 2.423 nm 
(4)). I t i s not e n t i r e l y c l e a r at the moment, whether t h i s 
l i m i t e d dealumination l e v e l f o r the (IS) s o l i d s r e s u l t s from the 
experimental conditions we used or i s s p e c i f i c to the 
f l u o r o s i l i c a t e technique. Nevertheless t h i s s i t u a t i o n renders 
d i f f i c u l t the d e t a i l e d comparison between the a c i d i c p roperties 
of s o l i d s with i d e n t i c a l framework dealumination l e v e l s prepared 
by the two techniques. However, as w i l l be seen l a t e r , important 
trends can be derived. 

Isomorphic s u b s t i t u t i o n . Since the (IS) s o l i d s only possess 
framework Bronsted s i t e s t^p f i r s t point to be discussed i s : 

Do the framework A l account f o r the t o t a l quantity of 
strongly chemisorbed ammonia ? 

The NHg adsorption isotherms are not p e r f e c t l y rectangular, 
thus the p r e c i s e estimation of the q u a n t i t i e s of strongly 
chemisorbed ammonia i s somewhat d i f f i c u l t . We have retain e d f o r 
t h i s estimation a pressure of 1 t o r r which corresponds to tlje, 
pseudo-plateau region of the isotherms. The c a l c u l a t e d NH / A l 
r a t i o s are close to 0.80 (Table II) and a nice l i n e a r c o r r e l a t i o n 
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i s found between the t o t a l ammonia chemisorbed volume _^(P =_̂ 1 
t o r r ) and the -J^pit c e l l paramgtey a Q ^ slope 1480 cm g nm , 
theory (NHg/Al = 1) 2275 cm g" nm" . These r e s u l t s obviously 
support the idea that i n (IS) s o l i d s , the framework A l s i t e s only 
are responsible f o r the a c i d i t y which i s , i n that case, of 
Bronsted character e x c l u s i v e l y (18). 

In agreement with t h e i r NH^ TPD spectra (18), the (IS) 
s o l i d s e x h i b i t a two-peak ASD (Figure 5). Since these s o l i d s a l s o 
show two s t r u c t u r a l A1-0H bands i n t h e i r IR spectra 
(14,18,27,28), the so c a l l e d h.f. and l . f OH, i t would be 
tempting to a t t r i b u t e the " most a c i d i c " c a l o r i m e t r i c peak to the 
most a c i d i c IR band, i . e , h.f. and the " l e a s t a c i d i c " 
c a l o r i m e t r i c peak to the l e a s t a c i d i c IR band, i . e , l . f . (18,19). 
This a t t r i b u t i o n i s , however, rj^t e n t i r e l y s a t i s f a c t o r y since 
(IS) s o l i d s with framework S i / A l r a t i o higher than about 6 only 
show a one-peak ASD (Figure 5-d) while the h.f  and l . f  OH bands 
are s t i l l present i
needed to c l a r i f y t h i
of the c a l o r i m e t r i c peaks i n terms of IR OH bands, i t appears 
c l e a r l y that framework dealumination does not lead to a l o s s of 
s i t e s keeping a constant a c i d strength. On the contrary (Figure 
5) the l e a s t a c i d i c Bronsted s i t e s are p r e f e r e n t i a l l y eliminated 
while the strengths of the two types of s i t e s increase i n the 
course of the dealumination procedure. These rather clean r e s u l t s 
(no i n t e r f e r e n c e with extra-framework species) would d i r e c t l y 
support the g e n e r a l l y accepted, but s t i l l not completely proven, 
scheme according to which the framework dealumination gives l e s s 
s t r u c t u r a l Bronsted s i t e s but with a stronger a c i d strength. An 
elegant t h e o r e t i c a l model has been r e c e n t l y proposed by D. 
Barthomeuf (29) to r a t i o n a l i z e such a behaviour. According to our 
experiments the increase i n a c i d strength i s quite s i g n i f i c a n t 
since i t corresponds to an increase of about 12 kJ mole f o r the 
heat of adsorption of NH^ on the two types of s i t e s (Figures 5). 

Conventional dealumination. NH^ i s known to be a non-selective 
probe: i t can i n t e r a c t with Bronsted as well as with Lewis s i t e s 
(30). Under such conditions the amounts of ammonia which i n t e r a c t 
strongly (P = 1 t o r r ) with the (HT), (HTA1) and (HTA2) s o l i d s 
cannot be d i r e c t l y a t t r i b u t e d to the n e u t r a l i z a t i o n of the 
framework Bronsted s i t e s . To address that problem a . p o s s i b l e 
preliminary approa^cji i s to evaluate NH^/Al^ and NH^/Al r a t i o s 
(where A l ^ and A l stand r e s p e c t i v e l y f o r the t o t a l amount of 
aluminium present i n the s o l i d s and the amount of framework A l 
atoms). 

F i r s t , whatever the treatments the NH^/A1T r a t i o s are always 
much smaller than 1.0 i n the (HT), (HTA1) s o l i d s , to be compared 
with the 0.80 value found f o r the (IS) Y z e o l i t e s (Tables I, I I ) . 
This i n d i c a t e s , i n agreement with previous r e s u l t s (18,19), that 
a l i m i t e d amount of extra-framework species possess a strong 
a c i d i c character . 

The evaluation of the NHg/Al r a t i o i s much ̂ o r e d i f f i c u l t 
since one has not only to know the framework S i / A l r a t i o of the 
z e o l i t e but al s o the proportion of the z e o l i t i c phase i n the 
dealuminated m a t e r i a l . Indeed from a material balance point of 
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view, a (HT) or (HTA1) HY can be formally considered as being 
formed by two phases : 

i) - a weight fraction (1 - z) of a p o l i t i c phase free from 
any extra-framework species, with a S i / A l ratio x. 

i i ) - a weight fraction z of amorphous phase with a S i / A l 
ratio equal to y. I V 

According to these scheme, the amount of framework Al is 
given by : 

A 1 I V (% wt) = 9J4$ * 100 

1 + x +( - I * (1 + y) 
\ X0 " y / 

where x is the (S i /Al) tota l ratio of the so l id . 
Since the S i / A l material balance leads to the relation : 

(1-z)* x + z*y= x Q 

only two among the thre
evaluate the amount o
While x can be readily measured (XRD, Si MAS NMR), y and z can 
only be roughly estimated by indirect methods. Most often y is 
implic i t ly considered as being equal to zero. However, depending 
on the operating conditions HY dealuminated by conventional 
techniques always contain significant amounts of extra-framework 
Si atoms, which means that in most cases y is not equal to zero. 

In a very rough approach, the amorphous phase S i / A l ratios y 
have been chosen so that the zeol i t ic fraction (1-z) i s equal to 
the XRD crys ta l l in i ty of the solids. It appears, from these 
calculations, that y varies from 0 to about 2 for (HT) and (HTA1) 
solids, (Table I) which is in qualitative agreement with STEM 
results (31). Concerning the (HTA2) solids, y can reach very 
large values, (>20), which is consistent with the fact that the 
severe acid leaching extracts most of the extra-framework ^ 
species. With these values for y, only approximate NH^/Al 
ratios can be calculated (Table I). 

However some qualitative trends can be extracted from tlje, 
results reported in Table I. For the (HT) solids, the ^ 3 / A 1 

ratios are smaller than 1, which would m^j^ri that some Al atoms 
do not interact with NH 3 > Higher NH3/A1 ratios are obtained 
after a mild acid leaching ; a possible explanation could be that 
in (HTA1) solids a higher proportion of framework Bronsted sites 
are able to interact with ammonia. This result is in agreement 
with the elimination, in the course of the mild acid leaching 
procedure, of cationic poisoning species (18), an effect which is 
discussed in more details below. 

Since the (IS) solids with low unit c e l l parameters close to 
2.445 nm are characterized by a one-peak ASD, one would also 
expect for the (HT) s o l i d s (a < 2.442 nm) a one-peak ASD. This is 
indeed the case for (HT) s o l i S treated at low temperature (T<973 
K). For (HT) solids treated at higher temperatures the ASD is 
very f lat (Figure 3). This does not mean that these (HT) solids 
are free from framework Al atoms. These framework sites s t i l l 
exist but, as has already been proved by indirect techniques (25) 
and more recently by a direct one, namely Rietvelt analysis (32), 
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they are poisoned by extra-framework cationic Al species and to a 
much less extend by residual Na cations. An optimized acid 
leaching, which does not extract appreciable amounts of framework 
A l , allows an almost complete elimination of the poisoning 
species, giving r^se to an important peak in the ASD between 150 
and 180 kJ mole" (Figure 3- b-d-f) . The gain of strong acid 
sites is especially important for the solids steamed at low 
temperature because these conditions favor the formation of 
extra-framework Al cations while higher steaming temperatures 
more l ike ly lead to neutral polymeric species. Contrary to the 
(IS) solids, in the case of (HTA1) HY, the heat of adsorption 
corresponding to the ASD peak does not vary monotonically with 
the unit c e l l parameter ; i t shows a more complex behaviour 
(Figure 3). 

At this stage an important question has to be addressed : 
from the NH probe point of view how do the (HT), (HTA1) solids 
compare with the (IS)
with similar framewor
both type of solids possess acid sites with very similar 
strengths. They show a one-peak ASD located near 175 kJ mole 
However conventional HY, even those which have been submitted to 
an optimized acid leaching, possess less acid sites than the (IS) 
solids. This is not surprising since (HT) and (HTA1) HY are not 
purely zeo l i t i c , they contain variable amounts of extra-framework 
material. This extra-framework material is mainly responsible for 
the Lewis acidity of (HT) and (HTA1) solids while the (IS) solids 
are nearly pure Bronsted acids. 

Up to now we have focussed on acid sites characterized tj)y 
heat of adsorption of ammonia in the range 150 to 190 kJ mole 
However, whatever the dealumination procedures or the framework 
dealumination levels, a l l the solids possess a very small amounj 
of very strong acid sites in the range 190 to 220 kJ mole 
(Figures 3 and 5). The origin of these very strong sites, which 
represent a very small proportion of the framework Bronsted 
sites, is not clear. One can argue that they either correspond to 
isolated framework Al atoms or to the very f i r s t framework sites 
which are not surrounded by NH^ neutralized sites (coverage 
effect). It is very d i f f i c u l t experimentally to measure with a 
high precision the heat of adsorption of NH^ on these very strong 
sites and the derivative plots are approximative in that region. 
To compare the strength of these strongest sites one possible 
rough approach is to plot the cumulative heat of adsorption ( £ Q ) 
versus the adsorbed amount (Figure 6). On such a plot i t appears 
that, whatever the solids (HY11 is an exception), the sĴ ope at 
the origin is nearly always the same, i . e . , about 10 J.cm . This 
roughly indicates that the strength of the very few strongest 
sites is not very much affected either by the dealumination 
procedure or the framework dealumination level . In other words 
even highly dealuminated solids with unit c e l l parameter close to 
2.423 nm possess very strong sites. 

It is important to determine at least on a qualitative basis 
how do the ASD given by microcalorimetry of adsorbed NH 
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correlate with the catalytic properties of the solids. 
Cyclohexene transformation is a model reaction which is well 
adapted to easily characterize the acidity of catalysts and to 
determine the hydrogen transfer tendency of FCC catalysts. Here 
we wi l l not discuss the select ivity results (hydrogen transfer 
versus isomerization), we w i l l only examine brief ly what are the 
main effects of the preparation procedures on the conversion 
levels. 

Let us f i r s t consider the effect of the acid leaching of the 
(HT) solids (Figure 7). In agreement with NH^ adsorption, the 
selective acid leaching (HTA1) leads to a very significant 
increase of the conversion levels, whereas an important decrease 
is evidenced for solids which have been submitted to a 
non-selective dealumination (HTA2). These results directly 
i l lus trate the benefit arising from a selective elimination of 
the cationic poisoning species formed in the course of the 
steaming procedure. 

As far as the strengt
range is concerned, our microcalorimetric experiments (Figure 6) 
suggest that some sort of continuity may exist between (IS) and 
conventional HY. Indeed an almost continuous curve is obtained 
when the conversion levels in cyclohexene transformation are 
plotted against the unit c e l l parameter for (IS) and (HTA) 
solids. The detailed interpretation of Figure 8 is obviously 
outside the scope of the present paper. However i t should be 
noted that the rather low conversion levels of the (IS) solids do 
not only result from a surprisingly low acidity 
(microcalorimetric experiments t e l l us that i t is not the case) 
but more l ike ly from higher deactivation rates. Additional work 
is obviously needed to better compare the catalytic act ivity of 
(IS) and (HTA1) solids with similar unit c e l l parameter. The aim 
of Figure 8 is only to give preliminary results on the relative 
catalytic performances of (IS) and conventional HY. 

CONCLUSION 

Adsorption of ammonia followed by microcalorimetry has proved to 
be a very useful tool to determine quantitatively the acid 
strength distributions of HY zeolites dealuminated either by 
conventional treatments or isomorphic substitution. Concerning 
the conventional dealumination route, i t has been confirmed that 
the post steaming acid leaching plays a very important role . When 
conducted under optimized conditions i t leads, through the 
elimination of extra-framework cationic species, to a recovery of 
strong framework sites. The elimination of these poisoning 
species gives rise to an improvement of the catalytic 
performance. Isomorphously s^jpstituted (IS) HY nearly behave as 
ideal Bronsted acids (NH / A l close to 1) and possess more acid 
sites than conventional HY with similar unit c e l l parameter. At 
least for the (IS) solids, the strength of the residual acid 
sites increases s ignif icantly with the dealumination level . 
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200, 

VNH3(ml.g-i) 

Figure 6. Cumulative heat of adsorption for the 
(HT), (HTA) and (IS) solids. 

1̂ 
10 20 30 40 SO 60 70 80 90 100 

Conversion after steaming (7.) 

Figure 7. Conversion level in cyclohexene 
transformation after acid leaching versus 
conversion level after steaming for the (HTA1) and 
(HTA2) solids (time on stream 2 min.). 
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Figure 8. Conversion in cyclohexene transformation 
against unit c e l l parameter for the (HT) and (IS) 
solids (times on stream 2 and 11 min.). 
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Chapter 7 

FT-IR Study of the Brönsted Acid Sites 
in Dealuminated HY Zeolites 

Using Specific Probe Molecules 

A. Janin1, J . C. Lavalley 1,3, A. Macedo2, and F. Raatz2 

1Laboratoire de Spectrochimie, Groupe Catalyse et Spectrochimie, Unité 
Associée No. 414, I.S.M.Ra, Université de Caen, 14032 Caen, 

Cedex, France 
2Institut Fran

Rueil-Malmaison

The Brönsted acid sites of HY zeolites 
dealuminated either by conventional 
treatment (steaming + acid leaching) or 
isomorphous substitution (fluorosilicate) 
have been characterized at each step of 
the preparation procedures through IR 
spectroscopy of probe molecules with 
various basic strengths (pyridine, C2H4, 
H 2S). In contrast to pyridine, which 
cannot easily discriminate between OH 
groups with similar acid strength, C2H4 

and H2S lead to a much more specific 
interaction. Whatever the dealumination 
procedures, the structural high-frequency 
OH is l ikely to be the most acidic and its 
acid strength smoothly increases with the 
framework dealumination level. Some of the 
extra-framework Al-OH groups present in 
conventional HY treated at low temperature 
indeed possess a pronounced acidic 
character since they can interact with 
C 2 H 4 or H 2S. Finally two components at 
3738 and 3743 cm-1 appear to contribute to 
the Si-OH at 3740 cm-1; they correspond 
respectively to SiOH groups attached to 
the framework and to an extra-framework 
silicon-containing phase. 

I t i s w e l l known t h a t the number, type and s t r e n g t h of 
the Bronsted a c i d s i t e s which are pre s e n t i n m o d i f i e d H 
z e o l i t e s do not on l y depend on the S i / A l I V r a t i o of the 
framework (1, 2). The nature and the amount of non-
framework s p e c i e s such as r e s i d u a l a l k a l i n e c a t i o n s , 
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c a t i o n i c or n e u t r a l A l s p e c i e s a l s o p l a y an important 
r o l e on the a c i d i t y of the s o l i d s (3, 4). 

To c h a r a c t e r i z e the Bronsted a c i d i t y o f m o d i f i e d 
z e o l i t e s two methods can mainly be used : IR spectroscopy 
(4-7) and MAS-NMR (8, 9) wi t h o r without the use of probe 
molecules. Concerning more s p e c i f i c a l l y m o d i f i e d HY 
z e o l i t e s , these two techniques have l e d t o a r a t h e r c l e a r 
d e s c r i p t i o n of the hyd r o x y l s i n terms of framework and 
non-framework s p e c i e s (10). Moreover v e r y u s e f u l 
i n f o r m a t i o n s on the a c i d s t r e n g t h of the hy d r o x y l s have 
been obtain e d through p y r i d i n e a d s o r p t i o n f o l l o w e d e i t h e r 
by IR (5) or MAS NMR (8) . P y r i d i n e can d i s c r i m i n a t e 
between OH groups with v e r y d i f f e r e n t a c i d s t r e n g t h s such 
as f o r example framework A1-0H and Si-OH groups o f 
d e f e c t s (11). However, s i n c e i t i s too b a s i c , OH groups 
with a s l i g h t l y d i f f e r e n t a c i d s t r e n g t h cannot be e a s i l y 
d i s t i n g u i s h e d (12).
devoted t o the a c i d i t
a d s o r p t i o n of b a s i c probe molecules w i t h v a r i o u s b a s i c 
s t r e n g t h ( a l c o h o l s , e t h e r s , s u l f i d e s , t h i o l s , 
hydrocarbons...) f o l l o w e d by FT-IR spectroscopy has been 
i n v e s t i g a t e d . Of these probes, H^S and C 2 H 4 (adsorbed a t 
about 210 K t o a v o i d p o l y m e r i z a t i o n ) appeared t o be more 
a p p r o p r i a t e (12) . 

In t h i s work, u s i n g H 2S and C 2 H 4 as probes, we aim 
to c h a r a c t e r i z e the s t r o n g e s t Bronsted a c i d s i t e s of HY 
s o l i d s , dealuminated e i t h e r by c o n v e n t i o n a l treatment 
(steaming f o l l o w e d by a c i d l e a ching) or isomorphous 
s u b s t i t u t i o n (by f l u o r o s i l i c a t e ) and t o compare the 
r e s u l t s w i t h those obtained with p y r i d i n e . 

Experimental 

S t a r t i n g from a low sodium (% Na < 0.17 wt) NH 4Y ( S i / A l = 
2.5) z e o l i t e , dealuminated s o l i d s have been prepared 
e i t h e r by i ) hydrothermal treatment (HT) a t v a r i o u s 
temperatures (773 t o 112 3 K) f o l l o w e d by a l e a c h i n g a t 
353 K i n 1.5 N or 3 N HC1 s o l u t i o n (HTA) , o r by i i ) 
isomorphous dealumination (ID) i n ( N H 4 ) 2 S i F 6 s o l u t i o n s 
b u f f e r e d w i t h CH 3COONH 4 a t 348 K (13). 

I n f r a r e d s p e c t r a have been recorded on a NICOLET MX-
1 Instrument (Caen) or on a DIGILAB FTS-15E one (IFP). 
S e l f s u p p o r t i n g pressed d i s c s (ca. 5 mg cm 2 ) have been 
a c t i v a t e d by h e a t i n g under vacuum a t 723 K f o r 12 hours. 
P y r i d i n e (10 2 Pa a t e q u i l i b r i u m ) was i n t r o d u c e d a t room 
temperature, then immediately evacuated a t the same 
temperature and a t 423 K t o e l i m i n a t e p h y s i s o r b e d 
s p e c i e s . A n a l y s i s o f the s p e c t r a then o b t a i n e d a l l o w s f o r 
the d e t e r m i n a t i o n of OH bands i n s e n s i t i v e t o p y r i d i n e . 
S u b t r a c t i o n of s p e c t r a a f t e r p y r i d i n e d e s o r p t i o n from 
those obtained b e f o r e p y r i d i n e a d s o r p t i o n evidences w e l l 
bands due t o a c i d i c OH groups. 

In the case of H^S and C 2H 4, a p a r t i a l p r e s s u r e o f 3 
10 2 Pa has been i n t r o d u c e d on the a c t i v a t e d s o l i d s i n the 
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IR c e l l a t room temperature (H 2S) or i n the c e l l f r o z e n 
at 2 1 0 K by a methanol c i r c u l a t i o n (C 2H 4) . The s p e c i e s 
formed were r e v e r s i b l e . T h e i r s p e c t r a were recorded under 
such c o n d i t i o n s . Those s p e c t r a r e p o r t e d i n the f i g u r e s 
were obtaine d a f t e r s u b t r a c t i o n of the gas phase s p e c t r a . 

A l l the s p e c t r a have been normalized t o the same 
amount of s o l i d ( 1 0 mg). 

Re s u l t s 

The e v a l u a t i o n a t each step o f the dealumination 
procedures, of the physicochemical c h a r a c t e r i s t i c s o f the 
s o l i d s t o g e t h e r w i t h t h e i r a c i d i c p r o p e r t i e s f o l l o w e d by 
IR s p e c t r a of the OH, TPD of NH 3 and m i c r o c a l o r i m e t r y of 
adsorbed NH 3, has al r e a d y been d e s c r i b e d ( 4 ) . However, 
f o r the sake of c l a r i t y , we r e p o r t i n Table I the main 
physicochemical c h a r a c t e r i s t i c
f i r s t summarize b r i e f l
i n f r a r e d study of the OH groups. 

Table I - Physicochemical c h a r a c t e r i s t i c s 
of the (HT), (HTA) and (ID) s o l i d s 

(HT) (HT) % U n i t c e l l S i / A l S i / A l x v Na 
S o l i d s T° C r y s t a l - parameter t o t a l (NMR) (ppm) 

(K) l i n i t y (nm) 

HY 1 Q 7 7 3 7 0 2 . 4 4 3 2 . 3 7 8 1 7 0 0 
HY 2 Q 8 2 3 7 5 2 . 4 4 0 2 . 3 7 9 . 4 1 7 0 0 
HY 3 Q 8 7 3 7 5 2 . 4 3 8 2 . 3 7 12 1 7 0 0 
HY 4 Q 9 7 3 7 5 2 . 4 3 4 2 . 4 7 1 5 < 3 0 0 
HY 5 Q 1 0 4 3 8 6 2 . 4 2 8 2 . 3 7 3 5 1 7 0 0 

(HTA) A c i d % U n i t c e l l S i / A l S i / A l l v Na 
S o l i d s l e a c h i n g C r y s t a l - parameter t o t a l (NMR) (ppm) 

concent. l i n i t y (nm) 

HY 1 : L 1 . 5 N 3 7 2 . 4 4 3 4 . 0 8 . 5 8 8 0 
HY 2 1 1 . 5 N 52 2 . 4 3 9 6 . 0 9 . 4 5 6 0 
HY 3 1 1 . 5 N 7 7 2 . 4 3 6 4 . 8 12 9 6 0 
HY 4 1 1 . 5 N 7 7 2 . 4 3 4 6 . 7 1 5 < 3 0 0 
HY 5 1 1 . 5 N 82 2 . 4 2 8 5 . 1 3 7 7 3 0 
HY 4 2 3 N 8 0 2 . 4 2 5 4 0 9 0 < 3 0 0 

(ID) % U n i t c e l l S i / A l Na 
S o l i d s C r y s t a l - parameter t o t a l (ppm) 

l i n i t y (nm) 

HYF-L 1 0 5 2 . 4 6 8 2 . 9 5 < 3 0 0 
H Y F 2 1 0 5 2 . 4 5 8 3 . 5 0 < 3 0 0 
H Y F 3 1 0 2 2 . 4 4 8 4 . 7 0 < 3 0 0 

* HY^2. i s d e r i v e d from HY 1 Q, H Y 2 1 from HY 2 0, and so on. 
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OH groups. S p e c t r a i n the 3800-3500 cm 1 range of the 
HT, HTA and ID s o l i d s are r e p o r t e d on f i g u r e 1A, IB, 1C. 

- HT, HTA s o l i d s . For these s o l i d s a l l the s p e c t r a 
p r e s e n t a t l e a s t the t h r e e c l a s s i c a l bands a s s i g n e d t o 
s i l a n o l s (3742 cm"1) and t o the s t r u c t u r a l (h.f. : 3630 
cm 1 ; l . f . : 3560 cm 1) b r i d g e d OH groups ( f i g u r e s 1A, 
IB) . However, f o r s o l i d s t r e a t e d below about 873 K 
a d d i t i o n a l bands r e s u l t i n g from extra-framework m a t e r i a l s 
(10, 11) are evidenced near 3600 cm" 1 ( s t r o n g ) , 3660 cm 
(sharp) and 3680 cm 1 (shoulder) . The i n t e n s i t i e s of 
these a d d i t i o n a l bands i n c r e a s e as the steaming 
temperature decreases ( f i g u r e 1A). 

As f a r as the t h r e e p r e v i o u s c l a s s i c a l bands are 
concerned, the e f f e c t of the a c i d l e a c h i n g i s t o i n c r e a s e 
the number of s i l a n o l groups (3742 cm"^) and h . f  OH 
groups (3630 cm" 1

i n c r e a s e of the h . f
p o i s o n i n g c a t i o n i c A l s p e c i e s mainly l o c a t e d i n the 
supercages. Concerning the t h r e e a d d i t i o n a l bands, the 
main e f f e c t of the a c i d l e a c h i n g i s t o decrease t h e i r 
i n t e n s i t y ( f i g u r e IB). 

- ID s o l i d s . The ID s o l i d s which are n e a r l y exempt from 
s t r u c t u r a l d e f e c t s and extra-framework s p e c i e s present, 
i n agreement with (13, 14), the two s t r u c t u r a l h . f . and 
l . f . bands with a very weak s i l a n o l band ( f i g u r e 1C). 

As expected, the i n t e n s i t i e s of the s t r u c t u r a l h . f . 
and l . f . bands decrease as the framework dealumination 
l e v e l i n c r e a s e s f o r the HT, HTA as w e l l as f o r the ID 
s o l i d s ( f i g u r e 1) . 

P y r i d i n e . 
- HT, HTA s o l i d s . I t has been found t h a t the l . f . band, 
i n c o n t r a s t t o the h . f . one, i s i n s e n s i t i v e t o p y r i d i n e 
i n the case of non dealuminated HY z e o l i t e s (5,11); 
however, i t tends t o be s e n s i t i v e a f t e r d ealumination 
(5,11). In our case, the s t r u c t u r a l bands ( h . f . , l . f . ) 
d i s a p p e a r completely a f t e r p y r i d i n e a d s o r p t i o n what
ever the p hysicochemical c h a r a c t e r i s t i c s of the s o l i d s 
( f i g u r e 2) . More s u r p r i s i n g i s the behaviour of the 
s i l a n o l band (3742 cm" 1). While the low frequency p a r t of 
i t (3738 cm 1) appears t o be i n s e n s i t i v e t o p y r i d i n e , the 
h i g h frequency p a r t (3743 cm"1) does i n t e r a c t w i t h 
p y r i d i n e . T h i s i n t e r a c t i o n p e r s i s t s even a f t e r e v a c u a t i o n 
at h i g h e r temperatures up t o 72 3 K. Thus, two components 
are r e s p o n s i b l e f o r the s i l a n o l band. 

Among the t h r e e a d d i t i o n a l OH groups which are 
p resent i n the HT and HTA s o l i d s two appear t o be a c i d i c : 
they are c h a r a c t e r i z e d ^ by bands at 3600 and 3660 cm 1 (HT 
s o l i d s ) or a t 3670 cm 1 (HTA s o l i d s ) , w h i l e t h a t a t 3680 
cm 1 does not i n t e r a c t w i t h p y r i d i n e ( f i g u r e 2) . Another 
i l l - d e f i n e d non a c i d i c component i s r e v e a l e d i n HT as 
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F i g u r e 1. v Q H bands of z e o l i t e s a c t i v a t e d a t 723 K. 
A: HT ; B: HTA and C: ID s e r i e s . 
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w a l l as i n HTA s o l i d s near 3620 c m - 1 through p y r i d i n e 
a d s o r p t i o n ( f i g u r e 3). 

Although the e f f e c t of the a c i d l e a c h i n g on these 
a d d i t i o n a l bands depends on the steaming temperature, 
some c l e a r t r e n d s can be e x t r a c t e d from the s p e c t r a : the 
a c i d i c component (3600 cm"1) o n l y s l i g h t l y decreases 
a f t e r the l e a c h i n g . On the c o n t r a r y , a severe r e d u c t i o n 
of the i n t e n s i t y of the bands cor r e s p o n d i n g t o non 
a c i d i c groups (3620, 3680 cm"1) i s evidenced. The 
i n t e n s i t y of the i l l - d e f i n e d 3 62 0 cm 1 band decreases as 
the steaming temperature i n c r e a s e s , however i t s t i l l 
p e r s i s t s even i n s o l i d s t r e a t e d up t o 973 K ( f i g u r e 3). 

- ID s o l i d s . As f o r the HT and HTA s o l i d s , the h . f . and 
l . f . bands i n t e r a c t w i t h p y r i d i n e . However f o r these 
s o l i d s w i t h a l i m i t e d dealumination l e v e l (< 50 %)  the 
l . f . band appears t
p a r t i s not completel

E t h y l e n e . While p y r i d i n e i n t e r a c t s w i t h framework as 
w e l l as with non-framework s i t e s , e t h y l e n e g i v e s r i s e t o 
a more s p e c i f i c i n t e r a c t i o n . Whatever the s o l i d s HT, HTA, 
ID, as i l l u s t r a t e d on f i g u r e 4A, the o n l y band t o be 
p e r t u r b e d by ethylene i s the s t r u c t u r a l h . f . Al-OH band. 
The only e x c e p t i o n concerned H Y 2 1

 w n e r e t h e e x t r a -
framework 3 600 cm" 1 band seems t o Le p a r t l y i n v o l v e d i n 
the i n t e r a c t i o n ( f i g u r e 5) . A d s o r p t i o n of e t h y l e n e does 
not l e a d t o any p r o t o n a t i o n and the i n t e r a c t i n g OH groups 
are i n v o l v e d i n a hydrogen bond with e t h y l e n e 7r 
e l e c t r o n s . 

The bond s t r e n g t h between eth y l e n e and i n t e r a c t i n g 
h y d r o x y l s can be estimated by the f o l l o w i n g frequency 
d i f f e r e n c e ( f i g u r e 4) (15) : 

A v = v , _ - v OH h . f . a 
where : 

v h . f . : l s t h e frequency of the h . f . OH (before e t h y l e n e 
adsorption) 

v a : i s the frequency of the p e r t u r b e d OH, a f t e r 
e t h ylene a d s o r p t i o n . 

The A v 0 H s n l f t c a n t h e r e f o r e be c o n s i d e r e d as an 
approximate measure of the a c i d s t r e n g t h of the 
i n t e r a c t i n g OH. 

Hydrogen s u l f i d e . H 2S leads t o r e s u l t s v e r y s i m i l a r t o 
those observed f o r C 2H 4. For a l l the HT, HTA and ID 
s o l i d s , i t i n t e r a c t s mainly through hydrogen bonding with 
the s t r u c t u r a l h . f . OH ( f i g u r e 6). In the case of HY^, a 
p a r t i a l i n t e r a c t i o n with the s t r u c t u r a l l . f . band and the 
extra-framework 3 600 cm" 1 band may occur. 

As f o r C 2H 4, no d e f i n i t e c o n c l u s i o n can be drawn f o r 
the i n t e r a c t i o n with the s i l a n o l groups s i n c e a d s o r p t i o n 
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3800 3600 

F i g u r e 3. vOH b a n d s i n s e n s i t i v e t o p y r i d i n e a f t e r 
d e s o r p t i o n a t 423 K (HTA s e r i e s ) . 
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F i g u r e 5. Ethylene a d s o r p t i o n on H Y 2 1 « 
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3600 ' 2800 ' 2000 

F i g u r e 6. E f f e c t o f H 2 S a d s o r p t i o n on HTA s o l i d s 
( s u b t r a c t e d s p e c t r a ) . 
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of H 2S l e a d s t o a s l i g h t s h i f t of t h i s r a t h e r sharp band. 
Under such c o n d i t i o n s , the i n t e r p r e t a t i o n of the 
s u b t r a c t e d s p e c t r a i s v e r y d e l i c a t e . 

The s h i f t of the v ̂  f # band, which i s l o c a t e d near 
3100 cm 1 a f t e r i n t e r a c t i o n , i s more important than f o r 
C 2H 4. T h i s means t h a t the i n t e r a c t i o n w i t h H 2S i s 
s t r o n g e r . The v a band observed i n the case of H 2S 
a d s o r p t i o n i s broader which renders the d e t e r m i n a t i o n of 
the frequency of i t s maximum more d i f f i c u l t than f o r 
C 2 H 4 . 
D i s c u s s i o n 

The mechanism r e s p o n s i b l e f o r the g e n e s i s of the v a r i o u s 
OH groups present i n m o d i f i e d HY i s out of the scope of 
t h i s paper. D e t a i l s on t h a t t o p i c can be found elsewhere 
(4). We aim here t o
of the HY h y d r o x y l s
of the s t r o n g e s t s i t e s i n the course of the v a r i o u s 
dealumination procedures. In the f o l l o w i n g , we w i l l 
c o n s i d e r s u c c e s s i v e l y the s t r u c t u r a l h . f . and l . f . OH, 
the extra-framework OH and the s i l a n o l groups. 

S t r u c t u r a l h . f . and l . f . OH. I t i s now w e l l accepted 
t h a t the h . f . and l . f . OH a r i s e from framework OH l o c a t e d 
r e s p e c t i v e l y i n the supercages and i n the hexagonal 
prisms / or the s o d a l i t e cages (16). Moreover proton 
m o b i l i t y a llows the l e s s a c c e s s i b l e l . f . OH t o i n t e r a c t 
w i t h bulky b a s i c molecules (17). While a d s o r p t i o n of 
p y r i d i n e a t temperatures lower than 57 3 K does not 
d i s c r i m i n a t e between h. f . and l . f . OH a c i d s t r e n g t h , 
a d s o r p t i o n of l e s s b a s i c probes ( C 2 H 4 , H 2S f o r example) 
g i v e s r i s e t o a more s p e c i f i c i n t e r a c t i o n . For the HT, 
HTA and ID s o l i d s i n v e s t i g a t e d i n t h i s work, h . f . OH 
groups appear t o be the most a c i d i c . T h i s d i r e c t l y 
c onfirms p r e v i o u s s t u d i e s (4) which have shown t h a t a 
severe decrease of the s t r o n g a c i d i t y occurs when the 
h . f . OH are poisoned by extra-framework c a t i o n i c s p e c i e s 
formed i n the course of the steaming treatments. 

On the b a s i s of the c l e a n experiments ( s p e c i f i c 
i n t e r a c t i o n with h . f . OH), the e v o l u t i o n of the a c i d 
s t r e n g t h versus the framework dealumination l e v e l can be 
f o l l o w e d . For such a study, i t i s important t o use the 
HTA s o l i d s ( f i g u r e 7) i n s t e a d of the HT s o l i d s s i n c e the 
l a t t e r may c o n t a i n the p o i s o n i n g c a t i o n i c s p e c i e s 
mentioned above. On f i g u r e 8, the A V Q H frequency 
d i f f e r e n c e i s r e p o r t e d versus the A l / S i + A l r a t i o 
f o r the HTA and the ID s o l i d s . Two important r e s u l t s 
emerge from f i g u r e 8; f i r s t , i n agreement with 
m i c r o c a l o r i m e t r i c experiments performed on the same 
s o l i d s (18) and other independent d e t e r m i n a t i o n s (19) , 
the s t r e n g t h of the s t r o n g e s t Bronsted a c i d s i t e s 
i n c r e a s e s w i t h the framework dealumination l e v e l . 
Secondly, as f a r as the s t r e n g t h of the s t r o n g e s t a c i d 
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F i g u r e 7. v a band a f t e r ethylene a d s o r p t i o n 
A: HYF s o l i d s 
B: HTA s o l i d s . 
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s i t e s i s concerned, no d i s c o n t i n u i t y e x i s t s between HTA 
and ID s o l i d s . These r e s u l t s are q u a l i t a t i v e l y confirmed 
by the H 2S experiments. 

From the r e s u l t s d i s c u s s e d above, i t c o u l d have been 
concluded t h a t whatever the dealumination procedures or 
the p h y s i c o c h e m i c a l c h a r a c t e r i s t i c s o f the s o l i d s , the 
l . f . OH groups are always much l e s s a c i d i c than the h . f . 
OH groups. However, as i t i s shown below, t h i s i s not 
e n t i r e l y t r u e : a t t h i s stage, i t should be emphasized 
t h a t the h i g h l y dealuminated s o l i d s we have i n v e s t i g a t e d 
(HT, HTA) s t i l l c o n t a i n a low but s i g n i f i c a n t amount of 
r e s i d u a l sodium c a t i o n s (> 800 ppm). For i n s t a n c e , i f we 
focus on the HT s e r i e s , the Na/Al r a t i o i n c r e a s e s t o 
about 50 % when the u n i t c e l l parameter decreases t o 
2.428 nm. T h i s means t h a t p o i s o n i n g of framework s i t e s 
and, more s p e c i f i c a l l y , of the l e s s a c c e s s i b l e ones, i . e . 
l . f . OH groups, i s
u n i t c e l l parameter
important aspect, HT and HTA s o l i d s w i t h a v e r y low 
sodium content (< 300 ppm) have been prepared. P r o v i d i n g 
t h a t these new s o l i d s have a u n i t c e l l parameter lower 
than about 2.430 nm (HY 4 2) , the l . f . OH begins t o 
i n t e r a c t with C 2 H 4 ( f i g u r e 4B) . On the o t h e r hand, C^H 4 

does not i n t e r a c t with the l . f . band of the ID s o l i d s 
which are a l s o c h a r a c t e r i z e d by a v e r y low sodium content 
(< 3 00 ppm). T h e r e f o r e the i n t e r a c t i o n , which i s 
evidenced between C 2 H 4 and the l . f . band of h i g h l y 
dealuminated HT or HTA s o l i d s w i t h a v e r y low sodium 
content, i s l i k e l y t o r e s u l t from the i n c r e a s e of the 
a c i d s t r e n g t h of the l . f . OH with the d e a l u m i n a t i o n l e v e l 
of the framework. 

Taking i n t o account a l l these r e s u l t s , i t appears 
t h a t framework dealumination l e a d s t o an i n c r e a s e o f the 
a c i d s t r e n g t h of the h . f . as w e l l as o f the l . f . OH 
groups. 

Extra-framework Al-OH groups. A c i d i c and n o n - a c i d i c 
extra-framework Al-OH groups are evidenced i n s o l i d s 
steamed a t moderate temperatures, i . e . below about 973 K. 
Such groups are not d e t e c t e d i n s o l i d s t r e a t e d a t h i g h e r 
temperatures s i n c e under these c o n d i t i o n s they are l i k e l y 
t o dehydroxylate. The m i l d a c i d l e a c h i n g does not 
e l i m i n a t e a l l the extra-framework OH bands but l e a d s t o a 
severe decrease of the n o n - a c i d i c c o n t r i b u t i o n . 

The f i r s t q u e s t i o n t o be answered concerns the 
i n t e r p r e t a t i o n of these Al-OH bands. C l e a r l y , as shown by 
independent experiments (4), extra-framework alumina 
and/or s i l i c a - a l u m i n a s p e c i e s are p r e s e n t i n dealuminated 
m a t e r i a l s . Indeed, i n t e r p r e t a t i o n i n terms of alumina
l i k e s p e c i e s has a l r e a d y been proposed i n the l i t e r a t u r e 
f o r the n o n - a c i d i c components (11). However, t o our 
knowledge, the frequency of the v a r i o u s extra-framework 
Al-OH does not e x a c t l y correspond t o any Al-OH frequency 
a l r e a d y known f o r alumina, s i l i c a o r amorphous s i l i c a -
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alumina m a t e r i a l s . T h i s renders d i f f i c u l t the r e l i a b l e 
i n t e r p r e t a t i o n of the s p e c t r a . 

We t e n t a t i v e l y suggest t h a t the non a c i d i c Al-OH 
would r e s u l t from h i g h l y d i s p e r s e d a l u m i n a - r i c h s i l i c a -
alumina phases while the a c i d i c Al-OH would be due t o a 
more s i l i c a - r i c h phase. T h i s approximative i n t e r p r e t a t i o n 
would e x p l a i n why the n o n - a c i d i c Al-OH bands as s i g n e d t o 
a l u m i n a - r i c h phases are more e a s i l y e l i m i n a t e d by the 
a c i d l e a c h i n g . 

S i l a n o l g r o u p s . The s o - c a l l e d n o n - a c i d i c Si-OH band at 
374 2 cm 1 i s more complex than expected : i t r e s u l t s from 
two components l o c a t e d a t 3738 and 3 74 3 era . The 
3738 cm i s predominant f o r w e l l c r y s t a l l i n e m a t e r i a l s 
w h i l e the 374 3 cm" 1 band i s only d e t e c t e d i n the case of 
n e a r l y amorphous samples ( f i g u r e 9). T h i s would mean t h a t 
the 3738 and 3743 cm"
to the framework ( d e f e c t
an extra-framework phase c o n t a i n i n g s i l i c o n , 
r e s p e c t i v e l y . 

A c c o r d i n g t o t h i s i n t e r p r e t a t i o n a s m a l l p r o p o r t i o n 
of the non-framework Si-OH i s a b l e t o i n t e r a c t with 
p y r i d i n e . Does t h i s mean t h a t these Si-OH groups behave 
as Bronsted s i t e s ? Such a s u r p r i s i n g l y a c i d i c behaviour 
i s u n l i k e l y . A d s o r p t i o n experiments performed on s i l i c a -
r i c h amorphous s i l i c a - a l u m i n a i n d i c a t e t h a t the Si-OH 
band l o c a t e d a t 3745 cm" 1 i s p a r t l y a f f e c t e d by p y r i d i n e 
a d s o r p t i o n , even a f t e r e v a c u a t i o n a t 723 K. Taking i n t o 
account t h a t non-protonated p y r i d i n e s p e c i e s are d e t e c t e d 
under such c o n d i t i o n s , the p e r t u r b a t i o n o f the Si-OH 
would r e s u l t from an i n d i r e c t i n t e r a c t i o n w i t h p y r i d i n e 
adsorbed on near-by Lewis a c i d s i t e s . The same phenomenon 
i s l i k e l y t o occur f o r non-framework Si-OH pr e s e n t i n 
m o d i f i e d z e o l i t e s s i n c e the s o l i d s are known t o c o n t a i n a 
l a r g e amount of extra-framework Lewis s i t e s (4). Moreover 
t h i s i n t e r p r e t a t i o n would support the presence of a 
s i l i c a r i c h extra-framework phase i n HT as w e l l as i n HTA 
s o l i d s . 

C o n c l u s i o n 

Methods g e n e r a l l y used t o study the z e o l i t e s a c i d i t y , 
such as t i t r a t i o n i n a p r o t i c s o l v e n t (19), and 
temperature programmed d e s o r p t i o n of b a s i c probe 
molecules (20) r e v e a l a h e t e r o g e n e i t y of Bronsted a c i d 
s i t e s . The p resent r e s u l t s show t h a t IR spectroscopy of 
adsorbed probe molecules with v a r i o u s b a s i c s t r e n g t h s 
g i v e s d i r e c t i n f o r m a t i o n s on the r e s p e c t i v e a c i d 
s t r e n g t h s of the d i f f e r e n t types of OH groups. They a l l o w 
to compare t h e i r e v o l u t i o n with the A l I V / S i + A l I V r a t i o of 
HY z e o l i t e s dealuminated by c o n v e n t i o n a l treatment or 
isomorphous s u b s t i t u t i o n . F i g u r e 8 demonstrates a 
monotonic i n c r e a s e i n the a c i d s t r e n g t h of the OH groups 
i n d i c a t e d by the high-frequency band w i t h d e c r e a s i n g 
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Al I V/Si+Al I v . interestingly, the acid strength continues 
to increase when Al I V/Si+Al I V < n.l, although for such 
ratios NMR studies concluded that the strength of acidity 
remains constant (9). Our results relative to the h.f. OH 
groups are confirmed by those relative to the l.f. ones, 
since the latter also become more acidic (sensitive to 
ethylene) for high degrees of dealumination level. 

Extra-framework Al-OH groups are present in 
conventional HY treated at low temperatures. Most of 
these OH groups are non- or weakly acidic. However, under 
some specific preparation conditions, some of these 
extra-framework Al-OH groups behave as strong acid sites. 
The Si-OH band appears to be more complex than expected 
since a framework and an extra-framework component are 
involved. 

Literature Cited 
1. Ghosh ,A. K.; Curthoys, G. J. Chem. Soc., Faraday 

Trans I 1984, 80, 99. 
2. Barthomeuf, D. Molecular Sieves II, ACS Symposium 

1977, 40, 453. 
3. Scherzer, J. ACS Symposium Series No.248, 1983, 157. 
4. Macedo, A.; Raatz, F.; Boulet, R.; Janin, A.; 

Lavalley, J.C. Proc. Innovation in Zeolite Materials 
Science Nieuwpoort (Belgium), 1987. 

5. Anderson, M. W. ; Klinowski, J. Zeolites 1986, 6 
455. 

6. Topsoe, N. Y.; Pedersen, K.; Derouane, E. G. 
J. Catal. 1981, 70, 41. 

7. Dakta, J.; Tuznik, E. J. Catal. 1986, 102, 43. 
8. Pfeifer, H.; Freude, D.; Hunger, M. Zeolites 1985, 

5, 274. 
9. Freude, D.; Hunger, M.; Pfeifer, H.; Schwieger, W. 

Chem. Phys. Letters 1986, 128, 62. 
10. Lohse, U.; Löffler, E.; Hunger, M.; Stöckner, J.; 

Patzelova, V. Zeolites 1987, 7, 11. 
11. Kubelkova, L.; Seidl, V.; Novakova, J.; Bednarova, 

S.; Jiru, P. J. Chem Soc., Faraday Trans I 1984, 80, 
1367. 

12. Cornac, M. Ph.D. Thesis, I.S.M.Ra, Caen, 1986. 
13. Skeels, G. W.; Breck, D. W. Proc.6th Int.Zeolite 

Conf., Reno, 1983, p 87. 
14. Akporiaye, D.; Chapple, A. P.; Clark, D. M.; Dwyer, 

J.; Elliott, I. S.; Rawlence, D. J. Stud. Surf. Sc. 
Catal. 1986, 28, 351. 

15. Rouxhet, P. G.; Sempels, R. E. J. Chem. Soc., 
Faraday Trans I 1974, 70, 2021. 

16. Jacobs, P. A.; Uytterhoeven, J. B. J. Chem. Soc., 
Faraday Trans I 1973, 69, 359. 

17. Ward, J. W. J. Phys. Chem. 1969, 73, 2086. 
18. Macedo, A.; Auroux, A.; Raatz, F.; Jacquinot, E.; 

Boulet, R. In this book, pp 98-116. 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



7. JANIN ET AL. FT-IR Study of the Bronsted Acid Sites 135 

19. Beaumont, R.; Barthomeuf, D. J . Catal. 1972, 26, 
218; J. Catal. 1972, 27, 45. 

20. Dondur, V . ; Karge, H. G. Surface Sci . 1987, 189/190. 
873. 

RECEIVED January 27, 1988 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



Chapter 8 

FT-Far IR Spectroscopic Studies 
of Alkali and Alkaline Earth Linde 

Type A Zeolites 
Probing Extraframework Cations 

in Molecular Sieves 

Mark D. Baker, John Godber, and Geoffrey A. Ozin 

Lash Miller Chemical Laboratories
of Toronto, , ,

The FT-FAR-IR spectra (350-30 cm-1) of self-supporting 
wafers of alkali and alkaline earth Linde Type A zeo
lite and some of their binary combinations are reported 
for the first time. The sensitivity of this region of 
the vibrational spectrum to metal cation type, location, 
coordination number, geometry and population, provides 
a convenient diagnostic for probing metal cation site 
distributions, the sequence of metal cation replacement 
resulting from ion-exchange and metal cation mobility 
and reorganization during the removal of intrazeolitic 
water. Systematic trends in the far-IR spectra of the 
metal cations in conjunction with cation frequency, in
tensity, mass, charge, bond-length relationships, en
ables the establishment of an internally consistent 
set of vibrational signatures for different cations in 
specific sites of alkali and alkaline earth Linde Type 
A zeolites. Studies of this kind are likely to find 
utility in the identification and manipulation of pore 
blocking cations in Linde Type A zeolites; a science 
at the centre of their application for gas separation 
and purification, (1). 

Pinpointin g the s i t i n g of cations i n Linde Type A z e o l i t e s i s cru
c i a l i n the design and understanding of experiments aimed at f i n e 
tuning the dimensions of the entrance windows of the supercages. 
The window si z e s can be p r e c i s e l y adjusted by the c o n t r o l l e d place
ment of cations at s t r a t e g i c l o c a t i o n s i n the A - z e o l i t e l a t t i c e , 
thereby permitting only molecules with s u i t a b l e dimensions to pene
t r a t e the c r y s t a l . This i s exemplified by K8Na4~A and Nai2" A which 
both contain monovalent cations p a r t i a l l y blocking the e i g h t - r i n g 
windows between supercages, thus r e s t r i c t i n g entrance to molecular 
d i f f u s a n t s with a maximum k i n e t i c diameter of and 4X (2) respec
t i v e l y (Figure 1). In contrast the cations p r e f e r e n t i a l l y occupy 
s i x - r i n g s i t e s i n Ca4Na4A, removed from the window,^resulting i n an 
expanded entrance, allowing molecules with up to 5 A k i n e t i c diame-
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t e r to enter the supercage. A j u d i c i o u s s e l e c t i o n of co-cations 
therefore i s a p r e r e q u i s i t e f o r p r e c i s e adjustment of the blocking 
a c t i o n at the 0.1 A l e v e l . Once t h i s has been achieved, these ma
t e r i a l s can be f u r t h e r exploited i n gas separation and p u r i f i c a t i o n 
a p p l i c a t i o n s (1). 

The far-IR spectra (350-30 cm"1) of Linde Type A z e o l i t e s can be 
d i v i d e d into two regions based on the o r i g i n of the observed v i b r a 
t i o n a l modes. Framework v i b r a t i o n s occur above about 230 cm"l and 
are e s s e n t i a l l y decoupled from the extra-framework c a t i o n modes. The 
c a t i o n t r a n s l a t i o n a l v i b r a t i o n s occur below 230 cm~l. This u s e f u l 
d i v i s i o n of the v i b r a t i o n a l spectra of z e o l i t e s i n t o framework and 
extra-framework modes has been discussed previously (3-5). In t h i s 
paper the far-IR s p e c t r a l signatures of a l k a l i and a l k a l i n e earth 
exchanged Linde Type A z e o l i t e s w i l l be examined i n a designed ef
f o r t to address the question of c a t i o n s i t e l o c a t i o n and population. 
The u n i t c e l l of Linde Type A shown i n Figure 1 contains charge b a l 
ancing cations, which ar
(6). These l i e i n the
the s i n g l e s i x - r i n g s ( s i t e s A, B and C) b) In the plane of the 
eight-rings ( s i t e E) c) On the four f o l d axis of the f o u r - r i n g s , 
( s i t e H, a-cage), ( s i t e G, B-cage). (23) 

Results: Na-A and L i , Na-A 

The f a r - i n f r a r e d spectra of hydrated and dehydrated Naj^-A a r e shown 
i n Figure 2,(24). Framework v i b r a t i o n s ot the unit c e l l that are r a t h 
er i n s e n s i t i v e to the nature of the metal c a t i o n guest occur between 
350-250 cm~l. The hydrated sample e x h i b i t s four w e l l defined c a t i o n 
r e l a t e d absorptions which s h i f t s l i g h t l y upon dehydration of the 
z e o l i t e . The l a r g e s t change occurs f o r the v i b r a t i o n at 133 cm~l 
s h i f t i n g to 142 cm~l upon removal of water. C r y s t a l l o g r a p h i c deter
minations of s i t e l o c a t i o n s f o r hydrated and dehydrated Na-A are 
compiled i n Table I. 

Table I. C r y s t a l l o g r a p h i c a l l y i d e n t i f i e d c a t i o n s i t e s and 
populations f o r Na-A. The numbers i n t h i s table r e f e r to 
the number of cations per pseudo-unit c e l l . Deh. i s dehy
drated, Hyd. i s hydrated 

Form S i t e A S i t e E S i t e H Reference 

Deh. 7.8 2.9 0.8 7 
Deh. 8.0 4.0 - 8 
Deh. 8.0 4.0 - 9 
Hyd. 8.0 - - 10 
Deh. 8.0 4.0 - 11 
Deh. 8.0 3.0 1.0 12 
Deh. 8.0 3.0 1.0 13 

E s s e n t i a l l y , these locate 7-8 cations i n s i t e A, 3 i n s i t e E and the 
remainder i n s i t e H. 

The most intense band i n the f a r IR spectrum of Na-A i s l o g i 
c a l l y ascribed to a Na +(A) v i b r a t i o n . I t s p o s i t i o n compares to that 
seen f o r sodium ions i n s i t e II i n z e o l i t e Y ( b l u e - s h i f t e d due to 
the higher l a t t i c e a n i o n i c i t y of A r e l a t i v e to Y). Confirmation 
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Figure 1^ Representation of the pseudo-cell of z e o l i t e A, (Space 
Group Pm3m) i l l u s t r a t i n g the framework structure surrounding a 
large cage. The cation positions are shown in bold face l e t t e r 
ing using the formalis
of cations i n sites B,

W A V E N U M B E R 

Figure 2. F a r - i r spectra of Na-A, recorded at room temperature 
(A) Hydrated (B) After a 400°C in s i t u vacuum dehydration. F 
denotes a framework band. 
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of t h i s assignment comes from an i n t e n s i t y a n a l y s i s of the asymmetric 
and symmetric absorption bands of the s i t e A v i b r a t i o n s (3). This 
leads to an a n t i c i p a t e d pyramidal angle of 113° compared to that de
termined c r y s t a l l o g r a p h i c a l l y of 119.2° (7). (For band p o s i t i o n s 
see Figure 3). Further support for t h i s assignment comes from the 
far-IR spectra of p r o g r e s s i v e l y L i + ion-exchanged Na-A. The l o c a t i o n 
of L i + i n the A l a t t i c e i s known from crystallography to be r e s t r i c t 
ed to the s i x - r i n g s i t e s (14), and does not show any far-IR L i - 0 
s t r e t c h i n g v i b r a t i o n s , (22). 

In Figure 4 the spectra of dehydrated Nai2~A, Na()Li3-A and 
NafcLi^-A are displayed. Here i t i s observed, that upon progressive 
loading with Li+ ions, the Na+(A) v i b r a t i o n f i r s t decreases i n i n 
t e n s i t y , followed by changes i n the low frequency region. 

Therefore the s i t i n g of L i + ions i n the LTA s i x - r i n g s i s found 
to proceed at the expense of the Na +(A) ions. In the region around 
100 cm""l, other changes are occurring upon progressive replacement of 
Na+ by L i + ions, s i g n a l l i n
s i t e . Bands i n t h i s regio
on two considerations: i ) The l o c a l symmetry of Na +(H) i s remini
scent of s i t e I I I i n Na-Y. In the l a t t e r case an absorption at 90 
cm~l i s ascribed to t h i s c a t i o n (3,4). i i ) The low i n t e n s i t y of t h i s 
c a t i o n v i b r a t i o n i s consistent with the low population of t h i s s i t e . 

In Naj^-A, s i t e E i s the second most populous s i t e accommodating 
about three ions per pseudo-unit c e l l . Based on t h i s population, one 
would a n t i c i p a t e the s i t e E absorption band to be the second most 
intense,pinpointing i t at 177 cm"^. 

A c a t i o n bound at s i t e E, as shown i n Figure 5,is i n t e r a c t i n g 
p r i m a r i l y with two 01 and one 02 l a t t i c e oxygens i n l o c a l C2 V sym
metry. In t h i s symmetry the following cation-oxygen s t r e t c h i n g v i 
brations are i n f r a r e d a c t i v e . 

r x (A x) = 1//2 (Ar x+ A r 2 ) (v^ 

r 2 (A x) = AR (v 2) 

T 3 (B 1) = 1//2 ( A r x - A r 2 ) (v3> 

An a n a l y s i s of the two A^ modes using the sum and product i n t e n 
s i t y r u l e s (15) shows that the band at 142 cm~l i n the observed 
spectrum i s due to the V2 mode. The lower i n t e n s i t y mode occurs 
as a weak, curve resolvabl e band at 110 cm~l. 

Potassium-Exchanged A 

The f a r IR spectra of the dehydrated forms of Na^A, KsNa4A and 
Kll.6NaQ.4A are shown i n Figure 6. The c r y s t a l l o g r a p h i c observa
tions of potassium ions i n materials s i m i l a r to those described here 
are l i s t e d i n Table I I . The spectrum of KgNa4A (Figure 6B) e x h i b i t s 
a strong band at 213 cm~l which i s c l e a r l y due to sodium ions i n 
s i t e A. Of the remaining bands, the most intense at 179 cm~l i s 
a t t r i b u t e d to K+(B) for a number of reasons. 
i ) This i s the most populated s i t e and w i l l therefore give r i s e to 

the most intense absorption. 
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Wavenumber 

Figure 3. Curve resolved spectrum of dehydrated Na-A. (A) 
observed (B) simulation (C) curve resolution. 
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3 0 0 2 0 0 100 

W A V E N U M B E R 

Figure 4. F a r - i r spectra of dehydrated N a 1 2 " A ( A ) » Na 9 Li 3 ~A (B), and 
N a 6 L i 6 - A (C). Note that the Na+(A) vibration decreases f i r s t . 
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e E , 

WAVENUMBER 
Figure 6. Far- ir spectra of dehydrated: (A) Nai 9-A; (B) 
Na 4K 8-A; (C) K 1 2 - A . 1 2 
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i i ) The c a l c u l a t i o n (3) of the frequency of K +(B) using the Na +(A) 
observed frequency leads to an a n t i c i p a t e d frequency of 173 cm~l. 

Table I I . C r y s t a l l o g r a p h i c a l l y i d e n t i f i e d c a t i o n s i t e s and 
populations f o r K-A. The numbers i n t h i s table 
r e f e r to the number of cations per pseudo-unit c e l l . 
Deh. i s dehydrated, and Hyd. i s hydrated. The l a s t 
entry i n the Table i s f o r a K Na - A sample 

Form S i t e A S i t e B S i t e C S i t e E S i t e G S i t e H Reference 

Hyd. - 8.0 - - - - [16] 
Deh. 1.0 6.0 2.0 3.0 - - [16] 
Deh. - 6.3 1.4 3.0 0.1 0.3 [17] 
Deh. 4.4Na 3.6 — — 
The unresolved shoulder on the low frequency side of the main absorp
t i o n , s i g n a l s the presence of another s i t e which i s probably K + ( C ) . 
The remainder of the far-IR spectrum contains a poorly resolved ab
so r p t i o n below 100 cm"l, which i n the curve r e s o l u t i o n (21) i s shown 
to probably contain two bands, and i s due to v i b r a t i o n s of the pore 
blocking potassium c a t i o n . 

The far-IR spectrum of e s s e n t i a l l y f u l l y exchanged KA (Figure 6C) 
c l e a r l y i n d i c a t e s that the Na + ions have been replaced since the 
Na+(A) band at 213 cm"1 seen i n KgNa4-A (Figure 6B) i s absent. The 
dominant feature of the K-A spectrum i s a broad intense absorption 
at 172 cm-1, due to K+(B) ions (6.3K+ ions, Table II) with a small 
c o n t r i b u t i o n from K +(C) producing a weak shoulder at about 147 cm""1 

(see Figure 6B). Curve r e s o l u t i o n (21) reveals that K +(B) i s made 
up of two components. These are the Ai and E symmetry IR a c t i v e v i b 
r a t i o n s (3). I n t e n s i t y analyses give a pyramidal angle of 110.3°, 
where the c r y s t a l l o g r a p h i c determination (17) gives 110.8°. 

Of the remaining cations i n K]^-A the most populous are the im
portant pore blocking K + ions i n s i t e E. In KgNa^A, v i b r a t i o n s at 
98 and 72 cm~l were assigned to the B^ and A\ symmetry v i b r a t i o n s 
r e s p e c t i v e l y of K + ( E ) . In Ki2~A, absorptions at 77 and 61 cm - 1 are 
a t t r i b u t e d to these same v i b r a t i o n s of K+(E). The red s h i f t of these 
bands i s i n d i c a t i v e of e i t h e r a force constant, or geometry change of 
t h i s s i t e i n Ki2~A r e l a t i v e to KgNa4-A. I f the d i f f e r e n c e s are 
purely angular i n o r i g i n , then one can estimate the 01-K-01 angle i n 
K8Na4-A using the frequencies of the B i modes i n Ki2~A and KgNa4"A 
and the c r y s t a l l o g r a p h i c a l l y determined angle i n K i 2 ~ A of 102.5° 
(17). This c a l c u l a t i o n p r e d i c t s a value of 110.5° f o r K +(E) i n 
KgNa4~A and therefore suggests that the potassium ion i n the f u l l y 
exchanged mat e r i a l i s held less strongly i n s i t e E, and thus pr o j e c t s 
f u r t h e r into the e i g h t - r i n g window, implying that the pore s i z e would 
be s l i g h t l y smaller. 

Of the remaining cations i n K^2""A, there are 0.3 K+ ions per 
pseudo u n i t c e l l i n s i t e H and 0.1. K+ ions per pseudo c e l l i n s i t e 
G. The v i b r a t i o n a l frequency of Na+(H) cations would t r a n s l a t e to a 
K+(H) c a t i o n v i b r a t i o n at 49 cm~l. I t appears from the spectrum that 
a weak band at about 117 cm"1- i s best ascribed to K+(G) , with K+(H) 
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e i t h e r overlapped by the K +(E) bands around 77-60 cm - 1 or that i t 
occurs at s t i l l lower frequencies (Figure 6C). 

Rubidium-Exchanged A 

The far-IR spectra of hydrated and dehydrated Rb,Na-A are shown i n 
Figure 7. The spectrum of the l a t t e r can be divided i n t o two r e " + 

gions._j_ The higher frequency shows c h a r a c t e r i s t i c bands due to Na (A) 
and Na (E) as seen e a r l i e r at 217 and 180 cm"1 r e s p e c t i v e l y (Figure 
2). The lower frequency region, (110-30 cm"1) shows bands due to 
the motion of Rb+ ions. C r y s t a l l o g r a p h i c determinations have shown 
that rubidium ions occupy s i t e s B/C and E and the absorption bands 
are assigned to these s i t e s (see Figure 7). I t i s i n t e r e s t i n g to 
note that the frequencies of the Na+ and Rb+ modes f a l l i n d i s t i n c t 
regions. This observation i n d i c a t e s that monitoring i n t e n s i t y 
changes i n a s e r i e s of Rb, Na-A samples with varying u n i t c e l l c a t 
ion complements would allo
ing the populations o
p o s i t i o n s . In conjunction, adsorption experiments on these mater
i a l s , would serve as a u s e f u l method f o r i n v e s t i g a t i n g and optimizing 
the s i e v i n g properties of the samples with respect to a s p e c i f i c 
separation process. In t h i s context, the f a r IR spectra suggest that 
the pore s i z e of the dehydrated Rb, Na-A sample i s more constrained 
than i n the parent Nai2~A z e o l i t e , based on the observation of a sub
s t a n t i a l far-IR absorption ( s i t e population) due to Rb +(E). Further 
statements in t h i s s p i r i t w i l l surface when more data have been c o l 
l e c t ed concerning these samples. 

Calcium Exchanged A 

Divalent ions mainly occupy the s i x - r i n g s i t e s , and are e x c l u s i v e l y 
found i n these p o s i t i o n s i n A z e o l i t e s . 

Ca 4Na 4A 

The c r y s t a l l o g r a p h y of Ca4Na 4-A demonstrates that the cations are 
d i s t r i b u t e d only i n the t h r e e - f o l d s i t e s , on the s i x - r i n g s of the 
s o d a l i t e cages (19,20). The d i v a l e n t Ca2+ ions locate near the plane 
of the s i x - r i n g ( s i t e A), while the sodium ions are displaced into 
the supercage ( s i t e B). A neutron d i f f r a c t i o n study of Ca4Na4-A 
(20) also showed that the s i x - r i n g s containing the Ca^ + were severely 
d i s t o r t e d , and that the Ca2+-03 bond length was quite short at 2.9 A. 
The far-IR spectra of the hydrated and dehydrated Ca4Na4~A sample 
are shown i n Figure 8. In a d d i t i o n to the framework absorption at 
260 cm - 1, two bands dominate the spectrum. These are l o g i c a l l y as
sociated with Na +(B) ions (191 cm"1) and C a 2 +(A) cations (237 cm" 1). 

The a s s e r t i o n of these assignments i s founded on the following 
c r i t e r i a : i ) S i m i l a r s i n g l e s i x - r i n g frequencies were observed i n 
CaX and CaY (3,4,9). i i ) A good f i t of observed (237 cm"1) and c a l 
culated (207 cm"1) frequencies. i i i ) The high frequency of the 
Ca^+ ion i s r a t i o n a l i z e d by a large i n t e r a c t i o n of the 2+ ion with 
the anionic l a t t i c e compared to the sodium ion. 
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W A V E N U M B E R 

Figure 7. F a r - i r spectra of (A) hydrated and (B) dehydrated 
Na, Rb-A. 
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Ca 6A 

2+ 
In the dehydrated form 4.4 Ca ions per pseudo u n i t c e l l are found 
i n s i t e B, ( C a 2 + - 03 = 2.27 A), almost i n the plane of the 03 oxy
gens of the s i x - r i n g , and 1.2 Ca 2+ ions are located i n s i t e C i n the 
s o d a l i t e cage (Ca 2+ - 03 = 2.32 A). The far-IR band at 198 cm~l 
(Figure 9) i s ascribed to the C a 2 + ion with the longer bond length, 
namely s i t e C. Using the C a 2 +(C) asymmetric c a t i o n frequency and 
the c r y s t a l l o g r a p h i c d e t a i l s of C a 2 +(B) one can estimate the Ca 2+(B) 
asymmetric v i b r a t i o n a l frequency at 250 cm - 1. This f i t s quite w e l l 
with the assignments above f o r the Ca^Na^A sample, as well as the 
observation of a band i n t h i s region i n the curve resolved spectrum 
of Ca 6-A (Figure 9). 

— 6 A -
The far-IR spectra of hydrate
Figure 10. The form of
markably s i m i l a r to those of the Ca-A described above. This i s not 
s u r p r i s i n g as the s i t i n g and populations of Sr 2+ ions are i d e n t i c a l 
to Ca 2+ i n Ca6~A (19b). The Sr 2+ ions are located i n the s i x - r i n g s , 
with 4.5 ions per pseudo-cell i n s i t e B, and 1.2 ions per pseudo-cell 
i n s i t e C. Together the C a 2 + and S r 2 + -A z e o l i t e s y i e l d a c o n s i s 
tent p i c t u r e of the d i v a l e n t c a t i o n far-IR v i b r a t i o n a l frequencies, 
and are u s e f u l models f o r the i n v e s t i g a t i o n of the t r a n s i t i o n metal 
(2+) -A systems. Strontium c a t i o n v i b r a t i o n s a n t i c i p a t e d to occur 
at 175 cm~l ( s i t e B) and at 145 cm - 1 ( s i t e C) compare quite w e l l 
with the observed bands at 182 and 142 cm~l r e s p e c t i v e l y . 

Conclusion 

In t h i s paper the far-IR spectra of a s e r i e s of a l k a l i and a l k a l i n e 
earth exchanged -A z e o l i t e s have been described and assignments of 
c a t i o n r e l a t e d bands diagn o s t i c of s p e c i f i c binding s i t e s have been 
proposed. The requirement of a r e l i a b l e basis from which to make 
comparisons i s c r u c i a l i n t h i s type of study. In t h i s regard, the 
Na-A far-IR spectrum and u n i t c e l l c a t i o n dynamics have been studied 
and discussed i n d e t a i l (5). I t i s s t i l l d i f f i c u l t at t h i s stage 
however, to separate or gauge the e f f e c t of both geometry and force 
constant changes-at a c a t i o n binding s i t e on the far-IR spectra. 
Further progress i n t h i s regard i s a n t i c i p a t e d from complementary 
Raman data. 
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Figure 8. F a r - i r spectra of (A) hydrated and (B) dehydrated, 
Ca 4 Na 4 -A. 
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Figure 9. F a r - i r spectra of : (A) hydrated and (B) dehydrated 
Ca^-A. (C) observed spectrum (D) simulation (E) curve 
resolution. Note that the A,(B) mode probably l ies within the 
framework vibration. 
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Figure 10. F a r - i r spectra of: (A) hydrated and (B) dehydrated 
Sr 6 A. 
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Chapter 9 

Studies of Cu(II)-Doped Zeolites A, Rho, 
and ZSM-5 by Electron Spin Resonance 

and Electron Spin Echo Modulation 
Spectroscopies 

Cocation Effects and Coordination 
with Adsorbates 

Michael W. Anderson1 and Larry Kevan 

Department of Chemistry

Electron spin resonance (ESR) coupled with electron 
spin echo modulation (ESEM) spectroscopies have been 
used as tools to probe both crystallographic siting 
of Cu2+ in zeolites A and rho and its dependence on 
cocation and the solvation structure of Cu2+ with 
water and various organic adsorbates. In both hy
drated and dehydrated zeolite A it is found that the 
Cu2+ is located inside the β-cage close to the zeo
lite six-ring between the α and β-cages. In zeolite 
rho no cocation effect of H+, Na+, K+ or Ca2+ is 
found for water adsorbate solvating Cu2+ but some 
cocation effect is found for methanol and ethylene 
adsorbates. Direct coordination is only observed 
with polar adsorbates such as methanol and ammonia 
which can gain access to the α-cage by solvating 
the cocation. In dehydrated zeolite Na-ZSM-5 the 
Cu2+ is recessed from the main channels in sites not 
directly accessible to adsorbates but exposure to 
polar molecules causes the Cu2+ to migrate into the 
main channels where it forms directly coordinated 
complexes. 

The c a t a l y t i c importance of z e o l i t e s from an i n d u s t r i a l standpoint 
res i d e s both i n the a b i l i t y to subtl y t a i l o r t h e i r p r o p e r t i e s to 
described c h a r a c t e r i s t i c s and i n the consequent high a c t i v i t i e s and 
s e l e c t i v i t i e s ( _ l ) . These l a s t two a t t r i b u t e s are p r i m a r i l y a r e s u l t 
of the large i n t e r n a l surface area of the z e o l i t e s and t h e i r micro-
p o r o s i t y , r e s p e c t i v e l y . The aspect of t a i l o r i n g z e o l i t e s to desired 
c h a r a c t e r i s t i c s demands an intimate knowledge of both t h e i r s t r u c 
t u r a l and chemical p r o p e r t i e s . 

One major branch of z e o l i t e c a t a l y s i s i s that of non-acid c a t 
a l y s i s (_2), e i t h e r over exchanged metal cations or over impregnated 
mej^il c l u s t e r s . When the c a t a l y t i c center i s paramagnetic such as 
Cu , the system i s amenable to i n v e s t i g a t i o n by e l e c t r o n s p i n r e s -
current address: Department of Chemistry, University of Connecticut, Storrs, CT 06268 
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onance (ESR) techniques. The aim of t h i s work i s to combine con
tinuous wave ESR and pulsed ESR, known as e l e c t r o n s p i n echo modula
t i o n (ESEM) spectroscopy, to obtain a b e t t e r understanding of both 
the c a t i o n s i t i n g of C u 2 + and i t s i n t e r a c t i o n with p o t e n t i a l organic 
reactants with the ultimate goal of t a i l o r i n g b e t t e r c a t a l y s t s . 

This paper i s organized as f o l l o w s . F i r s t ESEM spectroscopy i s 
b r i e f l y described. Then the l o c a t i o n of C u 2 + i n z e o l i t e A by ESEM 
data on 1 Cs modulation i s i l l u s t r a t e d . This allows determination 

9-4-
of the Cu^"1- l o c a t i o n i n z e o l i t e A under d i f f e r e n t hydration condi
t i o n s and i n the presence of Na + versus K + as the major cocations 
present i n a d d i t i o n to C u 2 + . A strong cocation e f f e c t i s found. 
The l o c a t i o n of Cu z i n A z e o l i t e i s then contrasted with i t s l o c a 
t i o n i n z e o l i t e rho and z e o l i t e ZSM-5 i n succeeding s e c t i o n s . In 
a d d i t i o n to the C u 2 + s i t i n g i n these other two z e o l i t e types, the 
coordination with various deuterated adsorbates i s determined by 
ESEM methods using a n a l y s i
f e c t s on the adsorbate coordinatio
E l e c t r o n Spin Echo Modulation Spectroscopy 

Since the ESEM technique i s only now becoming commercially a v a i l a 
b l e , a short d e s c r i p t i o n i l l u s t r a t i n g i t s p o t e n t i a l f o r the study of 
z e o l i t e systems seems appropriate. ESEM i s a pulsed ESR technique 
(3,4). When an appropriate sequence of two or three short (ca 40 ns) 
resonant, microwave pulses i s applied to a paramagnetic sample a 
subsequent burst of magnetization known as a s p i n echo may be formed. 

A d i r e c t analogy can be drawn with the s p i n echoes formed i n 
the more widely used pulsed nuclear magnetic resonance techniques. 
The magnitude of t h i s echo i s a f u n c t i o n of the time between these 
pulses, T f o r a two-pulse experiment, and the magnitude decays with 
i n c r e a s i n g T . This decay provides information about various r e l a x 
a t i o n processes but i s not of prime i n t e r e s t f o r s t r u c t u r a l s t u d i e s . 
I f i n the v i c i n i t y of the paramagnetic center ( C u 2 + ) there i s a nu
cleus with a nuclear s p i n , e.g. 2H, A l , ^ ^ C s e t C j there w i l l be 
an echo i n t e n s i t y modulation superimposed on the echo decay. Th i s 
modulation i s due to weak d i p o l a r hyperfine i n t e r a c t i o n between the 
Cu and t h i s neighboring nucleus. I t i s p o s s i b l e to simulate t h i s 
ESEM pattern and extract important chemical information about the 
surroundings of the paramagnetic species out to about 0.6 nm. The 
modulation depends on three fundamental chemical p r o p e r t i e s of the 
system, ( i ) the type of i n t e r a c t i n g nucleus, ( i i ) the distance from 
the paramagnetic center to the i n t e r a c t i n g n u c l e i , and ( i i i ) the 
number of i n t e r a c t i n g n u c l e i . Therefore i n the case of adsorbed, 
s p e c i f i c a l l y deuterated organics s p e c i f i c numbers of i n t e r a c t i n g 
molecules may be determined as w e l l as t h e i r o r i e n t a t i o n . O r i e n t a 
t i o n information i s obtained by using two or more s p e c i f i c deutera-
t i o n s of the same molecule such as CH3OD and CD3OH. Such q u a n t i t a 
t i v e information g r e a t l y enhances the information a v a i l a b l e from 
continuous wave ESR alone (5-10). 

2+ 
C r y s t a l l o g r a p h i c Location of Cu i n Z e o l i t e A 

Several reports p e r t a i n to x-ray c r y s t a l l o g r a p h i c studies of C s + i n 
z e o l i t e A (11-13). In a l l cases, the c r y s t a l l o g r a p h i c s i t i n g of the 
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C s + has been w e l l defined. There are s e v e r a l s i t e s f o r C s + i n f u l l y 
exchanged CsyNa5-A. But f o r a loading of l e s s than three C s + per 
u n i t c e l l x-ray d i f f r a c t i o n evidence shows that a l l the C s + cations 
are located at the center of the s i n g l e e i g h t - r i n g faces, s i t e S5 i n 
Figure l a . C u 2 + i s then introduced i n t o the z e o l i t e an^ i n t o t h i s 
matrix of Cs cations; see Figure l b . As i n d i c a t e d , Cs has a nu
c l e a r s p i n and can modulate the s p i n echo amplitude. Since the d i s 
t r i b u t i o n of Cs+ cations i s known, by simulating the ESEM pa t t e r n 
and determining both the number of i n t e r a c t i n g C s + cations and t h e i r 
distance from the Cu c a t i o n , the C u 2 + s i t e l o c a t i o n may be deter
mined. I f more than one C u 2 + species i s present with separately r e 
solved ESR l i n e s , the ESEM experiment may be c a r r i e d on on i n d i 
v i d u a l speciej^by s e l e c t i n g the appropriate magnetic f i e l d . From 
a n a l y s i s of Cs modulation i t has proved p o s s i b l e to determine 
Cu 2 l o c a t i o n s to w i t h i n ± 0.01 nm (5)• 2+ 

Figure 2a shows a field-swept ESEM spectrum of Cu i n a hy
drated CsNa-A sample; t h i
the ESEM pat t e r n has bee
f a c t o r i l y simulated with the same parameters. One Cu21*1 species i s 
located at s i t e S2 at the center of the s i x - r i n g . The second C u 2 + 

species i s located at s i t e S2 1 displaced 0.09 nm i n t o the 3-cage. 
Frpm previous ESEM work with adsorbed D2O i t i s known that these two 
Cu species are coordinated to two and three water molecules r e s 
p e c t i v e l y . (14) The Cu species at S2 i s a t r i g o n a l bipyramidal 
species with three e q u a t o r i a l l a t t i c e oxygens and two a x i a l water 
molecules. The species at S2' i s a d i s t o r t e d octahedral species 
coordinated to three l a t t i c e oxygens and three water molecules. 

In t h i s manner the c r y s t a l l o g r a p h i c s i t i n g of a l l C u 2 + species 
i n hydrated and dehydrated z e o l i t e s Na-A and K-A were determined(5). 
The two f o l l o w i n g dehydration sequences were determined i n which the 
s u b s c r i p t on Cu denotes the number of coordinated waters. Note the 
cocation e f f e c t . The distances i n brackets i n d i c a t e the d i s p l a c e 
ment from s i t e S2 i n t o the $-cage. 

CuNa-A Cu (S2') 
[0.09 nm] 

Cu i ; [(S2) -

CuK-A C u I ( S 2 t ) — 
[0.02 nm] 

Cu i n Z e o l i t e Rho 

Cu I I(S2) Cu Q(S2') 
r[0.02 nm] 

C u n ( S 2 ) y Cu Q(S2) 

evac. . . . 
• C « 1 I I < S 2 ' > 

[0.05 nm] 

S i m i l a r i t i e s e x i s t between the s t r u c t u r e of z e o l i t e rho (15) shown 
i n Figure 3a and that of z e o l i t e A. Z e o l i t e rho c o n s i s t s of a-cages 
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a 

Figure 1. (a) C r y s t a l s t r u c t u r e of z e o l i t e A showing c a t i o n 
p o s i t i o n s . S i t e S2 i s at the center of a s i x - r i n g face with 
s i t e s S2 1 and S2* displaced i n t o and out of the $-cage along the 
t r i a d a x i s , r e s p e c t i v e l y . S i t e S3 i s i n a f o u r - r i n g s i t e while 
S5 i s i n an e i g h t - r i n g s i t e . (b) Schematic representation of 
the d i s t r i b u t i o n of C s + cations (dark c i r c l e s ) i n A z e o l i t e l o 
cated at the centers of the faces of a cube of edge length 1.21 
nm. The Cu 2+ (open c i r c l e ) i s located on the body diagonal. (Re
produced from Ref. 5. Copyright 1987 Am. Chem. Soc.) 
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g

,= 2.449-t { f̂ g=l.997 
g = 2.267 g'=2.055 

g = 2.267 (b) 

g„= 1.997 (c) 

g>2.055 (d) 

•',,=2.449 (e) 

Figure 2. (a) Field-swep  spectru
ing two d i f f e r e n t C u 2 + species d i f f e r e n t i a t e d by g and g 1 compo
nents, (b) - (e) Experimental ( ) and simulated ( ) 
three-pulse ESEM spectra of f r e s h CuCsNa-A. Distances i n brac
kets i n d i c a t e displacement of C u 2 + from S2 to S2 1. (Reproduced 
from Ref. 5. Copyright 1987 Am Chem. Soc.) 

Cation location inaccessible 
to main channel 

x M a i n channel 

Figure 3. (a) C r y s t a l s t r u c t u r e of z e o l i t e rho showing c a t i o n 
p o s i t i o n s . S i t e S2 i s at the center of a s i x - r i n g face with s i t e 
52 di s p l a c e d s l i g h t l y along the t r i a d a x i s i n t o the a-cage. 
S i t e s SI* and S2 2 are adjacent to fou r - r i n g s i n the octagonal 
prism, and s i t e S5 i s at the center of the octagonal prism. S i t e 
53 i s adjacent to a f o u r - r i n g i n the a-cage. (b) Schematic rep
r e s e n t a t i o n of the (100) - face of ZSM-5 showing the ten-mem-
bered r i n g main channels that are a c c e s s i b l e to adsorbates and 
the smaller five-membered u n i t s that are i n a c c e s s i b l e to adsor
bates. (Reproduced from Refs. 7 and 8. Copyright 1987 Am. Chem. 
Soc.) 
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connected i n a cubic arrangement by double-eight r i n g s which a f f o r d s 
the same e i g h t - r i n g pore opening as i n z e o l i t e A. However, there 
are no small 3-cages and therefore no parts of the i n t r a z e o l i t e sys
tem which are a c c e s s i b l e only to molecules capable of passing through 
the s i x - r i n g entrance diameter. Th^s i s c a t a l y t i c a l l y a t t r a c t i v e as 
there are no c a t i o n s i t e s where Cu i s i n a c c e s s i b l e to reactant 
molecules. A s i m i l a r study of the Cu 2+ c a t i o n l o c a t i o n i n z e o l i t e A 
was performed by p a r t i a l exchange with Cs which i s p r e f e r e n t i a l l y 
located at s i t e s e i t h e r S2, S2* or S3. 

In hydrated forms of Cu 2 +-doped H-, Na-, K- and Cs-rho a small 
part of the C u 2 + i s o c t a h e d r a l l y coordinated to s i x water molecules 
and undergoes f r e e r o t a t i o n at room temperature (6,7). This C u 2 + 

i s located i n the a-cages and has l i t t l e i n t e r a c t i o n with the cage 
w a l l s . The major part of the C u 2 + i s coordinated to two water mole
cules and to oxygens i n the z e o l i t e l a t t i c e . T h i s species i s most 
l i k e l y e i t h e r a square-plana  comple  located t s i t  S3  l e s
l i k e l y a square-based pyrami
feature of z e o l i t e rho i
independent of the nature of the cocation. This i s q u i t e d i f f e r e n t 
from the case i n z e o l i t e A where the l o c a t i o n and hydration number 
of the major hydrated species i s governed by the type of cocation. 
I t has been e s t a b l i s h e d that the hydrated species i n z e o l i t e A are 
formed i n the $-cage whereas the hydrated species i n z e o l i t e rho are 
formed i n the a-cage. I t appears that the cocation e f f e c t s i n z e o -
l i t e A are due to the c l o s e r proximity of cocations to the Cu i n 
the 3-cage of z e o l i t e A. There i s greater s t e r i c hinderance i n 
smaller $-cages than i n the l a r g e r a-cages. 

The coordination of C u 2 + i n z e o l i t e rho with other adsorbates 
than water has a l s o been studied by ESEM methods. Table I summarizes 
thg^adsorbate coordination number of water and other adsorbates f o r 
Cu i n rho z e o l i t e s with various cocations (6,7). 

Table I. 2+ 
Cu Coordination Number 
Z e o l i t e s 

to Various Adsorbates i n Rho 

Z e o l i t e CsH-rho H-rho Na- -rho K-rho Ca--rho 

H 20 2 2 2 2 2 
CH3OH - 2 1 1 1 

C 2H 4 
0 1 0 0 0 

NH 3 3 3 ^3 ^3 ^3 

The coordination number of ammonia i s determined by resolved n i t r o 
gen hyperfine i n the ESR spectra. The other c o o r d i n a t i o n numbers 
are determined by ESEM a n a l y s i s . Ammonia appears to show no cocat
i o n e f f e c t as does water. Both are small, h i g h l y p o l a r molecules. 

However, methanol and ethylene both show some cocation e f f e c t . 
The coordination of each i s l a r g e r i n H-rho than f o r other cocations 
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Figure 4 shows the ESEM r e s u l t s f o r s p e c i f i c a l l y deuterated metha
nols i n CuH-rho. The data f o r CH3OD i n d i c a t e two coordinated metha
nols through the oxygen. Th i s i s confirmed by the CD3OH data f o r 
the N = 6 f i t . However, the CD3OH data r e q u i r e a two s h e l l f i t and 
the N = 3 s h e l l corresponds to i n d i r e c t coordination to a t h i r d mol
ecule with i t s methyl group oriented toward the C u 2 + . Molecular 
models suggest that the C u 2 + i s located at S2* coordinated to two 
methanols through t h e i r oxygens i n the same a-cage and weakly i n t e r 
a c t i n g with the methyl group of a t h i r d methanol located i n an ad
jacent a-cage on the other side of the s i x - r i n g associated with the 
S2 s i t e . This t h i r d methanol i s presumably coordinated to a coca
t i o n i n the adjacent a-cage and i t s hydroxyl deuterium i s too f a r to 
contribute to the ESE modulation pattern. 2 + 

Note that ethylene only coordinates to Cu i n H-rho. In H-rho 
ethylene can enter the a-cage whereas f o r CsH-, Na-, K- and Ca-rho 
the l a r g e r cocations, which are located i n the e i g h t - r i n g s  block 
access to the a-cage. I
f o r nonpolar molecules l i k
water, ammonia, methanol and even ethanol can s o l v a t e the c a t i o n , 
perhaps t r a n s i e n t l y , and gain access to the a-cage. 

C u 2 + i n Z e o l i t e NaH-ZSM-5 

ZSM-5 provides a quite 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 i n v o l v i n g a g^an-
n e l network instead of a cage network i n which to accomodate Cu 
ca t i o n s . Probably most s i g n i f i c a n t i s the absence of neighboring 
cocations owing to the low ion-exchange of these z e o l i t e s , with S i / 
A l = 26 i n our synthesis. 2+ 

In hydrated CuNaH-ZSM-5 a hexa-aquo Cu complex i s observed 
which has an i s o t r o p i c ESR l i n e at room temperature (8). The ESEM 
data i n Figure 5a confirms the six-water coordination. This species 
must be located at the channel i n t e r s e c t i o n s since the main channels 
are too small. A f t e r evacuation at room temperature the Cu be
comes anchored to the z e o l i t e framework and shows coordination to 
only three water molecules as shown by the ESEM data i n Figure 5b. 
The ESR parameters s t i l l i n d i c a t e approximately octahedral coordina
t i o n so the C u 2 + i s coordinated to three water and three z e o l i t e 
framework oxygens. This p a r t i a l dehydration procedure i s t o t a l l y 
r e v e r s i b l e by s a t u r a t i n g the z e o l i t e with water vapor. 

A f t e r complete dehydration the coordination of varous other ad
sorbates was studied. Adsorption of methanol and ethanol produces 
Cu complexes containing two and three molecules r e s p e c t i v e l y (8). 
In both cases a l l the C u 2 + becomes complexed to the a l c o h o l w i t h i n a 
few minutes. In contrast, adsorption of both ethylene and benzene 
r e s u l t e d i n a very slow complexation with C u 2 + . In the case of ben
zene even a f t e r two days much of the C u 2 + remained uncomplexed. To 
t e s t whether t h i s i s due to s t e r i c e f f e c t s slowing down the d i f f u 
s i o n of benzene i n t o the i n t r a z e o l i t e v o i d s , p y r i d i n e was studied 
because i t has a s i m i l a r k i n e t i c diameter to benzene. However, pyr
i d i n e complexed C u 2 + w i t h i n a few minutes. This suggest that the 
C u 2 + i n dehydrated ZSM-5 i s not located i n p a r t i c u l a r l y a c c e s s i b l e 
p o s i t i o n s and requires a p o l a r molecule to i n t e r a c t with i t and 
cause i t to migrate i n t o the main channel. I f Cu + were i n an ac
c e s s i b l e p o s i t i o n i n dehydrated ZSM-5, the adsorption of nonpolar 
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0 1 2 3 4 5 
T./*s 

Figure 4. Experimental ( ) and simulated ( ) three-pulse 
ESEM spectra of CuH-rho showing deuterium modulation (a) with 
adsorbed CD3OH and (b) with adsorbed CH3OD. (Reproduced 
from Ref. 6. Copyright 1986 Am. Chem. Soc.) 
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Figure 5. Experimental ( ) and simulated ( ) three-pulse 
ESEM spectra of CuNaH-ZSM-5 (a) with adsorbed D2O, and (b) with 
adsorbed D2O followed by evacuation at room temperature. (Re
produced from Ref. 8. Copyright 1987 Am. Chem. Soc.) 
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2+ 
molecules would also result in rapid complexation of Cu as happens 
in cage type zeolites. Possible, less accessible cation positions 
in the ZSM-5 structure are illustrated in Figure 3b. 

The ESR spectra after adsorption of ammonia and pyridine show 
ni££ogen superhyperfine splitting which is indicative of direct 
Cu -N interaction. The number of superhyperfine components suggests 
that the Cu is coordinated to three molecules of pyridine and four 
of ammonia. 2+ 

In order to establish whether Cu is internally exchanged into 
the zeolite and not just deposited on the external surface, deutera-
ted ortho-xylene, a molecule too larg<p to enter the zeolite channels, 
was adsorbed. No complexation of Cu was observed by ESR and no 
modulation was observed by ESEM which supports the conclusion that 
Cu^+ is internally exchanged. 

It is significant that 27A1 modulation is not observed by ESE 
spectroscopy in CuNaH-ZSM-5
ovalent cations it may
sumed monovalent sites near negative aluminum lattice centers. This 
middle location would site the Cu^+ too far from aluminum lattice 
centers to observe 27A1 modulation. In contrast, when Na+ is ex
changed by Ca2+ the Cû + does show ^ A l modulation (16). This stri
king effect on cocation control of the Cû + location in zeolite 
ZSM-5 is currently being studied. 
Overview 

This work demonstrates the power of the ESEM technique when used in 
conjunction with ESR for the study of paramagnetic species in zeo
lites. Accurate measurements of the Cu^+ locations in zeolite A 
have been determined via cesium modulation. Assignments have been 
made to many ESR spectra in terms of coordination numbers and orien
tation of interacting species by ESEM analysis. In many cases 
unique structural data can be obtained by combined ESR and ESEM 
methods. 
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Chapter 10 

Determining the Structure 
of Molecular Sieve Materials 

Using High-Resolution Powder Data 

J. M. Bennett 

Union Carbide Corporation, Old Saw M i l l River Road, 
Tarrytown, N Y 10591 

Molecular sieve compound
which because of their porous nature have wide uses for 
catalytic and adsorption processes. The size and shape of 
these pore openings range from small six ring channels which 
will only adsorb water to 18-ring channels which are 1.2nm 
across. The determination of the framework topology which 
yields both the pore size and shape is critical for 
understanding and predicting uses for these materials. Single 
crystal x-ray techniques have been used to determine the 
topology of over 60 different microporous materials. 
Unfortunately many molecular sieve materials are synthesized 
with crystals that are too small to be used with single 
crystal techniques, and powder techniques have to be used. 
The framework topologies of the two most widely used molecular 
sieve materials, type A and type Y zeolites, were first 
determined from a combination of powder and single crystal 
techniques in the 1950's by scientists at Union Carbide 
Corporation. Since then only a relatively few new framework 
topologies have been determined using powder data. Most are 
determined from single crystal data using very small crystals. 

Within the last few years high resolution data collected 
either from synchrotron or neutron sources has allowed new 
structures to be solved from powder samples. Powder data from 
these new sources are superior to that collected from a 
conventional x-ray source both in resolution and peak to 
background ratio; these improvements in data quality have the 
capability of making the determination of new molecular sieve 
topologies easier but not necessarily routine. Synchrotron 
radiation has possible future capabilities of being used to 
collect data from crystals that are only a few microns in 
size. At that time most newly synthesized molecular sieve 
materials will be solved by single crystal techniques instead 
of powder techniques. At the present time an acceptable 
structure refinement can be obtained from a crystal with a 
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v o l u m e g r e a t e r t h a n 4 0 , 0 0 0 c u b i c m i c r o n s u s i n g a s e a l e d x - r a y 
t u b e . T h e t o p o l o g y o f s i l i c a l i t e was f i r s t d e t e r m i n e d u s i n g a 
t w i n n e d c r y s t a l r o u g h l y 2 0 x 2 0 x 7 0 m i c r o n s i n s i z e . W i t h a 
c r y s t a l o f t h i s s i z e , d a t a c o l l e c t i o n i s m e a s u r e d i n w e e k s , 
n o t h o u r s a n d b e c a u s e t h e m a t e r i a l c o n t a i n s o n l y l i g h t a t o m s 
w h i c h do n o t d i f f r a c t s t r o n g l y , t h e d a t a c o l l e c t i o n s t a t i s t i c s 
a r e p o o r . I f t h e c r y s t a l s a r e l a r g e e n o u g h t o o b t a i n a n 
a d e q u a t e s t r u e t u r e r e f i n e m e n t , t h e n s i n g l e c r y s t a 1 t e c h n i q u e s 
s h o u l d s t i l l be u s e d i n p r e f e r e n c e t o p o w d e r t e c h n i q u e s . 

D I S C U S S I O N . 

T h e r e a r e many s t e p s i n t h e d e t e r m i n a t i o n o f a n u n k n o w n 
f r a m e w o r k t o p o l o g y f r o m d i f f r a c t i o n d a t a , a n d e s p e c i a l l y w i t h 
p o w d e r d a t a e a c h s t e p h a s many d i f f i c u l t i e s . T h e s t e p s c a n be 
s u m m a r i z e d a s f o l l o w s : 

1. C o l l e c t i o n o f t h e d a t a
2. D e t e r m i n a t i o n o f t h e c e l l d i m e n s i o n s a n d s p a c e g r o u p . 
3. D e t e r m i n a t i o n o f t h e c o r r e c t t r i a l m o d e l . 
4. R e f i n e m e n t o f t h e d a t a a n d s o l u t i o n o f t h e s t r u c t u r e . 

U s u a l l y e a c h s t e p m u s t be s u c c e s s f u l l y a c h i e v e d b e f o r e 
t h e n e x t c a n be s t a r t e d . When t h e p o w d e r p a t t e r n o f t h e new 
m a t e r i a l m a t c h e s t h a t o f a p r e v i o u s l y s i m u l a t e d h y p o t h e t i c a l 
m a t e r i a l i t i s p o s s i b l e t o b y p a s s s t a g e 2 a n d go d i r e c t l y t o 
s t a g e 3. T h e s e s t e p s a r e t h e same f o r b o t h s i n g l e c r y s t a l a n d 
p o w d e r d a t a d e t e r m i n a t i o n o f a s t r u c t u r e , b u t t h e t e c h n i q u e s 
u s e d w i t h p o w d e r d a t a a r e f a r l e s s f o r m a l i z e d . F o r e x a m p l e , 
w i t h s i n g l e c r y s t a l s a s u i t a b l e c r y s t a l i s c h o s e n , m o u n t e d on 
o n e o r m o r e c a m e r a s a n d t h e u n i t c e l l d i m e n s i o n s a n d s p a c e 
g r o u p d e t e r m i n e d . W i t h a p o w d e r s a m p l e t h i s i n f o r m a t i o n h a s 
t o be d e r i v e d e i t h e r f r o m t h r e e d i m e n s i o n a l d e c o n v o l u t i o n o f 
t h e o n e d i m e n s i o n a l i n f o r m a t i o n c o n t a i n e d i n a p o w d e r p a t t e r n 
o r r e c o n s t r u c t e d f r o m i n f o r m a t i o n o b t a i n e d f r o m many d i f f e r e n t 
c r y s t a l s u s i n g e l e c t r o n d i f f r a c t i o n t e c h n i q u e s . T h i s s i m p l e 
s t e p w i t h s i n g l e c r y s t a l d a t a h a s t h e r e f o r e b e c o m e c o m p l e x 
w i t h p o w d e r d a t a . T h e d e t e r m i n a t i o n o f t h e s t r u c t u r e o f a 
m o l e c u l a r s i e v e m a t e r i a l u s i n g s i n g l e c r y s t a l t e c h n i q u e s i s 
v e r y i n v o l v e d a n d t e d i o u s , a n d i t i s e v e n m o r e s o w i t h p o w d e r 
d a t a . H o w e v e r t h e r e s u l t s s u p p l y i n f o r m a t i o n t h a t c a n n o t be 
o b t a i n e d u s i n g a n y o t h e r t e c h n i q u e . 

C O L L E C T I O N OF DATA. I t s h o u l d be e m p h a s i z e d t h a t t h e c o r r e c t 
c h o i c e a n d p r e p a r a t i o n o f t h e s a m p l e c o m b i n e d w i t h c a r e f u l 
c o l l e c t i o n o f d a t a w i l l g r e a t l y a i d i n t h e t o t a l p r o c e s s . I t 
i s e x t r e m e l y i m p o r t a n t t h a t t h e s a m p l e i s p u r e , o r i f n o t , 
t h a t a l l t h e i m p u r i t y p h a s e s a r e k n o w n . F i g u r e 1 s h o w s a 
c o m p a r i s o n o f d a t a c o l l e c t e d f r o m a t y p i c a l 1 9 7 0 ' s 
d i f f r a c t o m e t e r , a m o d e r n c o m p u t e r c o n t r o l l e d d i f f r a c t o m e t e r 
a n d a h i g h r e s o l u t i o n d i f f r a c t o m e t e r u s i n g s y n c h r o t r o n 
r a d i a t i o n a t t h e N a t i o n a l S y n c h r o t r o n L i g h t S o u r c e . T h e 
e x c e l l e n t r e s o l u t i o n a n d h i g h p e a k t o b a c k g r o u n d r a t i o 
( t y p i c a l l y 1 0 0 0 : 1 ) o b t a i n e d f r o m t h e s y n c h r o t r o n d a t a e n a b l e 
v e r y w e a k p e a k s t o be e a s i l y o b s e r v e d . 
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F i g u r e 1: A c o m p a r i s o n o f d a t a c o l l e c t e d f r o m t y p i c a l 
d i f f T a c t o m e t e r s : ( a ) a 1970's d i f f r a c t o m e t e r , ( b ) a m o d e r n 
c o m p u t e r c o n t r o l l e d d i f f r a c t o m e t e r a n d ( c ) a h i g h r e s o l u t i o n 
d i f f T a c t o m e t e r u s i n g s y n c h r o t r o n r a d i a t i o n . 
N o t e : T r a c e c h a s b e e n s c a l e d t o s i m u l a t e d a t a c o l l e c t e d w i t h 
c o p p e r r a d i a t i o n . 
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I f the m a t e r i a l under e x a m i n a t i o n has an unknown 
framework t o p o l o g y and t h e r e f o r e unknown c e l l d i m e n s i o n s , weak 
peaks i n a d i f f r a c t i o n p a t t e r n c o u l d come e i t h e r from an 
i m p u r i t y phase or from the sample. The p r e s e n c e of one peak 
from an i m p u r i t y phase can p r e v e n t the c r u c i a l d e t e r m i n a t i o n 
o f the c e l l d i m e n s i o n s i f computer i n d e x i n g programs a r e u s e d 
r o u t i n e l y w i t h o u t s e q u e n t i a l t e s t i n g f o r p o s s i b l e s t r a y 
d i f f r a c t i o n s . The s t a t e of the sample must a l s o be 
c o n s i d e r e d . S i n c e most m o l e c u l a r s i e v e m a t e r i a l s a r e a l s o 
a d s o r b e n t s , the a t m o s p h e r e a r o u n d the sample must be 
c o n t r o l l e d to p r e v e n t changes i n sample h y d r a t i o n w i t h 
h u m i d i t y c h a n g e s . T h i s s o r p t i o n / d e s o r p t i o n p r o c e s s r e s u l t s 
i n a c o m p o s i t i o n a l change of the sample d u r i n g d a t a c o l l e c t i o n 
t h a t w i l l h i n d e r the m o d e l l i n g of the non-framework d e n s i t y . 
I t i s p r e f e r a b l e to d e t e r m i n e the t o p o l o g y o f a new phase 
u s i n g an a n h y d r o u s and, i f p o s s i b l e , a c a t i o n f r e e s a m p l e . 

The c o l l e c t i o n o
m a chine d e p e n d e n t , howeve
made. I t i s a d v a n t a g e o u s to use the f o c u s s i n g p r o p e r t i e s o f a 
monochrornater s u c h t h a t f o r use w i t h computer a u t o i n d e x i n g 
p r o g r a m s , the c o n d i t i o n s a r e s e t to y i e l d the b e s t a n g u l a r 
r e s o l u t i o n at low two t h e t a v a l u e s . F o r d a t a c o l l e c t i o n the 
c o n d i t i o n s a r e changed so t h a t the b e s t a n g u l a r r e s o l u t i o n i s 
o b t a i n e d a t h i g h two t h e t a v a l u e s where o v e r l a p of the peaks 
w i l l be the g r e a t e s t . I t must be remembered t h a t p a r t i c l e 
s i z e a f f e c t s the r e s o l u t i o n , and i t i s a d v i s a b l e to have 
c r y s t a l l i t e s l a r g e r t h a n one m i c r o n . D a t a a r e c o l l e c t e d i n 
the u s u a l way by s t e p - s c a n n i n g a t a p p r o p r i a t e 
i n t e r v a l s ; however, b e c a u s e of the e x t r e m e l y s m a l l d i v e r g e n c e 
o f the i n c i d e n t beam, the sample i s u s u a l l y r o t a t e d i f i t i s 
mounted i n a c a p i l l a r y or o s c i l l a t e d i f i t i s a f l a t p l a t e 
mount to c o r r e c t l y a v e r a g e o v e r a l a r g e number of 
c r y s t a l l i t e s . The g e o m e t r y of the d i f f r a c t o m e t e r , the t y p e o f 
d e t e c t o r and the o p e r a t i n g c o n d i t i o n s f o r the i r r a d i a t i n g beam 
a f f e c t the maximum r e s o l u t i o n , the peak to b a c k g r o u n d r a t i o s 
and the maximum i n t e n s i t y t h a t can be o b t a i n e d . A l l t h e s e 
have to be c o n s i d e r e d i n d e t e r m i n i n g the most e f f e c t i v e way to 
c o l l e c t the d a t a . I f c a r e i s t a k e n b o t h w i t h the c h o i c e and 
p r e p a r a t i o n o f the sample and w i t h the d a t a c o l l e c t i o n 
t e c h n i q u e , t h e n many h o u r s o f f r u s t r a t i o n can be s a v e d i n the 
f i n a l s t a g e s o f d a t a p r o c e s s i n g . 

DETERMINATION OF THE CELL DIMENSIONS AND THE SPACE GROUP. The 
b e s t means f o r d e t e r m i n i n g the c e l l d i m e n s i o n s and the 
p o s s i b l e s p a c e g r o u p u s e s s e l e c t e d a r e a e l e c t r o n d i f f r a c t i o n 
t e c h n i q u e s ; t h i s i s e q u i v a l e n t to u s i n g s i n g l e c r y s t a l 
t e c h n i q u e s on a powder sample. The o t h e r p o s s i b i l i t y i s to 
use e i t h e r manual or computer i n d e x i n g p r o c e s s e s . Manual 
i n d e x i n g t e c h n i q u e s a r e u s u a l l y l i m i t e d to m a t e r i a l s h a v i n g 
c u b i c or h e x a g o n a l symmetry even though l o w e r symmetry 
m a t e r i a l s were o f t e n c o r r e c t l y i n d e x e d u s i n g Bunn c h a r t s i n 
the e a r l y days of s t r u c t u r a l s t u d i e s . One d i f f i c u l t y w i t h 
u s i n g computer i n d e x i n g programs i s o b t a i n i n g s u f f i c i e n t 
a c c u r a c y w i t h the low a n g l e peak p o s i t i o n s . T y p i c a l l y w i t h 
s y n c h r o t r o n d a t a t h e s e p p a k p o s i t i o n s can be d e t e r m i n e d to 
b e t t e r than 0 . 0 0 5 ° 29. Computer i n d e x i n g p rograms can be u s e d 
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with almost any symmetry, however a l l programs w i l l u s u a l l y 
supply s e v e r a l d i f f e r e n t answers. Tes t s can be c a r r i e d out to 
check the v a l i d i t y of each s o l u t i o n ; u n f o r t u n a t e l y o f t en 
s e v e r a l s o l u t i o n s appear e q u a l l y p r o b a b l e . Thus the 
c r y s t a l l o g r a p h e r i s l e f t with a choice between s e v e r a l 
p o s s i b l e un i t c e l l dimensions and i s o f ten forced to dec ide 
between them us ing i n t u i t i o n and/or l u c k . Even when only one 
u n i t c e l l appears probable i t may not be recogn ized that the 
c e l l has h igher symmetry. A lgor i thms are a v a i l a b l e that can 
a i d in r e c o g n i z i n g that the c e i l has h igher symmetry, and 
should be used to augment the proceedures present in the 
a u t o i n d e x i n g programs. Most molecular s i eve m a t e r i a l s have 
high symmetry; in fact when the t o p o l o g i e s are i d e a l i z e d more 
than 50% have e i t h e r hexagonal or cubic symmetry, whi le none 
have t r i c l i n i c symmetry. SOX of molecu lar s i eve s t r u c t u r e s 
have orthorhombic or h igher symmetry and i t i s reasonable to 
expect that a new topology could a l s o have high symmetry
T h i s r e q u i r e s a check
i n d e x i n g programs fo
i n d e x i n g programs have to be used as the so l e method for 
d e t e r m i n i n g the uni t c e l l d imens ions , then i t i s best to 
employ more than one program us ing d i f f e r e n t techniques and to 
compare the r e s u l t s . I f i d e n t i c a l r e s u l t s are obta ined from 
two d i f f e r e n t programs, then i t improves the conf idence l e v e l . 
C u r r e n t l y the two most widely used a u t o i n d e x i n g programs are 
V i s s e r s ( l ) and T r e o r ( 2 ) . The techniques r e q u i r e d to use 
e i t h e r program are g iven in the program w r i t e u p s . 

Se l ec t ed area e l e c t r o n d i f f r a c t i o n techniques have to be 
used to o b t a i n the s i n g l e c r y s t a l p a t t e r n s from powder 
samples . un i t c e l l dimensions can be measured d i r e c t l y . In 
the best s i t u a t i o n e l e c t r o n d i f f r a c t i o n techniques can supply 
the c o r r e c t , c e l l dimensions and a l l of the s y s t e m a t i c 
absences . With high symmetry space groups , knowing a l l the 
s y s t e m a t i c absences does not mean that the space group can be 
determined unambiguously . For example, i f the c e l l dimensions 
i n d i c a t e a g e o m e t r i c a l l y hexagonal c e l l with no s y s t e m a t i c 
absences , there are 21 p o s s i b l e space groups . In the worst 
s i t u a t i o n , e l e c t r o n d i f f r a c t i o n techniques can u s u a l l y 
determine s e v e r a l of the c e l l dimensions and some of the major 
s y s t e m a t i c absences . Using th i s p a r t i a l u n i t c e l l d imension 
i n f o r m a t i o n in c o n j u n c t i o n with the r e s u l t s of the computer 
i n d e x i n g i s probably the best technique for d e t e r m i n i n g the 
c e l l dimensions and the symmetry of an unknown molecu lar s i e v e 
m a t e r i a l . Even p a r t i a l e l e c t r o n d i f f r a c t i o n data w i l l g r e a t l y 
reduce the number of p o s s i b l e ' c o r r e c t s o l u t i o n s ' d e r i v e d by 
any computer index ing program. 

Once the un i t c e l l dimensions have been de termined , i t i s 
necessary to determine the space group. T h i s i n v o l v e s 
comple te ly index ing the powder p a t t e r n and examining a l l 
p o s s i b l e sets of h k l va lues for each peak to see i f they are 
c o n s i s t e n t with the chosen space group. In p a t t e r n s with h igh 
symmetry or ones that have two dimensions that are r e l a t e d by 
a c o n s t a n t , t h i s w i l l u s u a l l y r e s u l t in m u l t i p l e h k l va lues 
for most peaks. T h i s m u l t i p l e index ing of peaks w i l l r e s u l t 
in s e v e r a l e q u a l l y p o s s i b l e space groups . I f i t i s necessary 
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to c h o o s e between s e v e r a l p o s s i b l e s p a c e g r o u p s , t h e n an 
e x a m i n a t i o n o f r e p o r t e d s p a c e g r o u p s of i d e a l i z e d m o l e c u l a r 
s i e v e t o p o l o g i e s s u g g e s t s t h a t s e v e r a l s p a c e g r o u p s a r e 
p r e f e r r e d . T h i s i s a r e s u l t of the r e s t r i c t i o n s p l a c e d upon the 
framework atom p o s i t i o n s by the need to m a i n t a i n a t e t r a h e d r a l 
framework. I f one of the s e v e r a l p o s s i b l e s p a c e g r o u p s has 
a l r e a d y been o b s e r v e d f o r a m o l e c u l a r s i e v e m a t e r i a l i t s h o u l d 
be t r i e d f i r s t . 

E a c h c h o i c e o f a s p a c e g r o u p and a s e t o f c e l l d i m e n s i o n s 
a t t e m p t e d r e q u i r e s an e f f o r t e q u i v a l e n t to t h a t n e c e s s a r y to 
s o l v e the s t r u c t u r e . I f the s t r u c t u r e d e t e r m i n a t i o n e f f o r t i s 
u n s u c c e s s f u l , i t i s not known whe t h e r the c o m b i n a t i o n o f s p a c e 
g r o u p and c e l l d i m e n s i o n s i s wrong or w h e t h e r the 
c r y s t a l l o g r a p h e r has f a i l e d i n h i s t a s k , t h e r e f o r e i t i s 
d e s i r a b l e to have the minimum number of c o m b i n a t i o n s . 

F o r t u n a t e l y , i
d e t e r m i n a t i o n i t i s no
s p a c e g r o u p . W i t h a c o m p l e t e l y o r d e r e d m o l e c u l a r s i e v e 
m a t e r i a l i t i s o f t e n e a s i e r to d e t e r m i n e the t o p o l o g y making 
the a s s u m p t i o n t h a t a l l t e t r a h e d r a l atoms a r e of the same 
t y p e ; the use o f an i d e a l i z e d s p a c e g r o u p w i l l p r o d u c e an 
i d e a l i z e d t o p o l o g y . However, the d e t e r m i n a t i o n o f the 
t o p o l o g y i s the l i m i t i n g s t e p i n d e t e r m i n i n g a new s t r u c t u r e 
from powder d a t a . 

DETERMINATION OF THE CORRECT TRIAL MODEL. B e f o r e t h i s s t a g e 
can be s t a r t e d , a l l n o n c r y s t a l l o g r a p h i c s t r u c t u r a l i n f o r m a t i o n 
w h i c h can a i d i n p r o d u c i n g the c o r r e c t t o p o l o g y s h o u l d be 
o b t a i n e d . F o r example, t h i s i n f o r m a t i o n s h o u l d i n c l u d e d a t a 
from s o r p t i o n s t u d i e s w h i c h can h e l p to p r e d i c t b o t h the 
maximum p o r e o p e n i n g and the framework d e n s i t y and s o l i d s t a t e 
NMR s t u d i e s w h i c h can show the number of c r y s t a l l o g r a p h i c a l l y 
u n i q u e atoms or the c o o r d i n a t i o n s t a t e of the framework atoms. 

T h e r e a r e two g e n e r a l t e c h n i q u e s t h a t can be u s e d to 
s u c c e s s f u l l y d e t e r m i n e a t r i a l m o d el: ab i n i t i o c a l c u l a t i o n s 
and m o d e l l i n g t e c h n i q u e s . At the p r e s e n t time a c o m b i n a t i o n 
of the two i s most e f f e c t i v e , as n e i t h e r can be u s e d 
e x c l u s i v e l y . 

Ab I n i t i o T e c h n i q u e s . The use of ab i n i t i o t e c h n i q u e s i s 
p o s s i b l e w i t h h i g h r e s o l u t i o n n e u t r o n and s y n c h r o t r o n d a t a 
b e c a u s e more n o n - o v e r l a p p i n g r e f l e c t i o n d a t a can be o b t a i n e d 
t h a n i s p o s s i b l e from a s t a n d a r d d i f f r a c t o m e t e r . As the 
r e s o l v i n g power of t h e s e d i f f r a c t o m e t e r s f u r t h e r i n c r e a s e s , so 
w i l l the s u c c e s s f u l use of ab i n i t i o c a l c u l a t i o n s . 

Ab i n i t i o t e c h n i q u e s i m p l y the use o f e i t h e r a P a t t e r s o n 
f u n c t i o n or d i r e c t methods t e c h n i q u e s . R e c e n t l y b o t h o f t h e s e 
t e c h n i q u e s have been used to s o l v e s t r u c t u r e s ( 3 , 4 ) u s i n g h i g h 
r e s o l u t i o n powder d a t a ; t h e s e i n i t i a l s u c c e s s e s do not mean 
t h a t e i t h e r t e c h n i q u e can now be used r o u t i n e l y . The 
p o s s i b i l i t y of s u c c e s s w i t h e i t h e r t e c h n i q u e i s i n c r e a s e d i f 
1) the u n i t c e l l i s s m a l l , 2) the s p a c e g r o u p i s c e n t e r e d and 
3) the u n i t c e l l has r e l a t i v e l y low symmetry. T h e s e 
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r e q u i r e m e n t s g r e a t l y r e d u c e t h e p o s s i b i l i t y o f o v e r l a p o f 
r e f l e c t i o n s . U n f o r t u n a t e l y w hen u s e d w i t h m o l e c u l a r s i e v e 
m a t e r i a l s , d i r e c t m e t h o d t e c h n i q u e s may f a i l t o p r o v i d e a 
u s e f u l s o l u t i o n s i n c e many m a t e r i a l s h a v e o n e o r m o r e l a r g e 
c e l l d i m e n s i o n s a n d a l s o h a v e h i g h s y m m e t r y . To s o l v e t h e s e 
s t r u c t u r e s i t h a s b e e n f o u n d t o be u s e f u l t o i n c l u d e t h e 
c o r r e c t n u m b e r o f T0« u n i t s ( a s T a t o m s s u r r o u n d e d 
t e t r a h e d r a l l y by f o u r h a l f w e i g h t o x y g e n a t o m s ) a s a f r a g m e n t 
o f t h e s t r u e t u r e . 

M o d e l l i n g t e c h n i q u e s . T h e r e a r e s e v e r a l m o d e l l i n g t e c h n i q u e s 
t h a t c a n be u s e d . T h e f i r s t t e c h n i q u e i s r e c o g n i t i o n t h a t t h e 
new m a t e r i a l h a s a k n o w n t o p o l o g y . T h i s i s n o t a l w a y s 
t r i v i a l , b e c a u s e t h e p o w d e r p a t t e r n s may a p p e a r t o be 
d i f f e r e n t d u e t o e i t h e r c o m p o s i t i o n a l d i f f e r e n c e s o r c h a n g e s 
i n s y m m e t r y r e s u l t i n g f r o m f r a m e w o r k d i s t o r t i o n s . T h i s c a n be 
i l l u s t r a t e d by c o m p a r i n g t h e f o l l o w i n g s e t s o f p o w d e r p a t t e r n s 
i n w h i c h t h e m a t e r i a l
f r a m e w o r k t o p o l o g y : 

1_) Z e o l i t e F ( L i n d e ) a n d Ed i n g t on i t e . ( F i gu r e 2) 
1) A m i c i t e , G i s m o n d i n e , G o b b i n s i t e a n d N a - P l ( s e e 5 ) . 

L i k e w i s e , i n c a s e s w h e r e t h e two m a t e r i a l s h a v e h a v e s i m i l a r 
u n i t c e l l d i m e n s i o n s a n d s y m m e t r y , s u c h a s Z e o l i t e Q ( L i n d e ) 
a n d MAPO-46, t h e t o p o l o g i e s c a n n o t be a s s u m e d t o be i d e n t i c a l 
u n l e s s p r o v e n by c a r r y i n g o u t a f u l l s t r u c t u r e d e t e r m i n a t i o n . 

A n o t h e r m o d e l l i n g t e c h n i q u e i s t o c o m p a r e t h e c e l l 
d i m e n s i o n s , maximum s y m m e t r y a n d maximum p o r e o p e n i n g w i t h 
h y p o t h e t i c a l t e t r a h e d r a l f r a m e w o r k s t r u c t u r e s s u c h a s t h o s e 
d e t a i l e d by J . V. S m i t h e t . a l . ( 6 ) a n d o t h e r s ( 7 ) . I t s h o u l d 
be n o t e d t h a t i f t h e c e l l d i m e n s i o n s h a v e b e e n d e t e r m i n e d o n l y 
f r o m a m o d e l o f t h e h y p o t h e t i c a l s t r u c t u r e a n d n o t r e f i n e d 
u s i n g t h e DLS t e c h n i q u e , t h e n t h e y c a n e a s i l y d i f f e r f r o m t h e 
i d e a l i z e d v a l u e s by m o r e t h a n l A . F o r e x a m p l e , t h e c 
d i m e n s i o n o f A l P 0 , - 5 ( 8 ) i s 8 . 48A a s c o m p a r e d t o t h e m o d e l 
v a l u e o f 10A. 

A b e t t e r t e c h n i q u e i s t o h a v e a v a i l a b l e t h e s i m u l a t e d 
p o w d e r p a t t e r n s o f a l l t h e p o s s i b l e t e t r a h e d r a l s t r u c t u r e s s o 
t h a t t h e y c a n be u s e d i n t h e same way a s t h e J C P D S f i l e i s 
u s e d t o i d e n t i f y u n k n o w n m a t e r i a l s . I f t h e s e s i m u l a t e d p o w d e r 
p a t t e r n s w e r e a v a i l a b l e , i t m i g h t n o t e v e n be n e c e s s a r y t o 
d e t e r m i n e t h e c e l l d i m e n s i o n s a n d s p a c e g r o u p o f a n u n k n o w n 
m o l e c u l a r s i e v e m a t e r i a l . F o r e x a m p l e , i f t h e s i m u l a t e d 
p o w d e r p a t t e r n o f J V S 8 1 - 1 h a d b e e n a v a i l a b l e , a n d i f i t 
m a t c h e s t h e o b s e r v e d p o w d e r p a t t e r n o f d e h y d r a t e d V P I - 5 t h e n 
t h e r e w o u l d be no n e e d t o d e t e r m i n e t h e c o r r e c t i d e a l i z e d c e l l 
d i m e n s i o n s a n d s y m m e t r y . T h i s s i m p l e c o m p a r i s o n w o u l d h a v e 
y i e l d e d t h e c o r r e c t t o p o l o g y a n d s h o w n t h a t t h e m a t e r i a l was 
a n 1 8 - r i n g s t r u c t u r e . 

U n f o r t u n a t e l y t h e r e a r e o v e r 5 0 0 h y p o t h e t i c a l f r a m e w o r k 
t o p o l o g i e s p r e s e n t l y e n u m e r a t e d , a n d t h e e f f o r t r e q u i r e d t o 
s i m u l a t e a l l o f t h e s e p o w d e r p a t t e r n s a n d m a t c h t h e m w i t h t h e 
5 0 u n k n o w n f r a m e w o r k s w o u l d be e x t e n s i v e . I t i s n e c e s s a r y t o 
f i n d a m e t h o d t h a t w o u l d d e t e r m i n e t h e p r o b a b i l i t y o f 
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F i g u r e 2: A c o m p a r i s o n of the d i f f r a c t o m e t e r p a t t e r n o f 
z e o l i t e F ( L i n d e ) and E d i n g t o n i t e . 
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s y n t h e s i z i n g a h y p o t h e t i c a l t o p o l o g y . As an example, i f the 
ABC-6 r i n g f a m i l y of h y p o t h e t i c a l s t r u c t u r e s i s c o n s i d e r e d , 
a l l can be s a t i s f a c t o r i l y i d e a l i z e d u s i n g DLS; t h e r e f o r e , a l l 
a r e t h e o r e t i c a l l y p o s s i b l e . However, the number of o b s e r v e d 
members of t h i s f a m i l y i s o n l y about 12, and a l l o f t h e s e have 
b o t h h i g h c r y s t a l l o g r a p h i c symmetry and h i g h g e o m e t r i c a l 
symmetry. I f we d e s c r i b e s t r u c t u r e s h a v i n g t h e s e s y m m e t r i e s 
as b e i n g ' e l e g a n t ' , then i t may be a l a c k of e l e g a n c e i n many 
of the h y p o t h e s i z e d t o p o l o g i e s t h a t s u g g e s t s t h a t t h e y may 
n e v e r be s y n t h e s i z e d . T a b l e I c o n t a i n s a l i s t o f a l l ABC-6 
r i n g h y p o t h e t i c a l s t r u c t u r e s t h a t can be p o s t u l a t e d out to a 
r e p e a t s e q u e n c e of 12. 

T a b l e I : L i s t of a l l p o s s i b l e h y p o t h e t i c a l ABC-6 n e t s 

number numbe f numbe f o b s e r v e d 
of l a y e r s p o s s i b i l i t i e

2 1 1 CAN 
3 2 2 SOD,OFF 
4 3 2 GME,LOS 
5 5 
6 10 4 CHA,EAB,ERI 
7 20 
8 45 1 AFG 
9 96 1 LEV 

10 230 1 F r a n z i n i t ' 
11 529 
12 1303 ( ? ) 

I f we a p p l y the e l e g a n c e t e s t to the 12 l a y e r r e p e a t s e q u e n c e , 
we f i n d t h a t t h e r e a r e 20 t o p o l o g i e s t h a t have the h i g h e s t 
p o s s i b l e symmetry (P6^/mmc) and one of t h e s e i s b u i l t o n l y 
from d o u b l e s i x r i n g s . By d e f i n i t i o n t h i s would be the most 
e l e g a n t of the 1303 p o s s i b l e s e q u e n c e s . As an example F i g u r e 
3 shows the o b s e r v e d powder p a t t e r n f o r a c a l c i n e d d e h y d r a t e d 
AIPO^ m a t e r i a l and the DLS s i m u l a t e d p a t t e r n f o r t h i s most 
e l e g a n t s e q u e n c e . The c l o s e s i m i l a r i t y between the two 
p a t t e r n s i s s u f f i c i e n t j u s t i f i c a t i o n to a t t e m p t a s o l u t i o n 
u s i n g as a s t a r t i n g model the p o s t u l a t e d s e q u e n c e . I t may 
a].so i n d i c a t e t h a t i t i s p o s s i b l e to r e d u c e the l a r g e number 
of p o s t u l a t e d h y p o t h e t i c a l s t r u c t u r e s down to a more 
manageable number of p r a c t i c a l p o s s i b i l i t i e s . 

The f i n a l t e c h n i q u e used at U n i o n C a r b i d e was d e v e l o p e d 
i n c o n j u n c t i o n w i t h V. Schomaker (U. o f W a s h i n g t o n , S e a t t l e ) . 
The B e n n e t t / S c h o m a k e r method e x t e n d s the c o n c e p t o f the D L S ( 9 ) 
method w h i c h i s c u r r e n t l y r e s t r i c t e d to r e f i n i n g atom 
p a r a m e t e r s a n d / o r c e l l d i m e n s i o n s from a known t o p o l o g y , to 
use w i t h a powder p a t t e r n s i m u l a t i o n p r o g r a m ( l O ) . The DLS 
method i s s u c c e s s f u l b e c a u s e , when c o r r e c t l y s e t up, the 
number of i n t e r a t o m i c d i s t a n c e s i s a l w a y s l a r g e r t h a n the 
number of unknown atom p a r a m e t e r s . The B e n n e t t / S c h o m a k e r 
method i s r e s t r i c t e d to use w i t h m o l e c u l a r s i e v e m a t e r i a l s 
h a v i n g t e t r a h e d r a l f r a m e w o r k s . The method r e q u i r e s t h a t the 
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F i g u r e 3: A c o m p a r i s o n of the d i f f r a c t o m e t e r p a t t e r n o f 
c a l c i n e d A1P0, m a t e r i a l and the s i m u l a t e d p a t t e r n o f a 
l a y e r ABC-6 net t o p o l o g y . 
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c e l l d i m e n s i o n s , s y m m e t r y a n d c e l l c o n t e n t s a r e k n o w n a n d c a n 
s u c e s s f u l l y p r e d i c t a new f r a m e w o r k t o p o l o g y by m a k i n g t h e 
f o l l o w i n g a s s u m p t i o n s : 
1) T h e m e t h o d i s r e s t r i c t e d t o t e t r a h e d r a l f r a m e w o r k s s u c h 
t h a t e a c h T a t o m h a s o n l y f o u r n e a r T n e i g h b o u r s b o n d e d by 
o x y g e n a t o m s . 
2 ) T h e p o s i t i o n s o f t h e s e f r a m e w o r k o x y g e n a t o m s c a n be 
i g n o r e d . 
3 ) A l l t h e T-T i n t e r a t o m i c d i s t a n c e s a r e a s s u m e d t o be e q u a l . 
4 ) a n d f i n a l l y we h a v e o n l y t o p l a c e t h e T a t o m s i n t h e c h o s e n 
a s y m m e t r i c u n i t , s i n c e s y m m e t r y r e l a t i o n s h i p s c a n be d e r i v e d 
s u c h t h a t a t o m s i n t h e a s y m m e t r i c u n i t c o r r e c t l y b o n d t o t h e T 
a t o m s i n t h e n e i g h b o u r i n g a s y m m e t r i c u n i t s . T h i s a l l o w s 
i n t e r a t o m i c d i s t a n c e e q n a t i o n s t o be s e t up t h a t c a n be s o l v e d 
t o y i e l d t h e c o r r e c t p o s i t i o n s o f a l l o f t h e T a t o m s i n t h e 
a s y m e t r i c u n i t c e l l a n d u l t i m a t e l y , t h e c o m p l e t e t o p o l o g y . 

T h e B e n n e t t / S c h o m a k e
c a n be i l l u s t r a t e d by
w h i c h d e r i v e s t h e i d e a l i z e d f a u j a s i t e t o p o l o g y . T h e m e t h o d 
d e r i v e s s t a r t i n g x , y , z p a r a m e t e r s f o r t h e t e t r a h e d r a l a t o m o f 
( . 1 2 5 , - . 0 5 0 , . 0 3 8 ) , w h i c h c o m p a r e w i t h r e f i n e d p a r a m e t e r s o f 
( . 1 2 5 , - . 0 5 4 , . 0 3 7 ) . T h e s e c o n d e x a m p l e d e r i v e s p a r a m e t e r s f o r 
t h e RH0 t o p o l o g y o f ('A, . 1 0 2 , . 3 9 8 ) a s c o m p a r e d t o r e f i n e d 
p a r a m e t e r s o f (%, . 1 0 1 4 , . 3 9 8 6 ) . T h e t h i r d e x a m p l e d e r i v e s 
i d e a l i z e d p a r a m e t e r s f o r A 1 P 0 . - 1 6 o f ( . 1 1 4 , . 1 1 4 , . 1 1 4 ) a s 
c o m p a r e d t o r e f i n e d p a r a m e t e r s o f ( . 1 1 3 9 , . 1 1 3 9 , . 1 1 3 9 ) a n d 
( . 1 1 5 6 , . 1 1 5 6 , . 1 1 5 6 ) . I n t h e s e t h r e e e x a m p l e s t h e d e r i v e d 
p a r a m e t e r s a r e m o r e t h a n a d e q u a t e t o c o m p l e t e l y d e s c r i b e t h e 
i d e a l i z e d f r a m e w o r k t o p o l o g y a n d c a n e v e n be u s e d a s a 
s t a r t i n g s e t i n a s t r u c t u r e r e f i n e m e n t . 

M i s c e l l a n e o u s t e c h n i q u e s . T h e s t r u c t u r e o f T h e t a o n e ( l l ) was 
s o l v e d w i t h n e i t h e r ab i n i t i o c a l c u l a t i o n s n o r m o d e l l i n g , b u t 
by p e r m u t i n g a l l p o s s i b l e a s s i g n m e n t s o f p h a s e s f o r a s m a l l 
n u m b e r o f r e f l e c t i o n s a n d t h e n e x a m i n i n g t h e F o u r i e r m a p s . 
T h i s may s e e m a t e d i o u s way t o s o l v e a n u n k n o w n s t r u c t u r e , b u t 
i t was s u c c e s s f u l . T h e t e c h n i q u e may i n d e e d be a way o f 
s o l v i n g m o l e c u l a r s i e v e s t r u c t u r e s w i t h c e n t r i c s p a c e g r o u p s 
s h o u l d a l l e l s e f a i l . 

R E F I N E M E N T OF THE DATA AND S O L U T I O N OF THE S T R U C T U R E . O n c e 
t h e c o r r e c t f r a m e w o r k t o p o l o g y h a s b e e n d e t e r m i n e d , t h e d a t a 
m u s t be r e f i n e d t o g e t t h e c o m p l e t e s o l u t i o n . D a t a c o l l e c t e d 
u s i n g h i g h r e s o l u t i o n s y n c h r o t r o n r a d i a t i o n a r e e a s i e r t o 
p r o c e s s a n d r e f i n e t h a n s t a n d a r d x - r a y d a t a 1) b e c a u s e i t i s 
h i g h l y m o n o c h r o m a t i c a n d t h e p e a k s h a p e s c a n be w e l l d e s c r i b e d 
by t h e c o n v o l u t i o n o f G a u s s i a n a n d L o r e n t z i a n f u n c t i o n s a n d 2 ) 
b e c a u s e i t h a s e x c e l l e n t r e s o l u t i o n a n d t h e r e i s l e s s o v e r l a p 
o f r e f l e c t i o n s . 

T h e m a j o r d i f f i c u l t y w i t h r e f i n i n g p o w d e r d a t a f r o m 
m o l e c u l a r s i e v e m a t e r i a l s i s d e t e r m i n i n g t h e p o s i t i o n s o f a l l 
o f t h e n o n - f r a m e w o r k a t o m s . I n h y d r a t e d o r a s - s y n t h e s i z e d 
s a m p l e s , t h e n o n - f r a m e w o r k a t o m s a r e u s u a l l y d i s o r d e r e d s u c h 
t h a t t h e y o c c u p y a v a r i e t y o f p o s s i b l e p o s i t i o n s a n d 
o r i e n t a t i o n s . T h e r e f o r e , t h e y m u s t be m o d e l e d t o make b o t h 
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c h e m i c a l s e n s e ( i . e . v a l i d i n t e r a t o m i c d i s t a n c e s and a n g l e s ) 
and to a l s o d u p l i c a t e the f i l l i n g o f the v o i d s w i t h i n the 
s t r u c t u r e . T h i s i s d i f f i c u l t w i t h s i n g l e c r y s t a l d a t a and 
e v en more so w i t h powder d a t a ; the r e f i n e m e n t o f AlPO^-16 d a t a 
i l l u s t r a t e s t h i s . The a s - s y n t h e s i z e d m a t e r i a l c o n t a i n s 
q u i n u c l i d i n e as the t e m p l a t e ; i t was o r i g i n a l l y p l a c e d i n the 
c e n t e r o f the c a v i t y and a l i g n e d a l o n g a 3 - f o l d a x i s . 
However, the b e s t r e f i n e m e n t was o b t a i n e d when the 
q u i n u c l i d i n e was r o t a t e d a few d e g r e e s o f f the 3 - f o l d a x i s . 
The d i f f e r e n c e between the two o r i e n t a t i o n s o f the 
q u i n u c l i d i n e r e s u l t e d i n the s e c o n d o r i e n t a t i o n c r e a t i n g a 
s p h e r i c a l l y d i s o r d e r e d r e g i o n w h i c h b e t t e r m o d e l l e d the a c t u a l 
d i s o r d e r . In many c a s e s i t i s not p o s s i b l e to g e t as 
s o p h i s t i c a t e d a model f o r the n on-framework atoms. O f t e n i t 
i s s u f f i c i e n t f o r the f i r s t s t r u c t u r e d e t e r m i n a t i o n o f a new 
framework t o p o l o g y u s i n g powder d a t a to model t h i s d i s o r d e r 
w i t h a s e r i e s of c a r b o n atoms w i t h l a r g e t e m p e r a t u r e f a c t o r s
s i n c e the c o r r e c t d e t e r m i n a t i o
not n e c e s s a r y . Once th
d e t e r m i n e d from a a n h y d r o u s a n d / o r c a l c i n e d s a m p l e , t h e n the 
p o s i t i o n o f the non-framework atoms can be d e t e r m i n e d u s i n g 
the a s - s y n t h e s i z e d m a t e r i a l and the use o f a n o t h e r d a t a s e t . 

SUMMARY. 

Most new m o l e c u l a r s i e v e p h a s e s a r e s y n t h e s i z e d w i t h c r y s t a l s 
o n l y a few m i c r o n s i n s i z e . I t i s not p o s s i b l e to d e t e r m i n e 
the framework t o p o l o g y o f s u c h a phase u s i n g p r e s e n t s i n g l e 
c r y s t a l t e c h n i q u e s , and powder t e c h n i q u e s a r e b e c o m i n g 
i n c r e a s i n g l y i m p o r t a n t . W i t h new h i g h r e s o l u t i o n 
d i f f r a c t o m e t e r s the t e c h n i q u e to c o l l e c t e x c e l l e n t d a t a a r e 
a v a i l a b l e . The i n c r e a s e i n r e s o l u t i o n makes i t p r a c t i c a l to 
use a u t o i n d e x i n g programs to d e t e r m i n e the c e l l d i m e n s i o n s and 
to b e t t e r d e t e r m i n e the symmetry. The i m p r o v e m e n t s b e i n g made 
to R i e t v e l d programs g i v e the c a p a b i l i t y o f r e l a t i v e l y e a s y 
p r o c e s s i n g o f the d a t a . The major s t u m b l i n g b l o c k to the use 
o f powder t e c h n i q u e s i s the d i f f i c u l t y of d e t e r m i n i n g a new 
t o p o l o g y . At the p r e s e n t time ab i n i t i o t e c h n i q u e s as a p p l i e d 
to powder d a t a f o r m o l e c u l a r s i e v e m a t e r i a l s have no t been 
us e d w i t h enough s t r u c t u r e s to d e m o n s t r a t e the c a p a b i l i t y o f 
the t e c h n i q u e s . M o d e l l i n g t e c h n i q u e s r e q u i r e a wide k n o w l e d g e 
o f many m o l e c u l a r s i e v e t o p o l o g i e s and few m o l e c u l a r s i e v e 
c r y s t a l l o g r a p h e r s have t h i s i n f o r m a t i o n r e a d i l y a v a i l a b l e . I t 
would be v e r y h e l p f u l i f s i m u l a t e d powder p a t t e r n s were 
a v a i l a b l e f o r a l l h y p o t h e t i c a l t o p o l o g i e s , but t h i s i s a l a r g e 
u n d e r t a k i n g . The most p r o d u c t i v e t o o l may be the 
B e n n e t t / S c h o m a k e r method d e s c r i b e d h e r e i n , e s p e c i a l l y i f i t 
can be a u t o m a t e d . I t may not be p o s s i b l e to t e a c h the 
c omputer to a p p l y symmetry o p e r a t i o n s to d e r i v e the c o r r e c t 
i n t e r a t o m i c r e l a t i o n s h i p s , so i t w i l l be n e c e s s a r y f o r the 
c o mputer to permute a l l the p o s s i b l e symmetry o p e r a t i o n s to 
see i f a s o l u t i o n can be o b t a i n e d . The number o f c a l c u l a t i o n s 
may be l a r g e , but a week or even a month of a m i c r o VAX 
c o mputer time to do the t a s k w i l l be c o n s i d e r e d by many to be 
a t i m e s a v e r f o r s t r u c t u r e d e t e r m i n a t i o n s . 
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APPENDIX 
THE IDEALISED FAUJASITE TOPOLOGY. The following assumptions 
are made 1) the space group is Fd3m (second setting) and 2) all 
192 T atoms are in general positions. The cell dimensions are 
known and the T-T interatomic distance is assumed to be 3 • 1A . 
For convenience the atom coordinates (x,y,z) are expressed in 
Angstroms, and not in fractions of the unit cell dimensions. 
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D e s c r i p t i o n o f t h e a s y m m e t r i c u n i t . T h e s p a c e g r o u p h a s a 
n a t u r a l d o u b l e a s y m m e t r i c u n i t , a t e t r a h e d r o n b o u n d e d b y f o u r 
m i r r o r p l a n e s . I f o n e s u c h t e t r a h e d r o n i s c h o s e n w i t h 
v e r t i c e s , i n 1 / 8 ' s , o f ( 0 , 0 , 0 ) , ( 4 , 0 , 0 ) , ( 2 , 2 , 2 ) a n d ( 2 , - 2 , 2 ) , 
t h e t e t r a h e d r o n h a s a t w o - f o l d a x i s r u n n i n g t h r o u g h t h e p o i n t s 
( 1 , 1 , 1 ) a n d ( 3 , - 1 , 1 ) . T h i s t w o f o l d a x i s d i v i d e s t h e d o u b l e 
a s y m m e t r i c u n i t i n t o t h e two a s y m m e t r i c u n i t s . 

D e r i v a t i o n o f t o p o l o g y . C o n s i d e r t h e p l a n e w i t h ζ 
p a r t o f t h e t e t r a h e d r o n w i t h ζ g r e a t e r t h a n 1, 
m a t h e m a t i c a l c o n v e n i e n c e d u r i n g t h e c a l c u l a t i o n , 
s h i f t e d by ( 1 , 1 , 1 ) , t h e n we f i n d : 

1. T h e x - p r ο j e c t i o n . 
T h e c h o i c e o f a s y m m e t r i c u n i t c a u s e s 
y t o be z e r o . T h e Τ a t o m ( x , y , z ) i n 
t h e c h o s e n a s y m m e t r i  u n i t c e l l 
b o n d s a c r o s s a m i r r o
a n o t h e r Τ a t o m ( x , z , y
a s y m m e t r i c u n i t c e l l : 

d = ^ / ( 2 z ) . 

2. T h e y p r o j e c t i o n . 
T h e Τ a t o m ( x , y , z ) b o n d s a c r o s s a 
m i r r o r p l a n e t o a n o t h e r Τ a t o m 
( z , y , x ) i n t h e n e x t a s y m m e t r i c u n i t 
c e l l , s i n c e y = 0 , 

d ' = s / [ 2 ( z - x ) J . 

3. E q u a t i n g d a n d d ' , we f i n d t h a t 
χ = 2 z . 

4. T h e ζ p r o j e c t i o n . 
T h e Τ a t o m ( x , y , z ) b o n d s t o t h e Τ 
a t o m i n t h e t w i n a s y m é t r i e u n i t 
w h i c h i s a t ( 2 - y , 2 - χ , 2 - ζ ) . 

d " = ^ / [ ( 2 - x - y ) 2 + ( 2 - x - y ) 2
+ ( 2 - 2 z ) 2 ] . 

s u b s t i t u t i n g 2 z f o r x , a n d 0 f o r y. 

d " = x / [ 3 ( 2 - 2 z ) 2 ] . 

5. E q u a t i n g d a n d d " 

^/<2z) = x / [ 3 ( 2 - 2 z ) M . 

= 1, a n d t h e 
f i n a l l y f o r 

t h e o r i g i n i s 

ζ 
ι 

- X 

T h e r e f o r e ζ = 0 · 7 Â a n d χ = 1 · 4 Â 
T h e r e f o r e t h e Τ a t o m ( x , y , z ) h a s p a r a m e t e r s o f ( 1 · 4 , 0 , 0 · 7 ) Α a n d 
t h e t e t r a h e d r a l a t o m i n t h e s e c o n d a s y m é t r i e c e l l i s 
( 2 , 0 - 6 , 1 · 3 ) Â . I f t h e o r i g i n s h i f t o f ( 1 , 1 , 1 ) i s r e m o v e d , t h e n 
t h e t e t r a h e d r a l a t o m i n t h e s e c o n d a s y m é t r i e u n i t c e l l b e c o m e s 
( 1 , - 0 · 4 , 0 · 3 ) Α ; w h i c h i s ( · 1 2 5 , - · 5 0 , ·038 ) i n f r a c t i o n s o f a 
c e l l e d g e . 
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C o m p a r i s o n o f r e s u l t s . T y p i c a l r e f i n e d t e t r a h e d r a l a t o m 
p a r a m e t e r s f o r a f a u j a s i t e s t r u c t u r e a r e ( 0 * 1 2 5 , - 0 * 0 5 4 , 0 * 0 3 7 ) , 
s o t h e p a r a m e t e r s d e r i v e d by t h e B e n n e t t / S c h o m a k e r t e c h n i q u e 
a r e m o r e t h a n a d e q u a t e t o b o t h b u i l d t h e t o p o l o g y a n d t o be 
u s e d a s a s t a r t i n g s e t i n a r e f i n e m e n t . 

THE I D E A L I S E D RHO TOPOLOGY. T h e f o l l o w i n g a s s u m p t i o n s a r e made 
1) t h e s p a c e g r o u p i s Im3m a n d 2) t h e 48 a t o m s a r e o n a s p e c i a l 
p o s i t i o n . T h e r e a r e 3 p o s s i b l e s p e c i a l p o s i t i o n s a n d i t c a n be 
s h o w n t h a t t h e r e i s no s o l u t i o n f o r t h e f i r s t t w o . T h e Τ a t o m 
i s t h e r e f o r e a s s u m e d t o be o n a (χ,%,te-χ ) p o s i t i o n . B e c a u s e 
t h e Τ a t o m i s on a s p e c i a l p o s i t i o n t h e p r o b l e m r e d u c e s t o a 
o n e p a r a m e t e r s o l u t i o n . I t c a n be s h o w n t h a t t h e a t o m a t 
(x,V<4,V2-x) b o n d s t o a n o t h e r a t ( V* , χ , lk-χ ) . T h e f i n a l 
B e n n e t t / S c h o m a k e r r e s u l t i s ( V * , 0 * 1 0 2 , 0 * 3 9 8 ) a s c o m p a r e d t o 
r e f i n e d p a r a m e t e r s o f ( VA , 0 · 1 0 1 4 , 0 · 3 9 8 6 ) . 

M U L T I P L E ATOM S O L U T I O N S
a s y m m e t r i c c e l l , t h
n e c e s s a r y , s e v e n d i s t a n c e e q u a t i o n s c a n be d e r i v e d f o r a 
m a x i m u m o f s i x u n k n o w n f r a m e w o r k p a r a m e t e r s . A s t h e n u m b e r o f 
a t o m s i n t h e a s y m m e t r i c c e l l i n c r e a s e s s o d o e s t h e n u m b e r o f 
p o s s i b l e i n t e r a t o m i c d i s t a n c e s . T h e r e i s a l w a y s ( 4 n - l ) 
d i s t a n c e s f o r 3η u n k n o w n p a r a m e t e r s ( w h e r e η i s t h e n u m b e r o f 
a t o m s i n t h e a s y m m e t r i c u n i t c e l l ) . 
THE I D E A L I S E D A l P O ^ - 1 6 TOPOLOGY. S t r u c t u r a l s t u d i e s s h o w e d 
t h a t t h e u n i t c e l l c o n t a i n s 40 a t o m s a n d t h e s y m m e t r y i s f a c e 
c e n t e r e d c u b i c , maximum s y m m e t r y Fm3. 40 a t o m s i n a u n i t c e l l 
c a n be a r r i v e d a t by h a v i n g 32 Τ a t o m s a t ( χ , χ , χ ) a n d e i t h e r 8 
Τ a t o m s a t o r 4 Τ a t o m s a t ( 0 , 0 , 0 ) a n d a n o t h e r 4 Τ 
a t o m s a t ( % , % , % ) . 

T h e f o l l o w i n g a s s u m p t i o n s a r e made 1) t h e s p a c e g r o u p i s 
Fm3 w i t h a = 13*4Â a n d 2 ) 32 o f t h e 40 a t o m s a r e o n a s p e c i a l 
p o s i t i o n ( x , x , x ) . C o n s i d e r t h e 32 Τ a t o m s : 
T h e a t o m ( x , x , x ) b o n d s t o t h r e e o t h e r s a t ( χ , χ , χ ) , ( χ , χ , χ ) a n d 
( χ , χ , χ ) a c r o s s m i r r o r p l a n e s . T h e i n t e r a t o m i c d i s t a n c e i s d = 
2 x , a s s u m i n g a n i n t e r a t o m i c d i s t a n c e o f 3·07Â, χ = 0 · 1 1 4 i n 
f r a c t i o n a l c o o r d i n a t e s . T h i s a t o m a t ( - 1 1 4 , - 1 1 4 , - 1 1 4 ) w i l l 
a l s o b o n d t o t h e a t o m a t (VA , lA, !A ) w i t h a s u i t a b l e i n t e r a t o m i c 
d i s t a n c e , b u t n o t t o a t o m s e i t h e r a t ( 0 , 0 , 0 ) o r ( % , % , % ) . I t 
c a n be e a s i l y s h o w n t h a t t h e a t o m a t ( Ά , Ά , lA ) b o n d s t o f o u ι
οί h e r a t o m s a t ( χ , χ , χ ) , ( lh-x , lk-x , χ ) , (x,te-x,te-x) a n d 
( % - χ , χ , % - χ ) . 

T h e s t r u c t u r e was r e f i n e d u s i n g t h e s p a c e g r o u p F 2 3 b e c a u s e o f 
t h e n e e d t o m a i n t a i n a l u m i n u m a n d p h o s p h o r u s o r d e r i n g ; t h e 
f i n a l r e s u l t s w e r e χ = 0 * 1 1 3 9 a n d 0 * 1 1 5 6 c o m p a r e d t o t h e 0 * 1 1 4 
o b t a i n e d by t h e B e n n e t t / S c h o m a k e r m e t h o d . 
RECEIVED February 5, 1988 
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Chapter 11 

Cesium Vapor Reacts with K+-Exchanged 
Zeolite A To Give Fully Cs+-Exchanged 

Zeolite A Containing (Cs4)3+ Clusters 

Nam Ho Heo and Karl Seff 

Chemistry Department, University of Hawaii, Honolulu, HI 96822-2275 

The K+ ions in dehydrated K -A were all reduced by 0.1 
torr of cesium vapo
Cs+-exchanged zeolite A containing extra cesium atoms 
at least primarily as (Cs4)3+ clusters. The crystal 
structure of Cs12-A•xCs (x ca 3/4; a = 12.281(1) Å) has 
been determined by single-crystal x-ray diffraction 
methods in the cubic space group Pm3m; Rw = 0.054. 
Cs12-A•xCs may be viewed as a homogeneous mixture of 
Cs13-A and Cs12-A whose populations are about 3/4 and 
1/4, respectively. In each of these, per unit cell, 
three Cs+ ions are located at the centers of the 
8-rings. Within the sodalite unit, two Cs cations are 
found 4.05(2) Å apart on a unique threefold axis. Each 
sodalite-unit Cs cation in Cs13-A associates further 
with a large-cavity cation at 3.85(1) Å to give the 
linear (Cs4)3+ cluster. All eight 6-ring sites in the 
large cavity are occupied by Cs cations in Cs13-A, but 

only six are found there in Cs12-A. In Cs12-A, one Cs+ 

lies opposite a 4-ring in the large cavity between two 
adjacent 6-rings which are occupied only on their 
sodalite-unit sides by Cs cations. Less than thirteen 
cesiums are found per unit cell. Perhaps Si/Al = 1.00 
and some unit cells have failed to sorb a cesium atom. 
Alternatively, if each cell has sorbed a cesium atom, 
the Si/Al ratio of the zeolite framework is about 1.04 
and some (Cs2)+ clusters must be present. 

0097-6156/88/0368-0177$06.00/0 
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The concept of ' i o n - s i e v i n g ' o r i g i n a l l y proposed by R. M. Barrer (1) 
has not been supported by c r y s t a l l o g r a p h i c studies of various 
p a r t i a l l y Cs +-exchanged z e o l i t e A's. (2-7) The 6-ring windows of 
the s o d a l i t e cage (mean van der Waals aperture = 2.2 Â) were thought 
to be too small to allow large cations l i k e C s + (d = 3.34 Â) to 
enter. I t was for t h i s reason, i t was believed, that a l l of the Na + 

ions i n z e o l i t e 4A could not be replaced by C s + when ion-exchange 
from aqueous s o l u t i o n was attempted. However, z e o l i t e A always 
contains one C s + ion i n each s o d a l i t e u n i t when more than three C s + 

ions per 12.3-Â u n i t c e l l are introduced by conventional 
ion-exchange methods from aqueous s o l u t i o n . (2-7) Perhaps water 

molecules p a r t i c i p a t e i n a mechanism which allows C s + ions to pass 
through the narrow 6-rings of the s o d a l i t e cage

C s + ions can pass throug
however, according to
dehydrated z e o l i t e A's with cesium vapor. (8-11) C s + ions 
introduced by redox r e a c t i o n between z e o l i t i c c a t i ons and cesium 
metal vapor r e a d i l y locate i n the s o d a l i t e cages. (8-11) I t appears 
that the z e o l i t e framework allows e a s i e r passage to cations than i t 
does to molecules according to the concept of 'molecular 
s i e v i n g ' . (12) 

Furthermore, f u l l y dehydrated, f u l l y Cs +-exchanged z e o l i t e A 
containing two C s + ions i n each s o d a l i t e u n i t has been s u c c e s s f u l l y 
prepared by the r e a c t i o n of dehydrated Na^-A with cesium 

vapor. (8-10) With twelve large C s + ions per 12.3 Â u n i t c e l l , 
z e o l i t e A accepted ex t r a cesium atoms to r e l i e v e i t s cation-crowding 
i n both the large and the small c a v i t i e s by forming weak metal-metal 
bonds between C s + ions i n the form of the l i n e a r c l u s t e r 
( C s 4 ) ^ + . (8-10) These c l u s t e r s were found to be s t a b l e up to 
850 °C. ( l i , 1 3 ) However, for reasons which are unclear, only about 
h a l f of the u n i t c e l l s of Cs^2~A #l/2Cs contained e x t r a cesium atoms. 

The K + ions i n dehydrated K^-A, because of t h e i r s i z e , can be 
considered to be more l o o s e l y a s s o c i a t e d with the z e o l i t e A 
framework than Na + ions. Perhaps then K + would react more r e a d i l y 
than Na + with Cs, even though the electrochemical p o t e n t i a l 
(aqueous) f o r the r e a c t i o n i s much l e s s . The r e a c t i o n of dehydrated 
K^2~A with cesium vapor was c a r r i e d out to determine the g e n e r a l i t y 
of the r e a c t i o n of cations i n z e o l i t e A with cesium and with the 
hope of preparing a product of d i f f e r e n t , perhaps i n t e g r a l 
stoichiometry such as Cs 1 Q-A«Cs. 
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Experimental 

F u l l y K +-exchanged z e o l i t e A (14,15) was prepared by flow methods 
using aqueous 0.1N KOH s o l u t i o n and a s i n g l e c r y s t a l of z e o l i t e 4A 
(a c t u a l or i d e a l i z e d stoichiometry: N a ^ S i 2 2 ^ 1 2 ^ 4 8 * ^ * 2 ^ f — 
synthesized by C h a r n e l l ' s method. (17) This c r y s t a l , a cube 85 um 
on an edge, was then evacuated i n a f i n e Pyrex c a p i l l a r y on a vacuum 

-5 
l i n e a t 350 °C and 1 χ 10 t o r r f o r 48 hours. 

A f t e r complete dehydration, (14) cesium (99.98% p u r i t y , Johnson 
Matthey Inc.) was d i s t i l l e d from a side-arm breakseal ampoule to the 
g l a s s tube extension of the c r y s t a l - c o n t a i n i n g c a p i l l a r y . This 
g l a s s r e a c t i o n v e s s e l was sealed o f f under vacuum and placed w i t h i n 
two c y l i n d r i c a l c o a x i a l l y attached h o r i z o n t a l ovens. The oven 
around the c r y s t a l was maintained a t 350 °C f o r 16 hours, while the 
oven around the d i s t i l l e
cesium vapor i n the e n t i r
then allowed to cool ( a f t e r the cesium source had cooled) and was 
sealed o f f from the r e a c t i o n v e s s e l with a small torch while s t i l l 
under vacuum at 25 °C. An examination of the product under the 
microscope showed that the c o l o r l e s s c r y s t a l of dehydrated K^~^ had 
become black. 

A Syntex f o u r - c i r c l e computer-controlled diffTactometer with a 
graphite monochromator and a pulse-height analyzer was used for 
p r e l i m i n a r y experiments and for the subsequent c o l l e c t i o n of 
d i f f r a c t i o n i n t e n s i t i e s . Molybdenum r a d i a t i o n (Kot^, λ = 0.70930 Â; 

Koc2, λ = 0.71359 Α; Κα, λ = 0.71073 A) was used. 

F u l l y dehydrated, f u l l y Cs +-exchanged z e o l i t e A has been shown 
to have f a r less "b" r e f l e c t i o n i n t e n s i t y f o r i t s Fm3c 
superstructure than hydrated z e o l i t e 4A. (2) For t h i s reason, as 
well as f o r others discussed pr e v i o u s l y , (16,19) the space group 
Pm3m (no systematic absences) was used for data c o l l e c t i o n and 
s t r u c t u r e s o l u t i o n . The f i n a l s t r u c t u r e was examined using both 
space groups. 

The c e l l constant, a = 12.283(1) A, was determined by a 
least-squares treatment of 15 intense r e f l e c t i o n s f o r which 20° < 2Θ 
< 30°. The Θ-2Θ scan technique was used f o r data c o l l e c t i o n . Each 

r e f l e c t i o n was scanned at a constant rate of 1.0° min from 1° ( i n 
2Θ) below the c a l c u l a t e d Ka^ peak to 1° above the Ko^ maximum. 
Background i n t e n s i t y was counted a t each end of a scan range f o r a 
time equal to h a l f the scan time. The i n t e n s i t i e s of three 
r e f l e c t i o n s i n diverse regions of r e c i p r o c a l space were recorded 
a f t e r every 47 r e f l e c t i o n s to monitor c r y s t a l and instrument 
s t a b i l i t y . Only small random f l u c t u a t i o n s of these check 
r e f l e c t i o n s were observed during the course of data c o l l e c t i o n . The 
i n t e n s i t i e s of a l l l a t t i c e points for which 2Θ < 70° were recorded. 

The raw data were corrected f o r Lorentz and p o l a r i z a t i o n 
e f f e c t s , i n c l u d i n g that due to i n c i d e n t beam monochromatization 
(assuming the graphite monochromator c r y s t a l to be h a l f p e r f e c t and 
h a l f mosaic i n c h a r a c t e r ) . Standard dev i a t i o n s were assigned to 
i n d i v i d u a l r e f l e c t i o n s by the formula 
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σ(Ι) = [ω 2(ΟΓ + Β χ + + ( p i ) 2 ] 1 7 2 

where CT i s the t o t a l integrated count, and B^ are the background 
counts, and I i s the i n t e n s i t y . The value of p_ = 0.02 was found to 
be appropriate f o r the instrumentation used. (20) Other d e t a i l s 
regarding data treatment and reduction are as p r e v i o u s l y 
described. (21,22) Absorption c o r r e c t i o n s were judged to be 
unnecessary f o r t h i s c r y s t a l (μ§ ca 0.33) (23) and were not app l i e d ; 
p s i scan data c o l l e c t e d on c r y s t a l s of s i m i l a r composition prepared 
by the r e a c t i o n of Na^-A with Cs had been f e a t u r e l e s s . Only those 

r e f l e c t i o n s f o r which I > 3σ(Ι) (303 r e f l e c t i o n s ) were used i n 
s t r u c t u r e s o l u t i o n and refinement. 

Structure Determination 

F u l l - m a t r i x least-square
parameters of the framewor
and of the C s + ions at C s ( l ) , Cs(2), and Cs(3) i n Cs 1 2-A»l/2Cs. (8) 
T h i s model q u i c k l y converged to the e r r o r i n d i c e s 

R- = Σ\¥ - IF ||/ZF = 0.062 and (1) -1 '-o '-c" ~o 

S 2 = (Σι ( Ε ο - | Ε ο|) 2/Σ ί ? Ε ο

2 ) 1 / 2 = 0.054 (2) 
with occupancies of 3.12(4), 7.73(8), and 2.14(5) for C s ( i ) , i = 1 
to 3, r e s p e c t i v e l y . A subsequent refinement was c a r r i e d out with 
the occupancy a t C s ( l ) f i x e d a t 3 ( i t s maximum value by symmetry) 
and that a t Cs(3) f i x e d at 2 (the maximum number that a s o d a l i te 
c a v i t y can accommodate; otherwise three C s + - C s + contacts of about 
3.2 Â would e x i s t instead of one at about 4.1 Â; 3.2 Â i s an 
impossibly short distance, even less than the sum of the i o n i c r a d i i 
of two C s + ions, and i o n i c r a d i i are short because they represent 
cation-to-anion contacts — c a t i o n - t o - c a t i o n distances must be 
s u b s t a n t i a l l y longer). This refinement converged with the occupancy 
a t Cs(2) = 7.52(6), R = 0.063, and R 2 = 0.056. A d i f f e r e n c e 

F o u r i e r f u n c t i o n revealed a new peak of height 1.7 eA at (0.27, 
0.27, 0.5). I n c l u s i o n of Cs(4) at t h i s p o s i t i o n reduced the e r r o r 
i n d i c e s to R^ = 0.061 and R 2 = 0.053 with occupancies converged at 
7.44(7) and 0.29(9) f o r Cs(2) and Cs(4), r e s p e c t i v e l y . F i n a l 
least-squares refinement, done with f i x e d occupancies ( G ( i ) ) of 
3.00, 7.50, 2.00, and 0.25 f o r C s ( i ) , i = 1 to 4, r e s p e c t i v e l y , 
r e s u l t e d i n R^ = 0.061 and R 2 = 0.054. These occupancies are 
c o n s i s t e n t with the packing requirement that 

G C s ( 2 ) + 2 G C s ( 4 ) * 8 " < 3) 
A l l adjustments to the least-squares occupancies have been of 3o* or 
l e s s ; c o r r e l a t i o n s between thermal and occupancy parameters have 
therefore not been a serious problem. 

Refinements i n the space group Fm3c le d to the same occupancies 
as above f o r a l l C s + equipoints. Although least-squares was 
unstable i n t h i s subgroup of Pm3m, i t was w e l l enough behaved, with 
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s e l e c t e d parameters held f i x e d a t values found i n previous Fm3c 
refinements, f o r the occupancy parameters to be st a b l e . 

A f i n a l d i f f e r e n c e F o u r i e r f u n c t i o n was fe a t u r e l e s s except for 
some r e s i d u a l peaks around l a r g e - c a v i t y C s + ions. A l l s h i f t s i n the 
f i n a l c y c l e of refinement were l e s s than 0.1% of t h e i r corresponding 
estimated standard d e v i a t i o n s . F i n a l s t r u c t u r a l parameters are 
presented i n Table I; s e l e c t e d interatomic distances and angles are 
tabulated i n Table I I . 

Table II. Selected Interatomic Distances (A) 
and Angles (deg) in Cs 1 9-A»3/4Cs a 

( S i . A l ) - O ( l ) 1 .657(7
( S i , A l ) - 0 ( 2 ) 1 .658(2
(S i , A l ) - 0 ( 3 ) 1 .677(4 0( 2 ) - ( S i , A l ) - 0 ( 3 ) , .0(4) 

C s ( l ) - 0 ( 1 ) 
0 ( 3 ) - ( S i , A l ) - 0 ( 3 ) 110, .0(6) 

C s ( l ) - 0 ( 1 ) 3 .358(16) 
C s ( l ) - 0 ( 2 ) 3 .562(15) ( S i , A l ) - 0 ( l ) - ( S i , A l ) 143, .3(11) 
Cs(2)-0(2) 3 .406(2) ( S i , A l ) - 0 ( 2 ) - ( S i , A l ) 159, .6(10) 
Cs(2)-0(3) 2 .957(9) ( S i , A l ) - 0 ( 3 ) - ( S i , A l ) 145, .0(7) 
Cs(3)-0(2) 3 .663(15) 

( S i , A l ) - 0 ( 3 ) - ( S i , A l ) .0(7) 

Cs(3)-0(3) 3. .057(12) 0(3)-Cs(2)-0(3) 85, .1(3) 
Cs(4)-0(1) 3 .38(11) 0(3)-Cs(3)-0(3) 81, .7(4) 
Cs(4)-0(3) 3 .37(11) 

0(3)-Cs(3)-0(3) .7(4) 

C s ( l ) - C s ( 2 ) 
Cs(2)-Cs(3)-Cs(3) 180, .o b 

C s ( l ) - C s ( 2 ) 5 .161(6) 
Cs ( l ) - C s ( 4 ) 4, .359(12) 
Cs(2)-Cs(2) 5, .502(3) 
Cs(2)-Cs(3) 3, .850(12) 
Cs(3)-Cs(3) 4, .046(24) 

The numbers i n parentheses are the estimated standard deviations 
i n the u n i t s of the le a s t s i g n i f i c a n t d i g i t given f o r the 
corresponding parameters. 

E x a c t l y 180° by symmetry. 

The goodness-of-fit = (ZW(F Q - |F c|) 2/(m-s)) 1 / 2 = 2.3. (4) 
The number of observations, m, i s 303, and the number of parameters, 
s, i s 31. The quantity minimized i n least-squares i s 2W(FQ-|FC|) , 

and the weights (w) are the r e c i p r o c a l squares of σ ( Ε 0 ) · t n e 

standard d e v i a t i o n of each observed s t r u c t u r e f a c t o r . Atomic 
s t r u c t u r e f a c t o r s f o r C s + , 0 , and ( S i . A l ) " + , the mean of the 
S i 4 + , Si°, A l 3 + , and Al° functions, were used. (24,25) A l l 
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s c a t t e r i n g f a c t o r s were modified to account f o r the r e a l component 
( f ) of the anomalous d i s p e r s i o n c o r r e c t i o n . (26,27) (The e f f e c t of 
the imaginary component ( f " ) of the anomalous d i s p e r s i o n c o r r e c t i o n 
would have been n e g l i g i b l e f o r t h i s c r y s t a l ( c e n t r i c ) as had been 
noted p r e v i o u s l y f o r Cs^Tl^-A. (4)) A table of observed and 
c a l c u l a t e d s t r u c t u r e f a c t o r s i s a v a i l a b l e . (28) 

The s t r u c t u r e s reported are consistent with the s i t e occupancies 
observed, but are not required by them and are not unique 
c r y s t a l l o g r a p h i c s o l u t i o n s . Only by combining the c r y s t a l l o g r a p h i c 
r e s u l t s with the most b a s i c of c r y s t a l packing considerations do the 
s t r u c t u r e s reported uniquely emerge. That c o n s i d e r a t i o n i s that 
cations be placed as f a r apart as p o s s i b l e w i t h i n t h e i r equipoints 
of p a r t i a l occupancy to minimize t h e i r i n t e r c a t i o n i c repulsions. 
Because of the high concentration of cations i n t h i s s t r u c t u r e , t h i s 
c o n s i d e r a t i o n has become simpler and more imperative, namely that 
cations should not be place

observed before. The f i g u r e
about each c a v i t y ; arrangements i n neighboring c a v i t i e s of the same 
kind may be the same or may be r e l a t e d by symmetry, e.g. , r o t a t i o n 
or r e f l e c t i o n , to those shown. 

Dis c u s s i o n 

The K + ions i n dehydrated were completely reduced by 0.1 t o r r 
of cesium vapor at 350 °C. The product, f u l l y dehydrated, f u l l y 
Cs +-exchanged z e o l i t e A, Csj2~A»3/4Cs, contains e x t r a cesium atoms 

which a s s o c i a t e with C s + ions to form, at l e a s t predominantly, the 
l i n e a r c a t i o n i c c l u s t e r s ( C s ^ ) 3 + . 

In the c r y s t a l s t r ucture of Cs^ 2~A»3/4Cs, C s + ions are found at 
four c r y s t a l l o g r a p h i c a l l y d i s t i n c t s i t e s common to p a r t i a l l y 
Cs +-exchanged z e o l i t e A's (2-7) and Cs 1 2"A«l/2Cs.(8) They are on 
f o u r f o l d axes at the centers of 8-rings ( l o c a l symmetry (2^ * n 

Pm3m)), on t h r e e f o l d axes (£3^ · both on the l a r g e - and 
s o d a l i t e - c a v i t y sides of 6-rings, and f i n a l l y on twofold axes 
opposite 4-rings i n the large c a v i t y . 

Cs^2~A #3/4Cs can be viewed as a homogeneous mixture of C s ^ - ^ 
and C s ^ - A whose populations are about 1/4 and 3/4, r e s p e c t i v e l y 

(see Table III f o r the d i s t r i b u t i o n of C s + ions i n the component 
"u n i t c e l l s " ) . In both "unit c e l l s " , the centers of three 8-rings 
are f u l l y occupied by C s + ions at C s ( l ) ; each C s + i o n i s 3.36 and 
3.56 Â from four framework oxygens at 0(1) and 0(2), r e s p e c t i v e l y 
(see interatomic distances i n Table I I ) . These p o s i t i o n s are 
w e l l - e s t a b l i s h e d experimentally, (2-7) although t h e i r distances to 
the framework oxygens are s u b s t a n t i a l l y longer than the sum of the 

2— + 
i o n i c r a d i i of 0 and Cs , 2.99 Â. (29) T h e o r e t i c a l c a l c u l a t i o n s 
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a l s o support t h i s observation of a p o t e n t i a l energy minimum at these 
p o s i t i o n s . (30,31) Each s o d a l i te cage contains two C s + ions at 
Cs(3) opposite 6-rings. These are placed on the same t h r e e f o l d a x i s 
on opposite sides of the o r i g i n 4.04 Â apart. T h i s short 
intercesium distance i s exemplary of the ion-crowding which was 
a n t i c i p a t e d f o r f u l l y Cs +-exchanged z e o l i t e A. 

Table III. Distribution of Cs + ions in Cs10-A*3/4Cs 

Number of Cs ions 

C r y s t a l 
(component) 

i n 
8-rings 
c s f n 

opposite 6-
a-cage 
Cs(2) 

r i n g s i n the 
j3-cage 
Cs(3) 

opposite 
4-rings 

Cs l 2-A»3/4Cs 3 

( C s l 2 - A ) 3 6 2 l 12 

( C s l 3 - A ) 3 8 2 0 13 

In about three-fourths of the u n i t c e l l s ( C s ^ - A ) , the e i g h t f o l d 
equipoint opposite the 6-rings i n the large c a v i t y i s f u l l y occupied 
by C s + ions with intercesium distances of 5.50 Â. Each C s + ion i s 
coordinated to three 0(3) framework oxygens at 2.96 Â and extends 
1.84 Â i n t o the large c a v i t y from the [111] plane a t 0(3) (see Table 
IV). A stereoview of t h i s i s shown i n Figure 1. 

Table IV. Deviations of Atoms (A) from the [111] Plane at 0(3) a 

0(2) 0.16 

C s ( l ) 3.07 

Cs(2) 1.84 

Cs(3) -2.00 

Cs(4) 3.37 

The negative d e v i a t i o n i n d i c a t e s that Cs(3) l i e s on the same 
side of the plane as the o r i g i n , that i s , i n s i d e the s o d a l i te 
u n i t . 
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With one excess e l e c t r o n , two of these eight C s + ions a s s o c i a t e 

with two s o d a l i t e - u n i t C s + ions at Cs(3), a l l on the same t h r e e f o l d 
3+ 

a x i s , to form a l i n e a r c a t i o n i c c l u s t e r [Cs(2)-Cs(3)-Cs(3)-Cs(2)] 
with intercesium distances of 3.85 and 4.04 Â fo r Cs(2)-Cs(3) and 
Cs(3)-Cs(3), r e s p e c t i v e l y . (This c l u s t e r must be présent and must 
be l i n e a r i n three-fourths of the u n i t c e l l s because (1) the Cs(2) 
equipoint i s f u l l y occupied and (2) the two ions at Cs(3) must be on 
opposite sides of the o r i g i n . ) These distances are much shorter 
than those i n cesium metal (5.31 Â ) . (32) The cesium atom must 
f a c i l i t a t e the condensation of three C s + ions i n t o a r e l a t i v e l y 
small volume of space. The t o t a l energy of the (Cs^) c a t i o n 
w i t h i n the z e o l i t e must therefore be less than that of three 
l i n e a r l y arranged C s + ions, which would have a large e l e c t r o s t a t i c 
r e p u l s i v e c o n t r i b u t i o

gas. Figure 2 i s a stereoview of the (Cs^) - c o n t a i n i n g s o d a l i t e 
u n i t . 

The ( C s ^ ) ^ + c l u s t e r s are apparently responsible f o r the black 
c o l o r of Cs^2 75"^* ^ simple p a r t i c l e - i n - a - b o x c a l c u l a t i o n (8) for 
a s i n g l e e l e c t r o n i n a one-dimensional box of length 15.4 Â 
in d i c a t e s an allowed e l e c t r o n i c t r a n s i t i o n i n the middle of the 
v i s i b l e range. Vacuum heating at 1000 °C causes the extr a cesium 
atom per u n i t c e l l to be l o s t ( t h i s i s observed d i r e c t l y i n the 
vacuum system as well as c r y s t a l l o g r a p h i c a l l y ) , and the c r y s t a l 
becomes c o l o r l e s s . (10,13) This experiment a l s o d i s p l a y s the 

unusually high thermal s t a b i l i t y of f u l l y Cs +-exchanged z e o l i t e A. 
In the remaining one-fourth of the "un i t c e l l s " ( C s ^ - A ) , only 

s i x such l a r g e - c a v i t y C s + ions are found per u n i t c e l l a t Cs(2). 

One C s + ion at Cs(4) i s found opposite a 4-ring i n the large c a v i t y . 
T h i s 4-ring l i e s between two adjacent 6-rings which are occupied by 

C s + ions on t h e i r s o d a l i t e - u n i t sides only. Stereoviews of these 
large and s o d a l i te c a v i t i e s are presented i n Figures 3 and 4, 
r e s p e c t i v e l y . 

These C s ^ ' A "unit c e l l s " are e i t h e r C s ^ S i 12^48 i n 

composition, which for some reason have not reacted with a cesium 
atom to form Cs^-A, or they are C s ^ S i ^ A l ^ O ^ g ^ C s . The l a t t e r 

29 
would be the case i f recent S i MASNMR r e s u l t s (33) i n d i c a t i n g that 
S i / A l i s greater than one for the c r y s t a l s used i n t h i s work (17) i s 
co r r e c t . Then, taking the c r y s t a l l o g r a p h i c occupancies to be 7.5 
fo r Cs(2) and 0.25 for Cs(4), s a t i s f y i n g equation (3), S i / A l = 
1.045, consi s t e n t with the MASNMR r e s u l t (1.03(1)) and other 
evidence t h e r e i n referenced (1.04(1)) (33). The s o d a l i t e u n i t i n 
such a C S j 2~A " u n i t c e l l " i s l i k e l y to contain a (C s ^ ) * ion; (Cs^) + 

2+ 
and (Cs~) are a l s o p o s s i b l e f o r these u n i t c e l l s but are 
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considered less likely (the additional intercesium repulsions 
involved are expected to override the small increase in 
delocalization energy). Crystals of stoichiometry /closer to 
Cs12-A#l/2Cs (8-11) must then either have Si/Al ratios higher than 
1.04 or have failed to reach equilibrium in the sorption of cesium. 
If equilibrium was not achieved in Cŝ 2~A#l/2Cs (8-11), perhaps it 
has not been achieved in Cŝ 2~A»3/4Cs either, in which case Si/Al 
would be unity for these crystals. To resolve this question, 
further attempts will be made to prepare Cŝ 2~A#Cs. 
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Appendix 

Observed and c a l c u l a t e d s t r u c t u r e f a c t o r s f o r f u l l y dehydrated
f u l l y Cs +-exchanged z e o l i t
M i l l e r i n d i c e s , h, k, and ê appear i n the f i r s t three columns. 
The f o u r t h column i s 10F , the f i f t h column i s 10KF where Κ i s 

-c -o 
the scale f a c t o r (3.01317) from least-squares which puts the 
observed s t r u c t u r e f a c t o r s on an absolute sc a l e , and the l a s t 
column i s ΙΟΟΚσ^^; σγ^£* the estimated standard d e v i a t i o n of 
the corresponding F , was c a l c u l a t e d from counting s t a t i s t i c s . 

H κ L i O F C i O K f J l O U K S I u H L I O F C i O K F U 1 0 0 K S I 
0 0 l 11 7 to 1 1 6 0 1 2 4 0 3 13 L7l 7 3 l 2 o 8 
0 0 2 - 1 4 3 9 1 4 2 5 1 5 7 0 5 16 86 1 83 5 j 0 1 
0 0 3 2 1 6 9 2 2 2 2 2 32 G 6 6 18 9 5 186 8 ^ 2 6 
0 0 4 3 0 3 2 3 0 2 7 3 1 3 0 6 7 - 9 6 2 9 o 4 1 9 9 
0 0 5 - 2 3 6 3 2 3 9 0 2 5 6 0 6 8 3 7 9 5 4 4 2 7 4 
0 0 6 6 6 6 oit 1 6 3 0 6 9 3 1 2 32 8 <tl9 
0 ΰ 7 l u 5 2 1 5 9 5 196 0 6 10 5 5 8 5 4 2 2 7 7 
0 0 B 2 3 3 6 2 4 3 4 2 7 1 G ο 13 5 0 4 to<L 6 3 0 1 
0 0 9 - 1 2 5 5 1 2 5 1 1 9 6 0 6 15 - 4 2 5 3 7 2 5 5 4 
0 0 1 > 1 8 5 0 1 8 0 2 2 3 2 û 6 16 6 7 2 6 7 3 3 3 3 
0 0 I L 2 4 6 1 2 4 5 1 2 86 0 7 7 8 5 0 86 1 2 1 4 
0 0 13 - 7 8 1 8 0 8 2 4 7 0 7 9 - l o b l 1 72 7 2 3 5 
0 0 14 8 0 2 6 9 5 2 So 0 7 i l 72 2 foi 2 5 6 
0 0 16 3 37 356 5 5 1 0 7 12 - 6 7 4 6 J 9 3 0 4 
0 0 17 2 0 0 3 5 7 5 5 1 0 7 13 - 5 4 8 3 9 1 3 J 1 
0 0 13 3 5 9 6 4 9 3 71 û S 9 - 4 ^ 3 32 2 2 8 9 
0 1 1 - 8 8 4 7 8 7 1 0 5 G 3 10 3 2 4 3 1 6 4 7 9 
0 i 3 - 5 3 7 385 1 3 7 G 8 11 4 1 2 4*1 3 8 3 
0 1 4 - 2 2 2 5 2 33 7 2 4 7 0 8 13 - 5 1 9 4 6 9 4 0 4 
0 1 5 - 7 5 1 7 7 2 1 4 8 0 9 9 80 6 793 2 4 4 
0 ι 6 - 2 2 4 2 3 1 3 3 3 ΰ 9 11 - 7 7 / 66 3 2 5 6 
0 i 7 - 1 4 5 6 1 4 2 4 1 3 7 0 > 14 - 5 6 8 50 4 4 3 1 
0 1 15 -3 S3 3 6 0 5 03 G 1 15 - 4 o l 3 o 0 4 0 4 
0 2 2 3 4 2 7 3 5 3 5 3 5 9 0 10 10 52 3 V7 υ 3 6 8 
0 ? 3 - 2 6 4 4 2 7 6 5 2 8 6 0 10 11 35 9 3^5 48 8 
0 2 4 -1 706 1 6 9 0 1 9 0 ϋ 11 11 1 2 1 4 1 2 6 2 2 3 9 
0 ? 5 1 4 2 7 1 3 7 2 1 72 0 11 13 - 2 3 4 3 S 4 3Λ3 
0 2 6 1 8 6 9 1846 2 1 4 0 11 14 2 3 6 3 6 2 5 3 8 
0 2 7 - 2 7 9 3 2 7 1 7 2 92 1 i 1 6 1 3 64 9 1 0 8 
0 2 R - 3 1 1 2 86 3 3 0 1 i 3 2 2 6 1 2 3 2 3 24 4 
0 -> 

c. 9 1 0 7 9 1 0 5 7 1 96 1 1 4 - 1 2 1 7 1 2 9 0 l o O 
0 2 10 2 6 3 3 2 4 4 0 4 1 1 5 2 8 2 2h 3 3 1 9 
0 I I - 1 2 5 2 1228 2 14 1 1 6 - 7 / 8 7 a * 16 0 
0 2 12 4 7 5 441 3 3 4 1 1 7 2 5 3 2c>9 3 4 7 
0 2 13 4 0 9 4 o 4 3 5 3 1 1 9 39 2 40 6 3 1 0 
0 2 14 - 5 0 4 506 3 4 0 1 1 10 - 5 7 0 52 ο 2 8 6 
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H Κ L 10I-C 1 0 K F O 1 0 0 K S I G h K L 10F υ Î O K H U l 0 J * 31 

0 2 13 -6 1 6 6 5 4 3 2 2 ι l 13 32 6 31 1 * v l 
0 2 16 4 98 4 8 6 4 2 b ι 2 - 2 0 5 2 8 9 2 o 8 
0 3 3 - 4 3 J 4 2 3 1 9 3 ι 2 3 3 o o 3/7 ^ 2 0 
0 3 4 82 7 3 6 6 1 4 3 2 4 2 3 0 22 3 3*0 
0 3 3 - 1 1 1 6 1 1 3 1 1 6 0 1 2 5 - 4 0 6 372 2 2 3 
0 3 6 - 4 4 * 4 6 0 2 2 0 2 6 - 3 1 7 3 2 0 2 
0 3 7 9 1 2 il r 1 75 i 2 7 25 5 2 3 2 3 7 7 
0 3 8 - 4 7 9 4 3 3 2 8 6 2 3 1 6 5 2 7 2 4 0 4 
0 3 9 - 1 2 77 L 2 7 * 2 0 2 3 9 8 2 i J l J 1 4 8 
0 3 10 * 1 0 3 3 5 * 0 7 ι 3 4 - 4 1 0 44 i 1 9 3 
0 3 11 720 7 2 0 2 3 2 ] 3 5 69 7 333 1 8 7 
0 3 .12 - 3 9 9 3 5 0 4 1 3 î 3 7 1 3 1 9 130 5 1 6 * 
0 3 13 - 5 7 1 5 6 8 3 1 9 ι 3 9 9 3 4 8 8 o 2 u 6 
0 4 4 3 8 1 8 3 9 2 3 4 04 ι 3 11 35 7 4 0 4 3 3 7 
0 4 3 - 1 0 2 1 1 0 2 1 1 6 3 ι 4 4 - 2 9 5 29 8 
) 4 7 9 8 9 9 5 6 1 8 4 \ 4 5 - 3 6 9 3 5 5 2 o 5 
0 4 3 6 1 3 7 7 6 2 0 3 1 4 6 - 5 0 4 5lt> 2 j 8 
0 4 9 - 2 2 7ο 2 2 3 2 2t>2 1 4 7 - 3 0 7 36 7 3 0 4 
0 4 11 5 2 2 5 3 3/9 
0 4 12 - 3 8 8 3 1
0 4 13 71 5 6
0 4 14 5 68 5 3 5 3 4 4 L 3 3 1 0 * 0 1 0 1 4 1 72 
0 4 17 - 3 4 8 43 7 4 9* 5 7 O i 3 39 9 2 2 9 
0 5 2 8 22 2 8 0 0 3 0 1 1 3 10 - 3 2 3 3 6 3 3/7 
0 5 6 1661 1 6 7 5 2 0 o 3 11 4 5 2 36 9 39 6 
0 5 7 - 1 4 2 8 1441 2 0 2 ι 5 12 - 4 9 1 4 7 2 32 8 
0 8 - 1 5 7 2 B 1 4 5 2 1 6 6 - 4 3 1 4 6 4 2 6 8 

1 6 9 -3 9 1 43 3 3 2 3 <l' 9 15 * J 6 * * 3 *>4 
1 6 10 - 3 04 3 0 3 4 38 d I L 11 - 4 1 4 •6 9 * 1 9 
i 6 12 - 4 5 7 4 3 7 3 30 2 11 13 191 4 0 0 3 0 9 
l 7 7 3 1 0 324 * 1 6 2 13 13 - 4 0 L *61 49 1 
l 7 9 4 22 3 9 4 3 6 5 3 ._> 3 8 0 1 8a 8 1*8 
1 7 10 - 4 4 0 3 6 9 3 9 8 3 3 4 5 3 * 394 17 2 
1 7 13 3 92 4 1 8 4 4 0 3 7 i 2 5 * 1 2 9 2 1^0 
2 0 2 - 15 8 ) 1 6 0 8 1 3 1 3 3 L - 1 Q 5 0 1 5 3 3 2 1 1 
*> 
Λ 2 4 33 8/ 3 3 0 2 3 40 3 3 9 - 3 5 0 339 30 0 
2 2 5 - 1 7 7 7 1 7 4 6 2 02 3 3 11 3 3 6 29 1 * b 2 
2 ? 6 - 6 5 3 6 1 3 1 64 3 3 13 - 3 6 9 43 6 3 3 3 
2 2 7 1 5 1 1 1 4 6 0 1 9 3 3 * 4 1 1 2 4 i l l o l e ο 
2 2 8 75ο 7 4 5 2 02 3 4 5 - 1 0 0 5 101 8 16 9 
2 2 9 - 1 1 05 1 0 7 8 1 9 9 3 4 7 8 2 0 3 3 ^ 1 9 9 
2 2 11 6 44 63 5 2 36 3 c; - 4 1 1 40 3 33 3 

2 13 - 8 1 5 8 5 8 2 50 3 4 14 3 2 9 32 6 63 0 
2 •> 14 4 82 3 79 4 6 l 3 5 5 15 3 7 1 5 6 2 19 9 
2 2 15 5 4 0 6 4 2 3 2 3 3 5 6 49 3 31 6 2*4 
2 2 Ιο - 4 6 7 4 9 1 4 3 * 3 5 7 - 3 1 2 3 3 0 3 6 2 
2 2 18 3 8 j 4*3 3 06 3 5 8 - 8 0 7 62 5 2 1 4 
2 3 3 - 1 8 6 9 1 9 6 8 2 1 7 3 5 9 5 1 3 *3 9 3 1 6 
2 4 - 1 1 6 5 1 2 0 8 1 6 3 3 3 14 - 3 6 3 3 3 8 5 2 4 
2 3 5 2 6 1 2 78 3 07 3 6 6 43 4 43 1 2 9 8 
? λ 7 - 7 4 * 6 8 6 1 9 6 3 ό 7 - 3 6 8 33 4 4 0 4 
2 3 b - 1 1 2 9 1 1 0 3 1 9 3 3 8 - 5 4 1 5 3 5 2 3 0 
2 3 9 6 44 6 7 3 2 3 2 3 7 7 1 6 9 7 1 6 2 7 2 2 3 
2 3 1 1 - 3 1 3 7 9 6 2 2 9 3 7 10 3 0 5 32 7 4 4 ο 2 3 12 2 93 3 5 0 4 1 6 3 7 1 1 5 7 6 39 7 29 5 
2 3 14 - 5 5 7 5 32 3 53 3 7 1 7 1 9 9 29 4 4 1 0 
2 4 5 9 47 9 4 7 1 6 6 3 3 3 - 1 0 3 o 1 0 9 6 2 1 4 
2 4 6 1 4 2 9 1 3 5 8 i 87 3 8 9 -4 3 1 43 5 3 5 9 

4 7 - 1 1 6 7 1 1 1 5 1 37 3 8 1 3 - 6 5 2 5 9 3 3 5 6 
2 4 3 4*2 4 1 7 3 1 3 3 8 14 - 4 > 3 *6 6 *2 6 
2 4 9 1 3 5 7 1 3 2 5 2 1 1 3 9 9 73 3 7 8 * 2 3 0 
2 4 10 3 29 3 4 1 3 9 5 3 11 11 6 0 4 63 3 3 3 0 
? 4 11 - 1 2 4 * 1 2 4 8 2 1 7 4 4 4 1 6 / 5 1 33 2 2 1 7 
2 4 12 6 1 2 58 3 2 89 4 4 5 - 2 2 4 4 ^ 2 7 9 2 5 6 
2 4 13 5 9 7 6 1 3 3 0 1 4 4 6 - 4 9 ^ 40 5 30 7 
2 3 5 - 7 1 4 6 66 181 4 4 7 64 1 88 1 2 0 2 
2 5 6 - 7 3 9 7 5 0 1 9 0 4 4 8 1 5 5 2 1 5 5 7 2 1 7 
2 5 7 7^0 3 0 1 2 0 2 4 4 9 - 3 8 4 3 6 4 3 7 4 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



HEO & SEFF Cesium Vapor Reacts with K*-Exchanged Zeolite A 193 

H Κ L 10FC 10KFQ iOOKS 
2 5 9 -1107 1115 208 
2 5 11 709 734 244 
2 5 12 -326 362 422 
2 5 13 -591 665 283 
2 6 7 3 89 297 431 
2 6 8 634 575 2 6 5 
2 6 9 -747 742 232 
2 6 11 364 348 443 
2 6 13 -400 375 464 
2 7 7 -945 936 2 14 
2 7 8 -466 460 3 2 5 
2 7 9 1178 1145 214 
2 7 11 -942 991 229 
2 7 13 510 576 334 
2 8 8 -462 331 395 
2 8 10 228 469 265 
2 8 11 -464 419 3 74 
2 8 12 420 282 395 
2 8 13 -161 469 331 
2 9 9 -581 629 277 
2 9 11 466 537 334 
2 9 13 -3 74 45

4 8 8 407 40
4 8 10 410 394 398 
4 8 12 425 411 440 
4 8 15 197 483 3 8 9 
4 9 9 634 467 268 
4 9 i l -852 525 253 
4 9 13 582 611 328 
4 11 12 -391 377 452 
4 i l 13 -323 481 4 3 7 
5 5 5 382 414 328 
5 5 7 715 561 2 92 
5 5 8 526 487 313 
5 5 10 347 314 488 
5 5 11 1508 1510 2 44 
5 6 8 338 372 395 
5 6 9 -557 539 307 
5 6 i l 766 714 286 
5 7 7 -702 690 244 
5 7 9 798 800 2 53 
5 7 11 -364 465 371 
5 7 i 4 -429 3 70 5 73 
5 8 8 -271 383 398 
5 9 9 -775 717 2 80 
5 9 11 407 514 3 7 7 
5 9 12 -328 384 506 
5 9 13 -210 352 5 82 
5 11 13 361 390 569 
6 6 8 671 723 244 
6 6 9 -508 505 319 
6 6 i l 461 469 380 
6 7 7 -652 638 2 56 
6 7 9 395 424 380 
6 7 i l - 4 6 * 527 3 50 
6 8 10 414 394 437 
6 8 17 161 453 4 7 0 
7 7 7 1518 1509 232 
7 7 8 278 324 482 
7 7 11 566 527 377 
7 7 12 -247 362 524 
7 7 14 462 469 482 
7 7 15 270 425 533 
7 7 16 -396 395 6 0 3 
7 9 9 907 991 2 56 
7 9 i l - 5 50 577 3 7 7 
7 9 13 487 512 449 
7 11 11 452 471 4 76 
8 
8 

8 8 -543 462 386 8 
8 8 9 -322 346 497 
8 8 13 -591 619 389 
9 9 11 336 490 458 

11 i l 11 758 770 383 

H K L 10FC 10KF0 iOOKSIG 
4 4 10 361 391 368 
4 4 13 -37 0 33 9 512 
4 4 1* 616 617 334 
4 4 16 -340 390 545 
4 4 17 - 1 4 9 361 538 
4 4 18 39 5 39 6 576 
4 5 7 - 1 7 2 7 1733 226 
4 5 9 575 53 2 283 
4 5 10 -304 296 4o4 
4 5 11 - 6 3 8 65 0 280 
4 5 14 -357 419 452 
4 5 15 -389 40 7 521 
4 6 6 52 6 *6 5 307 
4 6 7 -1176 1201 208 
4 6 9 314 387 371 
4 6 11 -652 709 265 
4 6 15 -4U2 403 527 
4 7 7 1090 1023 211 
4 7 8 46 7 469 307 
4 7 9 -496 54 2 298 
4 7 14 397 369 554 
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Chapter 12 

Long-Range Versus Short-Range 
Effects in the Distribution 

of Κ Ions in Hydrated K Y Zeolites 

W. J . Mortier1,3, D. E. W. Vaughan 2 , and J . M . Newsam2 

1Laboratorium voor Oppervlaktechemie, Katholieke Universiteit Leuven, 
Kardinaal Mercierlaan 92, B-3030 Leuven (Heverlee), Belgium 

2Exxon Research and Engineering Company, Route 22 East, 

The cation site population is used for monitoring the 
cation-framework interaction energy in hydrated 
K-Y-type zeolites with varyinq Si/Al ratio. The K-ion 
content of a series of Y-type zeolites was modified by 
(i) changing the framework Al content (by direct 
synthesis or by dealumination) and by (ii) exchange 
with NH4 cations, and their structures determined with 
X-ray powder methods. The population of site I with Κ 
ions depends primarily on the framework Al content, 
and is empty for Si:Al ratios over 2.7. The sites I' 
and II depopulate much more slowly. The cation 
distribution pattern seems to be determined by the 
short-range cation-framework interaction energy only, 
independent of the details of the population of the 
other sites (at high cation loading, the site I-site 
I' repulsion becomes important however). This is in 
agreement with recent statistical-thermodynamical 
developments. 

The c a t i o n d i s t r i b u t i o n i n z e o l i t e s i s the r e s u l t of an enerqy-
minimization process. The s i t e enerqy i s determined by the 
i n t e r a c t i o n of the cat i o n s with the framework, with the adsorbed 
molecules and by the mutual re p u l s i o n between them. Provided that 
an equilibrium d i s t r i b u t i o n i s p o s s i b l e , we may expect that the 
ca t i o n d i s t r i b u t i o n contains information about the enerqy l e v e l s of 
the s i t e s . 

Recently, a s t a t i s t i c a l mechanical model was proposed for 
explaininq the c a t i o n d i s t r i b u t i o n in z e o l i t e s as a function of 

3Current address: Exxon Chemical Holland B.V., BCT, P.O. Box 7335, 3000 HH 
Rotterdam, Holland 

0097-6156/88/0368-0194$06.00/0 
© 1988 American Chemical Society 
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the t e m p e r a t u r e (JJ . For d e h y d r a t e d f a u j a s i t e - t y p e z e o l i t e s , i t 
was p o s s i b l e t o w r i t e an e x a c t e x p r e s s i o n f o r t h e p a r t i t i o n 
f u n c t i o n , and t h e r e f o r e a l s o f o r a l l d e r i v e d thermodynamic 
f u n c t i o n s . Tf we assume t h a t Nj^ c a t i o n s a r e l o c a t e d a t s i t e i 
( e n e r q y l e v e l e^ d e p e n d i n g on c a t i o n - f r a m e w o r k i n t e r a c t i o n s o n l y ) 
w i t h a maximum occupany o f B^ c a t i o n s a t t h i s s i t e ( t h e s i t e 
p o p u l a t i o n Ρί=Ν^/Β^), we may t h e n enumerate t h e t o t a l number 
o f c o n f i g u r a t i o n s i . e . t h e p r o d u c t o f t h e number o f ways we c a n 
permute c a t i o n s on B ^ - s i t e s a s 

Ω = I. 

% i ! («i-Ni) ! (1) 

M a x i m i z i n a i J , s u b j e c t t o t h e r e s t r i c t i v e c o n d i t i o n t h a t N=£N̂, we 
o b t a i n t h e most p r o b a b l e e q u i l i b r i u m d i s t r i b u t i o n a s : 

Pi 
= θ χ ρ (*,+ e i ) / k T (2) 

1 - P i

 / 

w h e r e y * * r e p r e s e n t s t h e c h e m i c a l p o t e n t i a l o f t h e c a t i o n s i n t h e 
z e o l i t e p h a s e , ft, e n t e r s t h i s e x p r e s s i o n t h r o u g h t h e Lagrange 
m u l t i p l i e r * a s s o c i a t e d w i t h f i x i n q N: <*^can be i d e n t i f i e d u s i n g 
s t a n d a r d thermodynamic f o r m u l a e w i t h 0£-=yVKT. 

The e q u a t i o n s become g r a d u a l l y more c o m p l i c a t e d i f c a t i o n -
c a t i o n r e p u l s i o n s as w e l l a s c a t i o n - m o l e c u l e i n t e r a c t i o n e n e r g i e s 
have a l s o t o be c o n s i d e r e d . I n t h e s e c a s e s , e^ w i l l have t o be 
m o d i f i e d t o i n c l u d e c o n t r i b u t i o n s from a d j a c e n t s i t e s . I n t h e 
B r a q g - w i l l i a m s a p p r o x i m a t i o n ( w h i c h p r o v e d t o g i v e an e x c e l l e n t 
a n a l y s i s o f t h e c a t i o n v a r i a t i o n i n d e h y d r a t e d NaY-type z e o l i t e s 
(J_) , and we assume t o a p p l y e q u a l l y w e l l t o t h e h y d r a t e d s t a t e ) , 
t h e r e l a t i o n between t h e s i t e p o p u l a t i o n , t h e e n e r g y l e v e l s and 
the t e m p e r a t u r e c a n be r e a d i l y w r i t t e n down as soon as t h e 
s t r u c t u r e i s known. The s i t e e n e r q i e s a r e t h e n m o d i f i e d t o 
i n c l u d e c o n t r i b u t i o n s from t h e n e i g h b o u r i n g s i t e s . For s i t e I , 
t h i s r e q u i r e s t h a t e x would have t o be m o d i f i e d t o i n c l u d e 
c o n t r i b u t i o n s from t he two a d j a c e n t s i t e s I ' , d e p e n d i n g on i t s 
r e p u l s i o n e n e r q y w and s i t e p o p u l a t i o n Pj». 
In t h i s c a s e t h e p o p u l a t i o n e x p r e s s i o n i s m o d i f i e d and becomes: 

= exp + e x + 2 P J I w)/kT (3) 

1 - P I Y 

The s i m i l a r r e l a t i o n s h i p f o r s i t e I 1 , c o n s i d e r i n g one a d j a c e n t s i t e 
I and t h r e e s i t e s I I ' o c c u p i e d w i t h water m o l e c u l e s ( a t t r a c t i o n 
e n e r a v w') i s : 

1 - P T 

= exp y±+ e j i + P xw + S P j j i w M / k T (4) 
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Similar r e l a t i o n s h i p s for s i t e I I , and un l o c a l i z e d supercage cations 
i n " s i t e I I I " , exclude c a t i o n - c a t i o n repulsions because the nearest 
neiahbours are too far away to influence the i n t e r a c t i o n enerqies. 
If i n Equation 2 we assume e^ includes the c o n t r i b u t i o n s from the 
adsorbed water molecules, t h i s then also applies to s i t e II and s i t e 
I I I . The population r a t i o s depend only on the enerqy l e v e l 
d i f f e r e n c e s ( e j i - e j ) , ( e n - e j ) , ( e I I I " e l ) a n ^ t n e magnitude 
of the c a t i o n - c a t i o n repulsion energy (w) and the c a t i o n water 
a t t r a c t i o n energy (w 1). Knowing these, and the number of c a t i o n s 
per unit c e l l Ν (M = 16PT + 32Pj• + 32P X I + (cations i n s i t e 
I I I ) ) , the population r a t i o s can be c a l c u l a t e d . 

For the hydrated s t a t e , we can reasonably expect that the s i t e 
I' and s i t e II c ations are completely solvated with (three) water 
molecules. The i n t e r a c t i o n energy w' can therefore be incorporated 
into e-p e j j and e j j j , such that the above equations formally 
reduce to those of the dehydrated s t a t e  Van Dun e t  a l  (2_) found 
that as a function of th
dehydrated Na-exchanged
predicted i f i t was assumed that the enerqy l e v e l d i f f e r e n c e s 
r e l a t i v e to s i t e I varied l i n e a r l y with the framework neqative 
charqe. At around 48 A l / u n i t c e l l , the s i t e preference chanqes from 
II > I'> I (low A l content) to I > II > I' (high A l content). 
This was understood by r e a l i z i n g that the e f f e c t of the A l 
s u b s t i t u t i o n w i l l have twice the e f f e c t in s i t e I (double s i x - r i n g ) 
than in the s i n g l e s i x - r i n g ( s i t e s 1 1 and II) and w a l l s i t e s ("site 
III") . 

'"his paper w i l l be concerned with i n v e s t i q a t i n g the K-ion 
d i s t r i b u t i o n s i n hydrated K-exchanged FAU-type z e o l i t e s with varying 
Al content. It i s an e q u i l i b r i u m s i t u a t i o n (hydrated state) so that 
we can apply the p r i o r model developed for the dehydrated s t a t e . 

Experimental 

Sample preparation 

h-K 3 4 e 9FAU 

This m a t e r i a l was obtained by d i r e c t synthesis using a modified 
organic template procedure p r e v i o u s l y reported (3_) . I t s Al 
content, and of a l l others, was determined from the v a r i a t i o n o f the 
unit c e l l constant with Al content for a range of f u l l y K-exchanged 
hydrated z e o l i t e s (5) . The A l content i s then c a l c u l a t e d as 
( a Q - 25.127)/0.011388, which ap p l i e s only to h-K-FAU-type 
z e o l i t e s . 2 < * S i NMR and chemical analyses confirmed these data. 

h-K 3 2 e 5FATT 

This i s a nnion Carbide sample obtained by dealumination of an 
NH4Y sample with ( N H 4 ) 2 S i F 6 (4_) . From a c h a r a c t e r i z a t i o n 
with s o l i d state magic-angle spinning 29gi nuclear magnetic 
resonance, a S i / A l r a t i o of 4.8 was found. No e x t r a - l a t t i c e 
aluminum was determined in the ^ 7A1 spectrum. Double exchanges 
with KC1 (10 wt % s o l u t i o n , 10 wt % z e o l i t e ) were performed at 70 eC, 
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followed by dryinq (110°C), c a l c i n i n q (3 h at 400°C), and twice 
re-exchanging with Κ Π as above. 

h-K 1 3 > 3FATT 

This sample i s a shallow-bed steamed version (600°c, 3 h) of the 
LZ 210 parent material used for h-K 3 2 e5FAn. A d i l u t e mineral room 
temperature acid exchange (pH = 2.5) was used to remove d e t r i t a l A l . 
After a second steam-leach treatment the sample was K-exchanqed as 
described above. 

h-K 1 5H 4 0FAn 

This i s a regular commercial Y-type z e o l i t e , twice exchanged 
with a 15 wt % KC1 s o l u t i o n ( z e o l i t e / s o l u t i o n = 7 %) at 60°C, then 
double exchanged with N F 01 at 22°C (10 wt % s o l u t i o n ; 10 % 
ze o l i t e ) followed by f i l t e
N H J to H 3 O + . 

X-ray data sampling and refinement. The d i f f r a c t i o n p r o f i l e s were 
recorded in two parts by using an automated powder diffTactometer 
(Siemens Π-500) with N i - f i l t e r e d Cu r a d i a t i o n i n steps of 0.01° 
2Θ (0.1° incident beam diverqence s l i t below 35° 2Θ and 1.0° 
above 35° 2Θ; r e c e i v i n g s l i t 0.D5 mm; t y p i c a l counting times 
r e s p e c t i v e l y 25s and 65s). The X-ray data sampling ( p e a k - f i t t i n g 
of the i n d i v i d u a l peaks using an experimental p r o f i l e ) and 
refinement procedures have been described e x t e n s i v e l y elsewhere 
(6-7). Agreement fa c t o r s are defined as: 

\-\«c\\ 
" G = — -

Γ £< W i V 2 | | G o |-|GC||)2 
W R r = ~£ ("»Γ/2Τ5β"Τ) 2 

where w = 1/s$ and G stands for F ^ j ^ or I N , i . e . 
i n t e n s i t i e s summed for c o i n c i d i n g r e f l e c t i o n s (N = h 2 + k 2 

+ 1^); ο for observed and c for c a l c u l a t e d . For the four 
compositions, in the sequence qiven in the experimental s e c t i o n , 96, 
128, 112 and 128 r e f l e c t i o n s were measured, i . e . for max. 29 66°, 
77°, 73°, and 77°, r e s p e c t i v e l y . A l l four structures were re f i n e d 
in the space qroup Fd3m. The s c a t t e r i n g lengths of the t e t r a h e d r a l 
s i t e s were f i x e d at the values c a l c u l a t e d from the unit c e l l 
compositions. Radial d i s t r i b u t i o n functions were applied to account 
for the un l o c a l i z e d s c a t t e r i n g matter (water molecules and cations) 
(8J. The water in the large cage and also in the s o d a l i t e cage 
was supposed to be d i s t r i b u t e d randomly throughout a sphere, with a 
radius of 5.7 and 2.3 A 2, r e s p e c t i v e l y . The d i s t r i b u t i o n o f the 
water molecules between the s o d a l i t e cages and the large cages was 
also f i t t e d to obtain a best agreement. For the spheres an 
a d d i t i o n a l temperature factor of 15 A 2 was a p p l i e d . 

(5) 

(6) 
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Results 

P o s i t i o n a l parameters, population poarameters, i s o t r o p i c temperature 
f a c t o r s and agreement f a c t o r s are compiled in '"able 1. A l i s t of 
selected interatomic d i s t a n c e s , bond angles and unit c e l l parameters 
i s given i n Table 2 . 

Discussion 

A l l bond lengths, bond anqles and s t r u c t u r e parameters f a l l 
w ithin the expected ranges and experimental e r r o r s , and need not be 
discussed f u r t h e r . We w i l l focus on the c o r r e l a t i o n between the 
c a t i o n d i s t r i b u t i o n s obtained from these four s t r u c t u r e s , together 
with previously determined d i s t r i b u t i o n s (h-F<48e 2 F A t T ' h " * K 5 4 . 7 F A n ' 
h ~ K 6 9 . a F A U a n a h " K 8 6 . 5 F A U (5J a n d h " K 1 5 . 2 ( N H 4 ) 3 9 . 5 F A t T ID) '* 
and the model o u t l i n e d i

From a knowledge o
temperature, the energy l e v e l d i f f e r e n c e s and the i n t e r a c t i o n 
energies can be determined using Equations 1-4. This requires the 
s i t e energies to remain constant in that temperature range. For the 
hydrated s t a t e , t h i s would require measurements at high steam 
p a r t i a l pressures, over an extended temperature ranae, i n order to 
maintain the water coordination at the s i t e s - obviously a major 
experimental problem. Eor a room-temperature eq u i l i b r i u m p a r t i a l 
pressure of water, i t has been shown that the c a t i o n populations for 
NaY and CaY z e o l i t e s evolves from a hydrated c o n d i t i o n at room 
temperature to a dehydrated s i t u a t i o n after a temperature increase 
of s e v e r a l hundred deqrees C (10-11). S p e c i f i c values for the 
eneray l e v e l d i f f e r e n c e s therefore cannot be assigned at t h i s time. 
However, a q u a l i t a t i v e comparison with the dehydrated state 
(d-Na-FAU (2̂ )) allows us to e l u c i d a t e d e f i n i t e trends. 

The K-populations, as a function of the A l content are p l o t t e d 
in f i g u r e 1 and summarized in Table 3. These a u a l i t a t i v e l y aqree 
with the v a r i a t i o n of the Na d i s t r i b u t i o n i n the dehydrated FAU-
type z e o l i t e s (Eiqure 2 ) . There i s one important exception however: 
the s i t e I 1 now v a r i e s s i m i l a r l y to the s i t e I i n the dehydrated 
s t a t e . The s i t e I· K + population peaks at about 50 A l / u n i t c e l l 
which i s also the case for the Na + population in s i t e I 
(dehydrated). In the dehydrated s t a t e , the Na population of s i t e 
I' increases i n a s i m i l a r manner (except for the i n f l e c t i o n , also 
at around 50 A l / u n i t c e l l ) as for the s i t e I population. The s i t e 
II v a r i a t i o n i s for both cases one of a p r o g r e s s i v e l y increased 
loading, reaching a maximum at about 50 A l / u n i t c e l l i n the de
hydrated s t a t e , and at about 60 A l / u n i t c e l l in the hydrated s t a t e , 
^he s i t e III (supercage, unlocated) serves as an overflow s i t e i n 
the dehydrated s t a t e , but seems to be c o n s i s t e n t l y populated 
throughout for the hydrated s t a t e (also showing an increase with A l 
content however). The s i t e T - s i t e I 1 i n v e r s i o n above 50 A l / u n i t 
c e l l i s p r i m a r i l y d i c t a t e d by the c a t i o n - c a t i o n repulsion energy w. 
The cation-water a t t r a c t i o n energy w' (Equation 3) obviously plays 
a major r o l e for (i) making s i t e I" more favourable than the s i t e 
I and ( i i ) providing an extra s t a b i l i z a t i o n for the s i t e III which 
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T a b l e 1 : P o s i t i o n a l p a r a m e t e r s 3 , p o p u l a t i o n p a r a m e t e r s (Ρ), 
t e m p e r a t u r e f a c t o r s (B,10"* 2 nm 2) and agreement f a c t o r s 

h - K 3 4 e 9 F A U h - K 3 2 5FAU h - K 1 3 3 F A U 

T = S i , A l χ 
(1921) y 

ζ 
Β 

0(1) x=-y 
(96h) Β 

0(2) x=y 
(96g) ζ 

Β 

0(3) x=y 
(96g) ζ 

Β 

0(4) x=y 
(96q) ζ 

Β 

H 2 O b Ρ 
(8a) Β 

H 2O c Ρ 
(8b) Β 

0. 1240 (7) 
0.9453(7) 
0.0363(6) 
2.1 (3) 

0.1089(12) 
2.6 (1.5) 

0.2512(18) 
0. 1395 (17) 
5.5 (1.5

0. 1752 (1 3) 
0.9686(15) 
0.72(1.05) 

0.1791 (12) 
0.3224(21) 
2.4 (1.3) 

37.7 (8.6) 
15. 

0.2021 
0.2290 

0. 1247 (6) 
0.9453(6) 
0.0359(6) 
2.18 (21) 

0.1082(10) 
4. 30 (1 .45) 

0.2518 (12) 
0.1400(13) 

0.1746(9) 
0.9676(13) 
2.38(1.07) 

0.1820(9) 
0. 3243 (13) 
1.76 (90) 

0.0861(25) 
0.215 (36) 
2.6 (2.5) 

0.2665(20) 
0.224 (31 ) 
2.1 (2.7) 

0.1815(35) 
0.299(40) 
2.3 (5.2) 

34.0 (5.0) 
15. 

0.1903 
0.2223 

0. 1240 (7) 
0.9459(6) 
0.0361 (5) 
2.18 (19) 

0. 1089(12) 
4.84 (1 .38) 

0.2521 (1 1) 
0.1418(16) 

0. 1749(1 1 ) 
0.9665(15) 
0.99(0.98) 

0.1813 (11) 
0.3221(16) 
2.1 (1.4) 

0.055 (19) 
0.034 (40) 
5.0 

0.2465 (108) 
0.048(32) 
0.0 (15.8) 

0. 1866 (52) 
0.223(77) 
0.0 (10.3) 

0.59 (5) 
15. 

17.4(4.5) 
15. 

0.1962 
0. 1674 

h - K 1 5 H 4 0 F A U 

0. 1244 (6) 
0.9455(5) 
0.0364 (5) 
2.23 (20) 

0. 1076 (10) 
3.46 (1.39) 

0.2518(12) 
0. 1382 (16) 

0.1735(9) 
0.9664 (13) 
0.86 (95) 

0. 1806 (10) 
0. 3256 (14) 
2.7 (1.2) 

0.0816(16) 
0.362(37) 
3.0 (1.6) 

0.2592(17) 
0.269(29) 
0.4 (1.9) 

0.1783(64) 
0.193(90) 
2.5 (8.3) 

2.4 (7) 
15. 

40.0 (4.3) 
15. 

0. 1662 
0.2119 

Κ I 1 x=y=z 0.0832 (24) 
(32e) Ρ 0.237 (40) 

Β 1.7 (2.8) 

Κ I I x=y=z 0.2621(20) 
(32e) Ρ 0.247(31) 

Β 0.0 (2.6) 

Ο I I 1 χ=ν=ζ 0. 181*7(56) 
(32e) Ρ 0.210(81) 

Β 0.0 (7.5) 

2.05 (1.23) 1.4 (0.8) 
15. 15. 

Rp 0.1383 0.1360 0.1445 0.1233 
wR F 0.1182 0.1250 0.0908 0.1184 

a : Space g r o u p Fd3m ; t h e s t a n d a r d d e v i a t i o n o f t h e l a s t s i g n i f i 
c a n t d i g i t between b r a c k e t s . 
: U n l o c a l i z e d s c a t t e r i n g m a t t e r , s t a t i s t i c a l l v d i s t r i b u t e d i n a 

s p h e r e w i t h a r a d i u s o f 2.3 (b) o r 5.7 A(c) r e s p e c t i v e l y . 
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Table 2; Selected interatomic distances (A), bond angles (°) and 
unit c e l l parameters (A) a 

h-K 34 e 9FAU h-K 3 2.5FAU h-K 1 3 # 3FAU h-K 1 5N 4 0FAU 

T-0(1) 
T-0(2) 
T-0 (3) 
T-0 (4) 

1.639 (17) 
1.647(37) 
1.637(29) 
1.653(24) 

1.628(15) 
1 .640 (27) 
1.641 (23) 
1.649(21) 

1.636 (15) 
1 .625 (29) 
1.599(23) 
1.659(21) 

1.643(14) 
1 .643 (28) 
1.626 (22) 
1.691(20) 

T - 0 ( 1 ) - T 132 (2) 134 (2) 131 (2) 135 (2) 
T-0(2)-T 147 (3) 146 (2) 145 (3) 150 (3) 
T - 0 ( 3 ) - T 137 (3) 139 (2) 141 (3) 142 (3) 
T-0 (4)-T 140 (3) 135 (2) 137 (2) 134 (2) 

0 (1 )-T-0 (2) 113 
0 ( 1 ) - T - 0 ( 3 ) 115 (2) 114 (2) 114 (2) 114 (2) 
0(1)-T-0 (4) 105 (2) 103 (1) 103 (2) 103 (2) 
0(2)-T-0 (3) 102 (2) 104 (2) 107 (2) 104 (2) 
0 ( 2 ) - T - 0 ( 4 ) 108 (3) 107 (2) 105 (2) 1 10 (2) 
0 ( 3 ) - T - 0 ( 4 ) 114 (2) 116 (1) 115 (2) 114 (1) 

K ( I ' ) - 3 0(3) 
K ( I ' ) - 3 0(2) 
K ( I ' ) - 3 O(II') 

2.83(6) 
3.23(5) 
2.47 (14) 

2.93(7) 
3.33(4) 
2.42 (10) 

2.26(11) 
2.88(23) 
3.19(47) 

2.85 (5) 
3.23(3) 
2.41 (18) 

K ( I I ) - 3 0(2) 
K ( I I ) - 3 0(4) 

3.03(4) 
3.23(5) 

3. 12(3) 
3.25(3) 

2.55 (25) 
2.90 (17) 

3.00(4) 
3.20 (3) 

0 ( I I ' ) - 3 0(2) 2.62(10) 

24.525 

2.63(6) 

24.497 

2.50(9) 

24.278 

2.75(12) 

24.686 

Standard d e v i a t i o n of the l a s t s i g n i f i c a n t d i g i t between 
brackets 

^able 3: s i t e populations for the hydrated K-exchanged FAU-type 
z e o l i t e s with varyina A l content and K-loadinq 

K(I) K(I') Κ(II) n° unlocated 

h - K 8 6 . 5 F A n 

*-K 6 9. 8FAU 
h-K 5 4 e 7FAU 
h-K 4 8[ 2FAU 
h-K 3 4* 9FAU 
h-K 3 2* 5FAU 
h-K 1 3] 3FAU 
h-K 1 5H 4nFAU 
h - K 1 5 e 2 ( N H 4 ) 3 9 e 5 F A U 

0. 5572 
0.4391 
0.0834 

0.2236 
0.3754 
0.4144 
0.4260 
0.2379 
0.2154 
0.0340 
0.3615 
0.2625 

0.7237 
0.7578 
.6289 
.5563 
.2471 
.2244 
.0480 
.2685 

46.3 
26.5 
20.0 
16.8 
19.4 
18.4 
10.7 

0.2188 
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10 30 40 50 60 70 80 90 
Α Ι / U n i t C e l l 

F i g u r e 1 V a r i a t i o n o f t h e s i t e Τ, Ι 1 and I I K - i o n p o p u l a t i o n 
as a f u n c t i o n o f t h e A l c o n t e n t f o r t h e f u l l y c a t i o n -
exchanged FAU-type z e o l i t e s . 

1 Γ 

_1 1 I I I I I I 1_ 
10 20 30 40 50 60 70 80 90 

Α Ι / U n i t C e l l 

F i g u r e 2 P r e d i c t e d v a r i a t i o n o f t h e s i t e I , Γ , I I and I I I 
( o v e r f l o w s i t e ) N a - i o n p o p u l a t i o n as a f u n c t i o n o f 
t h e A l c o n t e n t f o r t h e d e h y d r a t e d Na-exchanged FAU-
t y p e z e o l i t e s . 
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now has a higher population than the traditional framework sites at 
low Al content (where obviously the cation-framework interaction 
energy is lower). 

It should be reminded here that the variation in cation 
distribution with Al content is explained by considering short-range 
interactions only. The dominance of these forces is demonstrated by 
the h-KY samples with depleted Κ loading (with H/NH4 replacement 
for K): for a regular Y composition, the sites I' and II are the 
predominant sites, and this remains so for h-K̂ Ĥ nFAU and 
h-K15e2(NH4)39.5FAn (Figure 1 and Table 3). 

We can now conclude that the model developed by Van Dun (1) for 
the dehydrated state can also be applied (and formally also in an 
exact way if the water-cation interaction energies are included in 
ê ) to the hydrated state. The water molecules seem to stabilize 
(w1) single six-ring and wall sites. At the same time this 
Qualifies, relative to water molecules  the framework as a weak 
ligand. 
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Chapter 13 

Coordination of Cu2+ 

to Oxygen Six-Rings of Zeolites 

D. Packet and R. A. Schoonheydt 

Laboratorium voor Oppervlaktechemie, Katholieke Universiteit Leuven, 
Kardinaal Mercierlaan 92, B-3030 Leuven (Heverlee), Belgium 

An analysis of the ESR parameters and the d-d 
absorption band
six-rings of dehydrate
framework of the ligand field theory and the angular 
overlap model theory. Two six-rings are considered : 
type I', on the hexagonal prism and type II, on the 
supercages. The ideal C3v point symmetry of the sites 
is distorted by a dynamic Jahn-Teller effect and 
spin-orbit coupling, the former being much more 
important than the latter. The sum of the ligand 
field stabilisation energy and the Jahn-Teller 
stabilisation energy is 7545 cm-1 for type II 
six-rings in CuNaA and 7669 cm-1 for type I' six-rings 
in Cu-chabazite. With these numbers the site 

preference of Cu2+ for six-rings sites over hexagonal 
prisms can be explained but not the experimentally 
found preference for site I' over site II in zeolites 
X and Y. There is a non-negligible contribution of the 
3 oxygens in the second coordination sphere of the 
six-rings to the overall ligand field. The 
coordinative bond of the 3 oxygens in the first coor
dination sphere has a strong σ-donor character and a 
weak π-donor character. The coordinative bond of the 3 
oxygens in the second coordination sphere has a more 
pronounced π-donor character. 

For about 20 years Cu(II) has been used as a probe to study the 
coordination s i t e s of z e o l i t e s . A t t e n t i o n has been p r i m a r i l y given 
to z e o l i t e s X and Y and, to a l e s s e r extent, z e o l i t e A, Chabazite 
and Mordenite. The techniques used were X-ray d i f f r a c t i o n (XRD), 
e l e c t r o n spin resonance (ESR) and d i f f u s e r e f l e c t a n c e spectroscopy 
(DRS) (1-11). The r e s u l t s of these techniques are not d i r e c t l y 
comparable, because e.g. small Cu-loadings have to be used to obtain 

0097-6156/88/0368-0203$06.00/0 
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w e l l resolved ESR spectra, while high loadings are required f o r DRS 
and, e s p e c i a l l y , XRD. 

We have been able to match the ESR data and the DRS spectra on 
a large number of z e o l i t e s by taking the spectra on samples with the 
same Cu-loadings, which underwent the same pretreatment i n the same 
c e l l before recording the spectra (12-14). In that way, i t has been 
po s s i b l e to determine unambiguously the g-values, hyperfine coupling 

2+ 
constants A and d-d t r a n s i t i o n s of Cu coordinated to the oxygen 
s i x - r i n g s of dehydrated z e o l i t e s . 

I t turns out that these experimental parameters (Table I) are 
almost independent of th
type of co-exchanged y y  typ

2+ 
coordination i . e . the place of Cu i n the s t r u c t u r e . The 2 most 

2+ 
important coordination types of Cu are (12-14) : type I I , at the 
oxygen s i x - r i n g of the large c a v i t i e s i n z e o l i t e s A, X and Y; type 
I f , at the oxygen s i x - r i n g , which forms part of the hexagonal prisms 
i n z e o l i t e s Y and Chabazite. 

Table I. ESR parameters and d-d t r a n s i t i o n energies of CuNaA and 
Cu-chabazite 

Sample 8// 
mT 

8± 
mT 

d-d t r a n s i t i o n s 
(cm l) 

CuNaA 2.386 12.6 2.064 0.25 10500 12200 15100 
Cu-chab. 2.340 16.0 2.073 2.00 10700 12900 14800 
CuNaY 

II 2.397 11.9 2.070 1.50 10400 12600 15000 
r 2.328 15.5 2.065 1.90 10700 12600 15000 

CuNaX 
II 2.384 12.7 2.074 1.20 10300 12500 15100 
I I I 1 2.354 14.3 2.068 1.50 11100 12500 15100 

CuNa-mord. 
VI 2.327 15.5 2.068 1.50 13680 14460 

Table I gives the ESR parameters and d-d t r a n s i t i o n s of Cu i n 
2+ 2+ dehydrated CuNaA, exemplifying Cu on type II s i x - r i n g s and of Cu 

2+ 
i n dehydrated Chabazite, exemplifying Cu on type I ? s i x - r i n g s . 
This data set i s used f o r i n t e r p r e t a t i o n i n the framework of the 
angular overlap model (AOM) theory and the ligand f i e l d (LF) theory. 
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Our goals are (1) to obtain d e t a i l s of the s i t e geometry; (2) to 
gain i n s i g h t i n t o the Cu-0 coordinative bond; (3) to c a l c u l a t e the 
l i g a n d f i e l d s t a b i l i s a t i o n energy (LFSE) i . e . the c o n t r i b u t i o n of 

2+ 
the d - o r b i t a l energy s p l i t t i n g to the o v e r a l l l a t t i c e energy of Cu 
on types II and I 1 s i x - r i n g s and to deduce the s i t e preference of 
C u 2 + . 

Geometricl model and methods of c a l c u l a t i o n 

Model. The CuO. u n i t i s constructed with 3 oxygens i n the f i r s t 
2+ 

coordination sphere at a distance r. from Cu and 3 oxygens i n the 
2+ 

second coordination spher
(Figure 1). The geometrical parameters, derived from the XRD data 
(8-11) are shown i n Table I I . They support our hypothesis, that the 

2+ 
6 oxygens are located i n one plane. Cu i s s i t u a t e d on the t r i g o n a l 
a x i s , common to the 2 sets of e q u i l a t e r a l t r i a n g l e s of oxygens. The 
point symmetry of the CuO u n i t i s C« . I t i s an extension of 

Table I I . Bond angles and bond distances of Cu i n dehydrated 
chabazite and z e o l i t e A 

Sample r x(nm) e ^ 0 ) r 2 (nm) θ 2(°) réf. 

CuA 0.214 119 0.285 119 10 
Cu-chab. 0.197 119 0.283 120 11 

K l i e r ' s CuO^ complex, a l s o with point symmetry C^ v (15) . Because the 
point symmetries are the same, the c a l c u l a t i o n s on CuO^ and on CuO^ 
are formally i d e n t i c a l . Thus, LF and AOM parameters derived from 
CuO^ c a l c u l a t i o n s contain information about the oxygens of the 
second coordination sphere and, more generally, of the complete 
z e o l i t i c l a t t i c e as f a r as i t influences the coordinative bond. We 
w i l l , therefore, present f i r s t AOM c a l c u l a t i o n s on the CuO^ complex 
to obtain AOM parameters, which are d i r e c t l y comparable with K l i e r ' s 
LF parameters of the same u n i t . In the second part the CuO^ complex 
i s e x p l i c i t l y c a l c u l a t e d to look f o r second coordination sphere 
e f f e c t s . 
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Figure 1. Geometrical model of Cu coordinated at an oxygen 
s i x - r i n g i n z e o l i t e s . 
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Angular Overlap Model. In AOM the matrix elements V of the t o t a l 
l i g a n d f i e l d p o t e n t i a l i n the d - o r b i t a l b a s i s (V ) are decomposed 
according to the number of ligands and the type of i n d i v i d u a l 
metal-ligand i n t e r a c t i o n s i n the complex, σ and π (16,17) : 

V = <d [ v . J d > pq p L LFJ q 
Ν 

= Σ [aF (d ,L.)F (d ,L.) + T F (d p,L )F ( d , L )] (1) 

Ν i s the number of ligands and F i s the f r a c t i o n of maximum 
σ,ττ 

overlap i n the p a r t i c u l a r geometry, σ and π are the energy changes 
for maximum overlap. Fo
are e x p l i c i t l y c a l c u l a t e d by Vanquickenborne et a l . (18). There 
authors, as w e l l as K l i e r et a l . (15) and Strome and K l i e r (_7) have 

2+ 2 shown that the ground-state of Cu i n C^ v i s doubly degenerate ( E) 
and subjected to a Jahn T e l l e r (JT) d i s t o r t i o n . That i s , i t couples 
with the doubly degenerate v i b r a t i o n s e of the Cu0 o / / :* complex and 
the C^ v point group i s d i s t o r t e d to C g (19). In the case of a s t a t i c 
JT e f f e c t and ESR s i g n a l with 3 g-values i s expected but never 
observed (12-14). Our hypothesis i s that at the temperature of the 
measurement, 110K, a dynamic JT e f f e c t i s operative, which averages 
out the non-axial d i s t o r t i o n s . For our c a l c u l a t i o n s we have retain e d 
only the l i n e a r JT coupling as e x p l i c i t l y discussed by Strome and 
K l i e r (7), because the energy contr i b u t i o n s of the higher 
anharmonicity terms are expected to be n e g l i g i b l e . 

There are 2 doubly degenerate v i b r a t i o n a l modes which i n t e r a c t 
2 

with the e l e c t r o n i c states Ε i n C ^ , a s t r e t c h i n g and a bending. We 
have c o l l e c t e d them formally into one v i b r a t i o n with force constant 

2 
k. The JT s t a b i l i s a t i o n energy i s then E J T = (1/2) kR , where R i s 
the JT radius, a measure of the d i s t o r t i o n of the complex. At 
e q u i l i b r i u m the energy separation of the 2 energy l e v e l s , s p l i t from 
2 
E, i s 4E (20). For most of the Cu-0 complexes k i s i n the range 

-1 -1 50-150 Nm (21-23). We have taken 70 Nm . This value i s kept 
constant during the c a l c u l a t i o n s , whereas R was taken as a v a r i a b l e . 
This i s because k and R are not l i n e a r l y independent. 

F i n a l l y , because the ESR parameters are also c a l c u l a t e d the 5*5 
matrix of the AOM + JT e f f e c t i s extended to a 10*10 matrix to 
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include s p i n - o r b i t (SO) coupling to second order of perturbation, 
the Zeeman energy matrix elements and the hyperfine i n t e r a c t i o n 
matrix elements (18,24). 

The experimental parameters that are f i t t e d i n the c a l c u l a t i o n s 
are the 3 d-d t r a n s i t i o n s and the ESR parameters, g^ , g x and kft . Aj 
i s not f i t t e d , because the accuracy of the experimental values i s 
too low. The reason i s that the computer program that we used to 
simulate the ESR spectra, does not include forbidden t r a n s i t i o n s , 
which are known to be important i n the perpendicular region of the 
spectrum (12-14,25). 

The t h e o r e t i c a l parameters that are used as v a r i a b l e s i n the 
l e a s t squares procedur
the angle θ (see Figure 1); (3) the JT radius R; (4) the SO 
coupling constant λ. The free ion value i s -829 cm , but t h i s value 
may considerably be reduced due to covalency and the JT e f f e c t (26); 
(5) the Fermi contact parameter κ, which q u a n t i f i e s the i s o t r o p i c 
contact i n t e r a c t i o n or the i n t e r a c t i o n of the unpaired e l e c t r o n with 
the nuclear magnetic moment of Cu at the nuclear s i t e . T h e o r e t i c a l 
c a l c u l a t i o n s suggest a value of 0.43 f o r the free i o n . The d i p o l a r 
hyperfine i n t e r a c t i o n parameter Ρ i s f i x e d at 0.036 cm a value 
adopted by most authors (27,28). 

We have then a set of 6 experimental data and 6 adjustable 
parameters. There e x i s t s a unique s o l u t i o n f o r the set of normal 
equations, which f i t s the experimental data exactly. This s o l u t i o n 
i s found by a l e a s t squares procedure. For each parameter set the 
10*10 matrix i s c a l c u l a t e d and diagonalised 4 times : (1) i n the 
absence of an external magnetic f i e l d i n order to f i t the 3 d-d 
t r a n s i t i o n s ; (2) with the Zeeman terms of the p a r a l l e l region of the 
ESR spectrum i n order to f i t g^ ; (3) with the Zeeman terms of the 
perpendicular region of the ESR spectrum to f i t g^; (4) as under (2) 
+ the hyperfine i n t e r a c t i o n terms of the p a r a l l e l region to 
c a l c u l a t e Af/. 

Ligand F i e l d Theory. The d e t a i l s of the LF c a l c u l a t i o n s have been 
discussed by K l i e r et a l . (7,15) and need not be repeated here. The 
matrix elements of the LF p o t e n t i a l , V^^, i n the d - o r b i t a l b a s i s 
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are expressed i n terms of LF parameters, G ? and G,, r e f e r r e d to 1 
2+ 

coordinate frame, centered on Cu . In the point charge approxima
t i o n : 

G l i = ^ T T A R 3 d ( r ) l 2 r l d r (2) 
r i J 

with 1 = 2 or 4 (29). R
3 d ( r ) i s the normalized r a d i a l part of the 3d 

wavefunctions; r i s the distance from the o r i g i n of the coordinate 
frame (= the Cu nucleus) to the 3d e l e c t r o n and r ^ to the ligand i ; 

i - 1 r e f e r s to the oxygens of the f i r s t coordination sphere and 
i = 2 to those of the
to consider K. = G O J/G 7 J. 

ι z i 4 i 
If we assume that the 6 oxygens of the s i x - r i n g s have the same 

p a r t i a l charge, which i s upported by CNDO c a l c u l a t i o n s (30,31), the 
r a t i o of the lig a n d f i e l d parameters of the 2 sets of oxygens i s 
pr o p o r t i o n a l to the bond distances : 

G41 r2 5 G21 r2 3 

p S i = {M and = φ (3) 
G41 r l G22 r l 

With the relevant XRD data of table I I , , and can be 
ca l c u l a t e d f o r each value of under the hypothesis that the 
po s i t i o n s of the oxygens of the s i x - r i n g s are f i x e d . Since the JT 
and SO couplings and the Zeeman and hyperfine i n t e r a c t i o n s are 
i d e n t i c a l l y expressed i n LF and i n AOM, the LF c a l c u l a t i o n s can be 
r e s t r i c t e d to the f i t t i n g of the unperturbed C^ v energy l e v e l s from 
the AOM c a l c u l a t i o n s . Thus, only 3 independent parameters have to be 
va r i e d i n these c a l c u l a t i o n s : G^, and θ^. 

There e x i s t s a parametric equivalence between the LF and the AOM 
theories : 

σ ± - (4/7) G 2. + (5/21) G^± 

(4) 
π ± - (3/7) G2j, - (5/21) G 4 i 
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These equations w i l l be used i n the conversion of the LF parameters 
of the CuO^ complex i n the corresponding AOM parameters and 

i r ± (32). 

The CuO^ model i n AOM 

A l l the c a l c u l a t i o n s are performed on the CuO^ complex to make a 
d i r e c t comparison with K l i e r 1 s LF c a l c u l a t i o n s (7). The energy l e v e l 
diagram which gives the best f i t f o r CuNaA i s shown i n f i g u r e 2. The 
corresponding parameters and the best f i t parameters of Cu-Chabazite 
are summarized i n Table I I I . The f o l l o w i n g d i s c u s s i o n i s pertinent 
for f i g u r e 2 and the dat

Table I I I . Parameters of the AOM c a l c u l a t i o n s f o r CuNaA and Cu-chab 

Sample σ 
(cm" ) 

ττ/σ 
λ-1 

(cm ) 
θ R κ 

(°) (nm) 
CuNaA 10797 
Cu-chab. 10003 

0.147 
0.041 

-287 
-269 

107.8 0.0203 0.413 
110.3 0.0165 0.549 

We f i r s t remark that the p o s i t i o n of 2+ 
Cu on the t r i g o n a l axis 

characterized by the angle , leads to O-Cu-0 bond angles of 111' 
and 109° f o r CuNaA and Cu-chab. r e s p e c t i v e l y . This i s below the 
values of Table I I . These geometrical parameters can be improved 
with the CuO^ model as we s h a l l see l a t e r . 

At f i r s t s i g h t , the σ-donor strength of the l a t t i c e oxygens, 
expressed by the parameter σ, i s unusually high. For most complexes 
values i n the range 4000-6000 cm * are obtained. The reason i s that 
the 3 oxygens of CuO^ give d - o r b i t a l s p l i t t i n g s of the same order of 
magnitude as the 6 0-ligands i n octahedral or tetragonal 
Cu-complexes. This suggests that there might be a considerable 
c o n t r i b u t i o n from the oxygens i n the second coordination sphere to 
the o v e r a l l LF p o t e n t i a l . This point w i l l be explored i n the next 
s e c t i o n . The strong σ-donor capacity i s accompanied by a weak 
π-donor strength, e s p e c i a l l y i n the case of Cu-Chab. or type I* 
s i x - r i n g s . Usually π/σ values range between 0.15 and 0.25 (33,34). 

The consequence i s that the sequence of energy l e v e l s , unperturbed 
2 2 2 

by JT and SO couplings, i s E 1 < A, < E 0 . Strome and K l i e r 
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Figure 2. Energy l e v e l diagram of Cu at an oxygen s i x - r i n g i n 
dehydrated CuNaA. The e f f e c t of the Zeeman and hyperfine 
i n t e r a c t i o n i s not shown. 
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obtained the sequence ^E. < ΔΣ < ^A1 (7). The reason f o r the 
2 2 

r e v e r s a l of E^ and i s i l l u s t r a t e d i n f i g u r e 3. This f i g u r e 
shows, that Strome 1s sequence i s obtained f o r π/σ ^ 0.35, an 
unusually high value when compared with l i t e r a t u r e values (33,34). 

The JT e f f e c t and SO coupling. The JT e f f e c t i s by f a r the most 
important perturbation of the i d e a l C^ v point symmetry as shown i n 
f i g u r e 2. I t has been impossible to f i t the d-d band maxima by 
admitting SO coupling only. Both e f f e c t s mutually influence each 
other and cannot be separated i n t h i s d i s c u s s i o n . 

The JT e f f e c t leads to a considerable quenching of the o r b i t a l 
c o n t r i b u t i o n to the g-factor
(26). This i s shown by the values of the s p i n - o r b i t coupling 
constants of Table I I I , which have to be compared with the free ion 
value of -829 cm Thus, 2 e f f e c t s contribute to the decrease of 
λ : the JT i n t e r a c t i o n and the covalency of the Cu-0 coordinative 
bond. The l a t t e r i s expected to be r e l a t i v e l y strong i n view of the 
large σ-donor strength of the l a t t i c e oxygens. I t i s therefore 
remarkable that the i s o t r o p i c contact i n t e r a c t i o n parameter i s 
almost equal to the free ion value or even exceeds i t as i n the case 
of type I 1 s i x - r i n g s . The value of κ i s of course dependent on the 
value chose f o r the d i p o l a r i n t e r a c t i o n parameter P. When we take 
Ρ = 0.039 cm"1 (28), κ i s decreased to 0.51 f o r Cu-Chab. C l e a r l y 
t h i s does not explain everything and other f a c t o r s come int o play. 

The magnitude of the JT e f f e c t i t s e l f , as expressed by the JT 
r a d i u s , i s i n the expected range. Holuj and Wilson (35) found a 
value of 0.019 nm f o r a t r i g o n a l d i s t o r t i o n of Cu(0D)«. With our 
assumed force constant of 70 Nm , the JT radius c a l c u l a t e d from 
Strome and K l i e r ' s data i s 0.016 nm (7). 

Ligand F i e l d and Jahn-Teller s t a b i l i s a t i o n energies. The l a t t i c e 
2+ 

energy determines the d i s t r i b u t i o n of Cu over the various s i t e s 
and, thus, i t s r e d u c i b i l i t y , i t s coordinative a b i l i t y and i t s 
a v a i l a b i l i t y f o r adsorption and c a t a l y s i s . I t i s determined by a 
large number of f a c t o r s , the LFSE and the JT s t a b i l i s a t i o n energy 
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being 2 of them. They can be derived from diagrams l i k e that of 
f i g u r e 2. The values are shown i n table IV. 

Table IV. Calculated t r a n s i t i o n s of Cu i n a C 3 v l i g a n d f i e l d and 

l i g a n d f i e l d and JT s t a b i l i z a t i o n energies ( a l l energies 

are expressed i n cm 

Sample 
Δ ι Δ2 LFSE E J T LFSE+E J T 

CuNaA 9798 12149 6819 726 7545 
Cu-chab. 10230 12857 7189 480 7669 

It i s shown i n tha
exceeds that of type I  s i x - r i n g y

i s almost completely o f f s e t by the d i f f e r e n c e i n JT s t a b i l i s a t i o n 
energy. Thus, on the basis of these c a l c u l a t i o n s , and a l l other 
f a c t o r s being equal, there i s no s i t e preference between type I T and 
type I I s i x - r i n g s and one expects an almost equal occupancy of them. 

2+ 
This i s obviously not the case. At the high Cu loadings of the XRD 
studies s i t e I 1 i s always p r e f e r e n t i a l l y occupied (8,9), while at 
the low loadings of our combined ESR-DRS studies s i t e I I i s 
p r e f e r e n t i a l l y occupied (14). When i t i s assumed that these 
experimentally determined s i t e occupancies are thermodynamic 
e q u i l i b r i u m d i s t r i b u t i o n s , i t follows that they are not p r i m a r i l y 
determined by the LFSE + JT s t a b i l i s a t i o n energy. The most important 
f a c t o r i s probably the Madelung energy. I t was shown to be d i f f e r e n t 
for type I T and type II s i x - r i n g s and to be strongly dependent on 
the S i : A l r a t i o and the exchangeable c a t i o n composition of the 

2+ 
z e o l i t e s (36). Another important f a c t o r i s the preference of Cu 
for type I 1 s i x - r i n g s over the hexagonal prisms. The l a t t e r can be 
regarded as an octahedral s i t e with 6 oxygens i n the coordination 
sphere. According to Gallezot et a l . (8), the average coordination 
distance i s 0.2545 nm. In ( N H . ) 0 ( C u ( 0 H o ) J ( S O , ) 0 the average Cu-0Ho 

4 Ζ Ζ Ο Η Δ Ζ 
bond distance i s 0.2092 nm (37). The d-d t r a n s i t i o n of t h i s Cu(0H o). - 1 _ 6 

chromophore i s at 12600 cm (38) and the corresponding LFSE i s 7560 
cm ^. For the t e t r a g o n a l l y d i s t o r t e d CuO, chromophore i n perovskites 

-1 - f 
LFSE 1s range from 5920 cm to 7280 cm at small Cu-loadings (39). 
Our values of the s i x - r i n g s i t e s are at the high energy side of 
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those of perovskites. Thus, as f a r as the LFSE*s are concerned, the 

s i x - r i n g s i t e s behave as CuO, chromophores. This lends c r e d i t to our 

previous suggestion that the 3 oxygens i n the second coordination 
sphere cannot be neglected. On the other hand, i n view of the 
d i f f e r e n c e i n bond distance Cu-0 i n the hexagonal prisms and i n 

2+ 
perovskites or i n Cu(0H o)., the LFSE of Cu i n the hexagonal prisms 

6 2+ 
i s c e r t a i n l y smaller than those of Cu i n perovskites or i n the 

2+ 
water complex, and thus also than those of Cu on s i x - r i n g s i t e s . 

2+ 
We conclude that Cu strongly p r e f e r s type I' and type II s i x - r i n g s 
above the hexagonal prisms  conclusio  which i  experimentall
confirmed by the XRD studie
(8,9). 

The CuO. model i n LF. b 
2+ 

That the LFSE of Cu on a s i x - r i n g i s of the same order of 
magnitude than that of other CuO. chromophores, i n d i c a t e s not only a 

ο 
strong coordinative bond but a l s o , that oxygens of the second 
coordination sphere i . e . the 3 oxygens of the s i x - r i n g s at a 
distance r ^ (Figure 1) make a non-negligible c o n t r i b u t i o n to the 
o v e r a l l l i g a n d f i e l d experienced by the Cu ion. We have checked t h i s 
by LF c a l c u l a t i o n s on the CuO. model of f i g u r e 1. The parameters, 

D 
which f i t the energy d i f f e r e n c e s and of Table I I I are shown i n 

Table V. They allow the f o l l o w i n g comments. 
2+ 

Table V. Parameters of the l i g a n d f i e l d c a l c u l a t i o n s f o r Cu on a s i t e with s i x oxygens 

CuNaA Cu-chab. 

G 4 1 (cm *) 
G 2 1 (cm - 1) 

15050 
10535 

16010 
11207 

G^ 2 (cm ) 
G 2 2 (cm" 1) 

0.70 0.70 
G^ 2 (cm ) 
G 2 2 (cm" 1) 

3863 
4659 

2852 
3980 

K2 1.21 1.40 

\ (°) 105.9 105.9 
θ 2 (°) 102.0 101.2 
Γ χ (nm) 0.221 0.204 
r 2 (nm) 0.291 0.288 
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1. The geometrical model, which comes out of the c a l c u l a t i o n s , i s 

b e t t e r than f o r the CuO^ complex. The c a l c u l a t e d Cu-0 bond 
distances are s l i g h t l y longer than those determined by XRD (Table 
I I ) . The c a l c u l a t e d 0 -Cu-0 bond angle i s 112.8°, i n good 

1 1 2+ 
agreement with the value of 115.9°, found by G a l l e z o t f o r Cu on 
s i t e I f i n CuNaY (8). P e r f e c t agreement should not be expected, 
as the geometrical parameters of the XRD studies are determined 
on samples with high Cu loadings. 

2. The c o n t r i b u t i o n of the oxygens of the second coordination sphere 
i s not n e g l i g i b l e . This i s borne out by the values of the 
corresponding r a d i a l i n t e g r a l s  G^ and ί η Table V  One 
might argue that t h i
assumption of 2 sets of chemically equivalent oxygens. However, 
the e f f e c t of next nearest neighbors on the LF has been 
recognized more than 20 years ago (40). In f a c t , the LF i s made 
up of the complete z e o l i t i c l a t t i c e and the LF or AOM parameters 
taken from CuO^ or CuO^ chromophores contain the information of 
the l a t t i c e i n which they are embedded. Thus, σ and π or and 
G^ are products of 2 terms : one, c h a r a c t e r i z i n g the oxygens i n 
the coordination sphere and one, c h a r a c t e r i z i n g the z e o l i t i c 
l a t t i c e . E l e c t r o n e g a t i v i t i e s of atoms i n s o l i d s also contain 
information about the l a t t i c e i n which the atoms are embedded 
(41). I t i s an i n t e r e s t i n g research subject to see i f the LF or 
AOM l a t t i c e parameters can be q u a n t i f i e d v i a the e l e c t r o n e g a t i v i 
ty values. 

3. The AOM parameters of the CuO^ complex are c a l c u l a t e d from the 
corresponding LF parameters by equations (4) and given i n Table 
VI. Again, the values of are i n d i c a t i v e of the strong σ-donor 
strength of the nearest neigboring oxygens. However 
π^/σ^ < π^/σ^. Thus, the π-donor strength of the next nearest 
neighboring oxygens s i g n i f i c a n t l y exceeds that of the f i r s t 
c oordination sphere oxygens. This i s due to the f a c t that < 
(Table V) and i t i s known that the π-character increases when θ 
approaches 90° (42). The d i f f e r e n c e i n π-character could a l s o 
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mean a chemical d i f f e r e n c e between the 2 sets of oxygens. We 
know, f o r instance, that there are 4 types of oxygens i n z e o l i t e 
Y and that protons p r e f e r and 0 3 oxygens (43). The s i x - r i n g s 
are made up of 0^ and 0^ oxygens. Some chemical inequivalence i s , 
therefore, not unexpected. 

Table VI. AOM parameters of r 2 + 

Cu on a C 0 s i t e with s i x 3v oxygens 

Sample 
(cm ) V a i (cm ) V a 2 

CuNaA 
Cu-chab. 

9601 932 
10216 991 

0.10 
0.10 

3582 1077 
2953 1027 

0.30 
0.35 

Conclusions 

2+ 
The d-d t r a n s i t i o n s and ESR parameters of Cu , coordinated to 
oxygen s i x - r i n g s i n z e o l i t e s , can be explained q u a n t i t a t i v e l y i n the 
framework of the LF and AOM theories i n the point symmetry C ^ , 
provided the l i n e a r JT e f f e c t and SO coupling are taken i n t o 
account. The JT e f f e c t i s a f a r more important perturbation than SO 
coupling. In type I' and type II s i x - r i n g s the 3 oxygens of the 
second coordination sphere have a non-negligible c o n t r i b u t i o n to the 

2+ 
o v e r a l l l i g a n d f i e l d . The LFSE of Cu on a s i x - r i n g i s of the same 
order of magnitude as that of other CuO^ chromophores. There i s no 
s i g n i f i c a n t d i f f e r e n c e between type I f and type II s i x - r i n g s as f a r 

2+ 
as LFSE i s concerned. But the s t a b i l i t y of Cu on a s i x - r i n g 
exceeds i t s expected s t a b i l i t y i n hexagonal prisms. This explains 

2+ 
the preference of Cu f o r s i x - r i n g s i t e s , but cannot explain the 
d i f f e r e n c e i n s i t e occupancies between s i t e s I 1 and II i n z e o l i t e Y. 
We think that long range Madelung e f f e c t s come in t o play. The Cu-0 
bond i s a strong σ bond and a weak ir bond. The LFSE i s somewhat 

2+ 
l a r g e r f o r Cu on type I f s i x - r i n g s than f o r type I I s i x - r i n g s , 
which i s i n d i c a t i v e of a stronger coordinative bond. Conversely, the 
JT d i s t o r t i o n i s more pronounced f o r type II s i x - r i n g s , at l e a s t 
judged from the JT s t a b i l i s a t i o n energy. When a l l the data are taken 
together the d i f f e r e n c e s i n bonding c h a r a c t e r i s t i c s between type I 1 

and type II s i x - r i n g s are minor. 
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Chapter 14 

Effect of Alkali Metal Cations 
on Silicate Structures in Aqueous 

Solution 

Α. V. McCormick, A. T. Bell, and C. J . Radke 

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

Berkeley, CA 94720 

By means of 29Si NMR spectroscopy, it is established 
that the distribution of silicate anions in alkaline 
silicate solutions is a moderate function of base 
composition. At a fixed SiO2 concentration and 
silicate ratio, the proportion of Si present in 
oligomeric and cage-like structures increases in 
progressing from Li to Cs hydroxide. This trend is 
ascribed to cation-silicate anion pairing and to a 
higher selectivity for ion pairing by large silicate 
anions as cation size increases. 

I t i s widely b e l i e v e d that the n u c l e a t i o n and growth of z e o l i t e s 
occur through the reactions of d i s s o l v e d s i l i c a t e and a l u m i n o s i l i c a t e 
anions (1.2). Supporting t h i s view, s e v e r a l experimental studies 
have shown that the st r u c t u r e of d i s s o l v e d s i l i c a t e species can 
infl u e n c e the st r u c t u r e of s o l i d a l u m i n o s i l i c a t e intermediates 
present i n the g e l from which a z e o l i t e may form (3-5) . As a 
consequence, determination of the st r u c t u r e and d i s t r i b u t i o n of such 
anionic species has become a subject of considerable i n t e r e s t . 

29 
Studies u t i l i z i n g S i NMR have revealed a wide v a r i e t y of s i l i c a t e 
species i n aqueous s o l u t i o n s of s i l i c a at high pH (1.6-10). Anions 
resembling the secondary b u i l d i n g u n i t s of z e o l i t e s have been 
observed and i t has been shown that the concentrations of these 
species, as w e l l as others, are h i g h l y s e n s i t i v e to the pH of the 
s o l u t i o n (7.9). The str u c t u r e s of a l u m i n o s i l i c a t e s are l e s s w e l l 
known than those of s i l i c a t e s but some information about the simpler 

29 27 
a l u m i n o s i l i c a t e s has been obtained from S i and A l NMR (11.12). 

Cation s i z e and charge are known to infl u e n c e the s e l e c t i v i t y of 
z e o l i t e synthesis (1). For instance, f a u j a s i t e synthesis i s quite 
s p e c i f i c to sodium systems, whereas z e o l i t e L i s formed i n the 
presence of potassium. The e f f e c t s of c a t i o n composition on the 
d i s t r i b u t i o n of s i l i c a t e species has been examined by only a few 
authors. Ray and P l a i s t e d (13), using t r i m e t h y l s i l a t i o n / 

0097-6156/88/0368-0222$06.00/0 
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chromatography, have found that the p r o p o r t i o n of s i l i c o n observed 
i n oligomeric species increases as the base i s changed from LiOH to 
CsOH. Differences i n the d i s t r i b u t i o n of s i l i c a t e species of Na 
s i l i c a t e and Κ s i l i c a t e s o l u t i o n s can als o be deduced from 

29 
d i f f e r e n c e s i n the high r e s o l u t i o n S i NMR spectra of Κ s i l i c a t e s 
(8) and Na s i l i c a t e s (9). 

The work presented here was aimed at e s t a b l i s h i n g the i n f l u e n c e 
of d i f f e r e n t a l k a l i metal cations on the d i s t r i b u t i o n of s i l i c a t e 
anions i n aqueous s o l u t i o n s such as those used i n z e o l i t e synthesis. 
Changes i n the extent of s i l i c a t e o l i g o m e r i z a t i o n were i d e n t i f i e d 

29 
using S i NMR spectroscopy. The r e s u l t s obtained i n d i c a t e that the 
inf l u e n c e of c a t i o n composition i s expressed through the formation of 
cation-anion p a i r s . D i r e c t evidence f o r the presence of such ion 
p a i r s has been obtained using a l k a l i metal c a t i o n NMR spectroscopy 
and i s presented elsewher
EXPERIMENTAL 

A l k a l i metal s i l i c a t e s o l u t i o n s were prepared from Baker analyzed 
SiO^ g e l , reagent grade a l k a l i metal hydroxides, and deionized water. 
Stock s o l u t i o n s at about 3 mol% SiC>2, Si0 2/M 20 = 3 (M - a l k a l i metal) 
were aged i n polypropylene b o t t l e s f o r periods of s e v e r a l weeks, to 
assure that a l l the SiC^ had d i s s o l v e d . Samples were then 
formulated with extra water and base to achieve a d e s i r e d 
composition. 

29 
S i NMR spectra were obtained with a Bruker AM-500 

spectrometer at 99.36 MHz. About 100 70° pulses were used with 
r e l a x a t i o n delays of about 5 times the s p i n - l a t t i c e r e l a x a t i o n time, 
T^. Values of T^ were estimated from i n v e r s i o n recovery 
experiments. Relaxation times v a r i e d from 0.5 s f o r very a l k a l i n e 
Na s i l i c a t e s to 7 s f o r L i s i l i c a t e s . A l l spectra were recorded at 
room temperature. 

A glass membrane electrode was used to measure the pH of the 
s i l i c a t e s o l u t i o n s . Adsorption of the smaller a l k a l i metal cations, 
K, Na, and L i , caused an underestimation of the pH. The pH e r r o r 
reached s e v e r a l pH u n i t s f o r the most a l k a l i n e L i s i l i c a t e samples. 
On the other hand, the e r r o r s f o r Na s i l i c a t e s were around 0.5 pH 
u n i t and the e r r o r s f o r l a r g e r cations were r e l a t i v e l y small. 
Corrections to the measured pH were made by comparison of the 
electrode response f o r the s i l i c a t e s o l u t i o n s with that f o r a l k a l i 
metal hydroxide s o l u t i o n s of known concentration. Since the 
hydroxide content of the base s o l u t i o n s i s known, the i n t e r f e r e n c e 
from c a t i o n adsorption was c a l c u l a t e d and added to the pH measured 
f o r the s i l i c a t e s o l u t i o n s (16). 

RESULTS 

29 
Figures 1, 2, and 3 show S i NMR spectra of a l k a l i metal s i l i c a t e 
s o l u t i o n s with s i l i c a t e r a t i o s (R = [Si0 2]/[M 20] ) of R - 0.4, 1.5, 
and 2.0, r e s p e c t i v e l y . The t o t a l S i 0 9 concentration i s 1.75 mol% 
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29 
Figure 1. S i NMR spectra of 1.75 mol% SiO R=0.4 a l k a l i 
metal s i l i c a t e s o l u t i o n s . 
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29„ Figure 2. S i NMR spectra of 3.0 mol% S i 0 2 , R=1.5 a l k a l i 
metal s i l i c a t e s o l u t i o n s . 
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Figure 3. S i NMR spectra of 3.0 mol% SK>2, R=2.0 a l k a l i 
metal s i l i c a t e s o l u t i o n s . 
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f o r R - 0.4, and 3.0 mol% f o r R = 1.5 and 2.0. Each peak i n these 
spectra represents a d i s t i n c t s i l i c o n environment. In each f i g u r e , 
the chemical s h i f t i s referenced to that of the monomer i n the L i 
s i l i c a t e s o l u t i o n (which appears at 72 ppm r e l a t i v e to TMS). The 
d i s t r i b u t i o n of s i l i c o n c o n n e c t i v i t i e s was determined by i n t e g r a t i n g 

the peaks oc c u r r i n g i n the regions designated by Q 1 i n Figures 1 
through 3 (7) . The r e s u l t s of these c a l c u l a t i o n s are presented i n 

2 3 
Figures 4 through 6. Because Q and Q peaks occur i n overlapping 

2 3 
regions, the amount of s i l i c o n present i n Q and Q environments i s 
shown as a s i n g l e bar. 

The s i l i c a t e s o l u t i o n s at R - 0.4 e x h i b i t only three peaks, 
assignable to the monomer, dimer and c y c l i c trimer (9). The l i n e a r 

2 
trimer i s r u l e d out becaus
l a r g e r cations produce
than do the smaller c a t i o n s  spectru  F i g
ought not be compared d i r e c t l y with the other spectra, since a 
s u b s t a n t i a l amount of l i t h i u m i n o s i l i c a t e p r e c i p i t a t e d from the 
s o l u t i o n . The r e s u l t i n g supernatant s o l u t i o n was found to have a 
composition of only 0.03 mol% SiO^ and a s i l i c a t e r a t i o of 0.02. 

The peaks i n the spectra of Figure 1 become p r o g r e s s i v e l y 
s h i e l d e d with i n c r e a s i n g c a t i o n s i z e ; the monomer peak i s about 1.5 
ppm f u r t h e r s h i e l d e d i n the Cs s i l i c a t e s o l u t i o n compared to the Na 
s i l i c a t e s o l u t i o n . This trend i s r e a d i l y apparent only at low 
values of s i l i c a t e r a t i o and so i s not seen i n F i g s . 2 and 3. I t i s 
a l s o apparent from F i g . 1 that the f u l l width at h a l f maximum (FWHM) 
of the peaks i s a strong f u n c t i o n of the c a t i o n . The FWHM i s large 
i n the presence of intermediate s i z e cations (Na and K) and i s small 
i n the presence of L i and Cs. 

At R = 1.5 the spectra^ d i s p l a y resonances i n a l l of the 
c o n n e c t i v i t y regions except Q ( -34 ppm). As the c a t i o n s i z e 
increases, s i l i c o n i s d i s p l a c e d from lower c o n n e c t i v i t y states to 

3 3 
states with Q and Q c o n n e c t i v i t y . At R - 2.0, the amount of S i 

3 0 1 i n the Q environment increases whereas the amounts i n Q , Q , and 
2 

Q environments decrease with i n c r e a s i n g c a t i o n s i z e . The p o r t i o n 
2 3 

of S i i n the sum of the Q and Q environments decreases, but i t i s 
3 

evident from the spectra that the strong Q resonance at -18 ppm, 
assignable to the prismatic hexamer (8.), increases with c a t i o n s i z e . 
Hence we observe that the population of cagelike species increases at 
the expense of smaller chain species with i n c r e a s i n g c a t i o n s i z e . 

To i n v e s t i g a t e whether the a d d i t i o n of a n e u t r a l a l k a l i metal 
s a l t causes a r e d i s t r i b u t i o n of the s i l i c a t e species, a 1.75 mol% 
Si02, R = 0.4 Cs s i l i c a t e s o l u t i o n was doped with 46 wt% L i C l 
s o l u t i o n to achieve l i t h i u m c a t i o n mole f r a c t i o n s of 0.42 and 0.59. 
The r e s u l t i n g c o n n e c t i v i t y d i s t r i b u t i o n s obtained from band 
i n t e g r a l s are shown i n Figure 7. This f i g u r e shows that L i a d d i t i o n 
causes a moderate depolymerization of the s i l i c a t e species present 
i n the Cs s i l i c a t e s o l u t i o n . 
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Figure 4. The influence of the c a t i o n on the d i s t r i b u t i o n of 
S i among the c o n n e c t i v i t y states at the composition 1.75 mol% 
SiO„, R=0.4. 
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Figure 5. The influence of the c a t i o n on the d i s t r i b u t i o n of 
S i among the c o n n e c t i v i t y states at the composition 3.0 mol% 
SiO R=1.5. 
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The pH of the s i l i c a t e s o l u t i o n s with R = 2.0 and R - 1.5 are 
given i n Table 1. The l i s t e d values are c o r r e c t e d f o r c a t i o n 
i n t e r f e r e n c e . Accurate pH determinations f o r L i s i l i c a t e s o l u t i o n s 
and s i l i c a t e s o l u t i o n s f o r which R = 0.4 could not be made because 
the e r r o r due to c a t i o n i n t e r f e r e n c e was on the order of 2 pH u n i t s . 

Since cation-adsorption induced e r r o r s i n pH measurements were 
small at R — 2.0, the c o r r e c t e d pH values f o r these s o l u t i o n s were 
used to estimate the average charge per S i atom i n s o l u t i o n . This 
was done by s u b t r a c t i n g the OH concentration, determined from the 
pH, from the t o t a l anion concentration r e q u i r e d to balance the 
concentration of cations i n s o l u t i o n and then d i v i d i n g by the 
concentration of d i s s o l v e d SiO^. (The pH values f o r R - 1.5 are not 
considered p r e c i s e enough f o r t h i s c a l c u l a t i o n but are u s e f u l i n 
d i s c e r n i n g whether monotonie pH changes with c a t i o n s i z e occur.) As 
shown i n Table 1, these c a l c u l a t i o n s i n d i c a t e that the average 
charge per s i l i c o n atom does not decrease as the c a t i o n s i z e 
increases. 

DISCUSSION 

The r e s u l t s presented i n Figures 1-3 demonstrate that the 
d i s t r i b u t i o n of s i l i c a t e anions i n 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 i s 
a f f e c t e d to a moderate degree by the choice of the a l k a l i metal 
c a t i o n . I t i s evident from Figures 4-6 that the p r o p o r t i o n of S i 
present i n s i n g l e and double rings increases progressing from L i to 
Cs, i . e . , i n the d i r e c t i o n of i n c r e a s i n g c a t i o n radius. Further 
demonstration that c a t i o n composition influences the d i s t r i b u t i o n of 
s i l i c a t e s t r u c t u r e s i s evident from Figure 7, which shows the e f f e c t s 
of i n t r o d u c i n g + L i C l to a Cs s i l i c a t e s o l u t i o n . With i n c r e a s i n g 
presence of L i cations there i s a moderate r e d i s t r i b u t i o n of the 
s i l i c a t e anions to^lower molecular weight species. Figure 7 shows as 
w e l l that when L i c o n s t i t u t e s 59% of the cations i n s o l u t i o n there 
i s a notable decrease i n the proportion of c y c l i c trimer r e l a t i v e to 
dimer anions. The present r e s u l t s are c o n s i s t e n t with those 
of Ray and P l a i s t e d (13), who showed by means of t r i m e t h y l s i l a t i o n / 
chromatography that the f r a c t i o n of S i present i n oligomeric 
s t r u c t u r e s increases with i n c r e a s i n g c a t i o n s i z e . Also, i n 
agreement with the trends of the present work, these authors 
observed that the a d d i t i o n of KC1 to a Na s i l i c a t e s o l u t i o n r e s u l t e d 
i n a modest increase i n the degree of s i l i c a t e o l i g o m e r i z a t i o n . 

Since pH i s known to influence s t r o n g l y the d i s t r i b u t i o n of 
s i l i c a t e anions i n a l k a l i n e s o l u t i o n s (7.9), one might expect the 
observed changes i n s i l i c a t e anion d i s t r i b u t i o n with c a t i o n s i z e to 
be a r e s u l t of changes i n pH. Reference to Table 1 shows, however, 
that f o r a f i x e d s i l i c a t e r a t i o , the pH of the s o l u t i o n s i s 
r e l a t i v e l y independent of the base composition and c e r t a i n l y does 
not increase with c a t i o n s i z e , as might be expected from a 
c o n s i d e r a t i o n of hydroxide d i s s o c i a t i o n constants (17). This 
suggests that the influence of c a t i o n composition i s a consequence 
of d i r e c t cation-anion i n t e r a c t i o n s , rather than an e f f e c t of pH. 

I t i s w e l l known that cation-anion p a i r s can form i n 
concentrated s o l u t i o n s of i o n i c compounds (18). The extent of i o n 
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Figure 6. The influence of the c a t i o n on the d i s t r i b u t i o n of 
S i among the c o n n e c t i v i t y states at the composition 3.0 mol% 
S i 0 2 , R=2.0. 

Table 1. pH of S i l i c a t e Solutions 

Cation pH Charge/Si 

3 mol% S i 0 2 , R=2 0 

Na 12.8 0 46 
Κ 13.0 0 46 
Rb 13.2 0 45 
Cs 13.0 0 47 

3 mol% S i 0 2 , R=l 5 

Na 14.1 _ 

Κ 13.6 -
Rb 13.7 -
Cs 13.9 -
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Figure 7. The influence of L i C l a d d i t i o n on the d i s t r i b u t i o n 
of S i among the c o n n e c t i v i t y states of the Cs s i l i c a t e s o l u t i o n 
with the composition 1.75 mol% S i 0 0 , R=0.4. 
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concentrated s o l u t i o n s of i o n i c compounds (18)· The extent of i o n 
p a i r formation increases with i n c r e a s i n g i o n concentration, 
decreasing c a t i o n s i z e , and decreasing d i e l e c t r i c strength of the 
solvent (18). Kinrade and Swaddle (19) have invoked the proximity 
of a l k a l i metal cations to s i l i c a t e s to e x p l a i n anomalously short 
29 

S i s p i n l a t t i c e r e l a x a t i o n times. D i r e c t evidence of p a i r i n g 
between a l k a l i metal cations and s i l i c a t e anions has r e c e n t l y been 
presented by McCormick et a l . (14) using a l k a l i metal NMR 
spectroscopy (14). The formation of cation-anion p a i r s was found to 
infl u e n c e both the chemical s h i f t and s p i n - r e l a x a t i o n time of the 
ca t i o n . A d d i t i o n a l manifestations of i o n p a i r i n g were observed i n 
studies of the s i l i c o n s p i n r e l a x a t i o n and exchange between s i l i c a t e 
anions (15.) . This work revealed that cation-anion contacts a f f e c t 
the s i l i c o n values, an e f f e c t also seen i n Figure 1. 

The way i n which cation-anion p a i r s might inf l u e n c e the 
d i s t r i b u t i o n of s i l i c a t
r e a c t i ons 1-5 below: 

1. M~ + H 20 - M + OH" 
2. M + M* - D" + H 20 
3. D" + H O - D + OH* 
4. M" + c* = CM 

5. D" + C + - CD 

Here M and D represent the anionic species Si(0H)^0 and 
(H0)^Si0Si(0H) 20 , r e s p e c t i v e l y , and M and D are the corresponding 
n e u t r a l species Si(OH)^ and ( H 0 ) 3 S i 0 S i ( 0 H ) 3 . C i s the c a t i o n and 

CM and CD are cation-anion p a i r s formed with M and D , 
r e s p e c t i v e l y . I t i s recognized that reactions 1-5 exclude the 
p o s s i b i l i t y that M and D e x i s t i n mu l t i p l y , as w e l l as s i n g l y , 
i o n i z e d s tates; to include such m u l t i p l y i o n i z e d species would 
complicate the subsequent di s c u s s i o n , without c o n t r i b u t i n g 
a d d i t i o n a l i n s i g h t . 

Reactions 1-3 i n d i c a t e that d i m e r i z a t i o n i s p r e f e r r e d at low 
pH. I f one includes reactions f o r the formation of higher order 
oligomers and t h e i r n e u t r a l i z a t i o n ( i . e . , the analogs of r e a c t i o n 2 
and 3), then i t i s concluded that the extent of o l i g o m e r i z a t i o n 
increases with decreasing pH. This trend i s i n e x c e l l e n t agreement 
with the l i t e r a t u r e on s i l i c a t e chemistry (7.9.20) and i s 
exemplified by the r e s u l t s presented i n Figures 1-3 f o r i n d i v i d u a l 
c a t i o n s . 

Reactions 4 and 5 represent the formation of cation-anion 
p a i r s . I f the e q u i l i b r i u m constants f o r these r e a c t i o n s , and Κ,., 
are i d e n t i c a l , cation-anion p a i r formation w i l l have no inf l u e n c e on 
the extent of di m e r i z a t i o n at a f i x e d pH. On the other hand, i f 
K^/K^ > 1, then the formation of dimers w i l l be enhanced. The 
question to be posed, then, i s what i s the e f f e c t of c a t i o n s i z e on 

and K,., and more importantly, on K^/K^. 
Based on Bjerrum's model of i o n p a i r i n g (18), i t i s expected 

that the e q u i l i b r i u m constant f o r i o n p a i r formation of a given 
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anion with a c a t i o n decreases with i n c r e a s i n g c a t i o n s i z e . As a 
consequence and would both be expected to decrease i n 
magnitude as one proceeds from L i to Cs . D i r e c t experimental 
confirmation of t h i s trend i s not a v a i l a b l e , but support f o r i t can 
be i n f e r r e d from the f o l l o w i n g observations. F i r s t , the 
p r e c i p i t a t i o n of the L i i n o s i l i c a t e s a l t at s o l u t i o n compositions (R 
— 0.4) which remain s t a b l e i n the presence of l a r g e r cations 
i n d i c a t e s that L i cations b i n d to small s i l i c a t e anions more 
st r o n g l y than do l a r g e r c a t i o n s . Second, using a Born-Haber c y c l e 
and measured heats of formation of a l k a l i metal o r t h o s i l i c a t e s (21) > 
we have estimated that the heat of formation of a L i OSi i o n p a i r i s 
25.5 kcal/mol higher than that of a Κ OSi p a i r i n the absence of 
the moderating e f f e c t s of hydration. From t h i s we would i n f e r that 

f o r L i i s l a r g e r than f o r Κ . 
For hard sphere ions, the ion p a i r i n g e q u i l i b r i u m c o e f f i c i e n t 

i s roughly i n v e r s e l y p r o p o r t i o n a l to the distance between charge 
centers i n the i o n p a i r
that f o r hard spheres K^/K^
S i l i c a t e anions, though, cannot be t r e a t e d as s p h e r i c a l . Cations 
may attach at small charged s i t e s on the surface of the anion, and 
as a consequence the distance between charge centers i s an unknown 
f u n c t i o n of the c a t i o n s i z e . 

The e f f e c t s of c a t i o n s i z e on K^/K^ f o r s i l i c a t e anions cannot 
be determined d i r e c t l y , since the necessary thermochemical 
information i s unavailable. I n d i r e c t evidence f o r an increase i n 
K,-/K̂  with i n c r e a s i n g c a t i o n s i z e can be drawn, however, from NMR 
observations of the i n t e r a c t i o n s between a l k a l i metal cations and 
s i l i c a t e anions (14). These studies i n d i c a t e that o^igomeric anions 
s h i e l d the nucleus of Cs more e f f i c i e n t l y than Na and that Cs -
s i l i c a t e p a i r i n g e x h i b i t s higher s e l e c t i v i t y f o r large oligomers than 
does Na - s i l i c a t e p a i r i n g . Moreover, Liebau (22) has suggested that 
large p o l a r i z a b l e cations can b i n d more e f f e c t i v e l y than small 
cations with r i g i d r i n g and cage s i l i c a t e anions. Thus we are l e d 
to propose that K^/K^ can increase with c a t i o n s i z e to cause the 
observed anion d i s t r i b u t i o n s h i f t to l a r g e r s i l i c a t e s . 

The information presented i n Table 1 i n d i c a t e s that f o r a f i x e d 
s i l i c a concentration and s i l i c a t e r a t i o , the pH and thus the average 
negative charge per d i s s o l v e d S i atom i s nearly independent of c a t i o n 
composition. Since the extent of s i l i c a t e o l i g o m e r i z a t i o n increases 
proceeding from L i to Cs , t h i s implies that the negative charge per 
s i l i c a t e anion increases with c a t i o n s i z e . Estimates of t h i s e f f e c t 
show that at R - 2.0, the average charge per anion i n the C s - s i l i c a t e 
s o l u t i o n i s 8-10% greater than that i n the L i - s i l i c a t e s o l u t i o n . The 
corresponding increase i n average charge per anion i s about 31% at R 
- 1.5. 

Further evidence f o r the change i n average charge per anion 
with i n c r e a s i n g c a t i o n s i z e can be drawn from the observed increase 
i n the chemical s h i f t ( i n c r e a s i n g s h i e l d i n g ) of the peaks with 
i n c r e a s i n g c a t i o n s i z e , shown i n Figure 1. H a r r i s (8) has observed 
that the s h i e l d i n g of S i n u c l e i increases with solu t e concentration 
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at a constant silicate ratio. Since the pH (23) and the silicate 
distribution [9] remain roughly constant in such a case, the 
observed shift can be attributed to an increase in the charge on 
each anion. This suggests that the shielding of the Si nucleus 
increases in the order =SiOH < =SiO . Thus the shielding trend 
observed in Figure 1 is consistent with the theory that the silicate 
anions in the Cs-silicate solution have a greater number of ionized 
surface oxygens than in the Na-silicate solution. 

CONCLUSIONS 

The distribution of silicate anions in alkaline silicate solutions 
changes with the composition of the base. At a fixed SiO^ 
concentration and silicate ratio, the proportion of Si present in 
high molecular weight and cage-like structures increases in 
progressing from Li to Cs hydroxide. This trend is ascribed to 
cation-silicate anion pairin
pairing by large silicat
elementary estimate of the energetics of ion pairing confirm that 
major differences in pairing equilibrium are to be expected as the 
cation size is changed. Increasing cation size also increases the 
degree of ionization of individual anion structures. These trends 
may contribute to the cation selectivity of zeolite synthesis. 
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Chapter 15 

An All-Silica Molecular Sieve 
That Is Isostructural 

with AlPO4-5 

Robert A. Van Nordstrand, Don S. Santilli, and Stacey I. Zones 

Process Research Department, Chevron Research Company, 
Richmond, CA 94802 

The aluminum phosphat
subject of much recen
the tetrahedral Al and Ρ has been accomplished leading to the 
SAPO-5 sieves. Now an all-silica sieve, SSZ-24, has been 
found which is isostructural with AlPO4-5. Syntheses, XRD 
patterns and unit cell parameters, IR spectra, SEM photos and 
adsorption properties of AlPO4-5 , SAPO-5 and SSZ-24 are 
compared. Although many organic templates and a wide variety 
of synthesis conditions lead to AlPO4-5, and many elements 
may be substituted for a significant portion of its 
tetrahedral Al or P, the conditions for synthesis of SSZ-24 
are very restricted; only one type of organic template has 
proven successful, and substitution for the tetrahedral Si is 
very limited. Adsorption studies show that both AlPO4-5 and 
SSZ-24 have a preference for 2,2-dimethylbutane over 
n-hexane, in contrast to most large pore molecular sieves. 
IR spectra in the lattice vibration range are significantly 
different. 

The c o m p o s i t i o n , s y n t h e s i s , p r o p e r t i e s and s t r u c t u r e o f t h e a l u 
minum p h o s p h a t e m o l e c u l a r s i e v e AlPO^-5 have been r e p o r t e d o v e r 
t h e p a s t f i v e y e a r s by w o r k e r s a t th e U n i o n C a r b i d e C o r p o r a t i o n 
( 1 - 5 ) . The SAPO s e r i e s o f s i e v e s , r e p o r t e d by Lok, M e s s i n a , 
P a t t o n , G a j e k and F l a n i g e n ( 6 , 7 ) , c o n t a i n s S i s u b s t i t u t e d i n AlPO ( 

s t r u c t u r e s . There have been some s t u d i e s r e g a r d i n g t h e l o c a t i o n 
o f s i l i c o n i n t h e s e s t r u c t u r e s . Two p o s s i b i l i t i e s have been 
c o n s i d e r e d - f i r s t , t h e r e p l a c e m e n t o f an o c c a s i o n a l P v by a S i I V 

t o p r o d u c e a s t r o n g a c i d s i t e - and se c o n d , t h e r e p l a c e m e n t o f a 
p a i r , A l 1 1 1 - P V , b y a p a i r , S i I V - S i I V , t o p r o d u c e a n e u t r a l o r 

0097-6156/88/0368-0236$06.00/0 
© 1988 American Chemical Society 
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a much weaker a c i d s i t e (8) · T h i s p a i r - r e p l a c e m e n t c o n c e p t may 
f a c e c r i t i c i s m a s i t b r i n g s a b o u t t h e P-O-Si l i n k a g e w h i c h 
F l a n i g e n (9) has c h a r a c t e r i z e d as " u n l i k e l y " . R e c e n t work o f 
M a r t e n s , M e r t i n s , G r o b e t and J a c o b s (10) s u g g e s t s t h a t s y n t h e s i s 
o f SAPO-5 may o c c u r w i t h r e p l a c e m e n t o f up t o 40% o f t h e A l - P 
p a i r s by S i - S i p a i r s , t h e s i l i c a e x i s t i n g i n s m a l l c l u s t e r s t h a t 
r e t a i n t he A1P0 4~5 s t r u c t u r e . Now an a l l - s i l i c a s i e v e , SSZ-4, i s 
f o u n d w i t h t h e A l P 0 4 ~ 5 s t r u c t u r e ( 1 1 , 1 2 ) . 

D e t a i l s o f s y n t h e s i s , XRD p a t t e r n s and u n i t c e l l p a r a m e t e r s , 
SEM p h o t o s , IR s p e c t r a and a d s o r p t i o n p r o p e r t i e s o f A l P O ^ - 5 , 
SAPO-5 and SSZ-24 a r e compared. 

SSZ-24 may be t h e f i r s t i n s t a n c e i n w h i c h a s i l i c a t y p e s i e v e 
has been d i s c o v e r e d a f t e r i t s A l P 0 4 s t r u c t u r a l a n a l o g was known. 
The r e v e r s e sequence i s w e l l known, A l P 0 4 s t r u c t u r a l a n a l o g s b e i n g 
f o u n d f o r p r e v i o u s l y know
l i t e , g i s m o n d i n e , l e v y n i t

A r e l a t e d sequence i n v o l v e s t h e s o d a l i t e s t r u c t u r e . Here t h e 
s t r u c t u r e was d e t e r m i n e d f o r s o d a l i t e ( A l : S i = 1 : 1 ) . A l P O 4 - 2 0 was 
t h e n d i s c o v e r e d , w i t h t h e same s t r u c t u r e . And more r e c e n t l y B i b b y 
and D a l e (13) have r e p o r t e d an a l l - s i l i c a form o f s o d a l i t e . 

S y n t h e s i s 

The A l P 0 4 - 5 s y n t h e s i s t a k e s p l a c e s t a r t i n g w i t h p h o s p h o r i c a c i d , 
aluminum h y d r o x i d e ( p seudoboehmite) and an o r g a n i c t e m p l a t e s u c h 
as t e t r a p r o p y l a m m o n i u m c a t i o n . The pH s t a r t s o u t on t h e a c i d 
s i d e , g o i n g g r a d u a l l y t o n e u t r a l . A w i d e v a r i e t y o f t e m p l a t e s may 
be used. C o n d i t i o n s s u c h as t e m p e r a t u r e , d i l u t i o n and a g i t a t i o n 
may be v a r i e d w i d e l y . 

C o n d i t i o n s f o r s y n t h e s i s o f SAPO-5 a r e n o t as f l e x i b l e , i f 
one i s c o m m i t t e d t o i n t r o d u c i n g s i l i c o n i n t o t h e s t r u c t u r e . The 
modes o f S i i n t r o d u c t i o n m e n t i o n e d above, i s o l a t e d S i o r p a i r w i s e 
S i ( e v e n c l u s t e r S i ) e a c h r e q u i r e s p e c i a l and r e s t r i c t e d s y n t h e s i s 
c o n d i t i o n s . 

C o n d i t i o n s f o r s y n t h e s i s o f t h e a l l - s i l i c a v e r s i o n o f A l P 0 4 - 5 
(SSZ-24) a r e s t i l l more c r i t i c a l and r e s t r i c t e d . The s y n t h e s i s i s 
c a r r i e d o u t on t h e b a s i c s i d e . A c r i t i c a l f e a t u r e i s t h e tem
p l a t e , N,N,N-trimethyl-1-adamantammonium h y d r o x i d e . 

CH 3 

H 3 C - N * - C H 3 
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T h i s t e m p l a t e i s j u s t one o f many d i r e c t i n g t h e s y n t h e s i s t o 
A l P 0 4 - 5 (11) b u t i s t h e o n l y one f o u n d w h i c h d i r e c t s t o SSZ-24. 
As d e s c r i b e d i n t h e p a t e n t s ( 1 1 , 1 2 ) , a p r e f e r r e d r e c i p e f o r 
SSZ-24, g i v e n i n a t o m i c o r m o l e c u l a r r a t i o s , i s : A l / S i = 0.000, Κ 
o r N a / S i = 0.10, t e m p l a t e N / S i = 0.15, H 2 0 / S i = 15 t o 44, 0 H " / S i = 
0.25, C a b o s i l M-5 a s t h e s i l i c a s o u r c e ( C a b o t C o r p . , l e s s t h a n 
2 ppm A l ) , 6 days a t 150-160°C, w i t h o r w i t h o u t m i l d a g i t a t i o n . 
The adamantammonium t e m p l a t e i s f o u n d w i t h i n t h e s i e v e p o r e s y s t e m 
a t a l e v e l w h i c h i n d i c a t e s c o m p l e t e p o r e f i l l i n g . The f o r m u l a f o r 
t h i s o r g a n o - s i e v e i s R N - 2 4 S i 0 2 . Here RN i s trimethy1adamantammo
nium h y d r o x i d e . The c o r r e s p o n d i n g f o r m u l a f o r AlPO^-5 i s 
RN-1 2 A 1 P 0 4 ( 4 ) . Here RN i s tetrapropy1ammonium h y d r o x i d e . 

The r e a s o n f o r t h e n a r r o w c r y s t a l l i z a t i o n f i e l d f o r SSZ-24 i s 
t h e i n t r u s i o n o f f i e l d s o f o t h e r m o l e c u l a r s i e v e s and n o n - p o r o u s 
m a t e r i a l s . W i t h aluminu
( 1 1 , 1 4 ) , SSZ-25 ( 1 1 , 1 5 )
may i n t r u d e . H i g h e r t e m p e r a t u r e s and v i g o r o u s s t i r r i n g a c c e l e r a t e 
t h e Hoffmann d e g r a d a t i o n r e a c t i o n o f t h e q u a t e r n a r y c a t i o n . The 
d e g r a d a t i o n p r o d u c t s l e a d t o o t h e r z e o l i t e s , ZSM-5 and ZSM-39 
( 1 7 ) . These l a t t e r z e o l i t e s a r e found by NMR t o c o n t a i n t h e n e u 
t r a l amine d e g r a d a t i o n p r o d u c t s . Q u a r t z , c r i s t o b a l i t e , arid 
k e n y a i t e have a l s o been p r o d u c e d i n t r y i n g t o d e f i n e t h e c r y s t a l 
l i z a t i o n f i e l d o f SSZ-24. 

SSZ-24 has been p r o d u c e d a l o n g w i t h v a r i o u s i m p u r i t i e s when 
aluminum a t a l e v e l o f A l / S i = 0.01 was i n t r o d u c e d i n t o t h e 
s y n t h e s e s . A v a r i e t y o f aluminum s o u r c e s were used i n c l u d i n g 
aluminum s u l f a t e , m e t a k a o l i n , c o l l o i d a l a l u m i n a d i s p e r s e d on 
s i l i c a ( N a l c o I S J 6 1 2 ) , and even o t h e r z e o l i t e s ( K - L , K-A, and 
K - o f f r e t i t e ) · However, accompanying z e o l i t e s and o t h e r i m p u r i t i e s 
c o u l d n o t a c c o u n t f o r the 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 f o u n d 
i n a c o n s t r a i n t i n d e x t e s t , d e s c r i b e d i n Example 7 o f t h e p a t e n t 
r e f e r e n c e ( 1 2 ) . The a s s u m p t i o n t h e n i s made t h a t t h e c a t a l y s i s i s 
c a u s e d by a l o w a l u m i n a form o f t h e l a r g e p o r e SSZ-24. 

C r y s t a l S t r u c t u r e 

XRD p a t t e r n s o f o r g a n i c - f r e e AlPO^-5 and SSZ-24 a r e shown i n 
F i g u r e 1. The i s o s t r u c t u r a l r e l a t i o n s h i p o f t h e s e two s i e v e s i s 
deduced from t h e m a t c h i n g o f t h e s e powder p a t t e r n s and the match
i n g o f t h e h e x a g o n a l u n i t c e l l s . T a b l e I c o n t a i n s a l i s t o f t h e 
XRD p e a k s and t h e i r h e x a g o n a l i n d i c e s f o r SSZ-24 w i t h and w i t h o u t 
t h e t e m p l a t e . H e x a g o n a l u n i t c e l l p a r a m e t e r s f o r b o t h A l P 0 4 - 5 and 
SSZ-24 a r e g i v e n i n T a b l e I I . 

B o t h d - s p a c i n g s and c e l l p a r a m e t e r s a r e i n a n g s t r o m u n i t s . 
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SSZ-24 

40 35 30 25 20 15 10 5 
Degrees 20, C u Κ α 

Figure 1. X-ray powder d i f f r a c t i o n patterns of AlPO^-5 and 
SSZ-24. 
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T a b l e I . XRD P a t t e r n s f o r SSZ-24 W i t h and 
W i t h o u t t h e Adamantammonium H y d r o x i d e 

W i t h T e mplate C a l c i n e d I n dex 
d I n t e n s i t y d I n t e n s i t y ( h k l ) 

11 .79 98 11.79 100 (100) 
6.81 10 6.82 17 (110) 
5.906 46 5.906 8 (200) 
4.459 100 4.464 34 (210) 
4.148 36 4.162 27 (002) 
3.927 87 3.934 71 (211) 
3.544 4 (112) 
3.406 44 
3.041 13 
2.949 30 2.953 30 (400) 
2.631 5 2.637 4 (222) 
2.574 20 2.576 20 (321) 
2.404 4 2.408 3 (402) 
2.351 7 2.355 6 (213) 
2.152 4 2.156 3 (421) 
2.118 4 2.118 3 (510) 

T a b l e I I . L a t t i c e P a r a m e t e r s f o r t h e 
H e x a g o n a l U n i t C e l l s o f A1P0 4~5 and SSZ-24 

( T e m p l a t e f o r A l P 0 4 - 5 i s t e t r a p r o p y l a m m o n i u m 
h y d r o x i d e . ) 

a c 
A l P 0 4 - 5 

W i t h T e m p l a t e (4) 13.726 8.484 
C a l c i n e d (21) 13.77 8.38 

SSZ-24 
W i t h T e m p l a t e 13.62 8.296 
C a l c i n e d 13.62 8.324 

A l P 0 4 - 5 and SSZ-24 a r e i s o s t r u c t u r a l w i t h t h e p r e d i c t e d 
framework t y p e 81 o f S m i t h ( 1 8 ) . I t i s composed p r e d o m i n a n t l y o f 
6 - r i n g SBU. T h i s i s u n e x p e c t e d i n t h e c a s e o f t h e SSZ-24 b e c a u s e 
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most known h i g h s i l i c a m o l e c u l a r s i e v e s c o n t a i n p r e d o m i n a n t l y 
5 - r i n g SBU. The h i g h s i l i c a c h a b a z i t e , SSZ-13, c a n a l s o be 
p r o d u c e d u s i n g t h i s adamantammonium t e m p l a t e , and c o n s i s t s o f 4-
and 6 - r i n g SBU. T h i s s u g g e s t s t h a t t h e adamantammonium t e m p l a t e 
may c o n t r o l t h e s i l i c a r i n g t y p e i n t h e s y n t h e s i s . A s i m i l a r 
p o i n t was r a i s e d by B i b b y and D a l e (13) r e g a r d i n g t h e absence o f 
5 - r i n g SBU i n t h e i r s i l i c a - s o d a l i t e . 

SEM p h o t o s i n F i g u r e 2 show r e s e m b l a n c e i n m o r p h o l o g y among 
A l P 0 4 - 5 , SAPO-5 and SSZ-24. These p h o t o s , w h i l e t y p i c a l , a r e n o t 
r e p r e s e n t a t i v e o f a l l p r e p a r a t i o n s o f t h e s e m o l e c u l a r s i e v e s , b u t 
were s e l e c t e d t o show t h i s s i m i l a r i t y i n m o r p h o l o g y . 

I n f r a - R e d S p e c t r a 

C o m p a r i s o n s o f t h e IR
p r o v i d e d i n F i g u r e 3.
A l P 0 4 - 5 and a SAPO-5 ( w i t h S i c o r r e s p o n d i n g t o 4% o f t h e Τ 
atoms) . The s p e c t r a were o b t a i n e d on an FT IR i n s t r u m e n t ( D i g i l a b 
F TS-20C). The samples were examined i n t h e form o f KBr d i s c s w i t h 
0.3 mg sample i n 300 mg K B r . The s p e c t r o m e t e r was e q u i p p e d w i t h 
C s l o p t i c s , r e s o l u t i o n 2 cm, w i t h t r i a n g u l a r a p o d i z a t i o n . 

S p e c t r a o f t h e A l P 0 4 - 5 and SAPO-5 show m i n o r d i s t i n c t i o n s . 
However, t h e a b s o r p t i o n maxima o f SSZ-24 a r e s i g n i f i c a n t l y d i s 
p l a c e d f r o m , and a r e s h a r p e r t h a n t h o s e o f t h e p h o s p h a t e s . 

A d s o r p t i o n C h a r a c t e r i s t i c s 

I n i t i a l r e p o r t s on a d s o r p t i o n s t u d i e s s u g g e s t e d t h a t A l P 0 4 ~ 5 has a 
m o d e r a t e l y h y d r o p h i l i c s u r f a c e ( 1 ) . R e c e n t l y , L o h s e , Noack, and 
J a h n (19) have d e s c r i b e d t h e s u r f a c e as n o n - p o l a r b u t s u g g e s t e d 
t h a t t h e aluminum atoms undergo a c h e m i c a l i n t e r a c t i o n w i t h w a t e r . 

The s e t o f t e s t m o l e c u l e s used h e r e f o r p o r t g a u g i n g o f z e o 
l i t e s a l l e n t e r f r e e l y a t room t e m p e r a t u r e i n t o t h e A l P 0 4 ~ 5 , 
SAPO-5, and SSZ-24 s i e v e s . These m o l e c u l e s i n c l u d e s i x C-6 h y d r o 
c a r b o n s - n-hexane ( n C 6 ) , b e n z e n e , 3 - m e t h y l p e n t a n e (3MP), m e t h y l 
c y c l o p e n t a n e , c y c l o h e x a n e and 2, 2 - d i m e t h y l b u t a n e (22DMB) - and 
i s o - o c t a n e . The t o t a l a d s o r p t i o n o f t h i s m i x t u r e o f h y d r o c a r b o n s 
i s a b o u t 0.12 ml/g f o r t h e s e s i e v e s . The a d m i s s i o n o f t h e l a r g e r 
m o l e c u l e s s u c h as 22DMB i s c o m p a t i b l e w i t h t h e 1 2 - r i n g p o r e 
o p e n i n g s o f t h e s i e v e s . 

A s u r p r i s i n g c h a r a c t e r i s t i c o f t h e s e t h r e e s i e v e s was fo u n d 
by u s i n g o u r "por e p r o b e " t e c h n i q u e ( 2 0 ) . A t 127°C t h e c o n t e n t s 
o f t h e p o r e s i n e q u i l i b r i u m w i t h a v a p o r phase e q u i m o l a r mix o f 
22DMB, 3MP and nC6 a r e g i v e n i n T a b l e I I I . The SAPO-5 sample h e r e 
c o n t a i n e d S i c o r r e s p o n d i n g t o 10% o f t h e Τ atoms. 
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Figure 2. SEMs of A1P0 4~5, SAPO-5, and SSZ-24 (top to bottom). 
Photographs courtesy of Lun-Teh Yuen. 
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F i g u r e 3. IR s p e c t r a o f A1PO.-5, SAPO-5, and SSZ-24. 
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Table III. Pore Probe Data at 127°C in Units of mg/g 

SAPO-5 SSZ-24 

22DMB 27 21 26 
3 MP 1 3 1 2 1 5 
nC6 6 9 12 

Other large pore zeolites studied do not show this preference 
for 22DMB over nC6. For example, NaY prefers nC6 over 22DMB by a 
factor of 2.0 under these conditions  The pore structure is the 
common feature in SSZ-24
this preference for branched-chai  hydrocarbons
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Chapter 16 

Silica-Alumina Ratio Effects 
on Zeolite Crystallization 

in the Presence of Trioctylamine 
IR and NMR Characterization 

M . L. Occelli 1, G. P. Ritz1, P. S. Iyer1, and J . V. Sanders2,3 

1Science and Technology Division  Unocal Corporation  P.O  Box 76

2Division of Material Scienc  Technology,
and Industrial Research Organisation, Clayton, Victoria 3168, Australia 

X-ray and NMR analyses of several Si-rich (Na, K, 
TOA)-mordenites and Al-rich (Na,K,TOA)-pentasils did 
not reveal the presence of significant amounts of 
amorphous material or occluded reactants. Phase 
impurities (feldspar) are believed responsible for the 
appearance of a relatively strong band at about 585 
cm-1 in the MID-IR spectra of (Na,K,TOA)-mordenites. 
Shifts to lower frequencies in the T-O band region 
correlates well with the presence of faults in several 
of the mordenite crystals studied. Aluminum-27 MAS 
NMR spectra show a single resonance at 50-53 ppm 
typical of Al(IV) in these zeolites. IR spectra 
indicate that after calcination, the pentasils exhibit 
bands only at 3733 and ~3588 cm-1. After NH4-exchange 
and calcination at 500°C, all the samples examined 
showed an aluminum-27 NMR resonance near 0 ppm typical 
of Al(VI) indicating dealumination of the crystal 
lattice. This is accompanied by IR bands appearing at 
3630-3635 cm-1 in the OH-stretching region. Only when 
in their H-form, do the pentasils show an IR band at 
~3635 cm-1 which, on the basis of Al-NMR results, is 

attributed to stretching vibrations of Al-OH groups 
resulting from extra lattice aluminum generated during 
zeolite activation. 

Alumina - r i ch z e o l i t e s of the pentas i l f ami ly and s i l i c e o u s mordenite 
c r y s t a l s can be synthes ized from near s t o i c h i o m e t r i c hydrogels of 
composit ion A l o 0 ~ : x S i 0 2 : l . 5 Na 2 0:2.2 K 2 0:250 rLO conta in ing four 
moles of t r i o c t y famine (TOA) peT mole Α Ί 2 0 3 (V). Gels with χ <̂  10 
(x = S i 0 2 / A l 2 0 3 ) gave analcime or ana f c ime -o f f re t i t e -morden i te 
mixtures a f t e r heat ing at 150-200°C f o r a per iod of four weeks (1_). 

NOTE: This chapter is part 2 in a series and is based in part on a paper presented at the 
spring meeting of the California Catalysis Society in Berkeley, California, March 1987. 

3Deceased. 
0097-6156/88/0368-0246$08.75/0 
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From hydrogels with χ in the 12-20 range, the c r y s t a l l i z a t i o n of 
mordenite over ZSM-11 i s favored whi le f o r χ in the 20-25 range, the 
oppos i te i s observed; ZSM-5 was obtained from gels with χ = 30 (]_). 
In the synthes i s of z e o l i t e s with the pentas i l s t r u c t u r e , i t i s 
be l ieved that the nuc leat ion step i s i n i t i a t e d by the reac t ion of an 
a l u m i n o s i l i c a t e anion and an organic base (2). Gels prepared 
without (or with very low) Al content w i l l generate weakly charged 
s i l i c a t e anions which cannot react with weakly bas ic protonated 
amines (_3). Thus trioctylammonium cat ions can act as counter ions 
only f o r strong anions l i k e those present in 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 f a c t , the c r y s t a l l i z a t i o n of TOA-containing z e o l i t e s 
with the penta s i l s t ruc tu re requ i res the presence of Al in the gel 
(1 ,3) . As a r e s u l t , when the gel χ value was ra i sed to 60 from 30, 
an amorphous product was obtained (]_). Gels with χ = 1000 y i e l d e d 
magadiite (NaS iyO^OHj-HpO) instead of s i l i c a l i t e c r y s t a l s ( 1_). It 
i s the purpose of t h i s paper to i nve s t i g a te and report the use of IR 
and NMR techniques in
synthes ized from TOA-containin

Experimental 

A l l c r y s t a l l i z a t i o n react ions were performed at 150-200°C f o r 7d, in 
750 ml t e f l o n - l i n e d autoclaves equipped with a magnetic s t i r r i n g 
mechanism ( J _ ) . Gels were prepared by d i s s o l v i n g commercial grade 
NaA10 2 ( conta in ing 25% HJ3) i n to a mixed Na0H-K0H a l k a l i n e s o l u t i o n . 
Fol lowing t r i o c t y l am ine ^ ^ ^ H r - j N ) a d d i t i o n , c o l l o i d a l s i l i c a (Ludox 
HS-40) was introduced dropwTsë; the gel formed was f i r s t al lowed to 
co ld age f o r lOh and then placed in the autoc lave f o r 
c r y s t a l l i z a t i o n . TOA-containing c r y s t a l s with low S i / A l r a t i o are 
hydrophobic and tend to agglomerate into large p a r t i c l e s during the 
washing step {]_). Excess reactants (NaOH and Κ0Η) occ lu s i on in 
these aggregates occur and, as a r e s u l t , the c r y s t a l s Al/(Na+K+T0A) 
r a t i o often exceed 1.0 (1) . A f t e r c a l c i n a t i o n at 600°C/10h in a i r , 
c r y s t a l s were reacted with a 1M NH-N0- s o l u t i o n ; Η - z e o l i t e s were 
obtained by heating f o r lOh the NH,-exc7ianged c r y s t a l s at 500°C in 
a i r . Results have been summarized in Table I. 

TABLE I. Surface Area (SA) and Crys ta l Composition 
(per A1 ? 0~ mole) Before and A f t e r 

NH^-ExchangeSnd C a l c i n a t i o n at 500°C/10h (]_) 

s Gel χ Before Exchange After Exchange Açea 
mVg 

Phase(s) 
No. Value Na20 (T0A)o0 S i 0 2 Na30 

Açea 
mVg Present 

1. 6 5.0 1.1 0.03 0.01 4.7 0.82 0.03 _ _ Analcime 
2. 12 9.2 0.38 0.67 0.28 10.6 • * 440 Morden. +Q+F 
3. 15 8.4 0.41 0.51 0.33 9.5 0.29 0.03 293 Mordenite 
4. 15 13.3 0.84 0.0 0.08 13.3 * 0.0 432 Mordenite 
5. 15 0.00 10.4 0.03 * 441 Mordenite 
6. 20 17.3 0.58 0.53 0.10 16.9 * * 409 Mordenite 
7. 24 20.0 0.78 0.0 0.25 19.9 • * 359 ZSM-ll+ZSM-5 
8. 24 21.1 0.49 0.50 0.22 21.4 * • 390 ZSM-ll+M 
9. 24 21.2 0.61 0.49 0.00 20.1 • 336 ZSM-11 
10. 30 27.1 0.47 0.43 0.23 28.2 * * 357 ZSM-5 
11. 60 Amorphous 
12. 1000 14.0 1.0 17 Magadiite 
*Less than 0.01; Q = Quartz; M = Mordenite; F = Feldspar 
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E lec t ron d i f f r a c t i o n patterns o f heav i l y and weakly f a u l t e d 
mordenite c r y s t a l s were obtained with a JEOL 100 CX transmiss ion 
e l e c t r o n microscope f i t t e d with a top entry two-axis t i l t i n g stage 
and a UHR o b j e c t i v e pol p iece (C = 0.7 mm). In t h i s s i t u a t i o n , 
e l e c t r o n d i f f r a c t i o n patterns can be obtained from c r y s t a l s t i l t e d 
by about ± 35° from the h o r i z o n t a l . Experimental d e t a i l s have been 
d iscussed elsewhere (2). 

Mid-IR spectra were obtained using the KBr wafer technique and 
a Ni col et 3600 spectrometer. Z e o l i t e s were used a f t e r dry ing in a i r 
at 100°C or in t h e i r Η - fo rm. At l e a s t two spectra were obtained 
from each sample before accept ing the r e s u l t s as being 
representa t i ve o f the z e o l i t e under study. Surface a c i d i t y was 
examined with a N i c o l e t 170 SX spectrometer. As with m i d - i n f r a r e d 
da ta , spectra were acquired with 2 cm" r e s o l u t i o n (8192 data 
po int s ) and apodised usirw the Happ-Genzel a l gor i thm. S e l f 
support ing wafers (4-8 mg/cm in dens i ty ) were prepared by press ing 
samples between 25 mm
lbs pressure. P r i o r t
in an o p t i c a l c e l l and degassed by heat ing at 200°C f o r 2h at 10" 
t o r r . The pyr id ine - l oaded wafers were then heated ( in vacuo) in the 
200-500°C temperature range f o r per iods of l h and the spectra 
recorded at each temperature. Spectra of the 0-H s t r e t c h i n g region 
were smoothed with a f i v e points Sav i tzky -Gro lay a lgor i thm and 
base l ine s lope c o r r e c t e d ; peak i n t e n s i t i e s were normalized to the 
sample dens i t y . 

S i l i c o n - 2 9 NMR spectra were recorded at 53.7 MHz on an IBM 
AF-270 FTNMR spectrometer equipped with Doty S c i e n t i f i c MAS s o l i d s 
probe. Samples were spun in c y l i n d r i c a l 7mm alumina ( saphire) 
ro tors equipped with vespel caps at 3.0 to 3.5 kHz. Since ne i the r 
high power proton decoupl ing nor c r o s s - p o l a r i z a t i o n ((CP) was 
employed, the observed s igna l i n t e n s i t i e s are uncorrected f o r the 
pos s ib le presence of Si -OH groups. A 60° pulse (6 ys) and 5 sec 
r e c y c l e delay was used in a l l cases. 2K data points were acquired 
dur ing a 51 msec a c q u i s i t i o n time (corresponding to 20 kHz spect ra l 
width) and zero f i l l e d to 4K data points with apod izat ion equ iva lent 
to 20-50 Hz l i n e broadening app l ied p r i o r to Four ie r t rans format ion. 
Chemical s h i f t s were referenced to externa l TMS (taken as 0.0 ppm) 
by sample exchange using a secondary standard (set to -108.2 ppm). 

Experimental S i l i c o n - 2 9 NMR s i gna l s were deconvoluted i n to 
Gaussian components using the LINESIM program (courtesy of Dr. Peter 
Barron, G r i f f i t h U n i v e r s i t y , Natham, A u s t r a l i a ) that was wr i t ten f o r 
an ASPECT-3000 computer. The best f i t t i n g s imulated spectra were 
obtained using an i t e r a t i v e simplex r o u t i n e . The S i /A l r a t i o s were 
c a l c u l a t e d from the der ived l i n e i n t e n s i t i e s using the r e l a t i o n : 

S i / A l - I T 0 T / 4 0 . 2 5 n I s i [ n A 1 ] 

n=l 

where IJQJ i s the t o t a l i n t e n s i t y o f the spectrum and ΓηΑΙ 1 i s 

the i n t e n s i t y con t r i bu t i on s from Si atoms with nAl neigMtfors1 in 
t h e i r second coord inat ion sphere. 

The same spectrometer was a l so used to record Aluminum-27 MAS 
NMR spectra at 70.4 mHz. Typ i ca l scan cond i t ions invo lved 18° (1 
ysec) pulse with a r e c y c l e delay of 2 sees to obta in near 
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q u a n t i t a t i v e r e s u l t s . In c a l c u l a t i n g Al (VI)/A1(IV) r a t i o s , i t was 
assumed that sp inning s ide bands (SSB) were of equal i n t e n s i t i e s . 
J u s t i f i c a t i o n f o r t h i s assumption i s based on the observat ion of 
equal i n t e n s i t y SSB in a l l the TOA-contain ing z e o l i t e s . 2K data 
points were acquired over 31 msec acqu i s t i on time (corresponding to 
a sweep width of 33.3 khz) . Data was zero f i l l e d to 4K and 
exponentia l apod izat ion equ iva lent to 50 Hz l i n e broadening app l ied 
before Four ie r t rans format ion . L e f t s h i f t i n g was not performed on 
the acquired data. Samples were spun in 7mm z i r c o n i a ro tors f i t t e d 
with vespel end caps, at 3.0 to 3.5 Mz. Chemical s h i f t s reported 
are referenced to externa l aqueous Al ( H 2 0 ) 6 ( set to 0.0 ppm). 

Results and D i scuss ion 

E lec t ron D i f f r a c t i o n . A v a r i e t y of d i f f e r e n t preparat ions of 
TOA-containing mordenites were examined by TEM in order to compare 
t h e i r morphology and f a u l
mordenite. Natural mordenit
g ive streaks in d i f f r a c t i o n patterns taken at almost any random 
o r i e n t a t i o n , but most s t rong ly in an okl o r i e n t a t i o n , F igure 1A. 
Th i s i s because f a u l t s produce two dimensional sheets of s c a t t e r i n g 
in r e c i p r o c a l space ( £ ) so that the i n t e n s i t y of the streaks i s not 
very s e n s i t i v e to the t i l t o f the c r y s t a l . It i s , t h e r e f o r e , 
pos s ib le to assess q u a n t i t a t i v e l y the concentrat ion o f the f a u l t s by 
the i n t e n s i t i e s of the streaks in the d i f f r a c t i o n pa t te rns . To do 
t h i s , se lec ted c r y s t a l s were t i l t e d in the e l e c t r o n microscope, and 
d i f f r a c t i o n patterns recorded at convenient o r i e n t a t i o n s . The 
examples shown in Figures IB and ID show that samples 3 and 2 (Table 
I) g ive qu i te strong s t reaks , but not as intense as those from the 
natura l mordenite sample, so that the c r y s t a l s must be f a u l t e d , but 
ra ther les s than natura l mordenite. In Figures IE and IF, the 
streaks can j u s t be d i s ce rned , i n d i c a t i n g a very low concentrat ion 
of f a u l t s in these c r y s t a l s . In sample (6) (Table I ) , the 
morphology of the c r y s t a l s i s such that t h e i r c ax i s l i e s p a r a l l e l 
to the e l e c t r o n beam, and i t i s not pos s ib le to obta in d i f f r a c t i o n 
patterns comparable with the o ther s , F igure 1C. 

The morphologies of the c r y s t a l s are shown in F igure 2. The 
natural mordenite i s in the form of very long l a t h s , with the 
channels p a r a l l e l to the length of the c r y s t a l . Sample (2) i s 
s i m i l a r , but with a smal ler length/width r a t i o , F igure 2D. Sample 
(3) cons i s t s of mainly i r r e g u l a r fragments with some short l a t h s , 
F igure 2B. The l a th habi t of i nd i v i dua l c r y s t a l s i s apparent a l so 
in F igure 2F, but the c r y s t a l s a r e , in genera l , aggregated in to 
i r r e g u l a r l y shaped f l a t p a r t i c l e s (1_). 

L a t t i c e V i b r a t i o n s . The IR spectra f o r anal cime in the framework 
absorpt ion region i s shown in Figure 3. Frequency s h i f t s observed 
with respect to publ i shed r e s u l t s (3) are a t t r i b u t e d to the sample's 
higher (4.7 vs 4.0) S i 0 2 / A l 2 0 3 r a t i o . IR l a t t i c e v i b r a t i o n a l bands 
and spectra f o r mordenites ana pen ta s i l s with d i f f e r e n t S i 0 2 / A l 2 0 3 

r a t i o s are given , in Table II and -f igures 4-7. Bands at 950-1250 
cm" , 650-720 cm" and 420-500 cm have been assigned by F lanigen 
and coworkers (3,4) to asymmetric s t r e t c h i n g , symmetric s t r e t c h i n g 
and A l - 0 and ST^O bending v i b r a t i o n s in i n te rna l A10, and SiO-
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Figure 1. E lec t ron d i f f r a c t i o n patterns of severa l mordenite 
c r y s t a l s . (A) Natural mordenite from H i ckno i , New Zealand, 
(B) Sample 3, (C) Sample 6, (D) Sample 2. Fau l t i ng in the 
c r y s t a l s produces streaks in the d i f f r a c t i o n pa t terns . Since 
these s treaks come from sheets of d i f f u s e s c a t t e r i n g in 
r e c i p r o c a l space (2 ) , t h e i r appearance and i n t e n s i t y i s not 
very s e n s i t i v e to the t i l t of the c r y s t a l . Because sample 
(C) i s in the form of p la tes that l i e in the e l e c t r o n micro 
scope with the c ax i s p a r a l l e l to the e l e c t r o n beam, streaks 
from the f a u l t s do not appear in the pat tern because they 
are not v i s i b l e in th i s o r i e n t a t i o n . The short streaks 
through the intense cent ra l spot come from the sharp edges of 
the c r y s t a l . 
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Figure 1. Continued. (E) Zeolon 900, (F) Sample 4. 
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Figure 2. E lec t ron micrographs of severa l mordenite c r y s t a l s . 
(A) Natural mordenite from H i ckno i , New Zealand, (B) Sample 3, 
(C) Sample 6, (D) Sample 2. In (A) and (B), the main channels 
are p a r a l l e l to the length of the c r y s t a l s , the c ax i s . In 
(C), the channels are normal to the p l a t e s , which are shown 
looking down the c ax i s . The magn i f i ca t ions vary s l i g h t l y 
between the micrographs, but are about that shown by the micron 
sca le in (C). 
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Figure 2. Continued. (E) Zeolon 900, (F) Sample 4. 
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Figure 3. Mid infrared spectra of analcime, Sample No. 1, 
Table I. 
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Figure 4. Mid infrared spectra of several pentas i l s from 
Table I: (A) Sample No. 8; (B) Sample No. 9; (C) Sample No. 10 
and (D) Sample No. 10, seeded. (E) i s the spectrum of an x-ray 
amorphous material obtained from a gel with χ = 60. 
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Figure 5. Mid i n f r a r e d spectra of severa l mordenites (see 
Table I). (A) Natural mordenite from Love lock, Nevada, USA; the 
sample conta ins f e r r i e r i t e and fe ld spa r i m p u r i t i e s . (B) Sample 
No. 2; (C) Sample No. 4, (D) Sample No. 5, and (E) Natural 
mordenite from H i ckno i , New Zealand; the sample contains small 
amounts of quartz i m p u r i t i e s . 
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Figure 6. Mid i n f r a r e d spectra of f a u l t e d mordenite (sample No. 
2) c r y s t a l s : (A) (Na,K,T0A)-Mordenite, (Β ) (Na,K)-Mordenite, (C) 
NH 4 -Mordenite and (D) H-Mordenite. Th i s sample conta ins small 
amounts of f e l d spa r i m p u r i t i e s . 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 
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Figure 7. Mid i n f r a r e d spectra of severa l mordenites (see Table 
I) in t h e i r Η - fo rm: (A) Sample No. 2; (B) Sample No. 3; (C) Sample 
No. 4; (D) Sample No. 5, (E) Sample No. 6 and (F) Zeolon 900. 
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t e t r ahedra , r e s p e c t i v e l y . Bands at 750-820 cm" represent symmetric 
s t r e t c h i n g of externa l A l - 0 and S i - 0 l inkages in double 6-r ings 
(D6R) and in double 4-r ings (D4R) un i t s (3) . 

In Table II, the asymmetric s t r e t c h i n g band at about 1215-1225 
cm" i s t y p i c a l of z e o l i t e s conta in ing 5-membered r i n g s , (5-7) and 
in analogy to the assignments made by Jacobs and coworkers, (5) 
bands at 545-585 cm" , and at 630-650 cm are a l so a t t r i b u t e d to 
externa l v i b r a t i on s of double 5-r ings (D5R) u n i t s . The, penta s i l 
s t ruc tu re s e n s i t i v e band at 550 cm" i s s h i f t e d to 546 cm" probably 
because of the low SiOp/Al^O- r a t i o . The frequency dependence of 
framework v i b r a t i on s On tne S i / A l r a t i o f o r bands in the 
m i d - i n f r a r e d region has been d iscussed by Datka and coworkers (8) . 
In weakly f a u l t e d mordenites, t h i s band i s observed between 578 and 
582 cm" . The weak absorpt ion band at about 580 cm" seems to be 
unaf fected by the d i f f e r e n t S i 0 2 / A l 2 0 3 r a t i o s . 

Bands between 620 and 650 cm" in mordenite are present as weak 
shoulders (at about 61
the s t ruc tu re s e n s i t i v
present as a weak shoulder in mordenite, Figures 2-4. The re fo re , 
the band at 550 cm" i s d i agnos t i c of the presence of mainly D5R 
un i t s conta in ing near ly p a r a l l e l 5R units-, (Type A blocks {])) 
whereas bands at 575-580 cm" and 625-630 cm" i n d i c a t e the presence 
of D5R un i t s conta in ing puckered 5R un i t s in the envelope mode (Type 
Β b l ock s , r e f . 7 ) . Furthermore, r e s u l t s in F igure 4 show that an 
x - ray amorphous mater ia l (sample 11, Table I) g ives a spectrum 
s i m i l a r to that of s i l i c a gel which d i f f e r s from a spectrum of a 
f u l l y c r y s t a l l i z e d penta s i l only because i t lacks bands at about 580 
and 1220 cm" , F igure 4E. Thus, these two s t ruc tu re s e n s i t i v e bands 
could prove usefu l in monitor ing the extent of the c r y s t a l l i z a t i o n 
reac t i on a l so during the synthes i s o f these TOA-conta in ing pen ta s i l s 
(6, 9, 10). 

M lTT lR spectra do not d i s t i n g u i s h between ZSM-5 and ZSM-11 
c r y s t a l s (J5 ), see Figure 4. However, as observed in z e o l i t e s 
belonging to the o f f r e t i t e - e r i o n i t e fami ly ( 1J_), m i d - i n f r a r e d 
r e s u l t s may prove useful in studying the ex i s tence of f a u l t i n g or 
phase impur i t i e s in mordenite c r y s t a l s . The high sur face area 
mordenites (samples No. 4,5 and 6) with s i m i l a r e l e c t r o n d i f f r a c t i o n 
patterns (1) a l so have IR spectra very s i m i l a r to each other 
(F igures 7C-7E) end to samples o f weakly f a u l t e d , commercial ly 
a v a i l a b l e , l a r ge -po r t mordenites l i k e Norton 's Zeolon 900 (and 
Lapor te ' s Lapos i l -3000) . In c o n t r a s t , spectra from sample No. 2 and 
3 conta in a much stronger band between 580 and 585 cm" with a 
shoulder at ^545 cm" , see Figures 5-7. In a d d i t i o n , the low 
frequency band s h i f t s to ^440 cm from ^458 cm" and bands at 800 
and 1180 cm" broaden. A f t e r -ΝΗ,-exchange and c a l c i n a t i o n , the two 
weak bands in the 600-650 cm" region broaden and over lap and the 
band at about 722 cm" becomes a very weak shou lder , F igure 6D; 
however, the aforementioned spect ra l d i f f e r e n c e s are s t i l l e v i den t , 
F igures 6 and 7. In add i t i on to being f a u l t e d , Sample No. 3 (Table 
1) probably contains some occluded mater ia l thus exp l a in ing i t s low 
(293 m /g) sur face area ( r é f . 1) . 

E l ec t ron microscopy examination of the two mordenites, samples 
2 and 3, along the (ok l ) o r i e n t a t i o n revealed the ex i s tence of 
s treaks (F igures ID and IB) due to f a u l t i n g (]_) as commonly seen in 
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natura l mordenite c r y s t a l s . D i f f r a c t i o n patterns are of the type 
p rev ious l y descr ibed by Sanders {2) who concluded that natura l 
mordenite contained l i n e a r f a u l t s . However, MID-IR spectra of the 
two ( fau l ted ) s yn thet i c mordenites more c l o s e l y resemble that of a 
sample of a natura l mordenite conta in ing f e l d spa r and f e r r i e r i t e 
impur i t i e s (F igure 5A) than that of a sample of a r e l a t i v e l y pure 
and f a u l t e d natura l mordenite, see F igure 5E. The re fo re , the 
aforementioned spec t ra l d i f f e r e n c e s in the 500-600 cm" regions are 
probably due to phase impur i t i e s and intergrowths. Small amounts of 
f e l d s p a r and (quartz) impur i t i e s have been observed in the x - ray 
d i f f r ac tog ram of t h i s mordenite sample (1) . Furthermore, the 
r e l a t i v e l y intense band at ^585 cm" can "Be obtained by adding 
10-20% f e l d spa r c r y s t a l s ( o r thoc l a se , KAlSi-Og) to a f a u l t - f r e e 
s yn the t i c mordenite l i k e Lapor te ' s Lapos i l -350u. 

S h i f t s to lower f requenc ies in the T-0 bending band region (420-550 
cm" ) seem to be f a i r l
r a t i o : L

Heavi ly Faul ted Weakly Faulted Mordenites 
Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 LaposTT 

S i 0 2 / A l 2 0 3 10.6 9.5 13.3 10.4 16.9 20.5 

ν τ - η ι ™ " 1 ) 4 4 1 4 4 0 458 457 458 459 

Thus, the po s i t i on of the T-0 bending band near or below 440 cm" 
c o r r e l a t e s well with the presence of f a u l t s in these syn thet i c and 
natura l mordenite c r y s t a l s , see Table II. 

S t re t ch ing V i b r a t i o n s . A l l H-mordenites a f t e r rehydrat ion and 
d e a a s s i n ç M n vacuo at 200°C/ lh show a broad IR band in the 3500-3800 
cm*, region conta in ing two p a r t i a l l y reso lved bands at 3609 and 3632 
cm" and a broad shoulder at ^3720 cm" , Figure 8. A f t e r degassing 
at 500°C/1 h i n vacuo, the high frequency ( h . f . ) band increases 
r e l a t i v e to the i n t e n s i t y of the bands at 3632 and 3609 cm" ; at 
500°C, some S i - 0 - S i bonds could break, thus forming new SiOH groups, 
F igure 9. Karge (12), f o r an H-mordenite sample with S i O ^ A l ^ O - = 
8.54, reported similar r e s u l t s and observed bands at 3735, 365u and 
3610 cm" . Ghosh and Curthoys (V3), in t h e i r study of dealuminated 
mordenites, reported OH s t r e t c h i n g bands at 3609 and 3738 cm" , 
together with a_-weak band at 3650 cm" . The s t r e t c h i n g v i b r a t i o n 
band at 3735 cm" was a t t r i b u t e d to sur face Si-OH groups whi le the 
low frequency ( l . f . ) bands at 3610 and 3650 cm" were assigned to 
S i -0H-A l groups located in the large 12-membered r i n g channels and 
in the smal ler s ide channels , r e s p e c t i v e l y (12). On the bas is of 
r e l a t i v e band i n t e n s i t i e s , i t can be s a i d , at T ë a s t in a q u a l i t a t i v e 
sense, that 0H-dens i ty i n the main channels i s somewhat lower than 
in the smal ler channels , see Figure 9. Protonated Τ0Α, because of 
i t s s i z e , i s probably l i m i t e d to charge compensate A l ( IV ) only in 
the main channels where i t i s be l ieved t h a £ , jj>ecause <j>f U s s i z e , |J 
can promote isomorphous s u b s t i t u t i o n of Na Al and Κ Al with Si 
ions generat ing , in th i s way, s i l i c e o u s mordenite c r y s t a l s . 
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3800 3700 3600 3500 3400 3300 3200 
WAVENUMBERS ( C M 1 ) 

Figure 8. Hydroxyl absorpt ion bands f o r several mordenites in 
t h e i r Η-form a f t e r dry ing in vacuo at 200°C/2h. (A) Sample No. 2, 
(B) Sample No. 4, (C) Sample No. 5 and (D) Sample No. 6. 

3800 3700 3600 3500 3400 3300 3200 

WAVENUMBERS ( C M 1 ) 

Figure 9. Hydroxyl absorpt ion bands of severa l H-mordenites 
a f t e r dry ing in vacuo at 500°C/2h: (A) Sample 2, (B) Sample 4, 
(C) Sample 5 and (D) Sample 6. 
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A f t e r washing and dry ing at 200°C, the (Na,K,T0A) ZSM-5 c r y s 
t a l s g ive a non -de sc r i p t i ve spectra in the OH-region with a broad 
band between 3670 and 3730 c m , F igure 10A. Heating in a i r at 
500°C generates two well def ined bands at about 3720 and 3588 cm 
a t t r i b u t e d to surface SiOH and br idg ing SiOH-Al groups generated 
during the ox ida t i ve decomposition of occluded TOA, Figure 10B. The 
appearance of a sharp band at ^3720 cm a f t e r c a l c i n a t i o n , suggests 
the formation of SiOH groups due to the presence o f + s u r f a c e S i O " -
(CgH,y) 3NH groups in these c r y s t a l s . Fol lowing NH. -exchange and 
c a l c i n a t i o n , the i n t e n s i t y of the l . f . band increase? s i g n i f i c a n t l y 
and a new band appears at ^3648 cm" which decreases in i n t e n s i t y on 
heat ing at 500°C, Figures 10C-10D. S im i l a r r e s u l t s have been 
observed with TOA-containing pen ta s i l s of the ZSM-11 type, Figure 
11. 

In t h e i r Η - f o rm, a l l the pen ta s i l s s tud ied show ( a f t e r rehy
d ra t i on and degassing at 200°C/ lh in vacuo) three OH-s t retch ing 
bands at 3600, 3650 and
in vacuo) decreases ban
bands s h i f t s toward lower va lues , F igure 13. In c o n t r a s t , the SiOH 
band at ~3733 cm" becomes sharper and more intense probably because 
of the breakage of a d d i t i o n a l S i - 0 - S i l i nkages . -, 

Bands at about 3600, 3660 and 3720 cm" in the 0H-s t re tch 
region of HZSM-5 c r y s t a l s with S i 0 2 / A l 2 0 3 r a t i o equal to 38.2 and 
23.6 have been reported by several w o A e r s (14-16). In c o n t r a s t , 
Jacob and von Ballmoos (17) reported IR-spectra of p e n t a s i l s , con
t a i n i n g only one type of "Hydroxy 1 group v i b r a t i n g at 3600 cm" and 
suggested that add i t i ona l bands (at ^3720 c m ) r e s u l t from the 
presence of i m p u r i t i e s . Guanl in Qin and coworkers {}8) have pro 
posed instead that the i n t e n s i t y of the 3720 cm" band depends on 
synthes i s cond i t ions and on c r y s t a l l i t e s i z e s . Kazansky et a l . (14) 
have a t t r i b u t e d the l . f . band in HZSM-5 to S i -0H-Al groups c o n t a i n 
ing only s i l i c o n atoms in t h e i r second coord ina t ion sphere. Heating 
above 547°C an HZSM-5 (with SiOp/Al^O- = 60) a band at 3680 cm" T 

appeared which was assigned to s t r e t c h i n g v i b r a t i o n of Al-OH groups 
r e s u l t i n g from aluminum removed from the c r y s t a l l a t t i c e (14). 

Py r id ine So rp t i on . A f t e r py r i d ine sorpt ion and degassing in vacuo 
at 200 UC (to remove physisorbed p y r i d i n e ) , the i n t e n s i t y of the 
0H-s t re tch bands decreased and the l . f . band in both mordenites and 
p e n t a s i l s d isappeared. Bands at about 3635-3665 cm" were almost 
unaf fected by p y r i d i n e . In the 200-500°C temperature range, p y r i 
dine removal (as wel l as dehydroxylat ion) occurred with p a r t i a l 
r e s t o r a t i o n of band's i n t e n s i t y . At 500°C, most of the py r id ine was 
removed and spectra with OH s t r e t c h i n g bands t y p i c a l of the c a l c i n e d 
samples were obta ined. 

Spectra of chemisorbed py r i d ine show, as expected, bands 
c h a r a c t e r i s t i c of Bronsted (B, at 1542 cm" ) and of Lewis (L, at 
1453 cm" ) a c i d . Ghosh, and Curthoys (13) reported an add i t i ona l 
Lewis band at 1462 cm" in d e a l u m i n a t e â T m o r d e n i t e s degassed above 
400°C; t h i s band was not observed in any of the s i l i c e o u s H-
mordenites ( conta in ing A l (V I ) ) examined in t h i s s tudy, lending some 
support to the c o r r e l a t i o n between the 1462 cm" band and the 
ex i s tence of hydroxyl nests in the c r y s t a l l a t t i c e proposed by these 
authors {U). 
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Figure 10. Hydroxy] absorpt ion bands f o r (Na, K, T0A)-ZSM-5 
(Sample No. 10, Table I) a f t e r (A): c r y s t a l l i z a t i o n and dry ing at 
100°C/24h and (B) c a l c i n a t i o n in a i r at 500°C/10h; bands of the 
c r y s t a l s in t h e i r Η-form degassed at 200°C and 500°C/ lh are shown 
in (C) and (D), r e s p e c t i v e l y . 
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Figure 11. Hydroxyl absorpt ion bands f o r (Na,K,T0A)-ZSM-l1 
(Sample No. 10, Table I) a f t e r : (A) c r y s t a l l i z a t i o n and dry ing at 
100°C/24h and (B) c a l c i n a t i o n in a i r at 500°C/10h; bands of the 
c r y s t a l s in t h e i r Η-form degassed at 200°C and 500°C/ lh are shown 
in (C) and (D), r e s p e c t i v e l y . 
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WAVENUMBERS ( C M 1 ) 

Figure 12. Hydroxyl absorpt ion bands f o r severa l pen ta s i l s in 
t h e i r Η-form a f t e r dry ing in vacuo at 200°C: (A) Sample No. 10; 
(B) Sample No. 7; (C) Sample No. 8; and (D) Sample No. 9. 

• ι 1 1 1 1 1 

3800 3700 3600 3500 3400 3300 3200 

WAVENUMBERS ( C M 1 ) 

Figure 13. Hydroxyl absorpt ion bands of several p e n t a s i l s in 
t h e i r Η-form a f t e r dry ing in vacuo at 500°C: (A) Sample No. 10; 
(B) Sample No. 7; (C) Sample No. 8; and (D) Sample No. 9. 
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A c i d i t y was examined from pyr id ine desorpt ion measurements in 
the 200-500°C temperature range, r e s u l t s are given in F igure 14. 
Ac id s i t e density., (as measured from the in tegra ted absorbance at 
1542 and 1453 cm ) decreased with inc reas ing S iCL/Al^O^ r a t i o in 
the H-mordenites. However, ac id s i t e s s trength increasea with the 
c r y s t a l ' s S iOp/AUCL r a t i o . Thermodesorption of py r i d ine from 
Bronsted ac id s i t e s was more f a c i l e than from Lewis s i t e s and at 
500°C, py r id ine was re ta ined mainly on Lewis a c i d center s . In 
mordenites synthes ized in the presence of TOA, the SiCL/Al^Oo r a t i o 
has l i t t l e e f f e c t on the r e l a t i v e d i s t r i b u t i o n of Β and L a c i a s i t e s 
and the B/L r a t i o monotonica l ly decreased with desorpt ion tempera
tu re . 

S i l i c o n - 2 9 and Aluminum-27 NMR. Results from NMR analyses of a l l 
the c r y s t a l s s tud ied have been c o l l e c t e d in Table III and represen
t a t i v e s i l i c o n - 2 9 and aluminum-27 NMR spectra shown in Figures 
15-19. With the except io
(Sample 13), resonance
have been assigned to s i l i c o n atoms present in S i [ 2 A l ] , S i [ l A l ] and 
S i [ 0 A l ] u n i t s , r e s p e c t i v e l y , (19-23). Of the z e o l i t e s under study, 
analcime i s the r i c h e s t in aluminum content with a measured S i / A l 
r a t i o of 2.4 (chemical a n a l y s i s ) . Its s i l i c o n - 2 9 spectrum cons i s t s 
of f i v e s i gna l s at - 86 .3 , -91 .7 , - 9 7 . 1 , -102.8 and -107.6 ppm that 
may be assigned to S i [ 4 A l ] , S i [ 3 A l ] , S i [ 2 A l ] , S i [ l A l ] and Si[0A1] 
u n i t s , r e s p e c t i v e l y (F igure 15A). The S i / A l r a t i o c a l cu l a ted from 
the r e l a t i v e s igna l i n t e n s i t i e s computes to 2.1, in c lo se agreement 
with chemical a n a l y s i s . A natura l sample of analcime (from San 
Bernardino, CA) gave a very s i m i l a r S i l i c o n - 2 9 spectrum and a 
c a l c u l a t e d S i / A l r a t i o of 2.5. 

The S i l i c o n - 2 9 spectrum of Magadi i te , the most s i l i c e o u s member 
of the group, on the other hand, shows two well reso lved peaks at 
-101.5 and -111.8 ppm (Figure 15F). While the peak at -111.8 ppm 
represents s i l i c o n atoms wi th in the layers and shar ing a l l i t s four 
oxygen atoms with neighboring S iO, t e t r ahedra , the downfield reson
ance at -101.5 ppm i s a t t r i b u t e d to S i ( S i 0 4 ) 3 0 H groupings with the 
OH group po in t ing towards the i n t e r l a m e l l a r space (24,25). The ob
served 1:3 i n t e n s i t y r a t i o of the two peaks [ S i ( S i O - ) 3 O H : S i ( S i ( L ) - ] 
i s in agreement with P innava ia ' s r e su l t s (24). The disappearance of 
the downfield peak upon c a l c i n a t i o n at 5ÏÏÔ°C i s accompanied by a 
subs tant i a l broadening of the s ignal at -112.2 i n d i c a t i n g loss of 
the hydroxyl groups due to s i loxane br idges forming between adjacent 
l a y e r s . 

Inspect ion of the c a l c u l a t e d S i /A l r a t i o s f o r most of the f re sh 
mater i a l s show that they are in reasonably good agreement with 
chemical analyses data (Table I I I ). Furthermore, aluminum-27 MAS 
NMR spectra show only a s i ng le s ignal at about 52 ppm corresponding 
to the presence of l a t t i c e A l ( IV ) atoms. Evidence f o r the presence 
of pos s ib le impur i t i e s such as NaA10 2 (normally seen at ^77 ppm), 
dehydroxylated A1(0H)~ or x - ray amorpnous gel could not be found in 
any o f the spectra examined. Thus, a l l the aluminum atoms are 
probably in te t rahedra l coord inat ion and d i r e c t l y incorporated in 
the z e o l i t e l a t t i c e framework; only minor amounts of Si-OH defects 
(26-28) e x i s t in these TOA conta in ing c r y s t a l s . In the case of 
sample 4, (Na,T0A) mordenite, the c a l c u l a t e d S i /A l r a t i o i s 5.6 i f 
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D E S O R P T I O N T E M P E R A T U R E (C) 

Figure 14. Ac id s i t e s s trength in severa l mordenite and pentas i l 
c r y s t a l s . (A) Sample 2, (B) Sample 5, (C) Sample 4. Continued 
on next page. 
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' ι 1 — 1 1 1 
200 300 400 

D E S O R P T I O N T E M P E R A T U R E (C) 

Figure 14. Continued. Ac id s i t e s s trength in severa l mordenite 
and penta s i l c r y s t a l s . (D) Sample 6, (E) Sample 8, (F) Sample 
10. 
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ι ι ι ι 
-50 -100 -150 -50 -100 -150 

PPM PPM 

Figure 15. S i l i c o n - 2 9 spectra o f : (A) Analc ime, (B) (Na,K,T0A)-
Mordenite, (Sample No. 4) un fau l ted ; (C) (Na,K,TOA)-Mordenite, 
f a u l t e d (Sample No. 2 ) ; (D) (Na,K,TOA)-ZSM-ll (Sample No. 8 ) , (E) 
(Na,K,T0A)-ZSM-5 (Sample No. 9) and (F) Magadi i te. 
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CHEMICAL SHIFT (ppm) 

Figure 16. S i l i c o n - 2 9 MAS NMR spectra o f a sample of f a u l t e d 
mordenite (Sample No. 2 ) : (A) (Na,K,TOA)-Mordenite, (B) (Na,K)-
Mordenite, (C) NH^-Mordenite and (D) H-Mordenite. 

Β 

CHEMICAL SHIFT (ppm) 

Figure 17. Aluminum-27 MAS NMR spectra of a sample of f a u l t e d 
mordenite (Sample No. 2 ) : (A) (Na,K,TOA)-Mordenite, (B) (Na,K)-
Mordenite, (C) NH^-Mordenite and (D) H-Mordenite. 
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Β 

 " I " • 
-100 

CHEMICAL SHIFT (ppm) 

Figure 18. S i l i c o n - 2 9 MAS NMR spectra o f : (A) (Na,K,T0A)-ZSM-11, 
(B) (Na,K) -ZSM- l l , (C) (NH 4)-ZSM-11 and (D) H-ZSM-11. 

- J 'Ytm ι 

Β 

CHEMICAL SHIFT (ppm) 

Figure 19. Aluminum-27 MAS NMR spectra o f : (A) (Na,K,TOA)-ZSM-l l , 
(B) (NA,K)-ZSM-11, (C) NH.-ZSM-ll and (D) H-ZSM-11. 
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s igna l con t r i bu t i on from a l l three peaks i s cons idered. Ignoring 
the con t r i bu t i on from the weak resonance at -98.8 ppm (assuming i t 
a r i s e s from a SiOH group), however, g ives a c a l c u l a t e d S i /A l r a t i o 
of 6.6 in c lose agreement with the chemical analyses r e s u l t of 6.7. 
S i m i l a r analyses of these c r y s t a l s in t h e i r Η-form c l e a r l y r e f l e c t 
the extent of dealuminat ion. Th i s i s f u r t h e r corroborated by the 
presence of an add i t i ona l resonance in the corresponding aluminum-27 
MAS NMR spectra at about 0 ppm der ived from extra l a t t i c e aluminum 
formed a f t e r c a l c i n a t i o n of the NH.-exchanged z e o l i t e s . The 
c a l c u l a t e d S i / A l r a t i o s of these samples are presented with a 
caut ious re serva t ion s ince the 4 sec r e c y c l e delay employed may not 
always be s u f f i c i e n t to overcome long s i l i c o n - 2 9 T, 's that h igh ly 
s i l i c e o u s mater ia l s sometimes possess (29). 

The two heav i l y f a u l t e d mordenites (Samples 2 and 3) gave a 
c a l c u l a t e d S i / A l r a t i o d i f f e r e n t from that obtained from chemical 
analyses (Table I I I ). Both samples d i sp layed a s i n g l e resonance at 
about 52 ppm in t h e i r correspondin
the expected s i l i c o n - 2
Sample 2 d i sp layed a broad s igna l envelope that extended almost up 
to -85 ppm (Figure 15C). A t o t a l of 8 over lapp ing peaks had to be 
co-added to s imulate the experimental spectrum r e s u l t i n g in the 
c a l c u l a t e d S i / A l r a t i o of 3.4. Gaussian t rans format ion reso lved 
add i t i ona l peaks at - 94 .7 , -100.4 and -109.8 ppm (F igure 16A). In 
i t s Η - f o rm, c r y s t a l s gave s i l i c o n - 2 9 s i gna l s at - 96 .8 , 100.7, 
-106.2, -108.3, -112.8, -114.4 and -119.3 ppm (F igure 16D). 
Dealumination in t h i s sample i s evidenced by a marked decrease in 
the s i l i c o n - 2 9 s igna l i n t e n s i t y at -106.2 ppm and by the appearance 
of a new s ignal at ^0 ppm in the corresponding aluminum-27 spectrum 
that g ives r i s e to a A l ( V I ) / Α 1 ( I V ) r a t i o of ^0.24 (F igures 16D-17D). 
The s i l i c o n - 2 9 s i gna l s observed at -112.8 and -114.4 ppm could be 
assigned to T, and T- s i t e s (j_9). Resonances f o r T« and T~ s i t e s 
(expected at ^-115 ppm) however remained unreso lved. 

While the c a l c u l a t e d S i / A l r a t i o of 6.0 f o r Sample 3 i s higher 
than chemical a n a l y s i s , s i gna l s downfie ld of -98 ppm were not 
observed. In i t s Η - fo rm, t h i s mordenite, however, showed two weak 
resonances at -92 and -96 ppm. The e l e c t r o n d i f f r a c t i o n pat tern of 
both samples i nd i ca te the presence of f a u l t s . More experiments, 
i n c l ud ing CP s t u d i e s , are necessary to pos s ib l y c o r r e l a t e NMR 
r e s u l t s with s t r u c t u r a l d i f f e r e n c e s in mordenite c r y s t a l s . An 
a l t e r n a t e explanat ion f o r the observed d i sc repanc ies i s the presence 
of phase impur i t i e s (30). In f a c t , a sample of natura l mordenite 
conta in ing 10-15% f e l d spa r (and 20-30% f e r r i e r i t e ) gave a s i l i c o n - 2 9 
NMR spectrum c l o s e l y resembling that obtained from Sample 2. A l l 
other mordenites gave cons i s ten t r e s u l t s (Table I I I ) . The 
commercial H-mordenite sample (Norton Zeolon 900) not only showed the 
l e a s t dealumination but a l so a f forded a r e l a t i v e l y sharp extra 
framework A l (V I ) s ignal at ^0 ppm r e f l e c t i n g a high symmetry about 
these aluminum atoms. 

The use of s i l i c o n - 2 9 MAS NMR to d i s t i n g u i s h between ZSM-5, 
ZSM-11 and s i l i c a l i t e s t ruc tu res has been the subject of severa l 
pub l i c a t i on s (23,27,31,32). A resonance at about -105 ppm has been 
a t t r i b u t e d to S i ( l A l ) u n i t s . The presence o f Si-OH defect s i t e s 
g ives a resonance at about -103 ppm which could i n t e r f e r e with t h i s 
s igna l o f ten r e s u l t i n g in a decrease in the c a l c u l a t e d S i / A l r a t i o 
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(26,28). Though 6-7 over lapp ing peaks were needed to s imulate the 
exper imenta l ly observed s p e c t r a , the c a l c u l a t e d S i / A l r a t i o seem to 
agree qu i te c l o s e l y with chemical analyses (Table I I I ). Longer 
s i l i c o n - 2 9 T-.'s in dealuminated z e o l i t e s cou ld , however, increase 
d i sc repanc ies in these values (see Sample g, Table I I I ) . Compared 
to the wel l reso lved resonances obtained in the case of h i gh ly 
s i l i c e o u s ( S i /A l >1000) pen ta s i l s (23), only three resonances from 
S i (OAl ) un i t s could be reso lved (ïïy r e s o l u t i o n enhancement) at 
-109.5, -112.4 and -116.7 ppm f o r (Na,K,T0A)-ZSM-11 c r y s t a l s (Sample 
number 8, Figure 18). The low S i /A l r a t i o of the HZSM-5 and HZSM-11 
samples precluded t h e i r ready d i s t i n c t i o n . In a l l cases , evidence 
f o r dealumination in the corresponding aluminum-27 NMR spectra were 
observed only in c r y s t a l s in t h e i r Η - fo rm. Comparing the l i n e 
widths of a l l the f resh p e n t a s i l s , the narrowest s i gna l s are seen 
from Mob i l ' s (Na, TPA)-ZSM-5 (485 Hz) and Sample no. 9 (582 Hz) 
which contained no TOA  Samples nos  8  and 10 d i sp layed r e l a t i v e l y 
broader peaks. 

The aluminum-27 spectr
thermal pretreatments are shown in Figure 19. A l l c r y s t a l s e x h i b i t 
a resonance at ^50 ppm corresponding to framework te t rahedra l 
aluminum atoms; only when in i t s Η - fo rm, the ZSM-11 shows evidence 
fo r the presence of excluded non-framework aluminum by e x h i b i t i n g an 
a d d i t i o n a l s igna l at *-3 ppm; Figure 19D. Inspect ion of the 
corresponding l i n e widths shows that (Na,K,T0A)-ZSM-l1 and 
(NHJ-ZSM-11 have r e l a t i v e l y narrow l i n e s (e.g . ^809 and ^744 Hz) 
compared to (Na,K)-ZSM-ll and H-ZSM-11 which are -^1327 Hz (see Table 
I I I ). While Debras et al {33) reported an oppos i te trend in t h e i r 
study of mordenite c r y s t a l s , Engelhart e t al (26) descr ibed a 
s i m i l a r observat ion f o r ZSM-5. This s ignal broadening i s a t t r i b u t e d 
to heat induced symmetry d i s t o r t i o n about the observed aluminum 
atoms. 

Summary 

S i l i c e o u s mordenite c r y s t a l s (with 9 < S i 0 ? / A l ? 0 ? < 20) and A l - r i c h 
pen ta s i l s (with 20 < S i 0 z / A l 2 0 3 <30) have been synthes ized from 
t r i o c t y l a m i n e (TOA) corrtairring hydrogels . C r y s t a l l i z a t i o n i s 
favored by the presence of Al and gels with high S iOp/AUO- r a t i o 
c r y s t a l l i z e in to magadi ite instead of forming s i l i x a l i T e . The 
presence of TOA generates i r r e g u l a r l y shaped (hydrophobic) c r y s t a l s 
which f a c i l i t a t e the forming of these z e o l i t e s in to extrudates with 
the crush strength re s i s t ance requ i red f o r c a t a l y t i c eva lua t ion in 
p i l o t - p l a n t un i t s (1_). 

E l ec t ron d i f f r a c t i o n patterns i nd i c a te that heav i l y and weakly 
f a u l t e d mordenite c r y s t a l s were obta ined; weakly f a u l t e d mordenites 
patterns resemble those of commerc i a l l y - ava i l ab le large port 
mordenites. The absence of odd order spots or s treaks in the hOO 
rows of the ZSM-11 d i f f r a c t i o n pattern has been taken as evidence of 
the presence of ZSM-11 c r y s t a l s e s s e n t i a l l y f r ee from ZSM-5 
intergrowths. The (Na,K,T0A)ZSM-5 c r y s t a l morphology i s d i f f e r e n t 
from that of t y p i c a l (Na,TPA)ZSM-5; the r e l a t i v e lengths of s t r a i g h t 
and tortuous channels are interchanged (J_). 
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Mid infrared spectra do not distinguish between pentsils and 
mordenites; however, it proved useful in indicating the presence of 
phase jmpurities. Furthermore, shifts to lower frequencies (below 
440 cm" ) in the T-0 bending region correlate well with the presence 
of faults in both synthetic and natural mordenite crystals. 

After NhL-exchange and calcination in air, all H-mordenites (after 
rehydration and degassing in vacuo at 200°C/lh) show a broad IR band 
in the 3500-3800 cm"-, region containing two partially resolved bands 
at 3609 and 3632 cm and a broad shoulder at *3720 cm. Similarly 
(in their Η-form), the pentasil-p studied show three 0H-stretching 
bands at 3600, 3650 and 3734 cm" . The high and low frequency bands 
have been attributed to vibration of surface SiOH and bridging 
Si0H-Al groups, respectively. Bands in the 3625-3655 cm" region 
are believed to represent stretching vibrations of A1-0H groups 
resulting from extra framework aluminum generated during the 
activation step. As
contained both bands characteristi
with pyridine thermodesorption being more facile from Bronsted acid 
centers. Thus, at high temperature (500°C), pyridine is retained 
mainly on Lewis acid sites. Whereas acid site density decreased 
with the crystals Si02/Al203 ratio, acid site strength (as inferred 
from pyridine retention wrth temperature) increased. 

Aluminum-27 NMR spectra show that after crystallization, all the 
TOA-containing zeolites exhibit a well resolved resonance at 5̂0 
ppm, corresponding to framework Al(IV) atoms. However, following 
NH.- exchange and calcination in air at 500°C, a new band appears at 
about 0 ppm due to Al(VI) resulting from aluminum removed from the 
crystal lattice. In general, calculated Si/Al ratio from silicon-29 
NMR data are in reasonable agreement with chemical analysis results. 
Thus, all the aluminum atoms in these siliceous mordenite and 
Al-rich pentasils are believed to be in tetrahedral coordination and 
incorporated into the zeolite lattice. 
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Chapter 17 

Effect of NaOH, TPAOH, and TPABr 
Concentration on the Growth Rate 

and Morphology of Silicalite-1 

D. T. Hayhurst1, R. Aiello 2 , J . B.Nagy3, F. Crea2, G. Giordano2, 
A. Nastro2, and J . C. Lee1 

1Department of Chemical Engineering, Cleveland State University, 
Cleveland, OH 44115 

2Dipartimento di Chimica
di Rende

3Laboratory of Catalysis, Center for Advanced Materials Research, 
Facultés Universitaires Notre Dame de la Paix, Rue de Bruxelles 61, 

B-5000 Namur, Belgium 

The influence of NaOH, TPAOH and TPABr on the 
formation of silicalite-1 was studied using the 
reaction batch mixture 

xM2O-yTPABr-100SiO2-1000H2O where M was 
either Na or ΤΡΑ, x ranged from 0.5 to 4.0 and y 
ranged from 0.5 to 16. Reactions were carried out at 
170C in unstirred teflon-lined autoclaves. For all 
runs, silicalite-1 was the only phase found to 
crystallize. TPA ions were found to have both a 
structure-directing and space-filling role. At low 
initial TPA concentrations (TPA/100SiO2<4.0), 
crystallization stopped when TPA was exhausted from 
the reaction mixture. For changes in base 
concentration (either NaOH or TPAOH), the rates of 
crystal growth and crystal morphology were found to 
be strong functions of hydroxide concentration. As 
the hydroxide content of the reaction mixture was 
reduced, the aspect ratio (length/width) of the 
crystals increased from 1.0 for 4M2O to 6.7 for 
0.5M2O. Additionally, for synthesis runs made 
without sodium, both nucleation and crystallization 
occured more rapidly. From these results, some 
insights into the crystallization mechanism are 
proposed. 

Reports on the roles played by individual reaction components in 
the synthesis of ZSM-5 and silicalite are abundant. Aiello et al. 
(1-3) and Nastro et al. (4) have reported on the role of alkali+ 

cations in ZSM-5 synthesis. The structure directing role of Na 
and other alkali cations in the formation of ZSM-5 has also been 
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investigated (5-9). Reports on the synthesis of ZSM-5 without the 
addition of an organic template have also appeared in the 
l i terature (10-16); although the addition of an organic appears to 
be required for the synthesis of s i l i c a l i t e - 1 (14,17,18). 

Even though the structure-directing role played by each of 
these reactants has been investigated extensively, reports on their 
effect on the crystal size and morphology of ZSM-5 and s i l i c a l i t e 
have been much more l imited. Fegan and Lowe (19) have reported 
that the size and morphology of s i l i c a l i t e vary with system 
a lka l in i ty . They observed that the crystals produced in batch 
mixtures of lower a lkal in i ty were relat ively larger than those 
formed at higher a lkal in i ty and were elongated. Aspect ratios 
(length/width) were reported to vary from 1.0 to 2.5. Kuehl (20) 
has also reported that crystals formed at low pH are more 
elongated. 

The objective of this study was to systematically vary the 
concentrations of NaOH
s i l i c a l i t e - 1 and to evaluat
size, morphology and growth rate. A simple reaction system was 

chosen (xM2O-yTPABr-100SiO2-1000H2O where M was either Na + or TPA+) 

using compositions known to crysta l l i ze only s i l i c a l i t e - 1 . From 
these results , a mechanism for s i l i c a l i t e crysta l l i zat ion is 
proposed. 
EXPERIMENTAL 
Materials. The two s i l i cas used in this study were a-precipitated 
s i l i c a (BDH Ltd.) containing 0.1 wt.% Na20 and 1.0 wt.% H20 and 

Ludox AS-40. The remaining materials were a 30 wt.% NaOH solution 
reagent grade (Erba), tetrapropylammonium bromide, 99% purity 
(Fluka, AG) and tetrapropylammonium hydroxide, 20% in water (Fluka, 
AG) . 

Synthesis. S i l i c a l i t e was prepared from three different reaction 
batch mixtures. The f i r s t used sodium hydroxide as the a lka l i 
source. It had the general formula (oxide basis) 
xNa2O-8TPABr-100SiO2-1000H2O where χ was varied from 0.5 to 4.0 

(S-series). To evaluate the effect of sodium on s i l i c a l i t e 
crys ta l l i za i ton , a second batch mixture using TPAOH as the a l k a l i 
source was also tested. It had the formula yTPA20-(8-2y)TPABr-

100SiO2-1000H2O where y was varied from 0.5 to 4.0 (T-series). 

In the third series, the amount of template was varied (B-series). 
The formula for this series was 1.4Na2O-zTPABr-0SiO2"1000H2O where 

ζ was varied from 16 to 0.5. For most runs, the precipitated 
s i l i c a was used as the s i l i c a source. The suffix A is added to the 
run number of those syntheses using Ludox AS-40. Specific batch 
compositions for each run are l i s ted in Table 1. 

For each composition tested, the following experimental 
protocol was followed. Water and TPABr were combined with mixing 
u n t i l the salt was dissolved. This was followed by the addition of 
either the NaOH or TPAOH. To this solution, s i l i c a was added with 
agitation u n t i l a uniform gel was formed. The gel was rapidly 
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transferred into a series of 35ml teflon-lined Morey-type 
autoclaves. The vessels were sealed and placed into a 
forced-convection oven preset to 170+2C. The mixtures were allowed 
to react quiescently. At predetermined times, the vessels were 
removed from the oven. The contents were washed a minimum of four 
times with 10ml aliquots of d i s t i l l e d water using a Buchner funnel. 
After washing, samples were dried overnight at HOC. Prior to SEM 
and chemical analysis, product crystals were separated from 
unreacted gel using a sonication procedure as outlined elsewhere 
(16). 

Table 1. Batch Compositions for the B- , S-. and T- Series with 

XNa^0-YTPAo0-ZTPABr-100Si0o-1000H^0 

Run No. X(Na

B-16 1.4 0 16 
B-8 1.4 0 8 
B-4 1.4 0 4 
B-2 1.4 0 2 
B - l 1.4 0 1 
B-0.5 1.4 0 0.5 

S-4 4 0 8 
S-2 2 0 8 
S-1 1 0 8 
S-0.5 0.5 0 8 

T-4 0 4 0 
T-2 0 2 4 
T - l 0 1 6 
T-0.5 0 0.5 7 

Analysis. Product materials were tested for degree of 
crys ta l l in i ty by powder x-ray di f fract ion, using CuKot̂  radiation. 

The instrument was a Phil ips Model PW1730/10 x-ray generator 
equipped with a PW1050/70 ver t ica l goniometer. Diffractograms were 
measured for the as-synthesized product; that i s , zeolite plus gel . 
The percent crys ta l l in i ty was determined using a peak-height 
analysis software routine developed by P h i l l i p s . Morphology and 
crystal size were determined by scanning electron and optical 
microscopy. The electron microscope was an AMRay Model 1200B. 

Thermal analysis (DTA) was performed both on the dried 
unreacted gel and on the product crystals to determine water and 
TPA content. Measurements were made using a NETZSCH Model STA 409 
thermogravimetric analyzer. Samples were scanned from 30 to 700C 
at a rate of 10C/min. under a 10ml/min. flow of dry nitrogen. 
Details of the experimental protocol are l i s ted elsewhere (21). 

The sodium content of the fumed s i l i c a and the product 
crystals were determined using atomic absorption (Perkin-Elmer 
Model 380 AA). The protocol was to digest approximately lOOmg of 
the sample with four drops of cone. (96%) H 9S0 A and 2ml. of 48% HF 
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solution. The mixture was heated in an open polyethylene beaker to 
60C overnight to eliminate the HF. The digested zeolite solution 
was diluted to an appropriate concentration and then analyzed for 
sodium using the precalibrated spectrophotometer. 

RESULTS AND DISCUSSION 

The crysta l l izat ion curves for the different systems are 
i l lus trated in Figure 1. Both crysta l l izat ion rates and induction 
periods are influenced by the a lka l in i ty (S and Τ series) , TPA 
concentration (S and Β series) and the presence of sodium (S and Τ 
series). A summary of crysta l l izat ion and induction rates is 
l i s ted in Table 2. Higher crysta l l izat ion rates and shorter 
induction periods are obtained at higher TPA concentrations (B 
series) and at higher a lkal in i ty (S series) while the presence of 
sodium in the reaction mixture increases the time required for both 
nucleation and crysta l l izat io
crysta l l i zat ion stops whe
OH ) is exhausted. For example, crysta l l izat ion stops in the 
B-series for low i n i t i a l TPABr concentrations. From Figure 1, i t 
appears that s i l i c a l i t e stops crys ta l l i z ing when TPA is consumed by 
the reaction; that i s , when the l imit of 4TPA/u.c. (as reported by 
Lok (22)) is reached. For the B-series at high i n i t i a l TPABr 
contents and for series S and Τ at low i n i t i a l OH concentrations, 
complete crysta l l izat ion is never achieved. This is because the 
amount of OH in the reaction solution is below that required for 
complete s i l i c a dissolution (Fig. 1 and Table 2); therefore, 
complete reaction of the s i l i c a to s i l i c a l i t e - 1 is impossible. 

Table 2. Crystal l izat ion Rate, Induction Period, Sodium And TPA 
Content per Unit C e l l 

SAMPLE CRYSTALLIZATION INDUCTION Na per TPA per 
RATE (%xl/h) PERIOD(h ) u. .c. u .c . 

B - 1 6 4.5 5 0. .35 3.9 
Β - 8 3.1 6 0. .40 4.2 
Β - 4 2.2 12 0. .35 4.1 
Β - 2 1.2 17 0. .50 3.9 
Β - 1 0.7 23 0. .40 4.0 
Β - 0.5 0.2 24 0. .45 3.8 

S - 4 5.3 6 2. .10 3.8 
S - 2 1.8 17 0. .57 3.9 
S - 1 0.4 25 0. .25 3.9 
S - 0.5 0.05 100 0. .2 — 

Τ - 4 9.4 4 1. .19 3.8 
Τ - 2 6.0 10 0. .52 3.9 
Τ - 1 1.4 14 0. .15 3.8 
Τ - 0.5 0.2 40 0. .08 3.5 
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Figure 1. X-ray c r y s t a l l i z a t i o n curves f o r synthesis made with 
varying TPABr (B-series, top), with varying sodium 
hydroxide ( S - s e r i e s , middle), and with varying TPAOH, 
no sodium ( T - s e r i e s , bottom). (Reproduced with 
permission from Ref. 7. Copyright 1986 Kokansha-
E l s e v i e r . ) 
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The dimensions of the s i l i c a l i t e which is crysta l l ized are 
strongly influenced by changes in reactant concentrations (Fig. 2 
and 3, Table 3). These differences are most pronounced in the 
aspect ratios ( i . e . length/width) of crystals synthesized. Aspect 
ratios were found to differ considerably for the S- and T-series 
where the a lka l in i ty was varied over an extensive range. For 
constant a lka l in i ty , a rather constant aspect ratio is observed 
(B-series). Constant values of aspect ratios were observed for 
batches with identical a lka l in i t i e s but where the source of s i l i c a 
was changed from precipitated s i l i c a to Ludox. High aspect ratios 
have been reported previously for s i l i c a l i t e crysta l l ized at low 
a lka l in i t i e s (19,20). 

The differences observed in aspect ratios should correlate 
direct ly with crysta l l izat ion rates measured separately for crystal 
length and width. These rate data are summarized in Table 3. 

Table III. Averag
A l l Synthetic Runs (The suffix A in the sample number 
indicates runs made using Ludox AS-40 as the s i l i c a 
source ) 

SAMPLE CRYSTAL SIZE(p,m) ASPECT GROWTH RATE (ym/h) 
Number Length Width Ratio(L/W) Length(RL) Width (Rw) 

B-16 18 10 1. ,8 1. ,2 0. ,7 
B-8 32 16 2. ,0 1. ,1 0. ,6 
B-4 50 26 1. ,9 1. ,1 0. ,5 
B-2 50 25 2. ,0 1. ,3 0. ,8 
B-1 60 30 2. ,0 1. ,0 0. .5 
B-0.5 75 28 2. .7 1. .3 0. .6 

S-4 12 13 0. .9 1. .0 1. .2 
S-2 74 30 2. .5 1. .5 1. .0 
S-1 160 37 4. .3 1. .7 0. .4 
S-0.5 100 15 6. .7 1. .0 0, .2 

T-4 17 15 1. .1 2, .2 1. .8 
T-2 47 28 1, .7 2, .2 1. .4 
T - l 78 25 3, .1 2. .1 1, .4 
T-0. 5 101 15 6. .7 1, .2 0, .1 

S-4A 17 15 1, .1 
S-2A 30 15 2, .0 
S-1A 43 10 4, .3 
S-0.5A 94 10 9 .4 

T-4A 60 45 1 .3 
T-2A 43 22 2 .0 
T-1A 53 15 2 .9 
T-0.5A 65 10 6 .5 
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A 

Β 

g u r e 2. 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 s i l i c a l i t e p r o d u c e d 
f r o m a l l t h r e e s e r i e s . (A) 5-0.5, (B) S-4.0, (C) T-0.5. 
C o n t i n u e d on n e x t page. 
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Ε 

F 

F i g u r e 2. C o n t i n u e d . 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 s i l i c a l i t e 
p r o d u c e d f r o m a l l t h r e e s e r i e s . (D) T-4.0, (Ε) B-0.5, 
(F) B-16. 
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F i g u r e 3. A s p e c t R a t i o s o f S i l i c a l i t e s y n t h e s i z e d 
( T - s e r i e s 0 A • Ο , S - s e r i e s φ A | φ , 

B - s e r i e s • V , T A - s e r i e s S A - s e r i e s 
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It should be noted that the crysta l l i zat ion rate for the length 
(R ) is essentially independent both of the TPA concentration (B 

and Τ series) and the OH concentration (S and Τ series) . The 
crystal width growth rate, (R ) however, is strongly dependent on 
the OH concentration. A l l tKese data can be rationalized i f one 
accepts a model of s i l i c a l i t e formation which is based on the 
condensation of double five-membered rings (D5R) as depicted in 
Figure 4. Groenen et a l . (23) has shown that under conditions 
favoring ZSM-5 synthesis, double five-rings are stabi l ized in the 
solution containing TPA cations. It is hypothesized that these D5R 
units can then condense into chains which then l ink together to 
form the s i l i c a l i t e structure. A perfect structure comprising 96 
tetrahedral s i tes , however, cannot be obtained from direct 
condensation of these D5R's and chains. Van Santen et a l . (7) have 
indicated that as many as 16 empty tetrahedra (T-site) per 
idealized unit c e l l , ( S i 0 )  chai  condensation

. . . 9
One missing T-site correspond
TPA+) groups. These missing sites w i l l result in about 64 SiOR 
groups per unit c e l l . Such large numbers of defect sites have not 
been reported to date. Nevertheless, recent work has c learly shown 
that as high as 30-40 defect SiOR groups can be obtained for low 
aluminum ZSM-5 zeolites (24,25). During the formation of 
s i l i c a l i t e , i t therefore must be necessary to eliminate about half 
of the approximate 64 SiOR sites. 

Figure 4 shows that the growth of the D5R chain is along 
C-axis. This axis corresponds to the longest of the crystal axes 
(26). The rate of crystal growth along this axis is independent of 
both TPA and OH concentrations. It may, therefore, be assumed 
that the concentration of D5Rs in solution is always high enough to 
achieve similar a condensation rate. It is also clear from Figure 
4 that the increase in crystal width corresponds to growth along 
the a-axis ( i . e . "along" the zig-zag channels, F ig . 4B). This 
increase is made by condensing the preformed D5R-chains (Fig. 4a) 
and by replacing (at least in part) the missing T-sites with free 
s i lanols . It is the rate of growth along the a-axis that depends 
on the OH content. This process can be considered as f i l l i n g the 
missing T-sites with monomeric s i l i ca te species. Indeed, i t is 
rather well known that the concentration of monomeric species 
increases with increasing a lka l in i ty (27) and this should favor the 
rate of condensation of the D5R-chains along the a-axis. 

Figure 5 i l lustrates the DTA curves for gels prepared from 
TPAOH-lOOSiO -1000H 0 (Fig. 5A), Na2O-TPABr-100SiO2"1000H20 (Fig. 

5B), NaBr-TPABr-100SiO2-1000H2O (Fig. 5C) and for the corresponding 

f ina l s i l i c a l i t e - 1 samples (Fig. 5D for S-series and 5E for 
T-series) . As can be seen from this figure, the gel obtained in 
absence of Na ions is quite different from that obtained in i t s 
presence. In the former case (Fig. 5A), an endotherm is obtained 
at approximately 160C. This peak can be attributed to 
TPA-si l icate , where the TPA group is fu l ly hydrated. Gabellica et 
a l . (28) and B.Nagy et a l . (29) have assigned an endotherm peak at 
about 135C to TPA ions acting as counter-ions to negative charges. 
These charges result from the presence of A l in gels which form 
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Figure 4. Model f o r the growth of s i l i c a l i t e from D5R (adapted 
from Réf. 25, 28) 
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from S-ser i e s , E. S i l i c a l i t e from T - s e r i e s . 
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ZSM-5. For gels containing sodium (Fig. 5B and 5C) a peak at 240C 
is obtained. This peak is characteristic of both monomeric and 
crystal l ine TPAOH, and i t is the only one detected in the gel 
containing TPABr in the presence of Na. The small endotherms at 
HOC in this system (Fig. 5B and 5C) show clearly the presence of 
crystal l ine TPABr (28). Note, that in the f ina l crystal l ine 
product (Fig. 5D and 5E), the DTA peaks are similar for both the S-
and T-series. This indicates that the state of TPA ions is 
essentially identical in these s i l i c a l i t e - 1 samples. These_ 
occluded TPA ions have been shown to be counter-ions to SiO defect 
groups (25,30). 

The presence of hydrated TPA s i l i ca te in the T-series is 
quite interesting, as the crysta l l izat ion rate is consistently 
higher for the T-series than for the S-series where sodium is also 
included in the gel . It was shown previously that monomeric TPA 
ions may lead to the formation of ZSM-5 zeolites (30,31)  and that 
the concentrations of TP
indeed much higher in th
shown to reduce the rate of ZSM-5 crys ta l l i zat ion . This i s due in 
part to the preferential formation of sodium s i l i c a t e , which leads 
to the formation of dense structures (29). Moreover, the 
hydrophill ic interaction of sodium with the precursor s i l i ca te gels 
has an inhibit ing effect on the formation of the hydrophobic 
s i l i c a l i t e framework. The results emphasize the dual role of TPA 
ions both in their structure directing and space-f i l l ing functions. 

CONCLUSIONS 

Results presented in this report represent a comprehensive, 
systematic study on the effects of NaOH, TPAOH and TPABr addition 
on the synthesis of s i l i c a l i t e - 1 . From these data, the following 
conclusions may be drawn. F i r s t , the length to width (aspect) 
rat io of s i l i c a l i t e increases with decreasing a lka l in i ty of the 
reaction mixture. This rat io is in reasonable agreement with the 
growth rate ratios for the crystal length (R^ and width (R w )» 

Similar results have been reported by other investigators (19,20). 
Secondly, the rates of nucleation and crysta l l izat ion are lowered 
by the addition of sodium to the reaction mixture. This suggests 
that the presence of highly hydrophill ic sodium cations may 
interfere with the formation of the hydrophobic s i l i c a l i t e 
structure. Thirdly, the incorporation of TPA into the s i l i c a l i t e 
structure is independent of hydroxide concentration and is near the 
theoretical l imit of four molecules per unit c e l l as reported by 
Lok et a l . (22). In fact, crysta l l izat ion of s i l i c a l i t e ceases 
prematurely when the amount of TPA in the i n i t i a l batch mixture 
f a l l s below four per unit c e l l . F ina l ly , results from this study 
support the crysta l l izat ion mechanism proposed by van Santen et a l . 
(7), and provide a reasonable explanation of the variations 
observed in crystal morphology with changes in reaction mixture 
a lka l in i ty . 
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Chapter 18 

Stability and Ion-Exchange Capacity 
of Natural Sedimentary Zeolites 

in Acidic Solutions 

R. M . Carland1 and F. F. Aplan2 

1Indusmin, Spruce Pine, NC 28777 
2Mineral Processing Section, Pennsylvania State University, 

University Park  PA 16802 

The stability of y
acidic solutions (pH 0.75-5) was found to be 

mordenite > clinoptilotite > erionite > chabazite. 
Their ability, however, to extract Cu2+ from these same 
acidic solutions was 

erionite ≥ chabazite > clinoptilolite >> mordenite. 
Contact with acidic solutions (pH 4) removed significant 
quantities of Na+ and Si4+, lesser amounts of Κ+ and Fe+n 

and only small amounts of Al3+ and Ca2+ from the erionite 
sample. The cation exchange capacity of the natural 
erionite sample for Cu2+ was improved substantially by 
elution with Na+ salts or by a pretreatment in hot NaCl. 

Large q u a n t i t i e s of sedimentary z e o l i t e s are known i n the western 
United States (1). One of the more a t t r a c t i v e of t h e i r p o t e n t i a l 
uses i s as an inexpensive, cation-exchange m a t e r i a l f o r metals i n 
environmental improvement. This use includes the removal of heavy 
metal ions from a c i d mine-drainage, waters and the treatment of 
i n d u s t r i a l waste s o l u t i o n s . Inasmuch as s o l u t i o n s containing 
u n p r e c i p i t a t e d heavy metal ions are t y p i c a l l y a c i d i c , the s t a b i l i t y 
of z e o l i t e s i n an a c i d i c environment i s an important consideration 
i n evaluating t h e i r p o t e n t i a l as a c a t i o n exchanger i n such systems. 

The most common of the n a t u r a l sedimentary z e o l i t e s found i n 
the United States i n mineable q u a n t i t i e s are chabazite, c l i n o p t i l 
o l i t e , e r i o n i t e , and mordenite (2). Many c r y s t a l l i n e z e o l i t e s 
decompose i n a c i d s , although mordenite and, to a l e s s e r extent, 
e r i o n i t e have been reported to be stable i n a c i d s o l u t i o n s (3.). The 
goal of t h i s research was to evaluate the s t a b i l i t y and cation-ex
change c a p a b i l i t i e s of these common, n a t u r a l , sedimentary z e o l i t e s 
i n a c i d i c s o l u t i o n s . The ba s i c concepts of z e o l i t e ion-exchange, 
u s u a l l y emphasizing sy n t h e t i c z e o l i t e s , may be found elsewhere 
(3-6); several studies of c a t i o n exchange by n a t u r a l z e o l i t e s are 
al s o a v a i l a b l e (7-10). 

0097-6156/88/0368-0292$06.00/0 
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EXPERIMENTAL MATERIALS AND METHODS 

The z e o l i t e samples used here (see Table I) were c o l l e c t e d i n the 
f i e l d by R. H. Olson (Golden, CO), F. A. Mumpton (SUNY-College at 
Brockport, NY), and one of the authors. The mineralogy of the raw 
samples was determined by X-ray d i f f r a c t i o n (XRD) and confirmed by 
pétrographie microscope s t u d i e s . The amount of the z e o l i t e present 
a f t e r contact with a c i d was determined from the diminution of two 
c h a r a c t e r i s t i c XRD peaks f o r the sample i n question. The values 
selected were unique to each z e o l i t e i n the s p e c i f i c mineral assem
blage under study. The evaluation was f a c i l i t a t e d by use of XRD 
data f o r n a t u r a l z e o l i t e s and t h e i r associated gangue minerals 
assembled by F. A. Mumpton (SUNY-Brockport, unpublished data). 
Because the c r y s t a l l i n i t y of a given z e o l i t e type may vary from 
deposit to deposit, a h i g h l y p u r i f i e d z e o l i t e f r a c t i o n was prepared 
from each source by s i z i n g and s p e c i f i c g r a v i t y b e n e f i c i a t i o n 
methods. I t s p u r i t y wa
sample was used as an i n t e r n a
mixed with varying proportions of glass (amorphous to X-rays), and a 
standard composition vs. peak height curve developed. The procedure 
was s i m p l i f i e d because, with the exception of the Bowie, AZ sample, 
the deposits contained only one major z e o l i t e . 

For the d e s t r u c t i o n studies a 3 g sample of 10 χ 48 mesh (1680 χ 
295 ym) z e o l i t e was placed i n 150 ml of a s u l f u r i c a c i d s o l u t i o n of 
the desired and a g i t a t e d , slowly, f o r periods as long as 48 
hr. Batch Cu uptake experiments were c a r r i e d out by^conductj ng 
p a r a l l e l experiments i n s o l u t i o n s a l s o containing 10 mol l " ~ of 
CuSO^-SH^O. The pH of each s o l u t i o n was monitored p e r i o d i c a l l y and 
adjusted to the desired value when necessary. Column ion exchange 
experiments were made using the method proposed by Dow Chemical Co. 
Q l ) . U s ually, 20 g of 10 χ 48 mesh z e o l i t e (10 g f o r the column 
s t a b i l i t y t e s t s ) was placed i n a 50-ml buret (0.95 cm i . d . ) , and 
Cu containing s o l u t i o n s passed through the buret at a r a t e of 3 
ml/min. Desorption was accomplished at the same flowrate. 
Preliminary t e s t i n g had i n d i c a t e d that the cation-exchange capacity 
(CEC) was not appreciably a l t e r e d by column dimensions (0.95 and 
1.91 cm columns), amount o f ^ z e o l i t e ^ ( 5 to 3^ c m

+ i n height) or 
i n f l u e n t concentration (10 to 10 mol 1 Cu ). 

A few t e s t s were made i n which the z e o l i t e was pretreated to place 
i t i n e s s e n t i a l l y Çhe Na form. In t h i s method 30 g of z e o l i t e and 
200 ml of 1 mol 1 NaCl contained i n a 250-ml beaker were placed i n 
a household pressure cooker which was used as a water bath. The 
sample i n s o l u t i o n was heated to ^ 120°C f o r 2 hours at a pressure 
of ^ 2 atm., using a method s i m i l a r to that used by Starkey (12). A 
5-minute cool-down time was then used before opening. Each sample 
was then washed t h r i c e with d i s t i l l e d water, and the procedure 
repeated twice more before the z e o l i t e was d r i e d f o r subsequent use. 

Chemical a n a l y s i s of the Eastgate, NV e r i o n i t e sample was made by 
the Mineral C o n s t i t u t i o n Laboratories, The Pennsylvania State 
U n i v e r s i t y , using DC plasma emission spectrometry. 
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TABLE I. Composition of Raw Z e o l i t e Samples 

Sample Minerals App rox. Content, % 

Eastgate, NV E r i o n i t e 96 
Chabazite 1 
C a l c i t e 1 
Quartz 2 

Bowie, AZ Chabazite 60 
(High grade bed) E r i o n i t e 36 

Feldspar 2 
Quartz 2 

Hector, CA C l i n o p t i l o l i t e 80 

Quartz 4 
Volcanic glass 7 

T r i n i t y Basin, NV Mordenite 80 
Feldspar 10 
Quartz 10 

EXPERIMENTAL RESULTS AND DISCUSSION 

the four raw z e o l i t e SAMPLE COMPOSITION. The compositions of the four raw z e o l i t e 
samples were determined l a r g e l y by XRD but adjusted by pétrographie 
microscopy f o r those minerals present i n low percentages (< ^5%) or 
amorphous to x-rays (volcanic g l a s s ) . As seen i n Table I, the 
samples are composed l a r g e l y of z e o l i t e s (range: 80-90% z e o l i t e ) , 
and, with the exception of the Bowie, AZ sample, they a l l contain 
only one prominent z e o l i t e . The Bowie, AZ deposit i s known to be 
l a r g e l y a chabazite deposit, although i n parts of the deposit rather 
large q u a n t i t i e s of e r i o n i t e are a l s o present (13). 

ZEOLITE STABILITY AND C u 2 + SELECTIVITY PROPERTIES IN ACIDIC 
SOLUTIONS. Using the batch procedure described above, the percen
tage d e s t r u c t i o n of the z e o l i t e s at various pH values was determined 
based on the diminution of the c h a r a c t e r i s t i c XRD peak height com
pared to that of the o r i g i n a l sample. The r e s u l t s , given i n Figure 
1, i n d i c a t e that the Eastgate, NV e r i o n i t e sample i s reasonably 
s t a b l e at pH>l, even a f t e r 48-hr contact with a c i d i c s o l u t i o n s . The 
l o s s of c r y s t a l l i n i t y was ^10% at pH 4 and V30% at pH 1. At pH<l, 
however, the c r y s t a l s t r u c t u r e was s i g n i f i c a n t l y destroyed. The 
Bowie, AZ sample, containing mostly chabazite, but a l s o some 
e r i o n i t e , r e t a i n e d i t s c r y s t a l l i n i t y w e l l only at pH>3. I t s l o s s of 
s t r u c t u r e was s u b s t a n t i a l and r a p i d at pH<l. The Hector, CA, c l i n o 
p t i l o l i t e sample was very s t a b l e i n a c i d i c s o l u t i o n s except i n a 
st r o n g l y a c i d (pH <1) environment, and the T r i n i t y Basin, NV morden
i t e sample was stabl e i n a l l s o l u t i o n s t e s t e d , even i n s o l u t i o n s of 
pH 0.6 - 0.75 (V50 g / l i t e r H SO,). This i s not s u r p r i s i n g because 
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Figure 1. S t a b i l i t y of various z e o l i t e s i n a c i d i c s o l u t i o n s . 
A. Eastgate, NV e r i o n i t e φ p H 0.75 <>PH 3.0 
B. Bowie, AZ chabazite • pH 1.0 • pH 4.0 
C. Hector, CA c l i n o p t i l o l i t e A pH 2.0 
D. T r i n i t y Basin, NV e r i o n i t e 
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mordenites, having a S i / A l r a t i o >5, are the most s i l i c e o u s of the 
common z e o l i t e s (3). 2 

^ P a r a l l e l experiments were run i n a c i d i c s o l u t i o n s of 10 mol 
1 Cu to evaluate the a b i l i t y of these z e o l i t e s to remove heavy 
metal ions from s o l u t i o n (Figure 2). At pH>3, the ion-exchange 
c a p a b i l i t y of the Eastgate, NV and Bowie, AZ samples was not much 
a f f e c t e d , whereas the Hector, CA c l i n o p t i l o l i t e and T r i n i t y Basin, 
NV mordenite samples gave t h e i r highest ion-exchange c a p a b i l i t y at 
pH>4 and 5, r e s p e c t i v e l y . Whereas the e r i o n i t e , chabazite, and 
c l i n o p t i l o l i t e samples showed comparable Cu uptake at pH>4, the 
former two samples were superior at pH S^and the Eastgate, NV 
e r i o n i t e extracted a modest amount of Cu even at pH 2. Other 
than t h e i ^ ^ e c o m p o s i t i o n , the i n a b i l i t y of the z e o l i t e samples to 
extract Cu from strongly a c i d i ^ + s o l u t i o n s i s l i k e l y due to the 
p r e f e r r e d exchange of H over Cu which i s approximated by: 

100[Cu

A l l the z e o l i t e s excep£ +the Eastgate, NV e r i o n i t e sample showed an 
i n i t i a l increase i n Cu uptake i n s l i g h t l y a c i d s o l u t i o n s as a 
fun c t i o n of time. This i n i t i a l increase may be due to the purging 
of some of the l e s s r e a d i l y exchangeable cations from the s t r u c t u r e , 
or reduction i n pore blockage. The presence of a small amount of 
c a l c i t e i n the raw Eastgate, NV and Hector, CA z e o l i t e samples would 
r e s u l t i n the ready a v a i l a b i l i t y of Ca i n acid s o l u t i o n s , and as 
w i l l be s u b s e q u e n t l y demonstrated (see T a b l e IV), the presence of 
exchangeable Ca i s d e l e t e r i o u s f o r subsequent c a t i o n exchange by 
e.g. Cu . This circumstance probably influenced the shape of the 
Eastgate, NV curve at pH 2 and the Hector, CA curve at pH 3 since 
both raw samples contained c a l c i t e . 

The mordenite sample, though e x c e e d i n g ^ stable i n a c i d s o l u t i o n , 
showed r e l a t i v e l y poor exchange f o r Cu even at pH 5. Although 
e r i o n i t e , chabazite a n d ^ c J L i n o p t i l o l i t e showed good ion exchange 
c a p a b i l i t i e s (>^ 60% Cu uptake) i n moderately a c i d s o l u t i o n s (pH>3 
for the former two, pH>4 f o r the l a t t e r ) , two f a c t o r s l i k e l y make 
them poor exchangers^ (1) p a r t i a l s t r u c t u r a l d e s t r u c t i o n and (2) 
the preference of H over Cu (see Equation 1). O v e r a l l , the 
Eastgate, NV e r i o n i t e was probably the best of the samples tested 
here f o r use i n an a c i d i c environment (see Figure 1), because i t s 
d e s t r u c t i o n i n a c i d i c s o l u t i o n s was modest and i t shows a reasonable 
a f f i n i t y f o r Cu even at pH 2 (see Figure 2). 

REMOVAL OF ADSORBED OR STRUCTURAL CATIONS. 

The Eastgate, NV e r i o n i t e sample was s e l e c t e d £o_r f u r t h e r t e s t i n g 
because of i t s minimal d e s t r u c t i o n and high Cu uptake i n a c i d 
s o l u t i o n s (see Figures 1 and 2). A d e t a i l e d d e s c r i p t i o n of the + 

geology and mineralogy of t h i s deposit was given by Papke (14). H 
exchange was studied using the column technique. Passing water at 
pH 3 through the column, gave an i n i t i a l e f f l u e n t having a pH of 
9.2, which decreased to ^6 a f t e r f l u s h i n g with about 320 ml of 
s o l u t i o n / g z e o l i t e . The pH t h e r e a f t e r remained constant at pH ^6 
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2+ -2 
F i g u r e ^ . Influence of pH on the uptake of Cu from a 10 
mol 1 s o l u t i o n . 
A. Eastgate, NV e r i o n i t e φ pH 0.75 <> pH 3.0 
B. Bowie, AZ chabazite • pH 1.0 • pH 4.0 
C. Hector, CA c l i n o p t i l o l i t e A pH 2.0 Δ p H 5.0 
D. T r i n i t y Basin, NV e r i o n i t e 
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u n t i l 800 ml of s o l u t i o n / g of z e o l i t e had been passed through the 
column at which time 44 hr) the te s t was discontinued. Both t^SO^ 
and HC1 gave s i m i l a r r e s u l t s . This pattern may have been due to 
p r e f e r e n t i a l exchange of H or H replacement of A l s i t e s (3) but was 
more l i k e l y due to a modest, but c o n t i n u a l , d e s t r u c t i o n of the b a s i c 
e r i o n i t e s t r u c t u r e (see Figure 1A). In cont r a s t , i f a c l i n o p t i l o l i t e 
sample was used, the e f f l u e n t pH decreased to the feed s o l u t i o n value 
(pH 3) a f t e r the passage of ̂  400 ml/g z e o l i t e . This r e s u l t prompted 
a more thorough study of the removal of exchangeable or s t r u c t u r a l 
cations by a c i d i c s o l u t i o n s . Analyses of a raw and a b e n e f i c i a t e d 
sample of Eastgate, NV e r i o n i t e are given i n Table I I . The 

TABLE I I . Chemical A n a l y s i s of Eastgate, NV E r i o n i t e Sample 
Using DC Plasma Emission Spectrometry 

Component Be n e f i c i a t e d Raw 

s i o 2 

A 1 2 ° 3 12.6 -
F e 2 0 3 2.42 -
Na 20 4.15 4.13 
κ 2 ο 4.25 4.20 
CaO 0.51 0.75 
MgO - 0.79 

b e n e f i c i a t i o n was by g r a v i t y methods; and the procedure removed 
e s s e n t i a l l y a l l of the associated g a ^ g u e + m i n e ^ l s . p r i n c i p a l 
exç^angeab^ cations appear to be Na , Κ , Ca , Mg and, p o s s i b l y , 
Fe^ or Fe . Figure 3A shows that r e l a t i v e l y large amounts of Na 
(30-40 ppm) were removed by the passage of a pH 3 s o l u t i o n and t h i s 
e f f l u e n t concentration p e r s i s t e d even a f t e r tljie passage of 800 ml/g 
of z e o l i t e (^44 h r ) . Only small amounts of Κ (^ 1 ppm) we_re removed 
c o n t i n u a l l y from the zeolite_ and v e r ^ small amounts of Ca . ^ F i g u r e 
3B shows the removal of Fe and A l . I n i t i a l l y ^ 3 ppm Fe was 
found i n the e f f l u e n t s o l u t i o n , which decreased with time (^ 6 hr) to 
^ 1 ppm which p e r s i s t e d e v e n ^ f t e r the passage of 700 ml/g z e o l i t e of 
s o l u t i o n (^ 39 h r ) . Less A l was found i n i t i a l l y (^ 1 ppm) i n the 
e f f l u e n t and t h i s decreased to ̂ 0 . 1 ppm i n ̂  5 hr. 

4+ 
Figure 3C shows that a s i g n i f i c a n t amount of S i was i n i t i a l l y r e 
moved from the z e o l i t e during treatment with e i t h e r H«S0^ or HC1 at 
pH 3. Even aj£ter prolonged treatment an e f f l u e n t containing 
10-20 ppm S i p e r s i s t e d , undoubtedly due to the d e s t r u c t i o n of the 
stru c t u r e at t h i s pH (see Figure 1A). To demonstrate that the high 
S i content was not due to f i n e p a r t i c u l a t e s , a sample of one of the 
ea r l y e f f l u e n t s was passed through a M i l l i p o r e ^ i l t e r capable of 
removing p a r t i c l e s coarser than ^1 urn. The S i content decreased 
only from 140 to 125 ppm, i n d i c a t i n g that the r e l a t i v e l y high S i 
content i n the e f f l u e n t was present e i t h e r i n the i o n i c form or as a 
f i n e c o l l o i d . 
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Figure 3. Removal of exchangeable or s t r u c t u r a l cations from 
raw Eastgate, NV e r i o n i t e samples by an a c i d i c s o l u t i o n (pH 3), 

Na Tr+ J „ 2+ K and Ca : B. Fe n+ A l 3+ C. S i 4+ 
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Using the column technique and 20 g of 10 χ 48 mesh z e o l i t e , the 
breakthrough curve shown i n Figure 4 (as Δ) was developed. The 
cation-exchange capacity (CEC) ( i n m i l l i e q u i v a l e n t s (meq)/100g 
z e o l i t e ) was c a l c u l a t e d assuming a step f u n c t i o n passing through an 
e f f l u e n t value of 50% of the i n f l u e n t value and adjusting f o r the 
included and excluded areas(15). A value of 78 meq/100 g of s o l i d 
was found f o r t h i s z e o l i t e (Table I I I ) . The concentration of the 

TABLE I I I . Cu Exchange and Regeneration Data f o r As Received 
Eastgate, NV E r o n i t e * 

E l u t i o n 

s a l t 

S o l u t i o n 

(mol Γ 1 ) 
CEC 

(meq/100g) 

Avg, Cu 
conc. 
eluted . 
(mol l " ) 

Apnrox. 
Cu 
eluted (%) 

NaCl 
NaCl 

1 
5 78 1.1x10 100 

* Exchange s o l u t i o n : 8.5x10 mol l " CUS0.-5H.0, pH 4 

Cu EXCHANGE CAPACITY AND ELUTION FROM EASTGATE, NV ERIONITE 

e f f l u e n t before breakthrough was ^0.1 ppm. The Cu^ + taken up by 
the z e o l i t e was^then removed by e l u t i o n with a s a l t s o l u t i o n . The 
use of 5 mô . 1 NaCl s o l u t i o n doubled both the maximum and the 
average Cu concentration of the s o l u t i o n eluted compared with that 
using 1 mol 1 NaCl. The amount of Cu eluted reached ^ 100% with 
the stronger s o l u t i o n . 

As noted above, H + commonl^has a stronger preference f o r the z e o l i t e 
exchange s i t e than does Cu , and batch Resting ( F J^ure 2) has i n d i 
cated the orde,£ of preference between [H ] and [Cu ] (Equation 1). 
Thus, when Cu*" i s no longer being extracted, the pH shouJ<£ decrease 
to that of the feed s o l u t i o n . Figure 4 shows that the Cu break
through can be estimated from the e f f l u e n t pH alone (see φ and <> data, 
Figure 4). Numerous other t e s t s on a v a r i e t y of z e o l i t e s (data not 
given here) i n d i c a t e that t h i s observation can be generalized. 

2+ 
Following Cu loading onto the z e o l i t e , the e f f e c t of regeneration 
by e l u t i o n on subsequent column loading was determined using a 
variety of s a l t s . The data of Table IV show that regeneration with 
Na compounds increased the subsequent2^xchange capacity by 15 to 
50%, Κ had2^o e f f e c t , but Ca and Mg decreased the CEC substan
t i a l l y . Mg was a strong poison. Thus, z e o l i t e m a t e r i a l containing 
large amounts of exchangeable cations other than Na2 +appear £o_ be 
d e l e t e r i o u s to heavy metal c a t i o n exchange, with Ca and Mg being 
e s p e c i a l l y disadvantageous. 

2+ 
The improvement i n the CEC value f o r Cu a f t e r regeneration with 
NaCl s o l u t i o n i s l i k e l y due to the purging of d e l e t e r i o u s ions from 
the n a t u r a l z e o l i t e by Na . Accordingly, the pressure pretreatment 
method described i n the experimental methods s e c t i o n was used to place 
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Figure 4.Cu breakthrough curves f o r Eastgate, NV e r i o n i t e 
samples showing c o r r e l a t i o n with e f f l u e n t pH. 
Δ as r e c e i v e ^ sample 
• 2 atm. Na pretreated sample 
<̂> e f f l u e n t pH of pretreated sample 
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the raw z e o l i t e i n e s s e n t i a l l y the Na form. A n a l y s i s o_f the l â c h 
âtes i n d i c a t e d that gljout n a i f the o r i g i n a l amount of Κ and Mg*" and 
nearly a l l of the £&2+ w a s r e m o v e c * by t h i s treatment. The break
through curve f o r Cu i s given i n Figure 4 (<φ>) and loading and 
e l u t i o n r e s u l t s are shown i n Table V. This treatment increased the 
CEC of t h i s z e o l i t e by 56% to 122 meq/100 g. I t a l s o increased the 
concentration of the elute,<^ s o l u t i o n and r e s u l t e d i n the easy e l u t i o n 
of e s s e n t i a l l y a l l the Cu from the z e o l i t e . 

The Na + pre-treatment, and to a ^.essej +extent e d i t i o n with Na + s a l t s , 
improved the CEC by removal of Κ ; Ca and Mg . The superior CEC 
of the sodium form of the n a t u r a l e r i o n i t e over these other forms i s 
re l a t e d to the d i f f e r i n g strengths of adsorption and pore d i f f u s i o n 
rates of the various c a t i o n s , and to the removal of f i n e p a r t i c u l a t e s 
(e.g., clays) that might block passageways. Κ i s an inh e r e n t l y 
large ion (0.133 nm) (16), though i t s hydrated radius i s about the 
same as tha£ f o r hydrate
a c t i o n o f + K compared wit
ment of Κ at the exchange s i t e . This i s p a r t i a l l y confirmed by + 

other data (Carland and Apian, unpublished data) that i n d i c a t e s Κ 
e l i t e s a higher percentage of Cu 2$. r o m a n a t u r a l z e o l i t e than does 
Na . The d e l e t e r i o u s e f f e c t of Ca and Mg on the CEC may be 
explained by t h e i r l a r g e r hydrated radius and t h e i r t i g h t l y held 
water (17-19). which would r e s u l t i n slow d i f f u s i o n through the 
z e o l i t e pores. The e f f e c t would be magnified by s t r u c t u r a l imper
f e c t i o n s l i k e l y present i n these n a t u r a l z e o l i t e s . 

SUMMARY AND CONCLUSIONS 

1. A study of the s t a b i l i t y of four n a t u r a l sedimentary z e o l i t e s 
i n d i c a t e d the order of s t a b i l i t y i n an a c i d i c environment was 
found to be T r i n i t y Basin, NV mordenite > Hector, CA c l i n o p t i l o 
l i t e > Eastgate, NV e r i o n i t e > Bowie, AZ chabazite. 

2. The mordenite sample was stable f o r a 48 hr period even at pH 
0.75. The c l i n o p t i l o t i t e , e r i o n i t e and chabazite were s i m i l a r 
l y s t a b l e at or above pH 1,2 and 3, r e s p e c t i v e l y . 

2+ 
3. The a b i l i t y of these z e o l i t e s to remove Cu from s o l u t i o n at 

pH>3 was found to be 
e r i o n i t e > chabazite > c l i n o p t i l o l i t e » mordenite 

2+ 
The c l i n o p t i l o l i t e adsorbed Cu s i g n i f i c a n t l y only at pH>4 and 
the mordenite only at pH 5. 

4. O v e r a l l , the Eastgate, NV e r i o n i t e sample would be rated best be
cause i t s d e s t r u c t i o n by a c i d was2^odest above pH 1 and i t showed 
a reasonable a b i l i t y to remove Cu from s o l u t i o n even at pH 2. 

5. Column t e s t s showed t h a t ^ c i d i c water at pH 4 removed s i g n i f i c a n t 
q u a n t i t i e s of Na anj£ S i , mo_dest amounts of Κ and Fe and 
small amounts of A l and Ca from the Eastgate, NV e r i o n i t e 
sample. 
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TABLE IV. Influence of Elutant on the Regeneration and Subsequent 
Exchange Capacity of Eastgate, NV E r i o n i t e * 

Elutant 
(Régénérant) 

Cation-exchange 
capacity 
(meq/100g z e o l i t e ) 

change 
i n CEC 
from as 

s a l t (mol Γ 1 ) 
as 
rec'd 

a f t e r 
regeneration 

rec *d 
s t a t e ( % ) 

NaCl 1 78 90 +15 
NaCl 5 78 117 +50 
Na oS0. 2 4 1 78 102 +31 
NaN0 3 1 78 102 +31 
KC1 1 78 78 0 
C a C l 2 1 
Mg(N0 3) 2*6H 20 1 78 14 -82 

* Exchange s o l u t i o n : 8.2xlO" 3 mol l " 1 CuS0 4« 5H 20, pH4 

2+ 
TABLE V. Improvement i n Cu Exchange Performance A f t e r Two 

Atmosphere Pretreatment * 

Sample 

CEC 
(meq/100 g 
z e o l i t e ) 

Incr. 
i n 
CEC(%) 

Max. 
Cone. 
Cu 
eluted . 
(mol 1 ) 

Incr. 
i n 
eluate 
strength(%) 

C u 2 + 

eluted, 
(%) 

as received 
pretreated 

78 
122 +56 

1.62x10"} 
4.62x10" +185 

70 
100 

-3 -1 
*Exchange s o l u t i o n : 8.2x10 . mol 1 CuSO,-5H20, pH 4 
E l u t i o n s o l u t i o n : 1 mol l " NaCl, pH 5.6 
Pretreatment described i n experimental methods s e c t i o n 

TABLE VI. R a d i i and Hydration Data f o r Various Ions 

Ion 

Ionic 
radius 
(nm) (16) 

Hydration 
No. (17) 

Hydration 
radius 
(nm) (18) 

Hydration 
energy 
(kcal/g-ion ) (12) 

Na* 0.097 
0.133 
0.099 
0.066 

3 
1 

14 
14 

0.228 
0.217 
0.310 
0.309 

203 
183 
593 
672 
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6. The cation exchange capacity (CEC) of the Eastgate, NV erionite 
sample for Cu was 78 meq/g, but this coulfjL be improved by 15 
to 56% (90 to 122 meq/g) by eluting with Na saljs or by a pre
treatment to ĝ ace the zeolite largely in the Na form prior to 
subsequent Cu exchange. 

2+ 
7. Elution of the Cu from the erionj|e sample with KCl did no£+ 

improŷ  the CEC upon subsequent Cu exchange, but use of Ca 
or Mg seriously reduced the CEC, probably because of the slow 
diffusion of these relatively large hydrated ions. 
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Chapter 19 

Recent Developments in Pillared 
Interlayered Clays 

D. E. W. Vaughan 

Exxon Research and Engineering Company, Route 22 East, 
Annandale, NJ 08801 

The field of pillared clays has recently expanded by 
discoveries of ne
of the pillarin
materials, including micas, silicic acids, zirconium 
phosphates and layered metal hydroxides. Pillaring in 
various sheet materials has been done with clusters of 
cations, anions and neutral molecules, resulting in a 
new compositional versatility. Pillared layered 
materials now represent a rapidly expanding category 
of catalytic microporous materials having a high 
degree of chemical and structural diversity. 

Since the f i r s t commercial announcements of P i l l a r e d I n t e r l a y e r e d 
Clays (PILC) i n 1979 (1). much i n t e r e s t has focused on these 
materials as p o t e n t i a l sources of new materials i n sorption, 
separations and c a t a l y s i s . In t h i s review I w i l l attempt to 
summarise some of the recent developments that continue to make 
PILCs an e x c i t i n g and o p p o r t u n i s t i c research area f o r the petroleum 
o r i e n t e d i n d u s t r i e s . These developments can conveniently be d i v i d e d 
in t o the f o l l o w i n g areas: 

• New chemical understanding of c l a y s and PILCs. 
• New p i l l a r s 
• New sheet s t r u c t u r e s 

In the sense that much academic PILC research i s industry-sponsored, 
only the f i r s t group may be viewed as not being c l o s e l y intertwined 
with a p p l i c a t i o n s - both i n d i r e c t i o n and execution. Indeed, there 
seems to be l i t t l e delay between the discovery of new PILC materials 
and t h e i r e v a l u a t i o n as c a t a l y s t s . The o r i g i n a l o b j e c t i v e s i n 
developing PILCs - the c a t a l y t i c processing of heavy r e s i d u a l crude 
o i l s to t r a n s p o r t a t i o n f u e l s (2.3) - continues to be the main focus 
of the t e c h n o l o g i c a l developments i n the f i e l d . This r e f l e c t s not 
only a dearth of a l t e r n a t i v e c a t a l y s t s i n t h i s important 
a p p l i c a t i o n , but also a c o n v i c t i o n that they do represent a major 
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p o s s i b l e s o l u t i o n to the d i f f i c u l t c a t a l y t i c problem of e f f i c i e n t l y 
converting heavy, metal laden, crude o i l s to t r a n s p o r t a t i o n f u e l s . 
PILCs e s s e n t i a l l y f i l l the pore s i z e - a c t i v i t y gap between z e o l i t e s 
and the l a r g e r pore amorphous ge l c a t a l y s t s . 

The stimulus to create new compositions i s to meet s e v e r a l 
major perceived needed improvements to make PILCs e f f e c t i v e 
commercial f l u i d cracking c a t a l y s t s (FCC): 

• Larger spacings between the c l a y sheets 
(to accommodate l a r g e ' r e s i d ' molecules) 

• Higher thermal and steam s t a b i l i t y 
(so as t o s u r v i v e FCC r e g e n e r a t i o n ) . 

• B u i l d novel c a t a l y t i c a c t i v i t y i n t o the p i l l a r 
(to expand process a p p l i c a t i o n s ) . 

Despite t h i s apparent focus, new materials and new materials 
concepts are developing
time before broader a p p l i c a t i o n
PILCs i n both separations and c a t a l y s i s . There are many processes 
other than FCC ( a l k y l a t i o n , i somerisation etc.) that do not require 
any of the above improvements, and i n such a p p l i c a t i o n s PILCs 
represent high surface area s o l i d s having unique s t r u c t u r e s . In 
some cases, however, i t must be noted that the pores i n PILCs may be 
too large f o r high s p e c i f i c i t y i n many small molecule petrochemical 
processes. ZSM-5 and r e l a t e d s t r u c t u r e s have become s u c c e s s f u l 
c a t a l y s t s because they have pore struc t u r e s of 5 to 6À - a 
r e l a t i v e l y r e s t r i c t e d environment which s i g n i f i c a n t l y a f f e c t s the 
c a t a l y t i c t r a n s i t i o n states or d i f f u s i o n modes, c r e a t i n g novel 
s e l e c t i v i t i e s . PILCs w i l l be more u s e f u l where the reactants are 
s u b s t i t u t e d m u l t i - r i n g aromatics or napthenic molecules, too large 
to e f f i c i e n t l y r eact i n conventional z e o l i t e s . Hydrocracking and 
dewaxing are the most probable areas of i n i t i a l a p p l i c a t i o n s given 
the present status of PILC s t a b i l i t y . 

For the present, the c a t a l y s t and petroleum patent l i t e r a t u r e 
remain the major sources of new information and developments. Two 
reviews provide a background f o r t h i s paper (4.5). 

New Chemistry 

Studies of the s o l u t i o n chemistry of p o t e n t i a l p i l l a r i n g 
species are of major i n t e r e s t i n PILC studies, but have only 
r e c e n t l y achieved the l e v e l of observing s p e c i f i c species i n 
s o l u t i o n p r i o r to, during, and a f t e r p i l l a r i n g (6). Although 
s o l u t i o n NMR methods o f f e r the opportunity f o r A l , S i and Zr polymer 
d e f i n i t i o n , and have been demonstrated f o r s p e c i f i c A l (7.8) and S i 
(9-11) cases, these studies are l a r g e l y t o p i c s f o r future research. 
Examination of a comprehensive text on metal species i n s o l u t i o n , 
such as reference (12). and recent l i t e r a t u r e , c l e a r l y demonstrate 
large gaps i n our knowledge of the d e t a i l e d nature of complex 
multi-atomic polymers i n aqueous s o l u t i o n s i n d i c a t e d by many 
potentiometric t i t r a t i o n s tudies. Recent PILC developments 
described i n t h i s paper demonstrate that important s o l u t i o n species 
e x i s t , and can be " s i z e d " by PILC spacings and pore volumes, but 
s p e c i f i c and d i r e c t information on bonding, s t r u c t u r e and 
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dimensionality i s l a c k i n g i n most cases. However, the trends have 
c l e a r l y been demonstrated by s e v e r a l recent studies of z e o l i t e 
precursor species i n s o l u t i o n using both 29gi s o l u t i o n NMR (13.14) 
and Raman spectroscopy (15). In these cases small polyhedral 
c l u s t e r s have been i d e n t i f i e d i n syntheses of z e o l i t e s A and ZSM-5, 
and these same techniques should be quite adaptable to study the 
character of some p i l l a r precursors. As with many d i f f i c u l t 
problems, t h i s area of science needs the simultaneous a p p l i c a t i o n of 
se v e r a l complimentary techniques to e l u c i d a t e c l u s t e r species i n 
s o l u t i o n . I f s u c c e s s f u l , such an approach w i l l y i e l d s e v e r a l 
f a m i l i e s of new p i l l a r e d m a t e r i a l s . 

Some of the most important developments have taken place i n the 
e l u c i d a t i o n of new d e t a i l s of the s t r u c t u r e of the c l a y s themselves, 
together with some i n i t i a l and provocative studies of the e f f e c t s of 
p i l l a r i n g - a l l using various magic angle spinning nuclear magnetic 
resonance techniques (MASNMR). ^ 7A1 and 29Si-MASNMR studies of 
clay s by Herrero et a l
l a y e r ordering of S i an
avoidance c h a r a c t e r i s t i c of z e o l i t e s proposed by Loewenstein (17) 
and extended by Melchior et a l . (18). This implies that cations, 
i n c l u d i n g p i l l a r i n g cations, are l i k e l y to be evenly spaced w i t h i n 
the i n t e r l a y e r space. Assuming an absence of p i l l a r agglomeration 
on dehydration, the o r i g i n a l assumption i s supported that a PILC may 
be regarded as a molecular sieve having evenly spaced p i l l a r s 
propping open the laye r s (19). An a l t e r n a t i v e model i s that i n some 
cla y s p i l l a r s may c l u s t e r , and p o s s i b l y i n the i n i t i a l stages of 
c a l c i n a t i o n or steaming, p i l l a r c l u s t e r i n g may be an important 
mechanism of s t a b i l i z a t i o n . This p a r t i c u l a r l y may apply i n clays 
where the amount of p i l l a r species f i l l s the i n t e r l a y e r i n the 
hydrated s t a t e . As more work on PILCs i s published, i t becomes 
c l e a r that the c l a y i t s e l f i s an important v a r i a b l e , and that more 
than one model may be needed to e x p l a i n the experimental data. 

The molecular sieve s o r p t i o n p r o p e r t i e s of PILCs (19.20) 
i n d i c a t e z e o l i t e l i k e behaviour as shown i n Figure 1, o f t e n with a 
sharp c u t - o f f i n molecular s i z e separation, but these experiments do 
not adequately d i f f e r e n t i a t e between large rectangular pores (a 
c l u s t e r e d PILC model) and the smaller, more uniform, z e o l i t e - l i k e 
(e.g., as i n heulandite or s t i l b i t e ) pores thought to be 
c h a r a c t e r i s t i c of PILCs i n the i s o l a t e d p i l l a r model. More 
s o p h i s t i c a t e d molecular probing i s therefore needed, together with 
a n a l y s i s of i n t e r l a y e r c a t i o n ordering experiments, to f u r t h e r 
e l u c i d a t e the p i l l a r i n g models. One i n t e r e s t i n g new method of pore 
a n a l y s i s developed at Exxon (21). and r e c e n t l y commercialized, uses 
the very low pressure part of the s o r p t i o n isotherm to resolve pores 
i n the molecular range. A comparison of such an a n a l y s i s f o r 
z e o l i t e s 5A, NaX and an Al-PILC i s shown i n Figure 2, and gives a 
pore diameter f o r the PILC l a r g e r than f a u j a s i t e , but showing a more 
dispersed pore s i z e d i s t r i b u t i o n than observed f o r the z e o l i t e s , and 
very c l o s e to the model proposed f o r an Al-PILC. Note that the 
z e o l i t e s have pore diameters clo s e to t h e i r c r y s t a l l o g r a p h i c window 
dimensions i n t h i s a n a l y s i s . As the measurements were made at 87°K 
and represent a r e l a t i v e l y r i g i d l a t t i c e , they are remarkably close 
to a c t u a l i t y . At or close to room temperature the breathing modes 
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Φ 

P r e s s u r e - t o r r 

Figure 1. Absorption isotherms at 0°C, 25°C, 50°C and 75°C f o r 
n-octane i n an Al-PILC and a Zr-PILC, using a bentonite-325 base 
c l a y (American C o l l o i d Co.). The shape i s t y p i c a l l y " z e o l i t i c " 
(Type I ) , with some c a p i l l a r y condensation between the small 
c r y s t a l s at low temperatures. 
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UNCORR. PORE DIA. (ANG.) 

Figure 2. A comparison of the nitrogen pore s i z e d i s t r i b u t i o n 
a n a l y s i s f o r Ca, NaA (5A), NaX and an Al-PILC obtained using an 
Omnisorb 360 i n the p a r t i a l pressure range of 10~5 to 10"3. The 
r e l a t i v e order of the pore s i z e s i s i n good agreement with other 
experiments. 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



19. VAUGHAN Developments in Pillared Interlayered Clays 313 

of f a u j a s i t e increase the a c t u a l window diameter to about 8À, and i f 
s i m i l a r s t r u c t u r a l v i b r a t i o n a l amplitudes are assumed f o r the PILC, 
the room temperature PILC pore diameter would be about 9 to 10Â -
very c l o s e to the p r e d i c t e d s i z e based on a uniform pore model. 

E x p l o r a t i o n of the p i l l a r - c l a y sheet r e a c t i v i t y and 
c o n n e c t i v i t y a l s o i n d i c a t e the important r o l e of the s p e c i f i c c l a y 
type. 27^1 and 29gi-MASNMR experiments have shown d i s t i n c t i v e 
d i f f e r e n c e s between p i l l a r i n g mechanisms i n t r i o c t a h e d r a l h e c t o r i t e 
and d i o c t a h e d r a l montmorillonite. Whereas Plee et a l . (22) 
concluded that chemical c r o s s l i n k i n g may occur between the p i l l a r 
and t e t r a h e d r a l l a y e r i n a b e i d e l l i t e montmorillonite, Pinnavaia et 
a l . (23) showed that i t d i d not occur i n a h e c t o r i t e . These are the 
f i r s t observations of a complex process that may depend upon several 
s t r u c t u r a l and chemical f a c t o r s , such as s u b s t i t u t i o n of A l i n the 
t e t r a h e d r a l l a y e r , or the need f o r vacancies i n the octahedral l a y e r 
to allow r o t a t i o n of s t r u c t u r a l u n i t s or migration of reactant 
species to f a c i l i t a t e c r o s s l i n k i n g
e l u c i d a t e refinements o
towards more optimized c a t a l y s t s - presumably those which form 
chemical bonds between the p i l l a r and c l a y l a y e r . 

New P i l l a r Compositions 

The o r i g i n a l PILC compositions proposed a family of p i l l a r i n g 
species that r e s u l t e d i n a broad spectrum of quite d i f f e r e n t PILC 
products (1.5.24.25). based p r i m a r i l y on (Α1)χ3 or (Zr)4 polymers, 
or such polymers modified p r i m a r i l y with Mg, S i and T i species. New 
p i l l a r compositions include: 

• C r e a t i o n of new groups of polymers o f ( Τ ί θ 2)χ· 

• E x t e n t i o n of some of the o r i g i n a l polymers by 
s u b s t i t u t i o n of p a r t o f the A l i n the Keggin 
i o n w i t h secondary elements. 

• C l u s t e r s m a l l or c o l l o i d compositions of t r a n s i t i o n 
metal oxides or metal hydroxides. 

The synthesis of large spacing T1O2 PILCs i s one of the most 
important recent developments, i n that materials having a high 
degree of ordering, with about 30Â (001) b a s a l spacings, have been 
reported. C l a y - a l c o h o l i n t e r c a l a t e s with l a r g e r than 50À b a s a l 
spacings are known, but i t i s u n l i k e l y that inorganic p i l l a r e d c l a y s 
of such dimensions would have e i t h e r s t a b i l i t y or s i g n i f i c a n t 
i n t e r n a l f r e e volume. The 30Â PILCs of Sterte (26) have high 
surface areas, and hydrothermal s t a b i l i t y comparable to Zr-PILCs, 
and w i t h i n the range u s e f u l f o r FCC c a t a l y s t s . Although lowered 
spacing T1O2 PILCs were proposed i n the o r i g i n a l PILC patents 
(1.23.24). together with Z r - T i and A l - T i PILCs, p r e c i p i t a t i o n 
r e a c t ions i n h i b i t e d the development of s i g n i f i c a n t ordered 
p i l l a r i n g , or major surface areas. Sterte observed a high l e v e l of 
order, but at t h i s time no hypotheses have been advanced to 
e l u c i d a t e the s t r u c t u r e of the near-20Â t i t a n i a complexes 
p a r t i c i p a t i n g i n the i n t e r c a l a t i o n r e a c t i o n . In a d d i t i o n to 30À 
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spacing PILCs, Sterte reports 25À layered materials using a smaller 
T1O2 species. This has a s i m i l a r basal spacing to the p r e v i o u s l y 
reported 25.5À Zr02-PILC (1). which presumed c r o s s l i n k i n g of the Zr4 
square planar complex reported by C l e a r f i e l d and Vaughan (27). 
However, there are s i g n i f i c a n t d i f f e r e n c e s i n the aqueous s o l u t i o n 
chemistry of the smaller titanium c a t i o n (radius 0.61À) compared to 
the zirconium c a t i o n (radius 0.72À). I t has been reported that the 
chain l i k e (Ti-0)2+ cations (e.g., as i n T1OSO4) p r e f e r not to 
c r o s s l i n k i n the manner of s i m i l a r Zr cations (28). Yamanaka and 
co-workers (29) have also made 25À layered T1O2-PILCs, but using 
hydrolysed tetraethoxy titanium complexes. These too have high 
s t a b i l i t y and high i n t e r n a l pore volume, as shown i n Table I. 

TABLE I COMPARISON OF THE PROPERTIES OF 
A l  Zr  S i and Ti-PILCs 

Polymer Species (001) Cla

AI13 17.8Â - 18.5Â 400 1 
( S i 8 ) n 19Â 300 34 
Zr4 18.0Â 260 1 

( Z r 4 ) x 21.5 290 1 
( Z r 4 ) y 21.5 + 25.6 250 1 
( T i 0 2 ) a 25À 300 26 
( T i 0 2 ) b 29À 330 29 

The titanium alkoxides are used e x t e n s i v e l y i n surface coating 
preparations f o r metals and p l a s t i c s , and are thought to form sheet 
l i k e two-dimensional polymers (30). based on the s t r u c t u r a l u n i t 
shown i n Figure 3, i n contrast with other one-dimensional T i chain 
polymers, and Zr4 planar c l u s t e r s . I t i s p o s s i b l e that the 25À 
Ti-PILC of Sterte, made v i a an inorganic route, may be d i f f e r e n t 
from the s i m i l a r s i z e d 25À Ti-PILC of Yamanaka et a l made v i a the 
alkoxide, and therefore these may have d i f f e r e n t p r o p e r t i e s . As f o r 
Zr polymers, the low molecular weight T i s o l u t i o n polymers are 
d i f f i c u l t to c h a r a c t e r i z e , and await the development of new 
experimental techniques before t h e i r nature can be f u l l y e l u c i d a t e d . 
Zr and T i NMR should have major impact here, i f s u i t a b l e techniques 
can be developed. In contrast to Zr02, titanium may form a range of 
non-stoichiometic oxides i n a d d i t i o n to the three s t o i c h i o m e t r i c 
T1O2 forms of r u t i l e , anatase and brookite. This r a i s e s the 
p o s s i b i l i t y of having several " t i t a n i a " p i l l a r types, p a r t i c u l a r l y 
under reducing r e a c t i o n conditions c h a r a c t e r i s t i c of many c a t a l y t i c 
processes, and presents a major challenge to present instrumental 
c a p a b i l i t y to s p e c i f i c a l l y i d e n t i f y the " r e a l p i l l a r " compositions. 
This w i l l be an issue of some importance i n the patent area i f some 
compositions show novel p r o p e r t i e s . 

The m o d i f i c a t i o n of the AI13 species by s u b s t i t u t i o n of 
secondary metal ions into the complex (31). rather than by a d d i t i o n 
polymerization (25). or post ion exchange (24). as o r i g i n a l l y 
proposed, adds a new and wide ranging v e r s a t i l i t y to the p i l l a r 
i t s e l f . These materials may be expected to show not j u s t a 
d i f f e r e n t c a t a l y t i c r e a c t i v i t y , but changes i n the way the p i l l a r s 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



19. VAUGHAN Developments in Pillared Interlayered Clays 315 

Possible (Cr)3 and (Cr)4hydroxy complexes 
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Figure 3. Models of various oxy-hydroxy inorganic polymers 
p o s s i b l y used to p i l l a r s e v e r a l l a y e r s t r u c t u r e s , i n c l u d i n g 
complexes of T i (29); ( S i , A l ) (9,34); (Al,M)13(31); Zr(27) and 
Cr(39,40). 
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may react with the sheet s t r u c t u r e s . Preliminary e v a l u a t i o n of a 
s i m i l a r Cr-Al-PILC polymer by Carrado et a l . (32) i n d i c a t e s novel 
r e a c t i v i t y . In contrast to the case of the mica-montmorillonite 
PILC s u b s t i t u t e d with N i 2 + i n the octahedral sheet (33). the p i l l a r 
may now a l s o act as a r e s e r v o i r f o r c r e a t i n g c a t a l y t i c metal 
c l u s t e r s i n the i n t e r l a y e r , leading to novel and enhanced 
r e a c t i v i t i e s . 

A t t e n t i o n r e c e n t l y focused on a wide range of s i l i c a polymers 
(s e l s e q u i s i l o x a n e s ) p i l l a r i n g montmorillonites (34). and these can 
a l s o be Al^+ s u b s t i t u t e d i n the manner demonstrated by Hoebbel et a l 
(9). This large group of p o t e n t i a l p i l l a r s a l s o o f f e r s the 
p o s s i b i l i t y of c r e a t i n g i n t e r l a y e r spacings comparable to those 
observed f o r T1O2. However, as i s w e l l known i n s i l i c a t e chemistry, 
the s t a b i l i t y of such materials i n the presence of water w i l l be 
r e l a t i v e l y low. 

T r a n s i t i o n metal oxide p i l l a r s  f i r s t i n v e s t i g a t e d as 
i n t e r c a l a t e s by Yamanak
a t t e n t i o n by Pinnavia an
spacing PILCs propped by new t r a n s i t i o n metal hydroxide c l u s t e r 
s t r u c t u r e s . In these cases, t r a n s i t i o n metal s o l u t i o n s were tre a t e d 
i n an manner analogous to that used to make the AI13 polymer from A l 
s o l u t i o n s , y i e l d i n g s i m i l a r s i z e d 8-10Â s o l u t i o n species which 
p i l l a r the c l a y to basal spacings of over 20Â. The s t r u c t u r e s of 
the p i l l a r i n g species have not yet been i d e n t i f i e d , but s e v e r a l 
polymeric chromium hydroxide polymers have been proposed (39.40). as 
shown i n Figure 3. These are the f i r s t h i g h l y ordered, large 
spacing PILCs, having i n t e r e s t i n g t r a n s i t i o n metal c a t a l y s t 
p o s s i b i l i t i e s , i n that they have high v o i d volumes and metal 
loadings. 

Figure 3 summarizes the st r u c t u r e s of p o s s i b l e p i l l a r i n g 
species described above, based on known str u c t u r e s of species 
present p r i o r to a d d i t i o n of the c l a y component. M u l t i p l e s of these 
b a s i c u n i t s probably c o n s t i t u t e the a c t u a l p i l l a r s i n many cases. 
Coalescence of such c l u s t e r s i s p a r t i c u l a r l y expected during 
c a l c i n a t i o n or s e t t i n g of the c l u s t e r to form the p i l l a r , e s p e c i a l l y 
i n the presence of low water p a r t i a l pressures. 

New Sheet Compositions 

Hit h e r t o the most s u c c e s s f u l p i l l a r i n g has been c a r r i e d out on 
smectite type c l a y s . The o r i g i n a l research on p i l l a r i n g included 
s e v e r a l s e r i e s of unsuccessful experiments on mica, v e r m i c u l i t e and 
the sheet s i l i c i c a c i d minerals magadiite, s i l h y d r i t e and kenyaite. 
Recently renewed a t t e n t i o n has focused on these and other 
a l t e r n a t i v e sheet s t r u c t u r e s . They include r e c t o r i t e , zirconium 
phosphates, t e t r a s i l i c i c micas, h y d r o t a l c i t e s and s i l i c i c acids, the 
general s t r u c t u r a l features of which are shown i n Figure 4. 

R e c t o r i t e i s one of an almost i n f i n i t e number of randomly mixed 
l a y e r c l a y s (41). c o l l e c t i v e l y c a l l e d ' i l l i t e s ' , which include 
s e v e r a l other ordered i n t e r s t r a t i f i e d v a r i e t i e s , i n c l u d i n g c h l o r i t e , 
c o r r e n s i t e and a l l e v a r d i t e . R e c t o r i t e has the advantages of a mica 
and a smectite, i n that a l t e r n a t e i n t e r l a y e r s are expanding and 
non-expanding. I t may be viewed as an ordered s y n t h e t i c 
mica-montmorillonite (SMM) i n the nomenclature f a m i l i a r to c a t a l y t i c 
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chemists. The r e s u l t i n g double sheet between the p i l l a r e d expanded 
lay e r s i n the PILC form, gives the p i l l a r e d s t r u c t u r e enhanced 
s t a b i l i t y , which shows up as superior a c t i v i t y i n c a t a l y t i c 
r eactions c a r r i e d out a f t e r c a t a l y s t d e a c t i v a t i o n (42). Even though 
the t o t a l i n t e r l a y e r v o i d volume i s t h e o r e t i c a l l y only h a l f that 
expected of a f u l l y expanded and p i l l a r e d smectite, the enhanced 
d e a c t i v a t i o n s u r v i v a b i l i t y of that i n t e r l a y e r compensates f o r the 
smaller i n i t i a l i n t e r l a y e r volume. Comparative c a t a l y t i c 
a c t i v i t i e s , a f t e r severe d e a c t i v a t i o n , of PILC and conventional FCC 
c a t a l y s t s are shown i n Figure 5, and d r a m a t i c a l l y demonstrate the 
improvements due to the enhanced sheet s t a b i l i t y , and the p o t e n t i a l 
f o r these materials i n FCC. The a d d i t i o n of z e o l i t e to such PILC 
c a t a l y s t s should give an even greater enhancement i n a c t i v i t y , and 
added s e l e c t i v i t y c o n t r o l . These data c l e a r l y demonstrate that the 
p i l l a r may have very high s t a b i l i t y , and t h i s i s probably another 
case of strong s h e e t - p i l l a r c o n n e c t i v i t y . 

I t seems h i g h l y improbabl
would survive the state
the proposal of Plee, et a l . (22) that chemical r e a c t i o n between 
sheet and p i l l a r plays a major r o l e i n PILC s t a b i l i z a t i o n and 
c a t a l y s t s u r v i v a b i l i t y . Plee et a l . focused t h e i r a t t e n t i o n on 
b e i d e l l i t e , having a high t e t r a h e d r a l Al^+ component, which has not 
yet been found i n major mineral accumulations. R e c t o r i t e i s more 
abundant, but again occurs i n small deposits. The advantages shown 
by p i l l a r e d r e c t o r i t e warrant a r e - e v a l u a t i o n of some of the 
p i l l a r e d s y n t hetic mica-montmorillonites made by Granquist and 
co-workers (e.g. 43), p r e v i o u s l y i n v e s t i g a t e d f o r hydrocracking (44) 
and hydroisomerization (45). and having the advantage of no i r o n 
oxide admixed with the c l a y - a major problem with most mineral 
c l a y s . 

Although e a r l y attempts to p i l l a r magadiite, s i l h y d r i t e and 
kenyaite with Α1χ3 and Zr^ polymers f a i l e d to demonstrate 
i n t e r c a l a t i o n , recent advances i n the s t r u c t u r a l understanding of 
these sheet s i l i c a s have shown that some can be i n t e r c a l l a t e d (46). 
These materials represent a large group of r e a c t i v e hydroxylated 
s i l i c a s (47) of p o t e n t i a l i n t e r e s t i n p i l l a r i n g r e a c t i o n s . In many 
cases the density of r e a c t i v e "surface Ό Η ' " groups i s such that the 
density of c r o s s l i n k i n g with species such as s e l s e s q u i s i l o x a n e s w i l l 
produce f i l l e d i n t e r l a y e r s , and poor s o r p t i o n p r o p e r t i e s (48). 
P i l l a r i n g the sheet s i l i c i c acids to produce open st r u c t u r e s w i l l 
therefore depend on very s e l e c t i v e p a r t i a l p i l l a r i n g , or the 
c a p a b i l i t y of p i l l a r i n g only a few s t r u c t u r e s . One recent example 
using a s y n t h e t i c s i l i c i c a c i d , of undisclosed s t r u c t u r e , i n d i c a t e s 
surface areas i n the range of 580 m̂ /gm, and pores large enough to 
sorb cyclohexane i n copious amounts (49). 

The t e t r a s i l i c i c micas (TSM) are s y n t h e t i c expandable 
fluoromicas (50) r e c e n t l y made a v a i l a b l e by Topy Industries (Japan) 
(51). They can be e f f e c t i v e l y p i l l a r e d (52). and show i n t e r e s t i n g 
c a t a l y t i c a c t i v i t y and enhanced s t a b i l i t y , although not at the l e v e l 
of the r e c t o r i t e - P I L C . The chemical and p h y s i c a l p r o p e r t i e s of t h i s 
group of materials do not yet seem to have been optimized, and 
probably require more extensive synthesis work before the f u l l 
p o t e n t i a l of TSM can be r e a l i z e d i n p i l l a r e d systems. 
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D e a c t i v a t i o n 
( h o u r s @ 8 0 0 ° C , 1 0 0 % s t e a m , 1 atm.) 

Figure 5. A comparison of c a t a l y t i c a c t i v i t i e s using a l i g h t 
c y c l e o i l over deactivated c a t a l y s t s based on p i l l a r e d 
montmorillonite, p i l l a r e d r e c t o r i t e , NaY and an 
amorphous s i l i c a - a l u m i n a FCC. 
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Zirconium phosphates have been e x t e n s i v e l y i n v e s t i g a t e d as 
i n t e r c a l a t i o n hosts (53). and the c a t a l y t i c p r o p e r t i e s of some 
p i l l a r e d zirconium phosphates has been reviewed by C l e a r f i e l d (54). 
A recent S h e l l patent i n d i c a t e s that these materials can be p i l l a r e d 
with s e l s e s q u i s i l o x a n e s (55). and that they o f f e r p o t e n t i a l as 
c a t a l y s t systems; opening up yet another c l a s s of inorganic 
microporous materials to petrochemical and petroleum c a t a l y s i s . 

The s e v e r a l new chemical and s t r u c t u r a l systems proposed i n 
recent d i s c o v e r i e s are summarized i n Table I I , and g r e a t l y expand on 
the a v a i l a b l e v e r s a t i l i t y of PILCs. 

TABLE II NEW PILC MATERIALS 

P i l l a r 
(Al(13-x) Mx) 
A l i 3 , ( A l l 3 ) x 
A l i 3 , Zr4 
( S i 0 2 ) x 

<Ti0 2)x 
Cr203,Fe203,CoO 
( S i 0 2 ) x 
(Si02)x 

Layer 
Smectites 
R e c t o r i t
T e t r a s i l i c i
Smectites 
Smectites 
Smectites 
ZrP04 
S1O2 

Advantage 
A c t i v e P i l l a r 

P i l l a r V e r s a t i l i t y 
> 15À Spaces 
A c t i v e P i l l a r 
Novel Sheet 
Novel Sheet/chain 

Reference 
31 

34 
26,29 

35,36,37; 

55 
49 

38 

Our experience with several kinds of sheet s t r u c t u r e s i s that the 
smectites are the most v e r s a t i l e host materials, and that most other 
c l a s s e s are very s p e c i f i c f o r the kinds of species that w i l l p i l l a r . 

C o l l o i d - C l a v Systems 

C o l l o i d - c l a y agglomerates have been recognized f o r many years 
as o f f e r i n g novel p r o p e r t i e s that n e i t h e r alone possess. The 
semi-synthetic f l u i d cracking c a t a l y s t s of the e a r l y 1950's were 
such m a t e r i a l s , comprising various cla y s i n a s i l i c a or 
s i l i c a - a l u m i n a g e l or c o l l o i d matrix. S i m i l a r materials are used as 
a matrix f o r the current f a m i l i e s of z e o l i t e promoted f l u i d cracking 
c a t a l y s t s . Although several such materials have been 'lumped' with 
PILCs, they i n f a c t represent a separate family of materials which 
are c h a r a c t e r i z e d by c r y s t a l l o g r a p h i c disorder, although they may i n 
some cases show d i s t i n c t i v e sharp pore s i z e d i s t r i b u t i o n s . The 
l a t t e r r e s u l t from uniformity i n the c o l l o i d or c l a y s i z e 
d i s t r i b u t i o n s used i n t h e i r preparation, rather than from the 
s p e c i f i c ordered i n t e r l a y e r i n g of each c l a y l a y e r with a uniform 
molecular c o l l o i d e n t i t y . The t r a n s i t i o n from f u l l order t y p i c a l of 
z e o l i t e s , to f u l l d isorder as i n the c o l l o i d c l a y agglomerate 
system, passes through the PILC which i n v a r i a b l y has some 
c h a r a c t e r i s t i c s of both - a majority of micro-pores of the former 
type together with a minority of meso-pores c h a r a c t e r i s t i c of the 
l a t t e r . Several recent patents focus on the use of l a r g e r 
c l u s t e r - c o l l o i d species of the t r a s i t i o n metals to form materials of 
t h i s general form (e.g. 56,57). They c o n s t i t u t e an important c l a s s 
of c a t a l y s t s , but do not f a l l w i t h i n the scope of t h i s review. 
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P i l l a r e d Sheet Hydroxides 

B r u c i t e , Mg(0H>2, comprises a s i n g l e sheet of bridged octahedra 
analogous to the octahedral l a y e r i n t a l c . Although t h i s sheet has 
no net la y e r charge, s u b s t i t u t i o n of t r i v a l e n t metal cations f o r 
Mg2+ creates a net p o s i t i v e charge on the sheet, and the r e s u l t a n t 
materials exchange anions between the sheets. Al^+ r e a d i l y 
s u b s t i t u t e s i n t o t h i s magnesium hydroxide sheet to form a mineral 
c a l l e d h y d r o t a l c i t e (58). and a large number of these mixed 
hydroxides are r e a d i l y synthesized. S i m i l a r s u b s t i t u t e d materials 
occur i n nature i n great d i v e r s i t y , i n some cases comprising 
important mineral ores (eg. takovite, N16AI2(OH)I6CO3 - a Ni 
equivalent of h y d r o t a l c i t e ) . Many such materials have been 
i n v e s t i g a t e d as i o n exchangers, and shown to have s p e c i f i c s o r p t i o n 
p r o p e r t i e s i n forms expanded with C O 3 2 - , C l " , CN" etc. (60.61). 
Recent work by Woltermann (62) has shown that i n some cases various 
homopoly and heteropoly-aci
Keggin i o n st r u c t u r e i d e n t i c a
p i l l a r these materials. The thermal and hydrothermal p r o p e r t i e s of 
these products are poor compared with conventional c a t i o n p i l l a r e d 
smectites, and they c o l l a p s e on dehydroxylation - u s u a l l y below 
about 400°C. However, the compositional d i v e r s i t y of the p i l l a r s 
and the layers make them a chemically v e r s a t i l e group of p o t e n t i a l 
c a t a l y s t s . The p i l l a r i n g reactions seem to be f a r more r e s t r i c t i v e 
than i n i t i a l l y proposed by Woltermann, and i n many cases may be 
p r i m a r i l y of c o l l o i d - c l a y sheet random packed type, p a r t i c u l a r l y as 
many of the syn t h e t i c hydroxides form c r y s t a l s of only s e v e r a l 
hundred angstroms diameter. However, they comprise a very large 
group of microporous materials, both ordered and disordered, and 
o f f e r many c a t a l y s t o p p o r t u n i t i e s . The c a t a l y s t l i t e r a t u r e contains 
many examples of p r e c i p i t a t e d mixed metal oxides and hydroxides of 
"amorphous" st r u c t u r e , and probably includes many materials of t h i s 
type. 

Conclusions 

P i l l a r e d sheet struc t u r e s continue to expand t h e i r i n t e r e s t and 
d i v e r s i t y , with major developments taking place i n i n c r e a s i n g the 
number of both p i l l a r and sheet compositions. Unfortunately the 
s p e c i f i c understanding and c h a r a c t e r i z a t i o n of p i l l a r precursors and 
PILC products g r e a t l y lags the t e c h n o l o g i c a l " p u l l " f o r new 
materials - a c l a s s i c c a t a l y s t scenario. With major i n t e r e s t now 
turning to r e l a t i v e l y rare cla y s (or ones not a v a i l a b l e i n quantity) 
such as b e i d e l l i t e and r e c t o r i t e , the time may be r i p e f o r a 
re-examination of s p e c i f i c c l a y synthesis methods, and dedicated 
p r o j e c t s to synthesize these kinds of mate r i a l s . T e t r a s i l i c i c mica 
i s a recent success i n the synthesis area, which could be followed 
by others. Major opportunities e x i s t f o r the a p p l i c a t i o n of various 
spectroscopic techniques i n both the s o l u t i o n and s o l i d s t a t e s , and 
modeling studies on the products would f u r t h e r promote understanding 
and improvment i n PILCs having a p p l i c a t i o n s as sorbents and 
c a t a l y s t s . 
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Chapter 20 

Acid-Base Properties of Catalysts 
Derived from Anionic Hydroxides 
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Layered double metal hydroxide  consist f positivel
charged brucite-typ
divalent cations ar y
This results in a net positive charge in the layers 
which is balanced by charge compensating anions in the 
interlayer. Upon heating, the hydroxides undergo 
progressive dehydration, dehydroxylation, and 
decomposition of the anion, leading to catalytically 
active materials. This work describes studies into the 
role of the nature of the cations and the layer 
composition on the acid-base properties of the resulting 
mixed oxides. The decomposition of 2-propanol was used 
as a model reaction to examine the acid-base 
characteristics. Some of the materials were shown to 
behave as highly active, strong solid bases. The 
selectivity towards a base catalyzed pathway, as shown 
by ketone formation, was found to depend on the nature 
of the cations as: Zn-Cr, Ca-Al > Ni-Al > Mg-Al. IR 
spectroscopy was used to elucidate the nature of the 
acid-base sites. 

Layered double metal hydroxides are isomorphous with the 
n a t u r a l l y occuring mineral h y d r o t a l c i t e , having the general 
formula { [ Μ Ι Ι

1 _ χ Μ Π ΐ
χ ( 0 Η ) 2 ] . α Υ " χ / υ · n H 2 0 } · T h e r e s u l t i n g 

p o s i t i v e charge of the la y e r i s balanced by anions present i n the 
i n t e r l a y e r . The t r i v a l e n t c a t i o n s u b s t i t u t i o n can be varied 
between 17% and 33%, and s u b s t i t u t i o n outside of t h i s range leads 
to the formation of a d d i t i o n a l s i n g l e hydroxides (1). Anions with 

1Current address: Aristech Chemicals, 1000 Tech Center Drive, Monroeville, PA 15146 
Correspondence should be addressed to this author. 
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d i f f e r e n t charges or s i z e s can be incorporated into the i n t e r l a y e r 
of these hydroxides leading to i n t e r l a y e r distances ranging from 
3.6 Â to 21.8 Â. The remaining i n t e r l a y e r space i s taken up by 
water molecules. 

The thermal s t a b i l i t y of these materials has been p r e v i o u s l y 
studied by Miyata (2) and Reichle (_3). Upon heating, below 200°C, 
the i n t e r l a y e r water i s l o s t . Between 250°C and 500°C the 
materials dehydroxylate accompanied by the decomposition of the 
anion. Reichle (3) has shown that t h i s process i s r e v e r s i b l e up 
to 600°C, and takes place without e x f o l i a t i o n of the layers while 
maintaining the morphological structure of the hydroxide. In 
t h e i r layered form, these hydroxides have found wide use as anion 
exchangers (4^, and sorbents f o r various hydrocarbon molecules (5) 
and water. I n t e r c a l a t i o n of heteropoly anions (6) and polymerized 
bidimensional s i l i c a t e anions i n t o the i n t e r l a y e r has a l s o been 
reported ( 7 ) . 

The layered hydroxide
i n a c t i v e , probably du
c a l c i n a t i o n up to 450°C, materials i n t e r c a l a t e d with C0<* or N0 3~ 
anions have been found a c t i v e f o r a l d o l condensation ζβ), o l e f i n 
i s o m e r i z a t i o n and 3-propiolactone polymerization (9). Although 
many e l i m i n a t i o n reactions have been studied over decomposed 
double metal hydroxides, the nature of the s i t e s involved i s s t i l l 
unclear. 

It was the purpose of t h i s work to study the acid/base s i t e s 
generated upon c a l c i n a t i o n of layered hydroxides using the 
decomposition of 2-propanol as a test r e a c t i o n . Although most of 
the previously reported c a t a l y t i c work on t h i s c l a s s of materials 
has involved the Mg-Al hydroxide, other combinations of d i v a l e n t 
and t r i v a l e n t cations are p o s s i b l e and were thus i n v e s t i g a t e d . 

Experimental Methods 

Synthesis and C h a r a c t e r i z a t i o n of Layered Precursors. 
H y d r o t a l c i t e - l i k e materials of Mg-Al, Zn-Cr, Ca-Al, and N i - A l were 
prepared from the n i t r a t e s a l t s . A mixed s o l u t i o n of the 
appropriate d i v a l e n t and the t r i v a l e n t c a t i o n s a l t s i n the 
required molar r a t i o s was c o - p r e c i p i t a t e d with a base, t y p i c a l l y 
NaOH, at room temperature. The pH of the suspension was 
maintained between 8 and 10 during the a d d i t i o n , which required 
approximately 1 hour. A f t e r complete a d d i t i o n , the p r e c i p i t a t e 
was allowed to age for 16 hours and l a t e r washed with deionized 
water. The p u r i t y and c r y s t a l l i n i t y of the material was v e r i f i e d 
by X-ray d i f f r a c t i o n . DTA/TGA a n a l y s i s was used to study the 
thermal s t a b i l i t y as w e l l as the accompanying weight lo s s of the 
materials. 

2 7 
IR spectroscopy and A l NMR studies were performed on the 

c a l c i n e d m a t e r i a l s . IR spectra were obtained from a t h i n 
transparent wafer of a f i n e l y ground mixture of approximately 1 mg 
of the c a l c i n e d sample with 100 mg of KBr using a Perkin Elmer 680 
spectrometer. NMR spectra of 2 ' A l - c o n t a i n i n g samples were 
obtained employing magic angle spinning, at 162 Hz i n a 14.8 Tesla 
NMR instrument. 
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Reaction Studies. The r e a c t i o n system consisted of a flow micro-
reactor using helium as a c a r r i e r gas bubbled through a saturator 
containing 2-propanol. The p a r t i a l pressure of 2-propanol was 
adjusted by c o n t r o l l i n g the temperature of the sa t u r a t o r . 
Approximately 200-400 mg of the layered hydroxide were heated i n 
the reactor under a flow of helium i n order dehydrate and 
dehydroxylate the m a t e r i a l . The p a r t i a l pressure of 2-propanol 
was maintained at 100 t o r r and the helium flow was varie d between 
10-20 ml/min. The i n - s i t u c a l c i n a t i o n temperature was varied 
between 400-500°C and the re a c t i o n temperature between 150-
350°C. Analyses of the reactants and the products were performed 
by an on-line GC f i t t e d with a c a p i l l a r y column. 

The r e a c t i o n order f o r 2-propanol decomposition was estimated 
by varying the residence times and was found to be approximately 
zero order at low conversions. Reaction rates were estimated 
based on t h i s r e a c t i o n order  The derived a c t i v a t i o n energies are 
approximate due to lac
i n the c a t a l y s t bed. 

Results and Discussion 

Table I summarizes the s t o i c h i o m e t r i c composition and c r y s t a l 
phases determined by XRD f o r the d i f f e r e n t layered hydroxides 
immediately a f t e r synthesis. The hydroxides were c a l c i n e d at 
temperatures between 400°C and 500°C. The e f f e c t of c a l c i n a t i o n 
temperature on c a t a l y t i c a c t i v i t y i s shown i n Table I I f o r the N i -
Al hydroxide. This hydroxide was found to be most a c t i v e when 
ca l c i n e d at 450°C. S i m i l a r r e s u l t s were found f o r the other 
hydroxides. 

Table I. Chemical Formula and C r y s t a l l i n e Phase of 
Mate r i a l s upon Synthesis v i a P r e c i p i t a t i o n 

Sample No. Chemical Formula Major Phase 

A [ Z n 0 . 7 5 C r 0 . 2 5 ( O H ) 2 K N 0 3 ) 0 e 2 5 . n H 2 0 H y d r o t a l c i t e 
Β [ C a 0 e 7 5 A l 0 e 2 5 ( O H ) 2 ] ( N O 3 ) 0 e 2 5 . n H 2 0 d i f f u s e -

H y d r o t a l c i t e 
C t N i 0 . 7 5 A 1 0 . 2 5 ( ° H ) 2 K N 0 3 ) 0 e 2 5 . n H 2 0 H y d r o t a l c i t e 
D [ M g 0 e 7 5 A l 0 e 2 5 ( O H ) 2 ] ( N O 3 ) 0 e 2 5 . n H 2 0 H y d r o t a l c i t e 
Ε [ Μ δ θ . 8 0 Α 1 0 . 2 θ ( ° Η ) 2 Η Ν 0 3 ) 0 # 2 0 . η Η 2 0 H y d r o t a l c i t e 
F t M ê 0 . 7 0 A 1 0 . 3 0 ( ° H ) 2 K N 0 3 ) 0 e 3 0 . n H 2 0 H y d r o t a l c i t e 
G Ni ( 0 H ) 2 

H Mg(0H) 2 Brucite 
I A1(0H) 3 Boehmite 
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D i f f e r e n t i a l thermal a n a l y s i s has shown that the 
dehydroxylation of the material occurs between 400 to 450°C (_3). 
It i s postulated that higher c a t a l y t i c a c t i v t y observed f o r 
materials c a l c i n e d at 450°C i n d i c a t e s complete dehydroxylation. 
At higher c a l c i n a t i o n temperature, i . e . 500°C i t i s p o s s i b l e that 
the materials s t a r t s p i n e l formation and hence lower c a t a l y t i c 
a c t i v i t y . Thus, a c a l c i n a t i o n temperature of 450°C was used i n 
a l l the reported work. 

Table I I . E f f e c t on C a t a l y t i c A c t i v i t y of C a l c i n a t i o n 
Temperature of N i - A l Hydroxide 

at GHSV=5 χ 10~ 4 at 273°C 

C a l c i n a t i o n Conversion )
Temperature (°C) 

400 15.02 9.8 X 10' -10 
450 24.07 1.6 X 10" -9 
500 12.97 8.5 X 10" -10 

Table III l i s t s the p h y s i c a l and XRD c h a r a c t e r i s t i c s of the 
samples a f t e r c a l c i n a t i o n at 450°C. During 2-propanol 
decomposition at low conversions (<5%) the only products detected 
were acetone and propylene. At higher conversions secondary 

Table I I I . P h y s i c a l and S t r u c t u r a l C h a r a c t e r i s t i c s of the 
M a t e r i a l s a f t e r C a l c i n a t i o n at 450°C 

Sample No. Surface Area weight l o s s Phases observed 
m2/g % v i a XRD 

A 40 42.6 ZnCr 20^,ZnO 
c r y s t a l l i n e 

Β 24 56.6 p o s s i b l y CaAl^O-^ 
η 128 41.5 NiO, c r y s t a l l i n e 
D 192 42.1 MgO, d i f f u s e 
Ε 159 41.3 MgO, d i f f u s e 
F 73 43.1 MgO, d i f f u s e 
G 48 21.5 NiO 
H 113 30.9 MgO 
I 250 62.5 γ-Α1 203 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



328 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

r e a c t i o n s , e.g., o l i g o m e r i z a t i o n of propylene and acetone 
condensation, complicated the a n a l y s i s due to imprecise 
i d e n t i f i c a t i o n of the products. The t o t a l conversion a c t i v i t y of 
the double hydroxides (samples A through D) a f t e r c a l c i n a t i o n at 
450°C i s shown i n Figure 1. It should be noted here that these 
materials were used a f t e r c a l c i n a t i o n and hence were no longer 
hydroxides, but they w i l l be r e f e r r e d to as such f o r sake of 
c o n t i n u i t y . The Zn-Cr double hydroxide was most a c t i v e , whereas 
the Ca-Al hydroxide proved to be the l e a s t a c t i v e . The 
s e l e c t i v i t y to base catalyzed pathway, showed by p r e f e r e n t i a l 
formation of ketone over propylene, for samples A through D i s 
shown i n Figure 2. Except f o r the Mg-Al hydroxide, which showed 
almost equal amounts of both a c i d and base s i t e s , a l l the other 
three hydroxides showed d i s t i n c t l y basic character. The 
a c t i v a t i o n energies f o r samples A through D f o r ketone and 
propylene formation are l i s t e d i n Table IV and are s i m i l a r to 
those reported by othe

Table IV. Apparent A c t i v a t i o n Energies f o r 
2-Propanol Decomposition over 
Calcined Double Hydroxides 

A c t i v a t i o n Energy (kcal/mol) 
Sample PROPYLENE ACETONE 

formation formation 

A — 20 
Β — 28 
C — 25 
D 29 24 

Due to the quite d i f f e r e n t s e l e c t i v i t i e s shown by the N i - A l 
and the Mg-Al hydroxide, comparison experiments of 2-propanol 
decomposition were a l s o c a r r i e d out on the respective s i n g l e 
hydroxides (samples G through I ) . Sample I consisted of boehmite 
phase p r i o r to c a l c i n a t i o n . Upon c a l c i n a t i o n , these hydroxides 
lead to MgO, NiO and γ - Α ^ Ο β r e s p e c t i v e l y . The NiO was found to 
be h i g h l y a c t i v e and purely basic i n character, whereas γ-Α^Οβ 
displayed high a c t i v i t y mainly f o r the a c i d catalyzed pathway. 
MgO displayed poor a c t i v i t y but good s e l e c t i v i t y towards ketone 
formation. These r e s u l t s are summarized i n Figure 3. 

The e f f e c t of the r a t i o of d i v a l e n t to t r i v a l e n t c a t i o n on 2-
propanol decomposition was i n v e s t i g a t e d f o r the Mg-Al system. As 
Figure 4 shows the Mg-Al hydroxide with the highest Al/Mg r a t i o 
displayed poorest a c t i v i t y but the highest s e l e c t i v i t y towards 
ketone formation. 

The behavior of the c a l c i n e d Mg-Al and N i - A l hydroxides can be 
better understood by considering the s t r u c t u r e of the c a l c i n e d 
products. The XRD patterns of the c a l c i n e d samples D through F 
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Figure 2. S e l e c t i v i t y (%) toward ketone formation f o r sample 
A through D. 
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Figure 3. Product d i s t r i b u t i o n f o r 2-Propanol decomposition 
over samples G through I. 
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Figure 4. T o t a l conversion and s e l e c t i v i t y toward ketone 
formation f o r sample D through F. 
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revealed very broad and d i f f u s e patterns, with a major peak which 
was a s c r i b e d to MgO. Sample C, on the contrary, showed a very 
c r y s t a l l i n e pattern of NiO and no i n d i c a t i o n of e i t h e r a s p i n e l 
s t r u c t u r e or c r y s t a l l i n e alumina. The A l NMR spectra of sample 
Ό, shown i n Figure 5, revealed the presence of large amounts of 
o c t a h e d r a l l y coordinated A l and only small amounts of 
t e t r a h e d r a l l y coordinated A l . No s i g n a l could be obtained on the 
Ni- A l sample, p o s s i b l y due to the presence of paramagnetic Ni. 

IR spectroscopy was performed i n the l a t t i c e wavenumber region 
for samples C through F. The IR spectra, shown i n Figure 6, 
i n d i c a t e d two important c h a r a c t e r i s t i c s : a strong band i n the 
400-450 cm"1 region, and weak bands i n the region 500-900 cm . 
By comparison to spectra of MgO and NiO, the former was a t t r i b u t e d 
to the M-0 stretches of each oxide. The higher wavenumber bands 
are i n the region of Al-0 s t r e t c h , and the s p e c i f i c p o s i t i o n of 
the band i s r e l a t e d to the c o o r d i n a t i o n of A l . The 500-680 cm 
bands can be a t t r i b u t e
700-900 cm"1 can be a t t r i b u t e
d i d not i n d i c a t e s p i n e l formation i n any of the m a t e r i a l s . The 
Ni- A l c a l c i n e d material showed a strong band at 825 cm" 
corresponding to t e t r a h e d r a l A l and absence of o c t a h e d r a l l y 
coordinated A l . In contrast a l l three Mg-Al showed presence of 
both o c t a h e d r a l l y as w e l l as t e t r a h e d r a l l y coordinated A l , i n 
agreement with the NMR measurements. 

The combination of s p e c t r a l techniques and reaction r e s u l t s 
revealed c o n t r a s t i n g features f o r the N i - A l and Mg-Al hydroxide 
systems as they undergo c a l c i n a t i o n . The Ni-Al hydroxide a f t e r 
c a l c i n a t i o n showed the d i s t i n c t presence of NiO and t e t r a h e d r a l l y 
coordinated A l , and a lack of o c t a h e d r a l l y coordinated A l . 2-
Propanol decomposition studies showed that Ni-Al and Ni systems 
d i s p l a y s i m i l a r s e l e c t i v i t y . This suggests that during 
c a l c i n a t i o n the Ni can migrate to the outer portions of the 
c r y s t a l l i t e s and i t i s the 0-anion attached to the Ni which acts 
as a basic s i t e . The r o l e of t e t r a h e d r a l A l i n t h i s system cannot 
be f u l l y explained and may simply serve to d i l u t e the system, thus 
r e s u l t i n g i n the observed lower a c t i v i t i e s . The Mg-Al systems, i n 
contrast, showed d i f f u s e XRD patterns of MgO and the presence of 
t e t r a h e d r a l as w e l l as large amounts of octahedral A l s i t e s . It 
can be t e n t a t i v e l y proposed that the o c t a h e d r a l l y coordinated A l 
can act as a Lewis a c i d s i t e while the 0-anion attached to the Mg 
i s the basic s i t e . An i n t e r e s t i n g feature of the Mg-Al materials 
i s seen i n Figure 4. Sample F which contained the highest Al/Mg 
r a t i o displayed higher s e l e c t i v i t y towards ketone formation. This 
increase i n s e l e c t i v i t y with more A l s u b s t i t u t i o n cannot be 
explained c l e a r l y . It has been proposed pre v i o u s l y (8) that 
hydroxyl groups present at the apices of t e t r a h e d r a l Al can act as 
basic s i t e s . This f i n d i n g i s a l s o consistent with the r e s u l t that 
t e t r a h e d r a l coordination of A l i s necessary f o r the formation of 
carbonate species (12) upon adsorption of C0 2 i n A l - c o n t a i n i n g 
oxides. The increase i n Al/Mg r a t i o probably causes an increase 
i n the amount of t e t r a h e d r a l A l , and hence the higher s e l e c t i v i t y 
to base catalyzed products. 
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Conclusions 

The above work has demonstrated that not all double metal 
hydroxides display purely basic character upon calcination. Basic 
character in some cases appears due to the formation of single 
oxides. The active sites for ketone formation have been proposed 
to be the surface 0-anion and the hydroxyl anion. The role of 
tetrahedral Al in the Ni-Al and Mg-Al systems is not clear; 
however, it does appear to contribute to the formation of basic 
sites at least for the Mg-Al system. Structural considerations 
have showed that Mg-Al and Ni-Al hydroxides behave differently 
upon calcination and therefore generate different types of active 
sites. In this paper a preliminary picture is presented of the 
coordination of the cations, particularly Al, and their effect on 
catalytic selectivity. 
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Chapter 21 

Carbon Molecular Sieves 
Properties and Applications in Perspective 

Henry C. Foley 

Department of Chemical Engineering and The Center for Catalytic 
Science and Technology, University of Delaware, Newark, DE 19716 

In this paper we
of carbon molecula  specia
emphasis on their use in catalysis, and our most 
recent results with composite structures that we have 
termed inorganic oxide-modified carbon molecular 
sieves (IOM-CMS). The literature on carbon molecular 
sieves, particularly patents, is large and growing, 
with European and Japanese researchers dominating in 
recent years. 

Carbon molecular sieve research can best be 
divided into three main areas: (A) fundamentals of 
preparation and properties, (B) gas separations, and 
(C) catalytic applications. Research and technological 
development concerning the carbon-based materials has 
been devoted primarily to the first two areas, with 
considerably less attention focused on their catalytic 
properties and utility. A number of good reviews of 
the separation applications, particularly pressure 
swing adsorption technology, have been published 
recently. This account will briefly summarize the 
properties of the carbon molecular sieves, review 
reports dealing with catalytic applications, and then 
describe our own research which has focused on 
preparation of composite materials, comprised of 
molecular sieving carbon and inorganic oxides. These 
composites contain functionality that is not present 
in the pure carbons, and ultramicroporosity for 
molecular sieving properties not found in the 
inorganic oxides. Recent results concerning the 
preparation and adsorptive properties of these 
inorganic oxide modified-carbon molecular sieves (IOM
-CMS) will be discussed in the context of carbon 
molecular sieves in general. 
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Carbon molecular sieves are amorphous mat e r i a l s with average 
pore dimensions s i m i l a r to the c r i t i c a l dimensions of small 
molecules. They are prepared by the p y r o l y s i s of n a t u r a l and 
s y n t h e t i c precursors, i n c l u d i n g c o a l , coconut s h e l l s , p i t c h , 
phenol-formaldehyde r e s i n , p o l y f u r f u r y l a l c o h o l , 
p o l y a c r y l o n i t r i l e , and p o l y v i n y l i d e n e c h l o r i d e . P r o p e r t i e s of 
the carbon molecular sieves are quite v a r i a b l e , spanning pore 
s i z e s from 3 to 1 2 Â , pore volumes from 0 . 2 to 0 . 5 cm 3-g~ 1 and 
surface areas from 3 0 0 to 1 5 0 0 m2-g-1. Pro p e r t i e s of a 
p a r t i c u l a r carbon are c o n t r o l l e d by the choice of precursor, 
a d d i t i v e s or pore formers, and p y r o l y s i s conditions (1). The 
surface of molecular s i e v i n g carbon i s hydrophobic and i n e r t i n 
a net reducing environment. However, treatment of the carbon i n 
a net o x i d i z i n g environment can convert surfaces to a more 
a c t i v e and h y d r o p h i l i c form. The h y d r o p h i l i c s t a t e i s g e n e r a l l y 
thermally unstable, r e v e r t i n g to the hydrophobic form upon 
heating i n an i n e r t or reducing environment. 

The pore s t r u c t u r
a s c r i b e d to a r i s e from
the f i r s t the s t r u c t u r
precursor, but i n shrunken form. In t h i s way the s t r u c t u r e of 
wood charcoal i s s i m i l a r to the c e l l u l a r s t r u c t u r e of the wood 
(2.). Another type of p o r o s i t y a r i s e s i n the f i s s u r e s and cracks 
l e f t behind i n the carbon matrix. These f a u l t s r e l i e v e the 
thermally-induced, mechanical stresses brought on by p y r o l y s i s . 
U l t r a m i c r o p o r o s i t y can also o r i g i n a t e from the v o l a t i l i z a t i o n of 
small molecules. These molecules are formed during p y r o l y s i s , 
and leave m o l e c u l a r l y - s i z e d channels i n the s o l i d i f y i n g carbon 
matrix ( 3 - 6 ) . P y r o l y s i s of p o l y f u r f u r y l a l c o h o l , 
p o l y v i n y l i d e n e c h l o r i d e , and p o l y a c r y l o n i t r i l e l e a d to the 
formation of formaldehyde and water, hydrogen c h l o r i d e , and 
hydrogen cyanide, r e s p e c t i v e l y . 

Since carbon molecular sieves are amorphous ma t e r i a l s , the 
dimensions of t h e i r pore s t r u c t u r e s must be measured 
phenomenologically by the adsorption of small probe molecules 
with d i f f e r e n t c r i t i c a l dimensions. There i s i n s u f f i c i e n t long 
range order to u t i l i z e standard x-Ray d i f f r a c t i o n methods f o r 
c h a r a c t e r i z a t i o n . The e a r l i e s t reports of molecular s i e v i n g 
carbons d e a l t p r i m a r i l y with coals and charcoals. Sorption of 
helium, water, methanol, n-hexane, and benzene was measured and 
r e l a t e d to the p o r o s i t y of the carbon. Pore-sizes were 
estimated to be two to s i x angstroms ( 3 - 6 ) . In a c l a s s i c paper 
P.H. Emmett described methods f o r t a i l o r i n g the adsorptive 
p r o p e r t i e s and pore s i z e d i s t r i b u t i o n s of carbon Whetlerites. 
The method combined steam and heat treatments of the carbon 
which had been t r e a t e d with various metals and t h e i r oxides or 
c h l o r i d e s ( 2 ) . 

S h o r t l y t h e r e a f t e r , i t was r e a l i z e d that molecular s i e v i n g 
carbons could be prepared by c o n t r o l l e d p y r o l y s i s of polymeric 
precursors (£) . E a r l y estimates of pore s i z e s f o r t h i s carbon 
were seven to eight angstroms, but progressive a c t i v a t i o n 
increased surface area, pore volume, and pore dimensions. 
Factors of 1 / 1 0 0 and more were observed i n the adsorption rates 
f o r bulky molecules l i k e 3 , 3-diethylpentane compared to l i n e a r 
and planar molecules. The rate d i f f e r e n c e s were a t t r i b u t e d to 
s t e r i c l i m i t a t i o n s on the adsorption of the b u l k i e r molecules. 
Separation of η-butane from isobutane was accomplished both on 
Saran- and other p o l y v i n y l i d e n e c h l o r i d e - d e r i v e d carbons ( 9 - 1 1 ) . 
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B a s e d on t h e s e and o t h e r r e s u l t s i t was c o n c l u d e d t h a t m o l e c u l a r 
s i e v i n g c a r b o n s have s l i t - s h a p e d p o r e s ( 9 - 1 1 ) . T h i s v i e w o f t h e 
p o r e g e o m e t r y o f c a r b o n m o l e c u l a r s i e v e s p e r s i s t s and i s s t i l l 
c o n s i s t e n t w i t h t h e b u l k o f e x p e r i m e n t a l e v i d e n c e . 

R e c e n t l y , c a r b o n m o l e c u l a r s i e v e s have been f a b r i c a t e d i n 
t h e f o r m o f p l a n a r membranes and h o l l o w t u b e s by t h e p y r o l y s i s 
o f p o l y a c r y l o n i t r i l e i n s u i t a b l e f o r m s ( 1 2 - 1 6 ) . V e r y h i g h 
s e p a r a t i o n s e l e c t i v i t i e s have been r e p o r t e d w i t h t h e s e 
m a t e r i a l s . T h e i r p o r e s i z e s a r e i n t h e r a n g e f r o m 3 t o 5.2Â. 
S e l e c t i v i t i e s o f g r e a t e r t h a n 100:1 a r e o b s e r v e d b e t w e e n 
m o l e c u l e s w h i c h d i f f e r b y as l i t t l e as 0.2Â i n t h e i r c r i t i c a l 
d i m e n s i o n s . K i n e t i c s o f a d s o r p t i o n on t h e s e m a t e r i a l s have been 
d e t e r m i n e d (2., 15., 1£) . 

By f a r t h e most f u l l y d e v e l o p e d a p p l i c a t i o n f o r c a r b o n 
m o l e c u l a r s i e v e s i s i n t h e s e p a r a t i o n o f s m a l l gas m o l e c u l e s . A 
l a r g e number o f p a t e n t s d e s c r i b e c l a i m s f o r m a t e r i a l s and 
p r o c e s s e s t h a t i n c l u d e c a r b o n - b a s e d s i e v e s . S e p a r a t i o n s t h a t 
have been a c c o m p l i s h e d
and c o k e g a s e s , methan
e t h y l e n e and e t h a n e , p r o p y l e n e and p r o p a n e . A number o f 
companies i n E u r o p e and t h e U n i t e d S t a t e s have r e c e n t l y o f f e r e d 
c o m m e r c i a l s y s t e m s f o r t h e s e p a r a t i o n o f n i t r o g e n f r o m a i r . A 
r e v i e w o f t h e u s e o f c a r b o n m o l e c u l a r s i e v e s i n s e p a r a t i o n 
t e c h n o l o g y i s w e l l b e y o n d t h e s c o p e o f t h i s a r t i c l e a n d t h e 
i n t e r e s t e d r e a d e r i s r e f e r r e d t o r e c e n t r e v i e w s and r e f e r e n c e s 
s i t e d t h e r e i n (12,1&). 

C a t a l y t i c a p p l i c a t i o n s o f t h e c a r b o n m o l e c u l a r s i e v e s have 
been much f e w e r i n number. The r e s e a r c h g r o u p s o f W a l k e r and 
Trimm were t h e f i r s t t o have i n v e s t i g a t e d t h e r e a c t a n t s h a p e -
s e l e c t i v i t y o f m e t a l - c o n t a i n i n g c a r b o n m o l e c u l a r s i e v e s . I n a 
s e r i e s o f p a p e r s and p a t e n t s Trimm and Cooper r e p o r t e d t h e 
p r e p a r a t i o n , 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 a v a r i e t y 
o f m e t a l - c o n t a i n i n g c a r b o n m o l e c u l a r s i e v e s . I n 1970 t h e y 
showed t h a t p l a t i n u m - c o n t a i n i n g c a r b o n m o l e c u l a r s i e v e s 
h y d r o g e n a t e d 1-butene b u t n o t 3 - m e t h y l - l - b u t e n e . I n c o n t r a s t a 
p l a t i n u m c a t a l y s t on a c t i v a t e d c a r b o n h y d r o g e n a t e d b o t h 
s u b s t r a t e s e q u a l l y e f f e c t i v e l y ( 1 9 - 2 1 ) . S c h m i t t and W a l k e r a l s o 
d e s c r i b e d t h e p r e p a r a t i o n o f a p l a t i n u m - c o n t a i n i n g c a r b o n 
m o l e c u l a r s i e v e f r o m p o l y f u r f u r y l a l c o h o l and a l s o t e s t e d i t s 
s h a p e - s e l e c t i v i t y s t u d y i n g t h e p r o d u c t s f r o m a m i x t u r e o f l i n e a r 
and b r a n c h e d o l e f i n t h a t was p a s s e d o v e r t h e c a t a l y s t w i t h 
h y d r o g e n . As i n t h e work o f Trimm, t h e s e r e s u l t s i n d i c a t e d t h a t 
t h e l i n e a r o l e f i n was r e d u c e d b u t t h e b r a n c h e d was l a r g e l y 
u n r e a c t e d ( 2 2 - 2 4 ) . These d e m o n s t r a t i o n s s u g g e s t e d t h a t t h e 
s t e r i c b u l k o f t h e b r a n c h e d m o l e c u l e p r e v e n t e d a c c e s s t o t h e 
p l a t i n u m s i t e s w i t h i n t h e p o r e s o f t h e c a r b o n 
m o l e c u l a r s i e v e m a t e r i a l . T h i s was an example o f r e a c t a n t 
s h a p e - s e l e c t i v i t y s i n c e , t h e c a t a l y s t p a r t i c l e s made a 
c h r o m a t o g r a p h i c s e p a r a t i o n o f t h e r e a c t a n t s and t h e n 
h y d r o g e n a t e d t h e s t e r i c a l l y u n h i n d e r e d m o l e c u l e . 

More r e c e n t l y W a l k e r and V a n n i c e have e x a m i n e d i r o n c a r b o n 
m o l e c u l a r s i e v e s , Fe-CMS, f o r t h e hydrogénation o f c a r b o n 
m onoxide. The r e p o r t was p a r t i c u l a r l y t h o r o u g h and r i c h i n 
d e t a i l r e g a r d i n g t h e p r e p a r a t i o n o f t h e Fe-CMS m a t e r i a l s . 
C h e m i s o r p t i o n o f CO and H2, as w e l l as t h e k i n e t i c s o f CO 
hydrogénation and m e t h a n a t i o n were d e s c r i b e d (25.) · I n o t h e r 
i n v e s t i g a t i o n s W a l k e r and c o w o r k e r s have e x a m i n e d t h e e f f e c t o f 
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heat treatments on the pore s t r u c t u r e of carbon molecular sieve 
c a t a l y s t s used f o r h y d r o d e s u l f u r i z a t i o n and c o a l l i q u e f a c t i o n 
( 2 £ ) . 

Bragin has reported a study of three r e a c t i o n s : c i s - t r a n s 
i s o m e r i z a t i o n of 1,2 dimethylcyclopentane, aromatization of 
cyclohexane, and the d e h y d r o c y c l i z a t i o n of isooctane. The 
c a t a l y s t s contained Pt on various carbon molecular s i e v e 
supports with varying pore r a d i i . The highest s p e c i f i c a c t i v i t y 
f o r the f i r s t two r e actions was observed over the c a t a l y s t s with 
the smallest pore s i z e . In contrast the c a t a l y s t s with the 
smallest pore r a d i i had immeasurably low a c t i v i t y f o r the l a s t 
r e a c t i o n (22). Connor demonstrated the u t i l i t y of carbon 
molecular sieves as supports f o r molten indium metal c a t a l y s t s , 
which are used to produce aldehyde and ketones by dehydration of 
primary and secondary a l c o h o l s . The molten indium i s apparently 
h e l d i n the pores of the carbon molecular sieve even at loadings 
as high as 7.5 wt% with a r e l a t i v e l y high metal surface area 
r e s u l t i n g i n commensuratel
shown that large-pore carbo
alkydienes i n an D i e l s - A l d e  exampl
conversion of 1,3- butadiene i n t o 4-vinylcyclohexene (30%), over 
a f i x e d bed of carbon molecular sieve (2_2.) . 

As i s evident r e l a t i v e l y l i t t l e research has been devoted 
to c a t a l y s i s with carbon molecular si e v e s . This i s e s p e c i a l l y 
s u r p r i s i n g i n view of the amount of recent i n t e r e s t there has 
been i n novel c a t a l y t i c m a t e r i a l s . The l a t t e r two reports 
d e a l i n g with a l c o h o l dehydration over In-CMS and D i e l s - A l d e r 
d imerizations with CMS materials are very i n t e r e s t i n g . Although 
carbon-based molecular sieves have had considerable impact upon 
the science and technology of small molecule separations, they 
have been much l e s s important i n c a t a l y s i s . 

This i n v e s t i g a t i o n has set out to explore the preparation 
and c h a r a c t e r i z a t i o n of new carbon-based molecular sieves, which 
are f u n c t i o n a l i z e d with inorganic oxides and supported metals. 
The o b j e c t i v e i s to combine the molecular s i e v i n g p r o p e r t i e s of 
the carbon with the surface chemical and p h y s i c a l p r o p e r t i e s of 
the inorganic oxides i n one composite s t r u c t u r e . The advantage 
of composites i s that they can be designed and engineered f o r 
s p e c i f i c a p p l i c a t i o n s . Incorporating f u n c t i o n a l i t i e s l i k e 
metals and a c i d i c or b a s i c oxides with high pore volume at the 
core of these composite materials can be an advantage i n the 
a p p l i c a t i o n of these materials to gas separations. S i m i l a r l y , 
combining molecular s i e v i n g carbon with a c t i v e c a t a l y s t phases, 
the composite s t r u c t u r e can provide separation with c a t a l y s i s 
f o r enhanced s e l e c t i v i t y . Weak chemisorption or enhanced 
p h y s i s o r p t i o n can provide an a d d i t i o n a l d r i v i n g force f o r mass 
t r a n s f e r and separation over that provided by pure carbon. The 
balance of t h i s paper deals with our recent r e s u l t s i n the 
preparation and c h a r a c t e r i z a t i o n of the inorganic oxide 
modified-carbon molecular sieve (IOM-CMS) composites. 

Experimental 

C h a r a c t e r i z a t i o n of IOM-CMS Ma t e r i a l s by Molecular Probe 
Adsorption. Since carbon molecular sieves, and the IOM-CMS 
mate r i a l s prepared herein, are both p o l y c r y s t a l l i n e and 
amorphous, we have c h a r a c t e r i z e d t h e i r s i e v i n g p r o p e r t i e s 
phenomenologically by molecular probe adsorption. The probe 
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molecules u t i l i z e d are: C O 2 , η-butane, isobutane, and 
neopentane with c r i t i c a l dimensions of 3.3, 4.3, 5.0, and 6.2À 
r e s p e c t i v e l y . Comparisons are made between the s p e c i f i c 
adsorption of each of these molecules on both the pure inorganic 
oxides, and the IOM-CMS composites. The l a t t e r had d i f f e r e n t 
s p e c i f i c adsorptions depending upon the amount of carbon 
present. 

The molecular probe apparatus had to be able to generate 
r e l i a b l e adsorption data at high throughput. With t h i s i n mind 
a system was constructed based on a Cahn elec t r o b a l a n c e (see 
Figure 1). A high vacuum chamber, containing a ca r o u s e l capable 
of holding up to s i x samples was f i t t e d to the balance. The 
carousel was attached to a heater block, which contained 
c a r t r i d g e heaters and a thermocouple. Carousel temperature was 
set and maintained with a Wizard 1601 programmable c o n t r o l l e r . 
A l l s i x samples i n the carousel were conditioned, and 
subsequently exposed to the adsorbate, simultaneously, and f o r 
one hour f o l l o w i n g the
22-26) . The carousel wa
separately picked up an g  g r a v i m e t r i c a l l y 
measure adsorptive uptake of the probe molecules. A f t e r an 
a n a l y s i s with one probe molecule, the samples were heated i n 
vacuo to r e c o n d i t i o n them, and then exposed to the next 
molecular probe molecule. This c y c l e was repeated u n t i l a l l 
four probe molecules had been exposed to a l l of the samples. 
The analyses always began with the smallest probe molecules 
f i r s t since these gave r e v e r s i b l e adsorption i n an acceptable 
time frame with a minimum of pore plugging due to entrappment of 
r e s i d u a l amounts of the l a r g e r probe molecules. In t h i s way a 
large number of samples were c h a r a c t e r i z e d r a p i d l y . The r e s u l t s 
of the molecular probe analyses on the IOM-CMS ma t e r i a l s are 
described i n the next s e c t i o n of t h i s paper. 

Preparation of IOM-CMS M a t e r i a l s . The Type I ma t e r i a l s were 
prepared by b u i l d i n g a carbon overlayer i n a s e r i e s of 
successive steps. The steps involved contacting the p a r t i c l e of 
the inorganic oxide with p o l y f u r f u r y l a l c o h o l , d r a i n i n g o f f the 
excess, and heating i n a flowing i n e r t gas to convert the r e s i n 
to carbon. These steps were repeated u n t i l a s u f f i c i e n t amount 
of carbon was added to produce the d e s i r e d molecular s i e v i n g 
p r o p e r t i e s , diagnosed by molecular probe adsorption. The 
ev o l u t i o n of the pore s t r u c t u r e of the inorganic oxides with 
carbon-coating c y c l e s was examined with t i t a n i a p e l l e t s and 
large-pore s i l i c a p a r t i c l e s . 

The Type I l a samples were prepared by mixing the 
p o l y f u r f u r y l a l c o h o l with metal alkoxides and then p y r o l y z i n g 
the mixture i n a tube furnace under flowing nitrogen. The Type 
l i b IOM-CMS samples were prepared by mixing metal oxide powders, 
formed by h y d r o l y t i c p r e c i p i t a t i o n of the metal alkoxides and 
c a l c i n a t i o n of the p r e c i p i t a t e , with the PFA and then 
p y r o l y z i n g . Following the heat treatment the Type 11a and l i b 
samples were crushed and screened to r e t a i n the 40x80 mesh 
p a r t i c l e s f o r molecular probe a n a l y s i s . 

The Type I I I IOM-CMS mate r i a l s were prepared by modifying 
the surface of a porous carbon with an inorganic oxide, 
combining t h i s with p o l y f u r f u r y l a l c o h o l , and p y r o l y z i n g the 
mixture. Each of the examples described below were chosen to 
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r e p r e s e n t t h e g e n e r a l m e t h o d s u s e d t o p r e p a r e v a r i o u s 
c o m p o s i t i o n s o f e a c h t y p e o f IOM-CMS m a t e r i a l . 

C-SiOo ( b e a d s ) r Type I. 50 g o f m i c r o p o r o u s s i l i c a b e a d s 
( A l d r i c h , N o . 2 5 , 5 6 2 - 9 , 3mm d i a m . , N 2 B E T S.A.= 600 m 2 - g ~ 1

f 

p.v . = 0 . 3 9 c n t f - g " 1 , p o r e d i a m . = 2 5 Â ) were i m m e r s e d i n 
p o l y f u r f u r y l a l c o h o l ( O c c i d e n t a l C h e m i c a l C o r p o r a t i o n , N o . 
1 6 4 7 0 , D u r e z R e s i n , L o t N o . 5 7 V I B I A ) , a n d t h e n d r a i n e d o f t h e 
e x c e s s . T h e b e a d s w i t h a d s o r b e d P F A w e r e h e a t e d i n a t u b e 
f u r n a c e u n d e r f l o w i n g n i t r o g e n w i t h t h e f o l l o w i n g h e a t c y c l e : 
1 0 0 - 3 0 0 ° C , i n 5 0 ° C i n c r e m e n t s e v e r y 30 m i n , a n d 3 0 0 ° C f o r 2 h r . 
T h e s e s t e p s w e r e r e p e a t e d up t o t w e l v e t i m e s . I n a d d i t i o n 
d u r i n g t h e f o u r t h , e i g h t h , a n d l a s t h e a t i n g c y c l e s t h e 
t e m p e r a t u r e was r a i s e d t o 5 0 0 ° C a n d s o a k e d f o r 6 h r . A f t e r t h i s 
t h e f u r n a c e was c o o l e d down t o r o o m t e m p e r a t u r e i n f l o w i n g 
n i t r o g e n a n d t h e s a m p l e r e m o v e d , a n d s t o r e d i n a c a p p e d v i a l . 

C - T J Q 2 * T y p e I l a . T i t a n i u
s e v e n d i f f e r e n t w e i g h t r a t i o
r a t i o s o f T i 0 2 t o c a r b o
2 0 : 1 . T h e s e m i x t u r e s were h e a t e d by t h e c y c l e : 1 0 0 ° C f o r 1 hr, 
30 m i n e a c h i n 1 0 0 ° C i n t e r v a l s f r o m 2 0 0 - 6 0 0 ° C , a n d s o a k at 6 0 0 ° C 
f o r 3 hr. 

C-TiOo. Type l i b . T i t a n i a was p r e p a r e d by h y d r o l y z i n g 
t i t a n i u m ( I V ) b u t o x i d e ( A l f a P r o d u c t s , # 77124) t o p r o d u c e a 
p o w d e r , w h i c h was c a l c i n e d at 5 0 0 ° C f o r two h o u r s i n a i r . 
T i t a n i a p o w d e r was m i x e d w i t h P F A i n t h e s e w e i g h t r a t i o s : 1 : 2 , 
1 : 4 , a n d 1 : 8 . T h e s a m p l e s w e r e h e a t e d at 1 0 0 ° C f o r l h r , 2 0 0 ° C 
f o r l h r , 3 0 0 ° C f o r 2 hr, a n d f i n a l l y 5 0 0 ° C f o r 6 hr. 

C-TiQo. C-ZrOo. C-TiOo-ZrOo T y p e I I I . W i d e - P o r e c a r b o n (560 
m 2 / g m , 0 . 9 6 c m 3 / g m , - 6 0 Â p o r e r a d i u s , A m e r i c a n C y a n a m i d ) was b a l l -
m i l l e d f o r 16 hr a n d t h e n f u n c t i o n a l i z e d by c o n t a c t i n g i t w i t h 
T i ( I V ) n - b u t o x i d e , d i s s o l v e d i n a v o l u m e o f i s o p r o p y l a l c o h o l 
s u f f i c i e n t t o f i l l t h e p o r e v o l u m e o f t h e c a r b o n . I n o r d e r n o t 
t o e x c e e d t h e p o r e v o l u m e o f t h e c a r b o n t h e c o n t a c t i n g s t e p was 
r e p e a t e d t h r e e t i m e s , w i t h h e a t t r e a t m e n t s o f 2 0 0 ° C i n a i r f o r 
2 - 3 hr a f t e r e a c h c o n t a c t i n g s t e p . T h i s r e s u l t e d i n 20 wt% 
t i t a n i a o n t h e c a r b o n . T h e same p r o c e s s was f o l l o w e d t o p r e p a r e 
t i t a n i a - m o d i f i e d a n d z i r c o n i a - m o d i f i e d ( u s i n g Zr ( I V ) p r o p o x i d e ) 
R a v e n 8000 c a r b o n b e a d s , a l s o at t h e 20 wt% l e v e l . T h r e e 
s a m p l e s o f T y p e I I I m a t e r i a l s were p r e p a r e d w i t h e a c h o f t h e 
t h r e e s u r f a c e - m o d i f i e d p o r o u s c a r b o n s by s e p a r a t e l y m i x i n g 20 g 
o f t h e m o d i f i e d c a r b o n b a s e w i t h 2 0 , 8 0 , a n d 160 g o f P F A . T h e 
m i x t u r e s w e r e t h e n h e a t e d i n f l o w i n g n i t r o g e n at 2 0 ° C / m i n t o 
5 0 0 ° C , s o a k e d at 5 0 0 ° C f o r 2 hr, t h e n h e a t e d a g a i n at 2 0 ° C / m i n 
t o 6 0 0 ° C , a n d s o a k e d f o r 5 hr. 

R e s u l t s a n d D i s c u s s i o n 

I n t h i s r e s e a r c h p r o g r a m we h a v e s o u g h t t o p r e p a r e n o v e l s h a p e -
s e l e c t i v e m a t e r i a l s c o m p r i s e d o f c a r b o n m o l e c u l a r s i e v e s a n d 
s e l e c t e d i n o r g a n i c o x i d e s , r e f e r r e d t o as I n o r g a n i c O x i d e -
m o d i f i e d C a r b o n M o l e c u l a r S i e v e s o r IOM-CMS m a t e r i a l s . An 
i n c e n t i v e f o r c o n d u c t i n g t h i s i n v e s t i g a t i o n was t h a t t h e IOM-CMS 
m a t e r i a l s c o u l d c o m b i n e t h e b e s t p r o p e r t i e s o f i n o r g a n i c o x i d e s 
w i t h t h e m o l e c u l a r s i e v i n g p r o p e r t i e s o f t h e c a r b o n . T h e 
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inorganic oxides, such as alumina, s i l i c a , s i l i c a - a l u m i n a , 
t i t a n i a , and t i t a n i a - z i r c o n i a have a v a r i e t y of d e s i r a b l e 
p r o p e r t i e s not a v a i l a b l e with pure carbon. These i n c l u d e macro-
and mesopore s t r u c t u r e s , metal support i n t e r a c t i o n s , and a c i d i t y 
or b a s i c i t y . In contrast the polymer-derived carbons have the 
ul t r a m i c r o p o r o s i t y needed to provide f o r molecular s i e v i n g but 
are r e l a t i v e l y i n e r t and o f f e r l i t t l e i n the way of v a r i a b l e 
a c i d i t y and b a s i c i t y or metal support i n t e r a c t i o n s . Therefore 
i t seemed l o g i c a l that a combination of the two m a t e r i a l s i n t o 
one composite sieve could make p o s s i b l e s y n e r g i s t i c p r o p e r t i e s , 
and provide a degree of t a i l o r a b i l i t y a v a i l a b l e only i n a 
composite m a t e r i a l . With these features i n mind three separate 
types of IOM-CMS mate r i a l s were conceptualized. 

Type I IQM-CMS M a t e r i a l s 

The Type I m a t e r i a l i s i d e a l l y comprised of a p a r t i c l e of 
inorganic oxide surrounde
s i e v i n g carbon. In t h i
surrounded by a molecula g gat  (se  Figur  2 )
Molecular communication to the inorganic oxide i s regulated by 
the pore r e s t r i c t i o n s of the carbon; however, once through the 
gate the reactants experience the same c a t a l y t i c environment 
present i n the untreated inorganic oxide. In many respects the 
st r u c t u r e of the Type I m a t e r i a l i s s i m i l a r to that of the a l l -
carbon composite molecular sieves, f i r s t prepared and 
ch a r a c t e r i z e d by Walker and Metcalfe. In t h e i r system a 
molecular s i e v i n g overlayer of polymer-derived carbon was 
deposited on p a r t i c l e s of porous a c t i v e carbon, rendering the 
combination a molecular sieve ( 9-11) . 

The carbon overlayer of the Type I mate r i a l s i s prepared by 
a s e r i e s of successive steps, i n v o l v i n g c o n t a c t i n g the p a r t i c l e 
of the inorganic oxide with p o l y f u r f u r y l a l c o h o l , and heating i n 
a flowing i n e r t gas to convert the r e s i n to carbon. These steps 
are repeated u n t i l a s u f f i c i e n t amount of carbon has been added 
to produce the d e s i r e d molecular s i e v i n g p r o p e r t i e s . A wide 
range of ma t e r i a l s were used f o r the Type I, IOM-CMS i n c l u d i n g 
the f o l l o w i n g support and c a t a l y t i c m a t e r i a l s : s i l i c a , alumina, 
s i l i c a - a l u m i n a , s i l i c a - s u p p o r t e d i r o n , s i l i c a - s u p p o r t e d 
potassium-promoted i r o n , t i t a n i a , t i t a n i a - z i r c o n i a , s i l i c a -
supported ruthenium, a p r e c i p i t a t e d i r o n Fischer-Tropsch (FT) 
c a t a l y s t (Fe 203:CuO:K 20), alone and i n combination with a 
hydrocracking c a t a l y s t (3% CoO-15% M0O3/ Al 203) . 

The r e s u l t s of the molecular probe analyses on these 
ma t e r i a l s are di s p l a y e d i n Table I. S p e c i f i c adsorptions of the 
gases are given f o r each inorganic oxide as a fu n c t i o n of the 
number of cy c l e s of carbon coating. The f i r s t two e n t r i e s are 
fo r a high surface area (>600 m2-g_1) microporous s i l i c a and a 
lower surface area (<300m2-g_1) large pore s i l i c a . Both of the 
s i l i c a s i n t h e i r untreated states d i s p l a y s p e c i f i c adsorption of 
a l l the probe molecules that are qu i t e high. The d i f f e r e n c e s i n 
magnitude are due to t h e i r d i f f e r e n t p h y s i c a l p r o p e r t i e s . The 
stepwise a d d i t i o n of carbon dropped the a d s o r p t i v i t i e s of the 
probe molecules on each sample. A f t e r twelve carbon coatin g 
c y c l e s both materials adsorb C0 2 i n reasonably high q u a n t i t i e s , 
comparable to that of the untreated oxide i t s e l f , but 
adsorptions of the l a r g e r hydrocarbon molecules are n e g l i g i b l e . 
We al s o note that the C0 2 surface area increases with carbon 
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V A C U U M 
PUMP 

Figure 1. S p e c i f i c Adsorption Apparatus 

T Y P E I T Y P E I! 

Figure 2 . Schematic of Type I and Type II Structures 
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content. This i s not s u r p r i s i n g since the added carbon contains 
u l t r a m i c r o p o r o s i t y that provides very high surface area. Based 
on these r e s u l t s the Type I IOM-CMS mat e r i a l s behave s i m i l a r l y 
to a 4A z e o l i t e , adsorbing only C0 2. S i m i l a r r e s u l t s were 
observed with the other inorganic oxides, with some v a r i a t i o n i n 
the amount of carbon neccessary f o r the m a t e r i a l to be converted 
to a molecular sieve (see Table I ) . However, even a f t e r ten 
carbon-coating c y c l e s the gamma-alumina sample was not converted 
i n t o a molecular s i e v i n g m a t e r i a l , despite measurable decreases 
i n the s p e c i f i c adsorptions of hydrocarbon probe molecules. At 
t h i s time i t i s not c l e a r whether t h i s r e s u l t i s due to the 
chemical or p h y s i c a l p r o p e r t i e s of gamma-alumina, or both. 

These s p e c i f i c adsorption r e s u l t s f o r the Type I IOM-CMS 
mat e r i a l s i n d i c a t e that a wide v a r i e t y of inorganic oxides with 
markedly d i f f e r e n t chemical compositions, p h y s i c a l p r o p e r t i e s , 
and forms can be rendered molecular s i e v i n g by the carbon. Also 
f o r the majority of the inorganic oxides used, the onset of 
molecular s i e v i n g bega
suggested a r e l a t i o n s h i
present and the molecula
It seemed l i k e l y that the amount of carbon needed to produce the 
s i e v i n g p r o p e r t i e s might depend on the surface area and pore 
s t r u c t u r e of the p a r t i c u l a r inorganic oxide. To determine i f 
t h i s were true, the carbon content of the IOM-CMS ma t e r i a l s was 
evaluated a f t e r each carbon-coating step. The e v a l u a t i o n was 
done by measuring the s p e c i f i c adsorption of the probe molecules 
and the nitrogen adsorption isotherms a f t e r each carbon coating 
c y c l e . 

The change with carbon content i n the s p e c i f i c adsorption 
of the gaseous probes was made on t i t a n i a p e l l e t s and large-pore 
s i l i c a p a r t i c l e s . These two samples had d i f f e r e n t chemical 
compositions, surface areas, and p o r o s i t i e s . These oxides were 
converted i n t o Type I IOM-CMS mate r i a l s by successive c y c l e s of 
cont a c t i n g i n p o l y f u r f u r y l a l c o h o l and p y r o l y s i s i n flowing 
n i t r o g e n . To r e l a t e the carbon content to the co a t i n g c y c l e 
number, the sample was weighed before and a f t e r each complete 
c y c l e , and the amount of carbon added was c a l c u l a t e d by 
d i f f e r e n c e . Samples were also saved a f t e r each c o a t i n g step, 
and a p o r t i o n c a r e f u l l y weighed, then burned i n flowing a i r . 
The r e s i d u a l oxide was c a r e f u l l y i s o l a t e d and weighed. The 
d i f f e r e n c e i n weight before and a f t e r burning gave another 
independent measure of the t o t a l amount of carbon present on the 
sample at that point i n the preparative process. The data from 
these experiments over twelve c y c l e s are d i s p l a y e d g r a p h i c a l l y 
i n Figure 3 . 

The s p e c i f i c a d s o r p t i v i t i e s and nitrogen isotherms were 
al s o determined on these samples a f t e r each coating c y c l e . The 
s p e c i f i c adsorption r e s u l t s are p l o t t e d i n Figures 4 and 5 f o r 
t i t a n i a and s i l i c a , r e s p e c t i v e l y . In both cases the carbon 
dioxi d e adsorption increases with the a d d i t i o n of carbon. This 
i s because the added carbon i s ultramicroporous and has a large 
surface area a v a i l a b l e f o r carbon dioxide adsorption, l a r g e r 
than that of the pure inorganic oxide. As the carbon content 
increases the adsorption of the l a r g e r probe molecules drops 
because the large inner pores are made i n a c c e s s i b l e by the 
carbon. 

In general i t i s noted that eight carbon- c o a t i n g c y c l e s 
were u s u a l l y needed to induce molecular s i e v i n g p r o p e r t i e s i n 
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0 4 8 12 
CARBON COATING CYCLE NO. 

· • - WT% CARBON ON SI02 

•O- WT% CARBON ON TI02 

F i g u r e 3. Change i n C a r b o n C o n t e n t w i t h C o a t i n g C y c l e Number f o r 
T i 0 2 and S i 0 2 Type I IOM-CMS M a t e r i a l s 
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most of the inorganic oxides used f o r the Type I IOM-CMS 
ma t e r i a l s . For t i t a n i a the eighth coating step corresponds to 
30% carbon, while f o r s i l i c a i t corresponds to 43-49% carbon. 
The nitrogen isotherm and molecular probe adsorption data both 
suggest that the carbon must reach some minimum value, set by 
the p h y s i c a l and chemical p r o p e r t i e s of the oxide, before i t 
converts the composite i n t o a molecular s i e v e . 

Tvoe II IOM-CMS Ma t e r i a l s 

Type II materials were conceptualized as a d i s p e r s i o n of very 
f i n e inorganic oxide p a r t i c l e s , d i s t r i b u t e d through the carbon 
matrix (see Figure 2). This i s i n contrast to the i d e a l i z e d 
form of the Type I m a t e r i a l i n which the inorganic oxide 
p a r t i c l e i s large and i n e f f e c t supports the molecular s i e v i n g 
carbon. We have found that the Type II materials can be 
prepared i n two d i f f e r e n t ways. In the f i r s t method a 
h y d r o l y t i c a l l y unstabl
precursor to the inorgani
p o l y f u r f u r y l a l c o h o l r e s i n
under flowing nitrogen. The p y r o l y s i s of the p o l y f u r f u r y l 
a l c o h o l leads to the formation of water as well as carbon. The 
metal alkoxide compounds break down to the corresponding metal 
hydrous oxide i n the presence of water. Therefore i t i s l o g i c a l 
to expect that the metal alkoxide, which was dispersed i n the 
PFA r e s i n , broke down to the metal hydrous oxide and alcohols 
during the i n i t i a l stages of p y r o l y s i s . The metal hydrous oxide 
was then dehydrated to the metal oxide with f u r t h e r heating at 
the elevated temperatures. This process r e s u l t e d i n the 
formation of a hi g h l y dispersed metal oxide phase i n the carbon 
matrix. Release of the alcohols and t h e i r subsequent 
v o l a t i l i z a t i o n i s expected to also give r i s e to enhanced pore 
formation. 

PFA 600 C, N 2 ^ Carbon + H20 + C0 2 

M (OR) 4 + H20 600 C, N 2 ^ M(0)(OH) 2 600 C, N 2 ^ M 0 2 

{M = T i , Zr} 

Molecular probe analyses of the Type l i a materials 
demonstrated that a l l of these materials were molecular sieves 
(see Table 2, Figures 6a and b). They adsorbed nearly as much 
C0 2 as the pure carbon alone, but near zero amounts of the 
l a r g e r probe molecules. Based on t h i s data, these materials are 
c l a s s i f i e d as 4A s i z e s ieves. It was somewhat s u r p r i s i n g to 
discov e r that at metal oxide contents over 60 wt% molecular 
s i e v i n g p r o p e r t i e s s t i l l p e r s i s t . This r e s u l t i s consi s t e n t 
with the notion that the metal oxide p a r t i c l e s , produced from 
the alkoxide during p y r o l y s i s , are present at high d i s p e r s i o n . 

In order to determine the composition of the Type l i a 
m a t e r i a l s the samples were o x i d i z e d i n a i r . This was done to 
burn o f f the carbon and leave behind the metal oxide. By 
c a r e f u l weighing before and a f t e r the ox i d a t i o n process, the 
amounts of carbon and inorganic oxide contained i n each sample 
were c a l c u l a t e d . The r e s u l t s of these analyses, as we l l as the 
metal alkoxide and p o l y f u r f u r y l a l c o h o l conversions, are also 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 
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Table II. Specific Adsorptions and Carbon Content on Type Ha IOM-CMS Materials 

INORGANIC OXIDE WT% WT% SPECIFIC ADSORPTION (mg per gm) 
OXIDE PRECURSOR CARBON Metal Oxide C02 n-BUTANE ISOBUTANE NEOPENTANE 

Ti0 2 Ti(i-OBu)4 100 0 51 0 0 0 
91 
86 
80 20 58 0 0 0 
64 36 65 0 0 0 
58 42 34 0 0 0 
44 56 39 0 0 0 
40 60 31 0 0 0 
37 63 30 0 0 0 

Zr02 Zr(i-OPr)4 100 0 70 0 0 0 
88 12 59 0 0 0 
80 20 48 0 0 0 
70 30 31 0 0 0 

AI2O3 Al(s-OBu)3 100 0 66 0 0 0 
87 13 62 0 0 0 
87 13 63 0 0 0 
60 40 55 0 0 0 

Ti0 2-Zr0 2 Ti(i-OBu)4 100 0 59 0 0 0 
Zr(i-OPr)4 68 32 57 0 0 0 

56 44 50 0 0 0 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 
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Figure 6a S p e c i f i c Adsorption of Probe Molecules on T1O2 Type l i a 
IOM-CMS M a t e r i a l s versus Wt% T i 0 2 
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c o l l e c t e d i n Table 3. The t i t a n i a s e r i e s ranged i n oxide 
content from 9 to 63 wt%, the z i r c o n i a s e r i e s from 12 to 30 wt%, 
the alumina s e r i e s from 13 to 40 wt%, and the t i t a n i a - z i r c o n i a 
s e r i e s from 10 to 26 wt%. In the course of t h i s a n a l y s i s i t was 
noted that the carbon y i e l d from p y r o l y s i s of p o l y f u r f u r y l 
a l c o h o l improved i n the presence of the metal alkoxide compared 
to the y i e l d obtained from the pure r e s i n . In the case of 
Ti(IV) butoxide, the carbon y i e l d was observed to go as high as 
50% (weight carbon produced/weight r e s i n used), versus t y p i c a l 
y i e l d s of about 25% f o r the r e s i n alone. With the other 
alkoxides the e f f e c t was not as great, leading to carbon y i e l d s 
of about 30-35%. The enhanced carbon y i e l d may be a r e s u l t of 
metal a l k o x i d e - c a t a l y s e d dehydration or c r o s s l i n k i n g of the 
r e s i n , or both. 

The Type l i b IOM-CMS materials were prepared by mixing f i n e 
powders of the metal oxides with PFA. The metal alkoxide 
powders were prepared by h y d r o l y s i s of the same alkoxides used 
i n the preparation of th
c a l c i n a t i o n and mechanica
d i f f e r e n t weight r a t i o
pyrolyzed. 

Molecular probe analyses of the Type l i b m a t e r i a l s showed 
that they adsorbed s i g n i f i c a n t q u a n t i t i e s of C0 2 and n-butane, 
but ne a r l y zero amounts of the two l a r g e r probe molecules (see 
Table 3, Figures 7a and b). Because of t h i s s e l e c t i v e 
adsorption, these materials behaved s i m i l a r l y to the 5A s i z e 
molecular sieves, but without the sharp c u t o f f s d i s p l a y e d by 
z e o l i t e s . However, i t i s remarkable that these Type l i b 
m a t e r i a l s adsorbed more of η-butane than the Type l i a m a t e r i a l s . 
It may be that the a d d i t i o n of the f i n e o x i d i c p a r t i c l e s l e d to 
i n t e r s t i c e s , which d i d not form i n the preparation s t a r t i n g with 
the metal alkoxides. These i n t e r s t i c e s may provide adsorption 
s i t e s f o r the l a r g e r molecules. Further i n v e s t i g a t i o n s w i l l be 
conducted to determine the s t r u c t u r a l f a c t o r s that give r i s e to 
these d i f f e r e n t adsorptive p r o p e r t i e s . 

Carbon burnoff experiments were also used with the Type l i b 
samples to determine the carbon and inorganic oxide contents of 
these m a t e r i a l s . In the t i t a n i a s e r i e s the metal oxide content 
ranged from 46 to 61 wt%, the z i r c o n i a s e r i e s from 32 to 60 wt%, 
and i n the t i t a n i a - z i r c o n i a s e r i e s from 38 to 44 wt% (see Table 
3). In t h i s preparative procedure the a d d i t i o n of the o x i d i c 
powders d i d nothing to improve the y i e l d of carbon from the 
r e s i n . 

As a f u r t h e r d i a g n o s t i c of the adsorptive p r o p e r t i e s of the 
IOM-CMS composite materials, the extent of water adsorption was 
determined on various Type I, l i a , and l i b samples. I t i s 
important to assess the water adsorption isotherms on the IOM-
CMS ma t e r i a l s , since i t i s a standard method of comparison 
between adsorbents. The water adsorption data are d i s p l a y e d i n 
Figure 8 f o r IOM-CMS materials, the pure inorganic oxides, and 
z e o l i t e 3A. The z e o l i t e showed the c h a r a c t e r i s t i c a l l y high 
adsorption of water at low r e l a t i v e pressures. The three Type I 
samples of S i 0 2 - A l 2 0 3 , S i 0 2 beads, and large pore S i 0 2 , adsorbed 
amounts of water s i m i l a r to the carbon alone. This i s 
con s i s t e n t with a Type I s t r u c t u r e i n which the surface 
adsorbing the water i s carbon. 

The most i n t e r e s t i n g IOM-CMS sample was the Type l i a Al 203~ 
carbon sample which has a d i f f e r e n t water adsorption isotherm 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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TABLE III. Specific Adsorptions and Carbon Content on Type lib IOM-CMS Materials 

INORGANIC OXIDE WT% SPECIFIC ADSORPTION (mg per gm) 
OXIDE PRECURSOR CARBON Metal Oxides C02 n-BUTANE ISOBUTANE NEOPENTANE 

Ti0 2 Ti(i-OBu)4 39 
43 
53 3 0 0 
54 46 29 6 0 0 

Zr02 Zr(i-OPr)4 40 60 28 26 4 1 
56 44 35 15 0 0 
68 32 41 0 0 0 

Si0 2 CABOSIL 94 11 26 25 28 
90 14 28 30 30 
80 10 27 20 25 
66 28 19 13 22 
40 24 2 2 
33 25 2 2 2 

TiQ2-Zr02 Ti(i-OBu)4 68 45 0 0 0 
Zr(i-OPr)4 56 38 8 0 0 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



354 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

40 Τ 

30 f 

20 4-

10 f / 

C02 

•o- n-BUTANE 

·•- ISOBUTANE 

·•- NEOPENTANE 

o +—•-•-
45 55 

WT% TI02 
65 

Figure 7a. S p e c i f i c Adsorption of Probe Molecules on T i 0 2 Type l i b 
IOM-CMS M a t e r i a l s versus Wt% T i 0 2 

Figure 7 b S p e c i f i c Adsorption of Probe Molecules on Zr0 2 Type l i a 
IOM-CMS M a t e r i a l s versus Wt% Zr0 2 
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than the Type I materials, carbon, or the pure i n o r g a n i c oxides. 
It d i s p l a y e d somewhat stronger water adsorption than the other 
samples at the lower r e l a t i v e pressures. Although much lower on 
an absolute s c a l e , t h i s i s reminiscent of the r e s u l t obtained 
with the 3 A z e o l i t e sample. The adsorptive behavior of the IOM-
CMS m a t e r i a l s , e s p e c i a l l y of Type I I , i s under continued 
i n v e s t i g a t i o n and a n a l y s i s . 

The Type I I I materials were conceptualized as Type l i b 
m a t e r i a l s , except that the inorganic oxide was to be dispersed 
as a coating on the surface of a porous, but not molecular 
s i e v i n g , carbon support. The surface-modified carbon could then 
be mixed with the r e s i n as a f i n e powder, and pyrolyzed. The 
molecular probe analyses of the nine Type II I samples are very 
i n t e r e s t i n g (see Table 4, and Figures 9a and b). The three sets 
of samples each showed the same trends. At the lowest r a t i o of 
polymer r e s i n to surface-modified porous carbon the m a t e r i a l s 
a l l behaved as 5A s i z e molecular sieves, adsorbing r e l a t i v e l y 
large q u a n t i t i e s of C0 2 and η-butane, but nearly zero amounts of 
isobutane and neopentane
modified wide pore carbo
z i r c o n i a - m o d i f i e d Raven 8000 beads. At the middle r a t i o of 
polymer r e s i n to base m a t e r i a l , the two t i t a n i a - m o d i f i e d samples 
d i s p l a y e d 4A s i z e molecular s i e v i n g p r o p e r t i e s , adsorbing C0 2 i n 
large q u a n t i t i e s , but only n e g l i g i b l e amounts of the other 
l a r g e r probe molecules. The z i r c o n i a - m o d i f i e d Raven 8000 beads 
behaved more l i k e the 5A s i z e sieve even at t h i s middle r a t i o of 
polymer r e s i n to surface-modified carbon base. At the highest 
r a t i o of polymer r e s i n to surface-modified carbon base, a l l 
three of the samples d i s p l a y e d 4A s i z e s i e v i n g p r o p e r t i e s . 

Summary and Conclusions 

Carbon molecular sieves can be made with a wide range of 
p h y s i c a l p r o p e r t i e s , and from a v a r i e t y of n a t u r a l and s y n t h e t i c 
m a t e r i a l s . The primary use of these ma t e r i a l s has been i n 
separation processes, the most notable of which i s pressure 
swing adsorption f o r the separation of nitrogen from a i r . 
R e l a t i v e l y l i t t l e a t t e n t i o n has been given to the c a t a l y t i c 
p r o p e r t i e s of these materials beyond the e a r l y work by Walker 
and Trimm. However, some of the more recent reports i n the 
patent l i t e r a t u r e are very i n t r i g u i n g , and suggest that the use 
of carbon molecular sieves i n c a t a l y s i s merits f u r t h e r 
a t t e n t i o n . 

This work has aimed at adding f u n c t i o n a l i t y to the carbon 
molecular sieves by preparing composite s t r u c t u r e s of carbon and 
i n o r g a n i c oxides. The o b j e c t i v e i s to combine the surface 
chemical p r o p e r t i e s of the inorganic oxides with the molecular 
s i e v i n g p r o p e r t i e s of the carbon. The r e s u l t s obtained to date 
i n d i c a t e that composite s t r u c t u r e s can be made with molecular 
s i e v i n g p r o p e r t i e s i n at l e a s t four forms. The data on the Type 
II I m a t e r i a l s , combined with those obtained f o r the Type l i a and 
l i b samples, i n d i c a t e that by proper c o n t r o l of the inorganic 
oxide precursor chemistry, and the p h y s i c a l p r o p e r t i e s of the 
s o l i d a d d i t i v e s , one can begin to c o n t r o l the molecular s i e v i n g 
p r o p e r t i e s of the IOM-CMS ma t e r i a l s . The molecular s i e v i n g 
p r o p e r t i e s of the Type l i a IOM-CMS mate r i a l s are maintained even 
at low carbon to inorganic oxide r a t i o s . These p r o p e r t i e s are 
dependent upon the preparation v a r i a b l e s , but a systematic 
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TABLE IV. Specific Adsorptions and Carbon Content on Type III IOM-CMS Materials 

INORGANIC OXIDE WT% SPECIFIC ADSORPTION (mg per gm) 
OXIDE PRECURSOR CARBON Metal Oxides C02 n-BUTANE ISOBUTANE NEOPENTANE 

Ti0 2 Ti (i-OBu) 4 86 14 50 30 0 6 
92 8 62 4 0 3 
95 5 64 1 0 2 

Zr02 Zr(i-OPr)4 86 14 57 39 0 6 
92 8 59 27 0 5 
95 5 55 1 0 2 

Ti02/ZrO2 Ti(i-OBu)4 86 14 54 44 0 6 
Zr(i-OPr)4 92 8 47 6 0 3 

95 5 57 1 0 2 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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investigation will be carried out to clearly define the 
dependencies. Continued studies will define the relationships 
between composition, structure, and molecular sieving properties 
of the IOM-CMS materials, and relate these properties to 
catalytic activities and selectivities for specific reactions. 

Acknowledgment 

This research was funded by the Department of Energy's 
Pittsburgh Energy and Technology Center under contract No. DE-
AC22-84PC70031. 

Literature Cited 

1. Foley, H.C., "Novel Carbon Molecular Sieve Catalysts for Wax 
Suppression in the Fischer-Tropsch Reaction;" Dept. of 
Energy Contract No. DE-AC22-84PC70031, Final 
Report, June (1987

2. Koresh, J .E. , Sofer
(1983). 

3. Franklin, R.E., Trans. Farad. Soc., 45, 274 (1949) 
4. Franklin, R.E., Trans. Farad. Soc., 45, 668 (1949) 
5. Anderson, R.B., Hall, W.K., Lecky, T.A., Stein, K.S., J. 

Phys. Chem., 60, 1548 (1956). 
6. Pierce, D., Wiley, J.W., Smith, R.N., J. Phys. Chem., 53, 

669 (1949). 
7. Emmett, P.H., Chem. Rev., 43, 69 (1948). 
8. Dacey, J.R., Thomas, D.G., Trans. Faraday Soc., 50, 740 

(1954). 
9. Walker, P.L., Jr., Lamond, T.G., Metcalfe, J .E. , III, Proc. 

2nd Conf. on Ind. Carbon Graphite, Society of the 
Chemical Industry, London (1966). 

10. Lamond, T.G., Metcalfe, J.E. , III, Walker, P.L., Jr., 
Carbon, 3, 59 (1965). 

11. Metcalfe, J.E., III, Ph.D. Thesis, The Pennsylvania State 
University (1965). 

12. Koresh, J., Soffer, Α., J. Chem. Soc., Faraday Trans. 
1, 76, 2457 (1980). 

13. Barton, S.S., Koresh, J., J . Chem. Soc., Faraday Trans. 
1, 79, 1147 (1983). 

14. Koresh, J., Soffer, Α., J. Chem. Soc., Faraday Trans. 
1, 76, 2507 (1980). 

15. Koresh, J., Soffer, Α., J . Chem. Soc., Faraday Trans. 
1, 76, 2472 (1980). 

16. Koresh, J., Soffer, Α., J. Chem. Soc., Faraday Trans. 
1, 77, 3005 (1981). 

17. Yang, R.T., Gas Separations by Adsorption Processes, 
Butterworths, Boston (1987). 

18. Ray, M.S., Sep. Sci. and Technol., 21, 1 (1986). 
19. Trimm, D.L., Cooper, B.J., J.Chem. Soc. D, 8, 477 (1970). 
20. Cooper, B.J., Trimm, D.L., Conf. on Ind. Carbon 

Graphite, 3rd Mtg. Date, Soc. Chem. Ind., London, 
(1970). 

21. Cooper, B.J., Plat. Metals Rev., 14, 133 (1970). 
22. Schmitt, J.L. Jr., Walker, P.L. Jr., Carbon, 10, 791 

(1971). 
23. Schmitt, J.L. Jr., Walker, P.L. Jr., Carbon, 10, 87 

(1971). 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



360 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

24. Schmitt, J.L. Jr., Diss. Abstr. Int. Β 1971, 32, 807 (1970). 
25. Moreno-Castilla, C., Mahajan, O.P., Walker, P.L. Jr., Jung, 

H.J., Vannice, M.A., Carbon, 18, 271 (1980). 
26. Walker, P.L. Jr., Oya, Α., Mahajan, O.P., Carbon, 18, 377 

(1980). 
27. Bragin, O.V., Olfereva, T.G., Ludwig, J. , Fiebig, W., Heise, 

K., Schnabel, K.H., Z. Chem., 20, 387 (1980). 
28. Connor, H. , DE 3006105 (1980). 
29. Dessau, R.M., US 4413154 (1983). 
RECEIVED February 2, 1988 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



Chapter 22 

Intracrystalline Diffusion in Zeolites 

Douglas M . Ruthven and Mladen Eic 

Department of Chemical Engineering, University of New Brunswick, 
Fredericton, New Brunswick E3Β 5A3, Canada 

A new experimental technique (ZLC) has been developed 
and applied to study the diffusion of a range of 
hydrocarbons (xylene
paraffins) in unaggregate
X. The validity of the method was confirmed by 
varying the crystal size and the nature and flowrate 
of the purge gas. The method has advantages of speed 
and simplicity but the major advantage is that the 
intrusion of extraneous heat and mass transfer 
resistances is much less significant than in 
conventional uptake rate measurements. As a result, 
the new method can be applied to systems in which 
diffusion is too rapid to follow in a conventional 
sorption experiment. 

Several of the systems studied have also been 
investigated by NMR, as well as by uptake and 
exchange rate measurements using large crystals. For 
all sorbates in both A and X zeolites the results 
obtained by the new ZLC method are consistent with 
our earlier sorption rate data but the diffusivities 
are much smaller than the values obtained by the NMR 
PFG method. Agreement between ZLC and NMR 
measurements was found only for butane in large 5A 
crystals. The large difference in diffusivity 
between large laboratory synthesized crystals and 
small commercial crystals is also confirmed for this 
system. 

The problem of determining reliable intra-crystalline diffusivities 
for hydrocarbons and other simple molecules in zeolite crystals has 
exercised zeolite scientists for many years. During the early 
1970s Pfeifer, Karger and their colleagues at Leipzig extended the 
nuclear magnetic resonance pulsed field gradient (NMR PFG) self 
diffusion measurement technique, originally developed for measuring 
diffusion in liquids (1), to permit measurement of the lower 
diffusivities encountered in intracrystalline diffusion in 
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z e o l i t e s . ( 2 , 3 ) The d i f f u s i v i t i e s obtained by t h i s method were much 
higher than the reported d i f f u s i v i t i e s derived from more 
conventional experimental techniques such as the measurement of 
uptake rates but the v a l i d i t y of the NMR data was confirmed by a 
number of experimental checks. Most of the uptake rate 
d i f f u s i v i t i e s had been obtained with the small commercially 
a v a i l a b l e s y n t h e t i c z e o l i t e c r y s t a l s . D e t a i l e d re-examination of 
these data revealed that, at l e a s t f o r some systems, the i n t r u s i o n 
of extraneous heat and/or mass t r a n s f e r r e s i s t a n c e s (such as 
e x t r a c r y s t a l l i n e d i f f u s i o n ) was more s i g n i f i c a n t than had been 
o r i g i n a l l y assumed (4-6) and the discrepancy with the NMR r e s u l t s 
could be explained on t h i s b a s i s . The remaining discrepancies were 
gen e r a l l y a t t r i b u t e d to d i f f e r e n c e s i n preparation or pre-treatment 
of the z e o l i t e c r y s t a l s or to the existence of a 'surface b a r r i e r ' 
to mass tr a n s f e r . ( 7 ) 

More d e t a i l e d uptake rate studies c a r r i e d out with l a r g e r 
c r y s t a l s and with a rang
showed no evidence of an
propane and η-butane i n laboratory synthesized 5A c r y s t a l s the 
uptake r e s u l t s show reasonably close agreement with the NMR.(10) 
However, f o r some other systems such as benzene-NaX the NMR 
d i f f u s i v i t i e s were s t i l l much higher. The uptake r a t e s were, 
however, close to the l i m i t of the experimental technique so the 
p o s s i b l e i n t r u s i o n of extraneous heat or mass t r a n s f e r r e s i s t a n c e s 
could not be unequivocally excluded. 

More r e c e n t l y , a d e t a i l e d study of d i f f u s i o n of the xylene 
isomers i n large c r y s t a l s of NaX and n a t u r a l f a u j a s i t e was 
undertaken by both s o r p t i o n rate and t r a c e r exchange.(11-14) The 
data obtained by both these techniques using s e v e r a l d i f f e r e n t 
c r y s t a l s i z e s were e n t i r e l y consistent but the d i f f u s i v i t i e s were 
much smaller than the values derived f o r the same systems by NMR 
PFG measurements. In an attempt to resolve t h i s discrepancy we 
have developed a new chromatographic technique (zero length column 
or ZLC) which i s l e s s s e n s i t i v e than conventional s o r p t i o n methods 
to the i n t r u s i o n of e x t e r n a l heat and mass t r a n s f e r r e s i s t a n c e s and 
which i s therefore u s e f u l f o r f o l l o w i n g r e l a t i v e l y r a p i d d i f f u s i o n 
processes. The method has now been ap p l i e d to study the d i f f u s i o n 
of a range of d i f f e r e n t hydrocarbons i n both A and X z e o l i t e 
c r y s t a l s and the r e s u l t s of these studies are summarized here. 

Experimental Method 

The method depends on f o l l o w i n g the desorption curve obtained when 
a very small sample (1 - 2 mg) of z e o l i t e c r y s t a l s , p r e v i o u s l y 
e q u i l i b r a t e d with sorbate at a known (low) concentration, i s purged 
with an i n e r t c a r r i e r . A high purge gas flowrate i s used i n order 
to maintain a low sorbate concentration at the e x t e r n a l surface of 
the c r y s t a l s thus minimizing any e x t e r n a l heat or mass t r a n s f e r 
r e s i s t a n c e . The i n i t i a l sorbate concentration i s kept low, 
p r e f e r a b l y w i t h i n the Henry's Law region, i n order to permit a 
simple and unambiguous i n t e r p r e t a t i o n of the desorption rate 
curves. By taking advantage of the high s e n s i t i v i t y of a flame 
i o n i z a t i o n detector i t i s p o s s i b l e to f o l l o w the desorption curve 
accurately even at very low concentrations and thus to approach i n 
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p r a c t i c e the i d e a l isothermal s i t u a t i o n i n which the external 
concentration i s maintained c l o s e to zero and the desorption r a t e 
i s c o n t r o l l e d e n t i r e l y by i n t r a c r y s t a l l i n e d i f f u s i o n . The absence 
of any s i g n i f i c a n t e x t r a c r y s t a l l i n e r e s i s t a n c e can be confirmed by 
using two d i f f e r e n t purge gases with d i f f e r e n t molecular 
d i f f u s i v i t i e s (He and Ar) and by varying the purge flowrate. 

In the above l i m i t (zero concentration at the c r y s t a l 
surface) the desorption curve i s given by: 

«> exp(-3 2Dt/R 2) 
5- - 2L Σ 5—S (1) 

n - X [ 6 n
2 + L ( L - l ) ] 

where i s given by the roots of the equation: 

3 cot3 + L - 1 = 0 (2) η η 
2 2 

τ s — f—\ εν 1
3 4) ; (Ι-ε)Κζ 3 * KD ^ C r y s t a l Volume' K } 

In the long time region only the f i r s t term of the summation i s 
s i g n i f i c a n t so equation 1 reduces to: 

expi - e^Dt/R 2) 
h = 2 L · — τ - 1 W 

[ 3 f + L ( L - l ) ] 

A p l o t o£, £n£c/c ) vs t should therefore approach l i n e a r i t y with 
slope -βj D/R ana t h i s i s the region i n which the b a s i c assumption 
of the model (c/c << 1.0) i s a v a l i d approximation. 

In the extreme l i m i t of a very low purge flowrate, e q u i l i b r i u m 
i s approached. D i f f u s i o n through the c r y s t a l i s f a s t enough to 
maintain a uniform (equilibrium) concentration through the c r y s t a l 
at a l l times and the desorption rate i s c o n t r o l l e d simply by the 
rate at which sorbate i s removed i n the purge gas. Under these 
conditions the desorption curve i s given by: 

c
 Γ-ενϋ ι 

or In (—) = - s t where s = £ V x T r (6) co (Ι-ε)Κζ 

I f a desorption curve i s measured under these conditions (purge 
v e l o c i t y v T , slope s=s T) then at a much higher gas v e l o c i t y ν 
(corresponding to L ) : 

L D/R2 - I φ . ) 8
f (7) 

2 
The d i f f u s i o n a l time constant (D/R ) may thus be found from the 
s o l u t i o n of the three equations 2, 4 and 7 r e l a t i n g D/R , L and 
To achieve s e n s i t i v i t y of the s o l u t i o n to D/R i t i s necessary to 
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ensure that L > 1.0. I t i s therefore d e s i r a b l e to make 
measurements at sev e r a l purge flowrates i n order to confirm 
consistency of the data. 

^ I t i s c l e a r from equation 3 that f o r a r a p i d d i f f u s i o n process 
(D/R large) the requirement L > 1 can be achieved only by using 
high purge flowrates and small z e o l i t e sample volumes. Meeting 
t h i s requirement becomes i n c r e a s i n g l y d i f f i c u l t f o r strongly 
adsorbed species (large Κ ) , n e c e s s i t a t i n g the use of l a r g e r 
c r y s t a l s . In any case the desorption curve must be on a 
me^sureable time scale (a few seconds) which requires D/R < 0.01 
s and i t i s t h i s c o n s t r a i n t which imposes the main l i m i t a t i o n on 
the a p p l i c a t i o n of the ZLC technique with small c r y s t a l s and 
r a p i d l y d i f f u s i n g sorbates. 

A more d e t a i l e d account of the method and i t s range of 
a p p l i c a b i l i t y has been given elsewhere.(15,16) 

Results and Discussion 

NMR PFG measurements determine the t r a c e r or s e l f - d i f f u s i v i t y (D ) 
under e q u i l i b r i u m conditions with no concentration gradient. In 
any s o r p t i o n rate measurement i t i s the transport d i f f u s i v i t y under 
the i n f l u e n c e of a concentration gradient which i s measured. In 
general these two q u a n t i t i e s are not the same but the r e l a t i o n s h i p 
between them can be e s t a b l i s h e d from i r r e v e r s i b l e thermodynamics. 
(17,18) In the low concentration l i m i t the thermodynamic 
c o r r e c t i o n f a c t o r vanishes and the transport and s e l f d i f f u s i v i t i e s 
should approach the same l i m i t . Since ZLC measurements are made at 
low concentrations w i t h i n the Henry's Law region the d i f f u s i v i t y 
values should be d i r e c t l y comparable with the NMR s e l f -
d i f f u s i v i t i e s . 

ZLC desorption curves were measured over a wide range of 
conditions f o r s e v e r a l d i f f e r e n t hydrocarbon sorbates i n a range of 
d i f f e r e n t s i z e s of NaX and 5A z e o l i t e c r y s t a l s . In general He was 
used as the purge gas but numerous checks were made with an Ar 
purge to confirm the absence of any e x t r a c r y s t a l l i n e r e s i s t a n c e . 
The form of the desorption curves was consistent with the 
t h e o r e t i c a l model o u t l i n e d above and consistent d i f f u s i v i t y values 
were obtained at d i f f e r e n t flowrates and with d i f f e r e n t c r y s t a l 
s i z e s . A few representative curves are shown i n f i g u r e 1. 

o - X t/lene - N q X 

D i f f u s i o n of o-xylene i n 50 ym and 100 urn NaX c r y s t a l s was studied 
over the temperature range 125-250°C. The derived parameter values 
are summarized i n Table 1 which includes a l s o the s o r p t i o n r a t e and 
tr a c e r exchange measurements of Goddard.(11-14) The agreement 
between the ZLC d i f f u s i v i t y values obtained with d i f f e r e n t c r y s t a l 
s i z e s , d i f f e r e n t purge gases and d i f f e r e n t purge flowrates i s seen 
to be e x c e l l e n t and the d i f f u s i v i t y values derived from the ZLC 
measurements are e n t i r e l y c o n s i s t e n t with the l i m i t i n g s o r p t i o n and 
tr a c e r d i f f u s i v i t i e s derived from the uptake and exchange 
measurements. The comparison with the NMR PFG s e l f - d i f f u s i v i t y 
data (19) i s shown i n f i g u r e 2 from which i t i s apparent that there 
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Table I. Summary of ZLC D i f f u s i v i t y Data f o r 
o-Xylene and Benzene i n NaX Z e o l i t e s C r y s t a l s 

ZLC Sorption/Exch 

Sorbate Τ Px l O 3 2R PFR + 
3 2 10 xD/R D x l O 8 

av D x l O 8 

av 

(Κ) (Torr) 
3 

(ym) (cm /min) ( s " 1 ) r 2 '1Λ (cm. s ) e 2 

(cm .s ) 
o-Xylene 473 7.7 50 30 1.33 

100 1.37 0.87 0.87 

473 7.7 100 100 
160 

0.35 
0.37 0.9 0.96 

473 3.8 50 100 1.5 0.94 

523 7.7 
3.8 

50 
50 

100 
100 

2.4 
2.47 1.52 1.42 

423 8.5 100 100 0.156 

8.5 50 140 0.592 0.375 0.38 

Benzene 443 28 100 60 3.56 
50 30 13.4 8.8 
50 60 3.6 

473 26 100 30 5.76 
100 50 6.1 14.3 
50 25 21.1 

403 30 100 200 1.88 4.7 

30 100 * 
200 1.88 4.7 4.1 

+ PFR - purge flowrate, cm^/min at STP. 
* Ar purge. 
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Figure 2. Arrhenius p l o t showing comparison of NMR and 
sorp t i o n d i f f u s i v i t i e s f o r benzene and o-xylene i n NaX z e o l i t e 
c r y s t a l s . NMR data from (1) Germanus et a l . (19) and (2) Karger 
and Puthven (10). Uptake (corrected d i f f u s i v i t y ) and tr a c e r 
exchange data of Goddard (11-13) (50 um and 100 um NaX, 250 ym 
f a u j a s i t e ) . ZLC data of E i c (15,16). 
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i s a very large discrepancy. The only agreement i s i n the 
a c t i v a t i o n energy f o r which s i m i l a r values are obtained from both 
the s o r p t i o n and NMR data. 

Benzene-NaX 

D i f f u s i o n of benzene was studied i n 250 um n a t u r a l f a u j a s i t e 
c r y s t a l s by s o r p t i o n rate measurements and i n 50 um and 100 ym NaX 
by ZLC. D i f f u s i o n i n 100 ym NaX was too f a s t to measure with 
confidence by conventional s o r p t i o n methods. The r e s u l t s are 
summarized i n Table 1 and f i g u r e 2 i n which the NMR s e l f 
d i f f u s i v i t y data are a l s o shown. The ZLC data f o r 50 ym and 100 ym 
c r y s t a l s are consistent and i n good agreement with the s o r p t i o n 
rate measurements f o r 250 ym f a u j a s i t e , suggesting that, as with 
the xylene isomers, under comparable c o n d i t i o n s , there i s no 
s i g n i f i c a n t d i f f e r e n c e i n d i f f u s i v i t y between NaX and n a t u r a l 
f a u j a s i t e . The NMR d i f f u s i v i t i e s ( 1 0 , 1 9
with a s i m i l a r a c t i v a t i o

In contrast with the r e s u l t s obtained i n t h i s laboratory, the 
piezometric uptake rate data of Bulow et a l . (25,26) l i e very much 
c l o s e r to the NMR data. I t should, however, be noted that the 
c o r r e c t i o n s introduced to account f o r 'valve e f f e c t s ' and other 
extraneous f a c t o r s were very l a r g e , thus i n e v i t a b l y reducing the 
confidence l e v e l . 

Linear Ραλχι^ΖηΔ and CycJiokzxanz-NaX 

D i f f u s i o n of saturated hydrocarbons i s very much f a s t e r than 
d i f f u s i o n of the aromatics and the d i f f u s i v i t i e s f o r these systems 
are w e l l beyond the range amenable to d i r e c t s o r p t i o n rate 
measurement, even i n r e l a t i v e l y large c r y s t a l s . ZLC measurements 
i n 50 ym and 100 ym c r y s t a l s were, however, straightforward and 
y i e l d e d consistent d i f f u s i v i t y values. The r e s u l t s are summarized 
as Arrhenius parameters i n Table 2 and the comparison with the NMR 
data(20) i s shown i n f i g u r e 3 i n which the d i f f u s i v i t y at 150°C and 
the d i f f u s i o n a l a c t i v a t i o n energy are p l o t t e d against carbon 
number. The general trends are obviously s i m i l a r but we see the 
same 100-fold discrepancy between the d i f f u s i v i t y values as w e l l as 
higher a c t i v a t i o n energies f o r the ZLC data (except f o r butane). A 
f u r t h e r point of i n t e r e s t i s that, according to both NMR and ZLC 
data, the d i f f u s i v i t y of cyclohexane i s e s s e n t i a l l y the same as 
that of n-hexane. C l e a r l y , i n i t s d i f f u s i o n a l behaviour cylohexane 
resembles a saturated p a r a f f i n f a r more c l o s e l y than benzene. 

Linear VOAJOL^^ίηό-5Α 

D i f f u s i o n of l i n e a r p a r a f f i n s was studied i n a wide range of 5A 
z e o l i t e c r y s t a l s i n c l u d i n g both the small commercial (Linde) 
c r y s t a l s and l a r g e r c r y s t a l s synthesized i n our laboratory by 
Charnell's method ( J 3 0 . Whereas i n the case of NaX we found no 
s i g n i f i c a n t d i f f e r e n c e between the d i f f u s i v i t i e s f o r large 
laboratory synthesized and small commercial c r y s t a l s (15) , f o r 5A 
we see large d i f f e r e n c e s . In p a r t i c u l a r , f o r η-butane, the large 
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Table I I . Parameters D and Ε Giving Temperature 
Dependence of ZLC D i f f u s i v i t i e s [D=D exp (-E/RT)] 

Sorbent Sorbate 2 Do -1 
cm sec 

Ε 
kcal/mole 

NaX 
n C 4 H 1 0 2.8xl0" 6 1.47 

C5
C 7
C10 H22 
C14 H30 

6.2xl0" 3 

2.65xl0" 5 

5.2 

4.8 
Cyclohexane 2.17xl0" 3 3.6 
Benzene 1.24xl0" 4 6.4 
o-Xylene 9.7xl0" 6 6.5 

5A 
n C 4 H 1 0 5.31xl0" 7 3.8 

(Lab 
C 7 H 1 6 4.26x10 

r 
8.1 

synthesized 
C10 H22 4.8xlO~ J 

c 
11.2 

c r y s t a l s ) 
C13 H28 
C16 H34 

1.97x10 D 

8.24xl0" 5 

12.0 
13.1 

5A 
C 4 H 1 0 0.06x10" 3.9 

Linde l o t 550045 
C 4 H 1 0 

5A 
C 7 H 1 6 1.24xl0" 7 8.0 

Linde l o t 550043 
C 7 H 1 6 
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Figure 3. Comparison of ZLC (15) and NMR PFG (20) d i f f u s i v i t y 
data f o r η-paraffins i n NaX z e o l i t e c r y s t a l s (a) Values of D and 
D g at 150°C (b) A c t i v a t i o n energies. 
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d i f f e r e n c e i n d i f f u s i v i t y between Linde 3.6 ym ( l o t 550045) 
c r y s t a l s and large laboratory synthesized c r y s t a l s , which was 
observed i n our e a r l i e r uptake rate s t u d i e s , (9,10,21) i s confirmed 
by the ZLC r e s u l t s . S i m i l a r d i f f e r e n c e s are observed als o f o r 
η-heptane (see Table 2) Furthermore the p r e v i o u s l y observed 
agreement between the NMR and s o r p t i o n d i f f u s i v i t i e s f o r n-butane 
i n the large 5A c r y s t a l s (10) i s confirmed by the ZLC data. Recent 
NMR studies by the t r a c e r desorption technique (23,24) have 
suggested that t h i s d i f f e r e n c e may be due to the presence of a 
surface b a r r i e r i n the small commercial c r y s t a l s . The ZLC data do 
not support t h i s contention. The forms of both the uptake rate 
curves and the ZLC desorption curves are c o n s i s t e n t with a 
d i f f u s i o n c o n t r o l l e d process rather than with a surface b a r r i e r 
r e s i s t a n c e . 

Arrhenius p l o t s showing the temperature dependence of 
d i f f u s i v i t y f o r η-butane i n various 5A samples are shown i n f i g u r e 
4 while f i g u r e 5 show
number. For l i n e a r p a r a f f i n
i n the large 5A c r y s t a l s , i s too slow to measure by the NMR PFG 
method so i t i s only f o r butane that a d i r e c t comparison between 
ZLC and PFG NMR data i s p o s s i b l e . 

Conclusion 

The ZLC method provides a simple and p r a c t i c a l l y u s e f u l 
experimental technique f o r measuring i n t r a c r y s t a l l i n e d i f f u s i v i t i e s 
i n z e o l i t e c r y s t a l s and t h i s method can be used to study somewhat 
f a s t e r processes than are amenable to study by more conventional 
s o r p t i o n rate measurements. The v a l i d i t y of the new method i s 
confirmed by the consistency of the r e s u l t s obtained with d i f f e r e n t 
c r y s t a l s i z e s , d i f f e r e n t purge gases and d i f f e r e n t purge flowrates 
as w e l l as by the consistency of the d i f f u s i v i t i e s with values 
derived from independent uptake rate and t r a c e r exchange 
measurements. For d i f f u s i o n i n NaX c r y s t a l s the d i f f u s i v i t y 
appears quite i n s e n s i t i v e to the o r i g i n of the c r y s t a l s as w e l l as 
to small d i f f e r e n c e s i n dehydration procedure. D i f f e r e n c e s f o r 5A 
z e o l i t e c r y s t a l s are very much greater and the p r e v i o u s l y observed 
large d i f f e r e n c e i n d i f f u s i v i t y between commercial 5A z e o l i t e 
c r y s t a l s and c a r e f u l l y dehydrated laboratory samples i s confirmed 
by the ZLC r e s u l t s . 

For the n-butane-5A system both s o r p t i o n and ZLC r e s u l t s are 
i n s u b s t a n t i a l agreement with NMR PFG s e l f d i f f u s i v i t y data. 
However, f o r a l l NaX systems studied the NMR s e l f d i f f u s i v i t i e s are 
approximately two orders of magnitude l a r g e r than the ZLC values. 
This discrepancy i s d i f f i c u l t to understand. Most of the more 
obvious explanations can be r u l e d out on the b a s i s of the 
experimental evidence. For example, the p o s s i b l e i n t r u s i o n of 
extraneous heat and/or mass t r a n s f e r r e s i s t a n c e s i s excluded by the 
agreement between the s o r p t i o n , exchange and ZLC r e s u l t s . For NaX 
c r y s t a l s both NMR and ZLC r e s u l t s show that d i f f e r e n c e s i n the 
o r i g i n of the sample and the i n i t i a l dehydration procedure have 
only a r e l a t i v e l y small e f f e c t on the d i f f u s i v i t y . (27) The 
absence of s i g n i f i c a n t surface b a r r i e r s ( f o r aromatics-NaX) i s 
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Figure 4. Arrhenius p l o t showing comparison between so r p t i o n , 
ZLC and NMR d i f f u s i v i t y data f o r η-butane i n 5A z e o l i t e 
c r y s t a l s . Data from Karger and Ruthven (10), Yucel and Ruthven 
(9) and E i c (15). 
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Figure 5. V a r i a t i o n of d i f f u s i o n a l a c t i v a t i o n energy with 
carbon number f o r η-paraffins i n 5A z e o l i t e c r y s t a l s . (Data 
from r e f s . 9, 21, 22, 29, 15.) 
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confirmed by the conformity between NMR PFG and NMR tracer 
desorption rate measurements (28) as well as by the form of the 
uptake, exchange and ZLC curves and the consistency of data 
obtained with different crystal sizes. The NMR method follows 
movement of the protons and it is implicitly assumed that there is 
no Η-exchange under experimental conditions. Since protons diffuse 
very rapidly, a small degree of exchange could lead to erroneously 
high apparent diffusivities. However, the agreement between the 
sorption and NMR diffusional activation energies, which is observed 
at least for benzene and xylene in NaX, then becomes hard to 
explain. 

It must be recognized that the time scales of the two 
techniques are very different, so if there were a rapid exchange 
between a few rapidly diffusing molecules with the large majority 
of the adsorbed molecules being relatively immobile, one would 
expect to find different diffusivities by the two techniques. 
However, the intensity
the expected response o
basis, the existence of an exchange between mobile and immobile 
molecules does not appear to be supported.(3) 

In recent years there has been a tendency to accept NMR 
diffusivity data as correct and to assume that where lower 
diffusivity values are obtained from sorption rate 
measurements the latter must be in error. The present 
results suggest that this perspective may not always be 
correct. Until the origins of the discrepancy are resolved, 
one must be cautious of accepting NMR self diffusivity data 
without independent confirmation. 

NOTATION 
3 

c gas phase concentration of sorbate (moles/cm ) 
D intracrystalline diffusivity (cm /s) 2 

D q pre-exponential factor (Table 2) (cmJs) 
D° self-diffusivity (tracer or NMR), cm /s 
Ε activation energy of diffusion (k cal/mol) 
Κ dimensionless adsorption equilibrium constant (Henry's 

Law constant) 
R crystal radius (cm) 
s slope of plot of In (c/c ) vs t 
t time (sec) ° 
ν interstitial gas velocity (cm/s) 
ζ bed depth (cm) 
3 roots of equation (2) 
ε voidage 

Subscript ο denotes initial steady state value. 
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Chapter 23 

Transport Properties of Molecular 
Sieves Studied by the NMR Pulsed 

Field Gradient Technique 

J. Kärger and H. Pfeifer 

Sektion Physik der Karl-Marx-Universität, Linnèstrasse 5, DDR-7010 
Leipzig, German Democratic Republic 

The basic principle
gradient and nm  desorptio  technique
presented, it is shown that these methods allow the 
measurement of the coefficients of intracrystalline and of 
long-range self-diffusion as well as of the intracrystalline 
mean life times of the adsorbate molecules. By combining 
this information, a unique possibility for the direct proof 
of the existence of surface barriers is provided. The nmr 
methods are applied to study the transport properties of 
adsorbate molecules in zeolite NaX, NaCaA and ZSM-5, with 
particular emphasis on the existence of surface barriers. 
It is shown that not only the preparation and pre
-treatment but also the use of molecular sieves to 
separate linear paraffins may lead to the formation of 
surface barriers controlling the net molecular 
transport in these systems. 

I n v e n t i o n and a p p l i c a t i o n of s y n t h e t i c z e o l i t e s ( 1,2) have l e d t o a 
most p e c u l i a r p r o c e s s of i n n o v a t i o n i n c h e m i c a l i n d u s t r y , i n i t i a t e d 
by t h e p r o s p e c t s of t h e t h r e e main f i e l d s of z e o l i t e a p p l i c a t i o n a s 
c a t i o n e x c h a n g e r , m o l e c u l a r s i e v e s and c a t a l y s t s . I n a i l t h e s e c a s e 
t h e r e l e v a n t p r o c e s s e s i n t h e a d s o r b a t e - a d s o r b e n t s y s t e m a r e 
i n e v i t a b l y a c c o m p a n i e d by a s u c c e s s i o n of t r a n s p o r t phenomena, 
m a i n t a i n i n g t h e m o l e c u l a r exchange between t h e a c t i v e s i t e s and t h e 
s u r r o u n d i n g f l u i d . The i n v e s t i g a t i o n of mass t r a n s f e r i n z e o l i t i c 
a d s o r b a t e - a d s o r b e n t s y s t e m s has become t h e r e f o r e a major o b j e c t i v e 
of b o t h f u n d a m e n t a l r e s e a r c h and i n d u s t r i a l a p p l i c a t i o n . 

The t r a d i t i o n a l way of s t u d y i n g m o l e c u l a r t r a n s p o r t i n z e o l i t e 
i s t o f o l l o w t h e t i m e r e s p o n s e of t h e a d s o r b a t e - a d s o r b e n t s y s t e m 
a f t e r c h a n g i n g t h e p r e s s u r e o r t h e c o m p o s i t i o n of t h e s u r r o u n d i n g 
atmosphere. I f i t i s p o s s i b l e t o e l i m i n a t e t h e i n f l u e n c e of 
n o n - d i f f u s i v e p r o c e s s e s , e i t h e r e x p e r i m e n t a l l y o r t h r o u g h s u i t a b l e 
d a t a p r o c e s s i n g , f r o m a n a l y s i s of t h e o b s e r v e d r e s p o n s e c u r v e t h e 
c o n t r i b u t i n g c o e f f i c i e n t s may be c a l c u l a t e d (3 , 4 ) . As a g e n e r a l 
f e a t u r e of s u c h " s o r p t i o n e x p e r i m e n t s " , m o l e c u l a r t r a n s p o r t i s 
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s t u d i e d under t h e i n f l u e n c e of c o n c e n t r a t i o n g r a d i e n t s : I t i s t h e 
e x i s t e n c e of t h e s e v e r y g r a d i e n t s (and t h u s of t h e g r a d i e n t s o f t h e 
c h e m i c a l p o t e n t i a l (4>) w h i c h g i v e s r i s e t o t h e o b s e r v e d t r a n s p o r t 
phenomena. 

In c o n t r a s t t o t h e t r a d i t i o n a l method, t h e nmr p u l s e d f i e l d 
g r a d i e n t t e c h n i q u e (4-10) i s a p p l i e d t o s a m p l e s under m a c r o s c o p i c 
e q u i l i b r i u m . By m o n i t o r i n g t h e p r e c e s s i o n a l p h a s e s o f t h e n u c l e a r 
s p i n s a r o u n d an e x t e r n a l m a g n e t i c f i e l d , t h i s t e c h n i q u e a l l o w s 
t h e d e t e r m i n a t i o n of t h e d i s p l a c e m e n t s Γ(Δ> of t h e i n d i v i d u a l 
m o l e c u l e s of t h e sample d u r i n g an o b s e r v a t i o n t i m e Δ of t y p i c a l l y 
i . . . 1 0 0 ms. U s i n g E i n s t e i n ' s r e l a t i o n 

D = < r (Δ) -; >/ΌΔ (1) 

t h e mean s q u a r e d i s p l a c e m e n t may be s t r a i g h t f o r w a r d l y t r a n s f e r r e d 
i n t o t h e s e l f - d i f f u s i o n c o e f f i c i e n t  T h i s d e f i n i t i o n o i t h e 
s e l f - d i f f u s i o n c o e f f i c i e n
P i c k ' s f i r s t l a w 

j •• = - Β g r a d c * <2) 

w i t h j + : and c*; d e n o t i n g t h e d i f f u s i o n f l u x o f l a b e l l e d m o l e c u l e s 
and t h e i r c o n c e n t r a t i o n , r e s p e c t i v e l y . 

E q u a t i o n 2 i s t o be compared w i t h t h e c o r r e s p o n d i n g r e l a t i o n 

j = - D'-'grad c (3) 

f o r t h e o v e r a l l d i f f u s i o n f l u x under t h e i n f l u e n c e of a c o n c e n t r a t i o n 
g r a d i e n t . E q u a t i o n 3 d e f i n e s t h e d i f f u s i o n c o e f f i c i e n t . I t i s t h i s 
q u a n t i t y w h i c h may be d e t e r m i n e d i n t h e s o r p t i o n e x p e r i m e n t s . 

B e i n g b a s e d on t h e same e l e m e n t a r y p r o c e s s e s o f m o l e c u l a r 
m i g r a t i o n , t h e c o e f f i c i e n t s D and D'J of s e l f - d i f f u s i o n and of 
d i f f u s i o n , r e s p e c t i v e l y , c a n n o t be i n d e p e n d e n t f r o m e a c h o t h e r . I n 
many c a s e s t h e r e l a t i o n between t h e s e q u a n t i t i e s i s g i v e n by t h e 
e x p r e s s i o n (4) 

Dvl = D d I n ρ / d I n c (.4) 

w i t h ρ d e n o t i n g t h e a d s o r b a t e p r e s s u r e a t e q u i l i b r i u m w i t h t h e 
s o r b a t e c o n c e n t r a t i o n c. 

I n c o n t r a s t t o t h e s o r p t i o n method, nmr p u l s e d f i e l d g r a d i e n t 
e x p e r i m e n t s may be p e r f o r m e d " i n s i t u " i n t h e c l o s e d sample, w i t h o u t 
t h e n e c e s s i t y of any sample m a n i p u l a t i o n . T h i s i s of e s p e c i a l 
r e l e v a n c e f o r t h e i n v e s t i g a t i o n of compacted and g r a n u l a t e d m a t e r i a l . 

I n a d d i t i o n t o t h e c o n v e n t i o n a l a p p l i c a t i o n of nmr p u l s e d f i e l d 
g r a d i e n t e x p e r i m e n t s t o s e l f - d i f f u s i o n s t u d i e s , i t i s a l s o p o s s i b l e t o 
d e t e r m i n e t h e i n t r a c r y s t a l l i n e m o l e c u l a r l i f e t i m e s . R e f e r r i n g t o t h e 
c o r r e s p o n d i n g c l a s s i c a l e x p e r i m e n t , t h i s method has been t e r m e d nmr 
t r a c e r d e s o r p t i o n t e c h n i q u e ( 7 ) . T o g e t h e r w i t h t h e s e l f - d i f f u s i o n 
measurements i t p r o v i d e s an e x c e l l e n t t o o l f o r c h a r a c t e r i z i n g t h e 
t r a n s p o r t p r o p e r t i e s i n t h e i n t r a - and i n t e r c r y s t a l l i n e s p a c e s , a s 
w e l l a s a t t h e i n t e r f a c e between them. So f a r , t h e nmr t e c h n i q u e s 
p r o v i d e t h e o n l y p o s s i b i l i t y f o r a d i r e c t d e t e r m i n a t i o n of t h e 
e x i s t e n c e and of t h e i n t e n s i t y of t r a n s p o r t r e s i s t a n c e s a t t h i s 
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i n t e r f a c e . The i n v e s t i g a t i o n o i t h e f o r m a t i o n of s u c h s u r f a c e 
b a r r i e r s on z e o l i t e c r y s t a l l i t e s o f d i f f e r e n t t y p e and o r i g i n i s 
t h e main o b j e c t i v e of t h i s c o n t r i b u t i o n . 

F undamental $^±_MLJtel±z£i I î u s Χ ο η Ke^g.uxejse_nt,_ _ol,_ Jjglej;jjle,s_Ads.oi^s,à 
Qn__££ollle_s 

The q u a n t i t y o b s e r v e d i n nmr s p e c t r o s c o p y (8-10) i s t h e v e c t o r sum of 
t h e m a g n e t i c moments of t h e r e s o n a t i n g n u c l e a r s p i n s . Under t h e 
i n f l u e n c e of a c o n s t a n t m a g n e t i c f i e l d , t h e i n d i v i d u a l n u c l e a r 
s p i n s p r e c e s s a r o u n d t h e m a g n e t i c f i e l d a t a r a t e p r o p o r t i o n a l t o 
i t s m agnitude ("Larmor" p r e c e s s i o n ) . Hence, by a p p l y i n g an a d d i t i o n a l 
inhomogeneous f i e l d ( t h e " f i e l d g r a d i e n t s " ) , t h e p o s i t i o n s o f t h e 
m o l e c u l e s w i t h r e s p e c t t o t h e c o o r d i n a t e a l o n g t h e d i r e c t i o n o f 
t h e s e f i e l d g r a d i e n t s may be r e c o r d e d v i a t h e p r e c e s s i o n a l p h a s e s 
of t h e s p i n s . S i n c e t h e i n t e r a c t i o n e n e r g y between t h e m a g n e t i c 
f i e l d and t h e n u c l e a r s p i n
t h i s k i n d of l a b e l l i n g ha
p r o c e s s e s w i t h i n t h e sample. 

The nmr p u l s e d f i e l d g r a d i e n t e x p e r i m e n t s (4-10) a r e based on 
t h e a p p l i c a t i o n o f t h e s p i n - e c h o method. I n t h i s t e c h n i q u e , t h e nmr 
s i g n a l ( " s p i n echo") i s p r o d u c e d by a sequence of r f p u l s e s of 
a p p r o p r i a t e d u r a t i o n . I n g e n e r a l , one a p p l i e s a t w o - p u l s e sequence 
c o n s i s t i n g of a π/2 and a π p u l s e ( p r i m a r y e c h o ) . I n o r d e r t o a c h i e v e 
l a r g e r o b s e r v a t i o n t i m e s (and p r o v i d e d t h a t t h e l o n g i t u d i n a l n u c l e a r 
m a g n e t i c r e l a x a t i o n t i m e i s s u f f i c i e n t l y e x c e e d i n g t h e t r a n s v e r s e 
r e l a x a t i o n t i m e ) , a t h r e e - p u l s e sequence ( " s t i m u l a t e d " echo) i s t o be 
p r e f e r r e d . 

Under t h e i n f l u e n c e of t h e a p p l i e d g r a d i e n t s and t h e t h u s 
e f f e c t e d s pace dependence of t h e Larmor f r e q u e n c i e s , m o l e c u l a r 
m i g r a t i o n l e a d s t o a d e c r e a s e o f t h e s i g n a l i n t e n s i t y . The echo 
a t t e n u a t i o n due t o d i f f u s i o n becomes ( c f . , e.g., (6,8-10)) 

y(tfg,A) = exp { - W'<^g~<r"<A)>/6 > (5) 

w i t h g, 6 and Δ d e n o t i n g r e s p e c t i v e l y t h e i n t e n s i t y , d u r a t i o n and 
s e p a r a t i o n of t h e two p u l s e d f i e l d g r a d i e n t s a p p l i e d . F o r s i m p l i c i t y , 
i t has been assumed t h a t << Δ. γΓ:, s t a n d s f o r t h e g y r o m a g n e t i c r a t i o 
of t h e c o n s i d e r e d n u c l e i . F o r p r o t o n s , w h i c h p r o v i d e t h e b e s t 
m e a s u r i n g c o n d i t i o n s , i t h o l d s tv-. = 2.68 χ 10" T 's 1 . W i t h E q u a t i o n 1, 
E q u a t i o n 5 may be t r a n s f o r m e d i n t o 

γ(δζ,Δ) = exp < - ^(.,':o-g-!DA > (6) 

A c c o r d i n g t o t h e s e e q u a t i o n s , t h e s e l f - d i f f u s i o n c o e f f i c i e n t s , a s 
w e l l a s t h e m o l e c u l a r mean s q u a r e d i s p l a c e m e n t s , may be d e t e r m i n e d 
f r o m t h e s l o p e of a s e m i - l o g a r i t h m i c p l o t o f t h e echo a t t e n u a t i o n 
f v s (.5g) ·:'. 

F o r r o o t mean s q u a r e d i s p l a c e m e n t s <r (Δ) "·> 1 y ;' much l e s s 
t h a n t h e mean c r y s t a l l i t e d i a m e t e r s , t h e t h u s d e t e r m i n e d s e l f - d i f f u s i o n 
c o e f f i c i e n t e x c l u s i v e l y r e f e r s t o m i g r a t i o n i n t h e i n t r a c r y s t a l l i n e 
s p ace. I n t h e o p p o s i t e l i m i t i n g c a s e of l a r g e m o l e c u l a r d i s 
p l a c e m e n t s one o b t a i n s t h e c o e f f i c i e n t of l o n g - r a n g e s e l f - d i f f u s i o n 
( D i . r , ) . T h i s q u a n t i t y i s r e l a t e d t o t h e r e l a t i v e 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



23. KARGER & PFEIFER Transport Properties of Molecular Sieves 379 

amount p i n t « ( - of m o l e c u l e s i n t h e i n t e r c r y s t a l l i n e s p a c e 
and t o t h e i r s e l f - d i f f u s i o n c o e f f i c i e n t DA,-,*,«,· t h r o u g h t h e 
e q u a t i o n 

D l . v . = P i r , t e , . D i r , t . e r <7> 

F o r s y s t e m s w i t h D,.,··,t.·«·* << p m t e r D m t . r , m o l e c u l e s w h i c h l e a v e t h e 
i n d i v i d u a l c r y s t a l l i t e s may c o v e r s i g n i f i c a n t l y l a r g e r mean s q u a r e 
d i s p l a c e m e n t s t h a n t h o s e r e m a i n i n g i n t h e i n t r a c r y s t a l l i n e s p a ce. 
In t h i s c a s e , echo a t t e n u a t i o n may be a p p r o x i m a t e d by a s u p e r 
p o s i t i o n o f two e x p o n e n t i a l s of t h e t y p e o f E q u a t i o n 5 r e p r e s e n t i n g 
t h e c o n t r i b u t i o n s of t h e m o l e c u l e s w h i c h have l e f t o r w h i c h d i d 
not l e a v e t h e i r c r y s t a l l i t e s d u r i n g t h e o b s e r v a t i o n t i m e Δ (7). 
One o b t a i n s 

y <£g, Δ) = ^ ( Δ )exp (-̂ μ..•"··6 -'g'': ' r c : : (Δ) > ι,,ι,>· / 6) 

+ α - Υ

w i t h γ ( Δ ) d e n o t i n g t h e r e l a t i v e amount o f m o l e c u l e s w h i c h have 
l e f t t h e i r c r y s t a l l i t e s d u r i n g t h e o b s e r v a t i o n t i m e Δ , and w i t h 
< r·;: (Δ) > i n t e r and ( r ( A ) ) i n t . r a d e n o t i n g t h e m o l e c u l a r mean s q u a r e 
d i s p l a c e m e n t s due t o l o n g - r a n g e d i f f u s i o n and due t o d i f f u s i o n i n 
th e i n t e r i o r of an i n d i v i d u a l c r y s t a l l i t e , r e s p e c t i v e l y . S i n c e a s 
a consequence of t h e above i n t r o d u c e d c o n d i t i o n , <r,!r: (Δ) > i n t r a i s 
much l e s s t h a n <r ; : (Δ) > i n t . & r , ΐ (Δ) may be s t r a i g h t f o r w a r d l y 
d e t e r m i n e d f r o m t h e p l o t s o f l n y vs. ( £ g ) f o r d i f f e r e n t v a l u e s 
of Δ ( c f . F i g u r e 1 ) . O b v i o u s l y , t h e q u a n t i t y t (Δ) c o n t a i n s t h e 
i d e n t i c a l i n f o r m a t i o n o f t r a c e r d e s o r p t i o n c u r v e s . The method t o 
d e t e r m i n e γ (Δ ) f r o m nmr p u l s e d f i e l d g r a d i e n t e x p e r i m e n t s h as 
been termed, t h e r e f o r e , nmr t r a c e r d e s o r p t i o n t e c h n i q u e (7). 

I n g e n e r a l , nmr t r a c e r d e s o r p t i o n d a t a a r e r e p r e s e n t e d by t h e 
m o l e c u l a r i n t r a c r y s t a l l i n e l i f e t i m e τ ± , w h i c h i s d e t e r m i n e d 
as t h e f i r s t s t a t i s t i c a l moment of t h e t r a c e r d e s o r p t i o n c u r v e (2) 

7 , ,v t . , -«u = } (1 - *<Δ>> άΔ ( 9 ) 
ο 

W i t h c o m m e r c i a l s amples, t h e r ange of measurement may be c o n s i d e r a b l y 
enhanced by a p p l y i n g a l a r g e c o n s t a n t f i e l d g r a d i e n t i n a d d i t i o n t o 
t h e p u l s e d f i e l d g r a d i e n t s . I t has been shown ( 1 1 ) t h a t i n t h i s c a s e 
by t h e nmr t r a c e r d e s o r p t i o n t e c h n i q u e a t i m e c o n s t a n t T ' i n u * i s 
o b t a i n e d w h i c h i n t h e l i m i t of s m a l l v a l u e s c o i n c i d e s w i t h t h e 
i n t r a c r y s t a l l i n e mean l i f e t i m e s ( i n g e n e r a l f o r τ1*.,-,*,-» ' 5 ms), and 
wh i c h i n c r e a s e s w i t h i n c r e a s i n g v a l u e s of T i „ t r a a t a r a t e above 
t h a t e x p e c t e d f r o m a l i n e a r i n t e r d e p e n d e n c e . Hence, d i f f e r e n c e s i n 
the k i n e t i c s o f i n t r a c r y s t a l l i n e m o l e c u l a r exchange i n d i f f e r e n t 
s a m p l e s may more e a s i l y be d e t e r m i n e d . F o r s i m p l i c i t y , i n o u r f u r t h e r 
d i s c u s s i o n we s h a l l o n l y use t h e t e r m T i n t r * . One s h o u l d 
have i n mind, however, t h a t i n some c a s e s i n f a c t we have t o do 
w i t h t h e q u a n t i t y T ' i n t r « . 

I f m o l e c u l a r exchange i s c o n t r o l l e d by i n t r a c r y s t a l l i n e d i f f u s i o n 
one has (7) 

T i , , t . r « = <R-'>/15D:i.v,t .v- ( 1 0 ) 
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F i g u r e 1: A n a l y s i s of t h e nmr d a t a f o r t r a c e r d e s o r p t i o n 
s t u d i e s ( i n t h e example: butane/NaX, 1 6 5 mgg ' , R = 2 5 μα, 
3 5 3 K>. l a : The dependence of echo a t t e n u a t i o n y on g r a d i e n t 
p u l s e w i d t h -5' (g has been k e p t c o n s t a n t d u r i n g t h e e x p e r i m e n t ) 
t o r d i f f e r e n t o b s e r v a t i o n t i m e s Δ. As an example, t h e 
u n c e r t a i n t y i n t h e s e v a l u e s i s i n d i c a t e d f o r Δ - 3 0 ms. l b : 
Nmr t r a c e r d e s o r p t i o n c u r v e a s d e t e r m i n e d f r o m F i g u r e l a . 
l c : D e t e r m i n a t i o n o f T n v , t v . , H f r o m t h e d e s o r p t i o n c u r v e 
(= s h a d e d a r e a ) by E q u a t i o n 9 (Reproduced w i t h p e r m i s s i o n f r o m 
Ref. 7. C o p y r i g h t 1932, A m e r i c a n I n s t i t u t e of C h e m i c a l 
E n g i n e e r s ) 
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where t h e a d s o r b e n t c r y s t a l l i t e s have been assumed t o be a p p r o x i m a t e d 
by s p h e r e s w i t h t h e mean s q u a r e r a d i u s <iF>. On t h e b a s i s 
o f E q u a t i o n 10 one may i n t r o d u c e a l i m i t i n g i n t r a c r y s t a l l i n e mean 
l i f e t i me 

wh i c h may be c a l c u l a t e d f r o m t h e i n t r a c r y s t a l l i n e s e l f - d i f f u s i o n 
c o e f f i c i e n t and t h e mean s q u a r e c r y s t a l l i t e r a d i u s . C l e a r l y , 
τ:,vi1.1·<Λ,:>

 1 * ' c o i n c i d e s w i t h t h e d i r e c t l y measured T i „ t v « , i f 
d e s o r p t i o n i s c o n t r o l l e d by i n t r a c r y s t a l l i n e d i f f u s i o n , However, 
i f t h e r a t e of m o l e c u l a r exchange i s a d d i t i o n a l l y r e d u c e d by 
t r a n s p o r t r e s i s t a n c e s a t t h e c r y s t a l l i t e b o undary ( " s u r f a c e 
bar r i e r s" ) τ x r. t * i s s i g n i f i c a n t 1 y e x c e e d e d by τ ι t . J ' A ' ' . 

Nmr s e l f - d i f f u s i o n measurement
s e a l e d sample t u b e s c o n t a i n i n g t h e a d s o r b a t e - a d s o r b e n t s y s t e m . I n 
g e n e r a l , a c t i v a t i o n o f t h e z e o l i t e m a t e r i a l i s a c c o m p l i s h e d by 
e v a c u a t i n g and h e a t i n g t h e s a m p l e s up t o a t e m p e r a t u r e of 400°C 
and by k e e p i n g them a t t h e f i n a l t e m p e r a t u r e f o r about 20 h a t a 
p r e s s u r e o f l e s s t h a n 5x10" ! Fa. S u b s e q u e n t l y , e i t h e r by a d s o r p t i o n 
f r o m a gas r e s e r v o i r a t ambient t e m p e r a t u r e , o r - more commonly -
by f r e e z i n g t h e a d s o r b a t e f r o m a d o s i n g volume a t t h e t e m p e r a t u r e 
of l i q u i d n i t r o g e n , t h e a d s o r b a t e i s i n t r o d u c e d i n t o t h e a c t i v a t e d 
a d s o r b e n t . Then t h e sample t u b e s a r e f u s e d by f l a m e . The amount 
s o r b e d may be c h e c k e d g r a v i m e t r i c a l l y o r by t h e i n t e n s i t y o f t h e 
nmr s i g n a l . 

Nmr s e l f - d i f f u s i o n measurements may be c a r r i e d o u t w i t h any 
nmr p u l s e s p e c t r o m e t e r e q u i p p e d w i t h a p u l s e d f i e l d g r a d i e n t 
u n i t . I n our e x p e r i m e n t s , we have a p p l i e d b o t h a p u l s e s p e c t r o m e t e r 
s p e c i a l l y b u i l t i n o u r l a b o r a t o r y f o r s e l f - d i f f u s i o n measurements 
(FEGRIS) a s w e l l a s a c o n v e n t i o n a l s p e c t r o m e t e r w i t h an i r o n 
magnet e q u i p p e d w i t h a p u l s e d f i e l d g r a d i e n t u n i t p r o d u c e d 
by t h e Department f o r S c i e n t i f i c I n s t r u m e n t a t i o n ( Z e n t r a l e 
A b t e i l u n g V i s s e n s c h a f t l i c h e r Geràtebau) o f t h e K a r l - M a r x -
U n i v e r s i t y , L e i p z i g . I n b o t h c a s e s , p u l s e d f i e l d g r a d i e n t s 
w i t h i n t e n s i t i e s g up t o 10 Tm 1 and w i t h r i s e and f a l l 
t i m e s of t h e o r d e r of 20 μΒ c o u l d be pro d u c e d . The w i d t h δ 
o f t h e g r a d i e n t p u l s e s was v a r i e d between 0. 1 and 5 ms. 
Depending on t h e n u c l e a r m a g n e t i c r e l a x a t i o n t i m e s of t h e 
samp l e s , o b s e r v a t i o n t i m e s Δ up t o 1 s c o u l d be r e a l i z e d . 

The e x a m p les g i v e n i n F i g u r e s l a - c v i s u a l i z e o u r way of 
a n a l y s i n g t h e p r i m a r y d a t a i n t h e nmr t r a c e r d e s o r p t i o n 
e x p e r i m e n t s ( 7 ) . S i n c e , a c c o r d i n g t o E q u a t i o n 5, m o l e c u l e s w i t h 
t h e s m a l l e r mean d i s p l a c e m e n t s g i v e r i s e t o Iny - v s - (g£) : ; : 

r e p r e s e n t a t i o n s w i t h t h e s m a l l e r s l o p e , one o b t a i n s t h e r e l a t i v e 
number (1-γ(Δ)> of m o l e c u l e s w h i c h have not l e f t t h e c r y s t a l l i t e s 
d u r i n g Δ, s i m p l y by e x t r a p o l a t i n g t h e a s y m p t o t e of t h e 
l n y - v s - £·' p l o t f o r l a r g e v a l u e s of δ t o t h e o r d i n a t e . 
The u n c e r t a i n t y i n t h e s e v a l u e s i s due t o t h e u n c e r t a i n t y 
i n d e t e r m i n i n g echo a t t e n u a t i o n and i n e x t r a p o l a t i n g t h e 

= <R-::>/15D.ir,t.,* (11) 
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a s y m p t o t e s t o t h e o r d i n a t e . The c o r r e s p o n d i n g e r r o r b a r s of F i g u r e l b 
i l l u s t r a t e t h a t i t i s not r e a s o n a b l e t o deduce more i n f o r m a t i o n f r o m 
th e f u n c t i o n a l dependence of y (Δ) t h a n t h a t c o n t a i n e d i n τ,,., t « , . 

X t y p e z e o l i t e s p r o v i d e f a v o u r a b l e c o n d i t i o n s f o r nmr s e l f - d i f f u s i o n 
measurements, s i n c e i n c o m p a r i s o n w i t h most o t h e r z e o l i t e t y p e s , t h e 
open p o r e s t r u c t u r e l e a d s t o h i g h e r m o l e c u l a r m o b i l i t i e s , a s w e l l 
as t o l a r g e r ( t r a n s v e r s e ) n u c l e a r m a g n e t i c r e l a x a t i o n t i m e s , w h i c h -
i n t u r n - a l l o w t h e a p p l i c a t i o n of l a r g e r o b s e r v a t i o n t i m e s Δ. 
Hence, t h e nmr p u l s e d f i e l d g r a d i e n t t e c h n i q u e c o u l d be a p p l i e d 
t o s t u d y t h e difîusion b e h a v i o u r of a l a r g e v a r i e t y of a d s o r b a t e 
m o l e c u l e s . The d a t a f o r i n t r a c r y s t a l l i n e s e l f - d i f f u s i o n a r e summarized 
i n t h e r e v i e w ( 6 ) . In t h e f o l l o w i n g , we s h a l l r e s t r i c t o u r s e l v e s 
t o t h e d i s c u s s i o n o f e x p e r i m e n t a
of s u r f a c e b a r r i e r s . 

Due t o t h e h i g h e r i n t r a c r y s t a l l i n e m o b i l i t y , i t i s i n g e n e r a l 
more d i f f i c u l t t o f u l f i l l t h e c o n d i t i o n D l n t , ,„, << D.i. . ,·· . i n z e o l i t e 
NaX t h a n i n s m a l l - p o r t z e o l i t e s s u c h as NaCaA. F o r h y d r o c a r b o n s 
i n NaX i t has been f o u n d t h a t t h e c o e f f i c i e n t s of i n t r a c r y s t a l l i n e 
s e l f - d i f f u s i o n d e c r e a s e w i t h i n c r e a s i n g c o n c e n t r a t i o n ( c o n c e n t r a t i o n 
dependences of t y p e I and I I (6).). By c o n t r a s t , f o r n o t t o o h i g h 
gas phase c o n c e n t r a t i o n s ( i . e . , a s l o n g a s m o l e c u l a r t r a n s f e r 
i n t h e i n t e r c r y s t a l i i n e s p a c e p r o c e e d s by Knudsen d i f f u s i o n ) 
Di . ,· . i n c r e a s e s w i t h i n c r e a s i n g s o r b a t e c o n c e n t r a t i o n (12). Optimum 
c o n d i t i o n s f o r t h e a p p l i c a t i o n o f t h e nmr t r a c e r d e s o r p t i o n t e c h n i q u e 
t o z e o l i t e NaX a r e i n g e n e r a l p r o v i d e d , t h e r e f o r e , a t h i g h e r s o r b a t e 
c o n c e n t r a t i o n s . The nmr t r a c e r d e s o r p t i o n e x p e r i m e n t s on z e o l i t e 
NaX have been c a r r i e d c u t w i t h η-paraffins and w i t h a r o m a t i c 
compounds a s a d s o r b a t e s . 

n - P a r a f f i n s i n NaX. F i g u r e 2 g i v e s a c o m p a r i s o n o f t h e r e s u l t s of 
nmr t r a c e r d e s o r p t i o n s t u d i e s and s e l f - d i f f u s i o n measurements of 
s h o r t c h a i n l e n g t h p a r a f f i n s i n z e o l i t e NaX ( 7 ) . The z e o l i t e s p e c i m e n s 
have been s y n t h e s i z e d by S.P.Shdanov and Ν,N.Samulevitsch (13) i n L e n i n 
g r a d , and were a p p l i e d a s a l o o s e a s s e m b l y of c r y s t a l l i t e s . F o r 
i l l u s t r a t i o n , F i g u r e 2 a l s o p r e s e n t s t h e c o m p l e t e t r a c e r d e s o r p t i o n 
c u r v e s a t s e l e c t e d t e m p e r a t u r e s , 

C o v e r i n g t e m p e r a t u r e s f r o m -140 up t o 200°C and c h a i n 
l e n g t h s f r o m one t o s i x c a r b o n atoms, t h e i n t r a c r y s t a l l i n e mean 
l i f e t i m e s a r e f o u n d t o c o i n c i d e w i t h t h e v a l u e s of T m t r a ° 1 ' r 

c a l c u l a t e d f r o m t h e nmr s e l f - d i f f u s i o n c o e f f i c i e n t s . T h i s c l e a r l y 
i n d i c a t e s t h a t m o l e c u l a r exchange i s c o n t r o l l e d by i n t r a c r y s t a l l i n e 
s e l f - d i f f u s i o n , and t h a t f o r t h e c o n s i d e r e d a d s o r b a t e - a d s o r b e n t 
s y s t e m s t h e r e a r e no p e r c e p t i b l e s u r f a c e b a r r i e r s . 

I t would be w o r t h w h i l e t o f i n d o u t , whether s u c h a 
c h a r a c t e r i z a t i o n would a l s o h o l d t r u e of c o m m e r c i a l l y a v a i l a b l e 
z e o l i t e s NaX. F o r t h i s p u r p o s e , we have i n v e s t i g a t e d s p e c i m e n s of 
g r a n u l a t e d z e o l i t e NaX w i t h a mean c r y s t a l l i t e r a d i u s R of about 
1 um, p r o v i d e d by CECA, F r a n c e . A p p l y i n g methane a s an a d s o r b a t e , 
i n c o n t r a s t t o F i g u r e l a i n no c a s e a d e v i a t i o n f r o m l i n e a r i t y i n t h e 
l n y - v s - (.Sg) ·' p l o t s became v i s i b l e . T a k i n g i n t o a c c o u n t 

l i l e _ M X 
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F i g u r e 2a: I n t r a c r y s t a l l i n e mean l i f e t i m e s d e t e r m i n e d f r o m 
nmr t r a c e r d e s o r p t i o n s t u d i e s on z e o l i t e NaX f o r methane <©, 
c = 94 mgg • , R = 25 μιη) ; e t h a n e ( O , 113 mgg"·; 25 μιη); n-
butane ( φ , 165 mgg ' ; 25 μιη) and n-hexane ( Δ , 165 mgg 1 , 
10 μιη ( d a t a r e c a l c u l a t e d on t h e b a s i s of E q u a t i o n s 10 and 11 
f o r a mean c r y s t a l l i t e r a d i u s of 25 μιη, f o r c o m p a r i s o n w i t h 
t h e o t h e r v a l u e s ) ) , and c o m p a r i s o n w i t h t h e v a l u e s of 
τ ι η < · ν .J'' ' ( ' c a l c u l a t e d f r o m t h e c o e f f i c i e n t s of 
i n t r a c r y s t a l l i n e s e l f - d i f f u s i o n ( f u l l l i n e s ; 2b: T r a c e r 
d e s o r p t i o n c u r v e s a t s e l e c t e d t e m p e r a t u r e s (Reproduced w i t h 
p e r m i s s i o n f r o m Ref. 7. C o p y r i g h t 1982 A m e r i c a n I n s t i t u t e of 
C h e m i c a l E n g i n e e r s ) 
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t h a t f o r a minimum o b s e r v a t i o n t i m e Δ of 0.5 ms, echo a t t e n u a t i o n 
c o u l d be f o l l o w e d o v e r more t h a n 1 o r d e r of magnitude, a 
q u a n t i t a t i v e e s t i m a t e (14) y i e l d s t h e i n t r a c r y s t a l l i n e mean l i f e 
t i m e t o be much l e s s t h a n 0.2 ms. E v i d e n t l y , f o r t h e g i v e n i n t r a 
c r y s t a l l i n e m o l e c u l a r m o b i l i t y t h e s m a l l s i z e of t h e z e o l i t e 
c r y s t a l l i t e s a p p l i e d p r o h i b i t s a d i r e c t d e t e r m i n a t i o n of t h e i n t r a 
c r y s t a l l i n e mean l i f e t i m e s , s o t h a t no d i r e c t i n f o r m a t i o n on t h e 
e x i s t e n c e of s u r f a c e b a r r i e r s may r e s u l t . T h i s i s a g e n e r a l p r o b l e m 
on c h a r a c t e r i z i n g t h e t r a n s p o r t p r o p e r t i e s of c o m m e r c i a l z e o l i t e NaX. 

I n t h e p r e s e n t c a s e , t h e i n t r a c r y s t a l l i n e mean l i f e t i m e s s h o u l d 
be compared w i t h a v a l u e of T i n t r f t

U i H = 0.007 ms, w h i c h 
r e s u l t s f r o m i n s e r t i n g t h e mean c r y s t a l l i t e r a d i u s and t h e i n t r a 
c r y s t a l l i n e s e l f - d i f f u s i o n c o e f f i c i e n t ( - 10 ! i nr's ' ) a t t h e g i v e n 
t e m p e r a t u r e and c o n c e n t r a t i o n (15) i n t o E q u a t i o n 10. S i n c e i n t h e 
nmr measurement T j f , t r f t i s f o u n d t o be much l e s s t h a n 0.2 ms, 
a p o s s i b l e t r a n s p o r t r e s i s t a n c e due t o s u r f a c e b a r r i e r s c a n be 
e s t i m a t e d t o be, a t t h e
t r a n s p o r t r e s i s t a n c e du

A r o m a t i c Compounds i n NaX. M o l e c u l a r t r a n s p o r t o f a r o m a t i c compounds 
i n z e o l i t e NaX has been s t u d i e d by b o t h nmr and u p t a k e measurements. 
On t h e b a s i s of E q u a t i o n 4,and i f s u r f a c e b a r r i e r s a r e a b s e n t , 
b o t h methods s h o u l d l e a d t o c o m p a r a b l e r e s u l t s . Though u p t a k e 
measurements by t h e v a r i a b l e - p r e s s u r e , c o n s t a n t - volume 
method by Bulow and c o w o r k e r s (16,17) a p p a r e n t l y a r e i n 
s a t i s f a c t o r y agreement w i t h t h e nmr d a t a ( 1 8 ) , e x t e n s i v e 
u p t a k e measurements i n c l u d i n g c h r o m a t o g r a p h i c methods a r e 
c o n t i n u o u s l y f o u n d t o y i e l d d i f f u s i v i t i e s o f about two o r d e r s 
of magnitude below t h e s e v a l u e s (19,20). I n p r i n c i p l e , t h i s 
d i s c r e p a n c y might be e x p l a i n e d by t h e e x i s t e n c e of s u r f a c e 
b a r r i e r s , w h i c h r e m a i n i n v i s i b l e f o r nmr s t u d i e s of i n t r a 
c r y s t a l l i n e d i f f u s i o n , b u t w h i c h may c o n t r o l t h e u p t a k e r a t e . 
However, u p t a k e s t u d i e s w i t h z e o l i t e s p e c i m e n s of d i f f e r e n t 
c r y s t a l l i t e r a d i i l e a d t o r a d i u s dependences o f t h e u p t a k e c o n s t a n t s 
a s t o be e x p e c t e d f o r i n t r a c r y s t a l l i n e r a t h e r t h a n f o r s u r f a c e 
r e s i s t a n c e s ( 1 9 , 2 0 ) . 

For a d i r e c t c h e c k of t h e e x i s t e n c e o r n o n - e x i s t e n c e of s u r f a c e 
b a r r i e r s we have a p p l i e d t h e nmr t r a c e r d e s o r p t i o n t e c h n i q u e . F o r a 
l e w s e l e c t e d s y s t e m s , T a o i e I g i v e s a c o m p a r i s o n oetween t h e 
i n t r a c r y s t a i i i n e mean l i t e t i m e s i i n t r n and t h e q u a n t i t i e s 
τ * , . J - ' 1 1 1 c a l c u l a t e d f r o m t n e c o e f f i c i e n t s o f i n t r a 
c r y s t a l l i n e d i f f u s i o n on t h e b a s i s of E q u a t i o n I I . The o r d e r 
of - magnitude agreement between t h e s e q u a n t i t i e s i n d i c a t e s t h a t 
under t h e g i v e n c o n d i t i o n s i n t a c t a s u b s t a n t i a l i n f l u e n c e 
of s u r f a c e b a r r i e r s on m o l e c u l a r t r a n s p o r t may be e x c l u d e d . 

I i one i m p l i e s t h e v a l i d i t y of E q u a t i o n 4, a s w e l l a s t h e 
c o r r e c t n e s s of e i t h e r o i t h e e x p e r i m e n t a l t e c h n i q u e s , t h e s t a t e d 
d i f f e r e n c e has t o be e x p l a i n e d by d i r i e r e n c e s cetween t h e 
i n v e s t i g a t e d a d s o r b a t e - a d s o r b e n t systems, As one p o s s i b i l i t y , 
d i f f e r e n c e s i n the amount of r e s i d u a l w a t e r might be t a k e n i n t o 
c o n s i d e r a t i o n . F o r s h o r t c h a i n l e n g t h p a r a f f i n s ana o l e f i n s i n NaX 
i t has been shown <6, 2i.> t h a t m o l e c u l a r d i t f u s i o n may be 
s i g n i f i c a n t l y a f f e c t e d by t h e e x i s t e n c e o i c o - a d s o r b e d w ater 
m o l e c u l e s . However, f o r benzene i n NaX s u c h an i n f l u e n c e has been 
f o u n d t o be of minor i m p o r t a n c e (22). 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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T a b l e I. C o m p a r i s o n o f t h e I n t r a c r y s t a l l i n e Mean L i f e Times τ x 

and t h e Q u a n t i t i e s τ i n t r e

D ' i ' * , c a l c u l a t e d on t h e 
B a s i s o f t h e C o e f f i c i e n t s of I n t r a c r y s t a l l i n e S e l f - D i f f u s i o n 

f o r A r o m a t i c Compounds i n Z e o l i t e NaX 

Mean S o r b a t e S o r b a t e T emperature τ x D i V , t T S 

c r y s t a l l i t e c o n c e n t r a t i o n (K) (ms) <10 1'm :s~') 
r a d i u s ( m o l e c u l e s 
<μιη) p e r c a v i t y ) 

(ms; 

2 benzene 4.7 393 12 1.5 18 
2 benzene 4.3 423 20 2.0 13 

18 t o l u e n e 2.1 463 37 40 54 
18 m e t a - x y i e n e 1.65 463 98 15 140 

Comp a r i s o n between z e o l i t i
a c t u a l t o p i c of z e o l i t e r e s e a r c h (3,4,23-25), and i t i s s t i l l f a r 
f r o m b e i n g c o n c l u s i v e l y t r e a t e d . Nmr s e l f - d i f f u s i o n s t u d i e s on 
the v e r y a d s o r b a t e - a d s o r b e n t s y s t e m o f t h e u p t a k e d e v i c e a r e 
most l i k e l y t o h e l p t o c l a r i f y t h i s p r o b l e m , s i n c e i n t h i s c a s e 
one i n f a c t has t o do w i t h t h e i d e n t i c a l s y s t e m i n bo t h e x p e r i m e n t s . 

I r a n s p o r t_±rope r t i e.s._ oJL J ^ o i X t ^ M i i ^ À 

LniiJUea&ô..Ql...2ej2.llt.e„,,lejEture. T a b l e I I shows t h e r e s u l t s of 
combined nmr p u l s e d f i e l d g r a d i e n t and nmr t r a c e r d e s o r p t i o n s t u d i e s 
c i z e o l i t e NaCaA a s a powder and i n t h e g r a n u l a t e d f o r m w i t h 
methane a s an a d s o r b a t e ( 6 , 1 1 ) . The z e o l i t e s p e c i m e n s have been 
a c t i v a t e d under b o t h " s h a l l o w bed" (SB: f i l l i n g h e i g h t * 3mm, h e a t i n g 
r a t e ΙΟΚ/h, c o n t i n u o u s e v a c u a t i o n ) and "deep bed" (DB: f i l l i n g h e i g h t 

T a b l e I I . I n f l u e n c e of t h e P r o c e s s e s of Sample A c t i v a t i o n and 
G r a n u l a t i o n on M o l e c u l a r T r a n s p o r t of Methane i n NaCaA a t 293 Κ 

sample a c t i v a t i o n τ ,, v > 1 ' 1 τ ·,,, t ,·· Lh . ,·. 
(ms; (ms> (10 'nr's - ' ) 

NaCaA powder SB 0.3 ±. 0,1 0.3 1 0.1 18 t 7 
DB 0.3 + 0. 1 2.5 + 0.5 21 ±. 8 

NaCaA g r a n u l e SB 0,3 
DB 0. 3 

1 0. 1 
± 0. 1 

1,8 1 0 , 4 
5.6 t 1. I 

2. ο 1 

about 15 mm, h e a t i n g r a t e ΙΟΟΚ/h, e v a c u a t i o n o n l y a t t h e f i n a l 
t e m p e r a t u r e ) c o n d i t i o n s (26;. 

From t h e c o n s t a n c y of t h e v a l u e s i o r τ , π ι , · ^ " 1 i t f o l l o w s 
t h a t n e i t h e r t h e g r a n u l a t i o n p r o c e d u r e n o r t h e mode o f sample 
p r e p a r a t i o n s i g n i f i c a n t l y a f f e c t s t h e i n t r a c r y s t a l l i n e m o b i l i t y . As a 
consequence of t h e r e d u c t i o n o i t h e i n t e r c r y s t a i 1 i n e v o i d volume, 
however, t h e r e i s a s i g n i f i c a n t r e d u c t i o n of t h e l o n g - r a n g e 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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diffusivity due to granulation. In accordance with this inter
pretation, sample preparation does not aîiect long-range diffusivity. 

Comparing the values τ ,..,·.*''' ' ' ' and τ ,,, ι., ,̂ only for the SB-
treated powder satisfactory agreement is observed. Hence, in this 
case the existence of surface barriers may be excluded. Both trie De
activation and the granulation procedure lead to the formation of 
surface barriers, which are iound to be of comparable intensity. D£-
activation of the granule leads to a further enhancement of these 
barriers. 

IiiiJjueil̂ --Q^ During the processes oi 
both DB--activâtion and granulation the zeolite crystallites are 
subjected to hydrothermal conditions. In complete agreement with 
the results of Kondic and Dranof f (23;, the nature of the hydro-
thermal conditions is found to be of decisive influence on the 
transport properties of the zeolites. In addition to these former 
studies, nmr tracer desorptio
t he n mi ρ u i se d f i e I d
of the structural changes leading to the reduced diffusion rates. 

As an example (6,27 >, Figure 3 presents molecular transport 
parameters of methane in zeolite NaCaA, which has previously been 
subjected to an atmosphere of extreme humidity ' ρ·,,.,> ».,· - 90 kPa ) 
at diitèrent temperatures '«373 - 373 K> over a period of 7 and 14 h, 
respectively. Whilst D,.,-. is found to be essentially independent 
oi the pretreatment conditions, changes in both D,.,̂ ...* and τ ... ,··. ·*.. ·< * are 
observed. However, from a comparison of τ x , l t . - V ' '' :'it becomes 
obvious that it is exclusively the transport resistance of the 
surface barriers which controls intercrystalline molecular exchange. 
The most intense eifect is evidently brought about at temperatures 
around 200"C. 

In Figures 3e and f, these changes are demonstrated to lead to 
substantial deteriorations oi the macroscopic transport properties, 
represented by the retention volumes V,.; for n-pentane at 523 K, 
and the break-through capacities K,.., of a hydrorafίinate in the 
boiling range 461 - 594 K, at 653 K. 

Napa A__uftdç r Jmlroc ar bon At mosphe re _at_ aiejL. Te mp&r alu r e s. One 
of the main applications of NaCaA type zeolites is for the separation 
of linear paraffins '..Leuna Werke process "Parex" (4,29;). To simulate 
the conditions of technical separation columns, the molecular sieve 
NaCaA was subjected alternately to a carrier gas stream (H;.,-> 
containing the paraffin distillate, and to an ammonia stream to 
displace the hydrocarbons. The data given in Table III (6; have been 
determined after 10 cycles. From the large differences between the 
values of τ,,^.,,* and τ:ι ( l l , - ' 1 it may again be concluded that 
molecular exchange is limited by surface barriers rather than by 
intracrystalline transport. As in the case oi hydrothermal 
deterioration a distinct correlation between overall transport (Vf,) 
and tracer desorption is observed. Since there are only minor 
changes in the intracrystalline mobility, one has to conclude that 
the transport properties of the molecular sieves are mainly 
affected by the deposition of the reaction products on or 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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F i g u r e 3: I n t r a c r y s t a l l i n e <a) and l o n g - r a n g e <b> s e l f -
d i f f u s i o n c o e f f i c i e n t s and i n t r a c r y s t a l l i n e mean l i f e t i m e s 
T m t v a ( c ) and r • > ν ^ 1 ) ' ' f (d) of methane i n g r a n u l a t e d z e o l i t e 
NaCaA, and c o m p a r i s o n w i t h t h e b r e a k - t h r o u g h c a p a c i t i e s f o r a 
p e t r o l e u m r a f f i n a t e (e) and t h e s p e c i f i c r e t e n t i o n volume f o r 
n-pentane i f ) , i n dependence on t h e t e m p e r a t u r e of 
h y d r o t h e r m a l p r e t r e a t m e n t a p p l i e d o v e r a t i m e i n t e r v a l of 7 h 
(#> and 14 h ( Ο ) , r e s p e c t i v e l y ( R eproduced w i t h p e r m i s s i o n 
i r o m R e f . 6. C o p y r i g h t 1937 B u t t e r w o r t h ) 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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T a b l e i l l . P a r a m e t e r s o i M o l e c u l a r T r a n s p o r t i n G r a n u l a t e d Z e o l i t e 
NaCaA a l t e r D e t e r i o r a t i o n by C o n t a c t w i t h h y d r o c a r b o n s of 

Dilièrent B o i l i n g Ranges 

B o i l i n g range τ A ,·,<.,··« Vt, 
: ras ) HO' 1 - m s · > (ms) (mi g 

S t a r t i n g m a t e r i a l 2 9 0. 3 115 
190° - 29<r ' C 3 9 0. 3 35 
190" - 320° C- b' •7 0,4 70 
260" - 320" C 17 0.5 64 
29ϋ" - 32u v > C 19 b" 0.5 52 

i n t h e v i c i t n i t y of t h e c r y s t a l i i t e s u r f a c e  r a t h e r t h a n \j y 

d e p o s i t i e n s i n t h e c r y s t a l l i n
tri e se b a r r i e r s i s f o u n d t
o i t h e p e t r o l d i s t i l l a t e . 

F i g u r e 4 p r o v i d e s a c o m p a r i s o n of t h e nmr d a t a on m o l e c u l a r 
d i f f u s i o n w i t h t h e b r e a k - t h r o u g h c a p a c i t y of a g r a n u l a t e d L i n d e 
liaCaA m o l e c u l a r s i e v e a f t e r c i lièrent t i m e s on s t r e a m i n a p e t r o l e u m 
r e f i n e r y (6>. The i n c r e a s i n g d e t e r i o r a t i o n o i t h e dynamic 
p r o p e r t i e s of t h e m o l e c u l a r s i e v e s w i t h i n c r e a s i n g t i m e s on s t r e a m 
i s c l e a r l y r e f l e c t e d by t h e d e c r e a s i n g b r e a k - t h r o u g h c a p a c i t i e s . 

ΙχΆΖέφΩΣΐ-JtrnzsiXXii&^Qi Pcnt,aj£ils_ 

Influées..„o i.....tjhs....Ûr.yjâta 1 .^oxpholagy F i g u r e 5 compares t h e s e i i -
d i i f u s i o n c o e f f i c i e n t s of methane and propane i n two d i f f e r e n t 
s p e c i m e n s of z e o l i t e ZSM-5: p o l y h e d r a l c r y s t a l s witη e l o n g a t e d 
h e x a g o n a l f o r m and n e a r l y s p h e r u l i t i c p o i y - c r y s t a i s (30.>. I t t u r n s 
out t h a t m o l e c u l a r m o b i l i t y i n t h e ZSM-5 p o i y - c r y s t a i s i s somewhat, 
h i g h e r t h a n i n w e l l - s h a p e d c r y s t a l s . T h i s e x p e r i m e n t a l f i n d i n g must 
be e x p l a i n e d by a p r o m o t i o n of m o l e c u l a r t r a n s p o r t due t o a d d i t i o n a l 
f a s t d i f f u s i o n p a t h s w h i c h a r e most l i k e l y t o r e s u l t f r o m a 
s e c o n d a r y pore s y s t e m between t h e i n d i v i d u a l c r y s t a l l i t e s o i t h e 
i n t e r g r o w t h s . An i n f l u e n c e of p o s s i b l e t r a n s p o r t r e s i s t a n c e s a t t h e 
i n t e r f a c e s of t h e i n d i v i d u a l c r y s t a l l i t e s must be assumed e i t h e r t o 
be n e g l i g i b l y s m a l l or t o be ov e r c o m p e n s a t e d by t h e e f f e c t s of 
t r a n s p o r t p r o m o t i o n , s i n c e t r a n s p o r t b a r r i e r s would c l e a r l y r e d u c e 
r a t h e r t h a n enhance t h e m o l e c u l a r m o b i l i t y i n c o m p a r i s o n w i t h 
the we 11-shaped c r y s t a l s . 

The c o n s t a n c y o f t h e s e l f - d i f f u s i o n c o e f f i c i e n t s w i t h v a r y i n g 
o b s e r v a t i o n t i m e i n d i c a t e s t h a t i n the t i m e and spac e s c a l e of t h e 
ixmr p u i s e d f i e l d g r a d i e n t e x p e r i m e n t s b o t h t h e c r y s t a l s and 
p o i y c r y s t a i s c an be c o n s i d e r e d t o be quasi-homogeneous, i . e . , 
t h a t the a d s o r b e n t p a r t i c l e s i z e s s i g n i f i c a n t l y e x c e e d t h e 
o b s e r v e d m o l e c u l a r d i s p l a c e m e n t s , but t h a t , on t h e o t h e r hand, 
t h e s e d i s p l a c e m e n t s a r e l a r g e enough t o e x c e e d s i g n i f i c a n t l y t n e 
d i m e n s i o n s of h e t e r o g e n e i t y c a u s e d by t h e s u b s t r u c t u r e . Tne 
d e v i a t i n g b e h a v i o u r of propane i n p o l y - c r y s t a l l i n e ZSM-5 may be 
e x p l a i n e d by ass u m i n g t h a t w i t h d e c r e a s i n g o b s e r v a t i o n t i m e s 
an i n c r e a s i n g number of propane m o l e c u l e s does not esca p e i n t o 
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F i g u r e 4: P a r a m e t e r s of m o l e c u l a r t r a n s p o r t i n g r a n u l a t e d 
z e o l i t e NaCaA i n dependence on t h e t i m e on s t r e a m i n a 
p e t r o l e u m r e f i n e r y (Reproduced w i t h p e r m i s s i o n f r o m Ref. 6. 
C o p y r i g h t i 9 6 7 B u t t e r w o r t h ) 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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F i g u r e 5: S e l f - d i f f u s i o n c o e f f i c i e n t s of (a) methane ( l o a d i n g 
ca . 3.5 m o l e c u l e s p e r c h a n n e l i n t e r s e c t i o n ) and (b) propane 
(2.5 m o l e c u l e s per c h a n n e l i n t e r s e c t i o n ) i n H ZSM-5 c r y s t a l s 
(•) and i n p o l y c r y s t a i s ( Δ ) f o r d i f f e r e n t o b s e r v a t i o n t i m e s 
Δ a t 296 Κ (Reproduced w i t h p e r m i s s i o n f r o m Ref. 30. C o p y r i g h t 
1936 E l s e v i e r ) 
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the regions ci higher mobility, Due to their higher mobility, for 
methane molecules such behaviour should occur at much shorter 
observation times than accessible at present. 

Influence of Coke Depositions. Following an idea oi Gilson and 
Derouane ι31; , n-hexane and mesityiene have been applied as 
starting materials for the coke deposition. n-Hexane coking was 
achieved by directing a continuous stream oi hydrogen (2 i/h χ gĉ t..> 
saturated with n-hexane at 16°C into a fixed bed - type 
glass reactor. For mesityiene coking more severe conditions had to 
be used. Ve have applied a nitrogen stream (9 I/h χ g.,<;Λι ) saturated 
with mesityiene at 40''C, at a temperature of 530''C, 

Figure t gives a comparison of the intracrystalline mean 
life times of methane in ZSM-5 type monocrystais after diiferent 
coking times, and the values of τ  , ,< . , · , . , '  calculated from the 
intracrystalline sell-diffusio
starting chemicals lead
For n-hexane. τ and τ ,.,··...,·„/'1 ' ' coincide over a large range 
of coking times, whereas with mesityiene τ ,.,·•»»...·,* is found to increase, 
whilst the intracrystalline mobility represented by τ,.« , J'* 1 ' 
remains unaffected. 

During mesityiene coking, tne carbonaceous compounds are found 
to be exclusively deposited on the outer surface. For n-hexane, two 
stages of the coke deposition become visible: At shorter coking times 
n-hexane is mainly deposited in the intracrystalline space, thus 
simultaneously affecting a retardation of intracrystalline diffusion 
and tracer desorption. In a second stage, similar to the behaviour 
observed with mesityiene, coke is predominantly deposited on the 
crystallite surface. 

Figure 7 shows the ratio of the quantities τ ;1. ,·,·,,·•«'11 1 ' and τ,. ,,(.,·»·, 
as represented by Figure 6, in dependence on the total amount of coke 
deposited. While lor coking with n-hexane the two stages oi coking 
become clearly visible, for mesityiene τ , v , . J" ( '/τ , ,,,, .·.«* decreases 
from the very beginning. Since the mesityiene molecules are too 
large to penetrate into the intracrystalline channel system, this 
result is in accordance with the expected behaviour. 

Figure 3 shows the ratio τ , , · ̂  ''1 1 1 / τ > ,··, < ™ for HZSM-o crystals 
of different morphology as a function of the amount of n-hexane 
coke deposited (33;: poly-crystalline spherical particles and 
polyhedral crystals. Once again, two stages of coke formation can 
be distinguished. The beginning of the second stage is virtually 
the same for ail polyhedral crystals; however, a distinct delay 
of this onset is to be seen with the poiycrystalline grain. This 
experimental finding can be explained by the existence of the 
secondary pore- system represented by the free space between the 
crystallites. Thus, an additional amount oi coke may be deposited 
on "neutral" spots outside tne zeolite channel network, causing a 
delay of the onset of the second period of coke formation. 

Figure 9 shows the self-diffusion coefficients of propane- in 
the poly-crystalline grains after different coking times corres
ponding to diiferent amounts of coke deposited (33). In complete 
agreement with the proposed model, the time dependence is 
determined, by the amount oi coke deposits: In the fresh specimen 
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F i g u r e 6: I n t r a c r y s t a l l i n e mean l i f e t i m e s τ ι πι,·« ( Q ) and 
T . n i r a 0 ' 1 1 ( Δ ) f o r methane a t 296 Κ and a s o r b a t e 
c o n c e n t r a t i o n of 3 m o l e c u l e s p e r c h a n n e l i n t e r s e c t i o n i n 
Η ZSM-5 c o k e d by n-hexane ( f u l l s y m b o l s ; and m e s i t y i e n e (open 
s y m b o l s ) i n dependence on t h e t i m e on s t r e a m 
p e r m i s s i o n f r o m Ref. 6. C o p y r i g h t 1937 B u t t e r w o r t h ) 
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F i g u r e 7: R a t i o τ «>.,<,,-J>1 ' ' / T i n t , - a f o r methane i n Η ZSM-5 
( E x p e r i r a e t n a l v a l u e s of F i g u r e 6) a s a f u n c t i o n o f t h e amount 
of coke d e p o s i t e d ; Q n-hexane coke, Δ m e s i t y i e n e coke 
(Reproduced w i t h p e r m i s s i o n f r o m Ref. 33. C o p y r i g h t 1937 
E l s e v i e r ) 

coke I mass %> C 

F i g u r e 3: R a t i o T i n t r a

f , l f f / T i n i v a f o r Η ZSM-5 s a m p l e s of 
d i f f e r e n t morphology a s a f u n c t i o n o f t h e amount o f coke 
d e p o s i t e d ; D p o l y h e d r a l c r y s t a l s , Ο p o l y c r y s t a i l i n e g r a i n s 
(Reproduced w i t h p e r m i s s i o n f r o m Ref. 33, C o p y r i g h t 1937 
E l s e v i e r ) 
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Q 

F i g u r e 9: S e l f - d i f f u s i o n c o e f f i c i e n t s o f propane ( l o a d i n g c a 
2.5 m o l e c u l e s per c h a n n e l i n t e r s e c t i o n ) i n p o l y c r y s t a i l i n e 
g r a i n s of f r e s h Η ZSM-5 and a f t e r 1 h ( c o r r e s p o n d i n g t o 3.6 
mass % co k e ) and 12 h ( c o r r e s p o n d i n g t o 4.3 mass % coke.) on n-
hexane s t r e a m f o r d i f f e r e n t o b s e r v a t i o n t i m e s Δ a t 296 Κ 
(Reproduced w i t h p e r m i s s i o n f r o m Ref. 33. C o p y r i g h t 1937 
E l s e v i e r . ) 
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the observed mobilities increase with increasing observation times, 
since - as above discussed - an increasing number of molecules may 
escape into the regions of higher mobility, i.e., into the 
secondary pore system. With increasing amount of coke, however, 
these pores are blocked, so that now with increasing observation 
times molecular diffusion is more and more restricted, since an 
increasing number of molecules comes into contact with the 
restricting coke deposits m the secondary pore system. Thus 
the secondary pore system is found to exhibit two remarkable 
properties: an enhancement of intraparticle diffusion in tne 
fresh sieve, and the representation of a region of preferential coke 
deposition. 
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Chapter 24 

Isothermal Three-Dimensional Diagram 
for Adsorption from Oxygen—Nitrogen 

Mixtures on Clinoptilolite 

I. M . Galabova and G. A. Haralampiev 

Higher Chemical Technological Institute, Boulevard "Kliment 
Ochridsky", No. 8, Sofia 1156, Bulgaria 

A threedimensiona
sorbed as a functio
tion and total pressure, is drawn using both direct ex
perimental data and computed data for O2/N2 mixtures 
on K-clinoptilolite at room temperature. The real ad
sorption isotherms follow the Freundlich law for Ν2 and 
Henry's law for O2. Freundlich and henry constants are 
computed and correlated to sorbate equilibrium concen
tration. Selectivity coefficients, , equilibrium con
stants, K, and the changes in the standard Gibbs free 
energy, ∆G°, are determined. Selectivity towards N2 

is satisfactory and K-clinoptilolite could be used for 
industrial air enrichment. 

S e l e c t i v i t y of some z e o l i t e s towards N2 from O2/N2 mixtures i s the 
bas i s of the adsorpt ion process of oxygen enrichment of a i r . T h i s 
process has c e r t a i n advantages compared w i t h the cryogenic process : 
i t i s more e f f i c i e n t f o r smal l or medium sca les of p r o d u c t i o n ; i t i s 
f l e x i b l e and e a s i l y adaptable i n changing the p r o d u c t i o n needs; i t 
employs s impler machinery and o p e r a t i o n , e t c . The general p r i n c i p l e s 
of the adsorpt ion enrichment of a i r have been d i scussed mainly w i th 
respect to s y n t h e t i c z e o l i t e s or mordenite as the sorbents (1 -3 ) . 
The p o s s i b i l i t y of us ing c l i n o p t i l o l i t e i s a subject both of papers 
and patents (4,5) and has a t t r a c t e d much a t t e n t i o n , s ince c l i n o p t i 
l o l i t e i s one of the most wide ly spread n a t u r a l z e o l i t e . 

The present paper deals wi th the threedimensional diagram f o r 
d e s c r i p t i o n of the e q u i l i b r i u m adsorpt ion of O2/N2 mixtures on c l i 
n o p t i l o l i t e . T h i s diagram shows the dependence of the amount adsorb
ed on the t o t a l p r e s s u r e , as w e l l as the e q u i l i b r i u m c o n c e n t r a t i o n 
of the gas m i x t u r e s . A d s o r p t i o n from b i n a r y mixtures invo lves theo
r e t i c a l and experimental problems. Ruthven 1 s and L o u g h l i n ' s works 
(7,8) prov ide much d e t a i l and they succeed i n d e s c r i b i n g f u l l y enough 
the complicated systems, but a l l at the expense of cons iderab le cha
r a c t e r i s t i c constants used and e laborate computation. The experimental 
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d i f f i c u l t i e s ensure from the need to determine the concentration of 
the components and to estimate the amount adsorbed, using elaborate 
c a l i b r a t i o n s , measurements and computation (9). 

The aim of the present paper i s to present the adsorption equi
l i b r i u m of binary 0^/^^ systems, as w e l l as of pure sorbates on 
na t u r a l c l i n o p t i l o l i t e and to t r y to p r e d i c t the behaviour of each 
sorbate i n mixtures under a r b i t r a r y pressures and concentration. 

Sorbates and Sorbent C h a r a c t e r i s t i c s . K - c l i n o p t i l o l i t e , obtained 
from n a t u r a l c l i n o p t i l o l i t e from Olygocene 3 horizon (10), i s used 
as a sorbent. The nat u r a l sample chosen i s with a f a i r l y high pota 
sium content, because K-form has high s e l e c t i v i t y towards ^ (10) -
the f o l l o w i n g ion-exchange increases K + content i n the sorbent up to 
7.83%. 

Sorbates - N2 and O2 - are supplied i n metal c y l i n d e r s under 
pressure of about 20 bar  Th  p u r i t f N  i  99.999% d 0  99.0%

Experimental equipment.
system works at room temperature. Adsorption column, 1, contains 
340 g dehydrated z e o l i t e . The column has 44 mm diameter and 275 mm 
height. Mercury manometer, 5, measures p r e c i s e l y the e q u i l i b r i u m 
pressure i n 1, while 5a and 5b (fa c t o r y made manometers) are at t a c h 
ed to 1 and to dosing column 2. C i r c u l a t i n g pump 3 (Hartman and 
Braun AC) operates between 0.6 and 1.4 bar, the range s u i t a b l e f o r 
i n d u s t r i a l a p p l i c a t i o n s . I t e f f e c t s the c i r c u l a t i o n of the sorbates 
u n t i l e q u i l i b r i u m i s achieved. Vacuum pump 4 (MR-5-GDR) i s used f o r 
regeneration between runs. Gas-chromatographer 6 ("Thermochrom 23" 
with an i n t e g r a t o r IZ-21 and a p r i n t e r nSeiko-310 l f) i s the analyser 
of 0 9/N 9 mixtures - Table I. 

Table I. Parameters of gas-chromatographer column 

Parameters Value 

D i s p e r s i t y of the sorbent, mm +0.2 - 0.3 
Column diameter, mm 4 
Column length, cm 120 
Mass of the sorbent 5A, g 11.6 
Temperature, Κ 323 + 0.5 
Volume of the gas sample, cm 0.025 

Sorbates O2 and N2, as we l l as ¥^ and He, are kept i n b o t t l e s 8 
(H2 - gas c a r r i e r f o r the chroraatographer and He - used f o r adsorp
t i o n experiments under lower pressures); l f - 10' valves. Gases are 
dr i e d i n column 7 by native c l i n o p t i l o l i t e down to at l e a s t 40 ppm 
moisture. 

Gas mixtures are prepared i n advance, analysed and stored i n 8. 
Dosing column 2 i s f i l l e d with sorbate under constant pressure and 
c a l i b r a t e d beforehand so the reading on 5a gives the sorbate amount 
allowed to 1. Samples taken f o r a n a l y s i s should be of the smallest 
amounts (Table I) so that the e q u i l i b r i u m would not be disturbed. 
I n i t i a l and e q u i l i b r i u m concentrations of O2, N2, reso., are used to 
estimate the amounts of 0 ?, N 9, resp. adsorbed (a, cm-* g~*). The 
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Figure 1. Experimental equipment. 
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dosing volumes are evaluated with the a i d of a c a l i b r a t i o n burette 
and a c a l i b r a t i o n equation i s derived: ν (cnr*) s 1 4 8 3 ( b a r ) (Reg
r e s s i o n c o e f f i c i e n t being R « 0.99)· Helium i s used to estimate the 
dead volume as a sum of the communications, free volume of the ad
sorpt i o n column, pores between sorbent grains and transport pores. 
The weight of the dehydrated sorbent i s measured (340.0 + 1 g). E r 
r o r s of the adsorption c a p a c i t i e s are aroung 3% at high pressures 
and about 8% at low pressures. 

Experimental data and d i s c u s s i o n 

Adsorption isotherms of pure N2 and 99% O2 are presented on Figure 2. 
The s e l e c t i v i t y towards N2 i s n o t i c e a b l e . On the same f i g u r e , the 
amounts__of N2 and O2 adsorbed from a mixture ( e q u i l i b r i u m concentra
t i o n - C n • 41%) are drawn as functions of the t o t a l pressure, to 

2 
i l l u s t r a t e the d i f f e r e n c
that from pure components

The threedimensional diagram f o r N2 and 02» f o r various mix
tures, i s shown on Figure 3. Cuts at constant t o t a l pressure give 
i s o b a r s , an example of which i s given i n Figure 4, and represents 
a b i l i t y of adsorption of each sorbate at d i f f e r e n t e q u i l i b r i u m con
ce n t r a t i o n s of O2 i n the gas phase (C°2 ). Cuts at constant e q u i l i b 
rium concentrations, Cf^» 8^ v e functions of the amount adsorbed 
a N ^ 0 ^ j as f u n c t i o n of the t o t a l pressure P t o t « Such curves (Figures 
5 and 6) are very s i m i l a r to adsorption isotherms, but they d i f f e r 
from them - since f o r an adsorption isotherm the amount adsorbed of 
a given sorbate should be represented as a f u n c t i o n of i t s p a r t i a l 
pressure, so the curves on Figures 5 and 6 are f i c t i t i o u s isotherms -
"isotherms". However, they are very convenient to present adsorption 
data from mixtures. Regression a n a l y s i s i s applied to functions as 
those on Figures 5 and 6. For chosen e q u i l i b r i u m concentration 
(CN ) a v i r i a l eauation of type 

2 2 3 a™ ,~ χ • a + a-iP + a~P + a-P^ _ N 2(0 2) ο 1 tot 2 tot 3 tot 

i s found, where a Q , a ^ a2 and a^ are v i r i a l c o e f f i c i e n t s (Table I I ) . 
Data from Table I I allow computation of amount adsorbed (^2(02)^ 
under various pressures i n the experimental range 0.6 - 1.4 bar. 
Threedimensional diagram provides p o s s i b i l i t y to read o f f amount ad
sorbed at any e q u i l i b r i u m concentration, C, and t o t a l pressure, P t o t » 

Act u a l adsorption isotherm of N 2 and 0^ are shown on Figures 
7 and 8. The isotherms f o r N« i n the experimental region are w e l l 
described as Freundich type of isotherm - the amount adsorbed (a) as 
a f u n c t i o n of the p a r t i a l pressure, Ρ · . Table I I I contains Freundich 
constants n̂ , and Kp. I t i s a challenge to c o r r e l a t e those constants 
with e q u i l i b r i u m concentration, C, as that would give a chance to 
c a l c u l a t e the amount adsorbed at a r b i t r a r y p a r t i a l pressures and 
e q u i l i b r i u m concentrations. Such a c o r r e l a t i o n f o r k̂ , i s expressed 
by a f u n c t i o n of type kp = m + qlnC^ , where m = 7.779 and q β 3.665. 
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02 0.4 0£ 03 W C02 

Figure 4. Isobaric cuts from the threedimensional diagram at 
ρ = 1.4 bar. C a c j s e q u i l i b r i u m mole f r a c t i o n of i n the sorbed 
phase. 

0.2 0.4 0.6 0.8 1.0 1.2 U 

Figure 5. Adsorption "isotherms 1 1 f o r N 9 from 0 ?/N 2 mixtures. 
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σ 
cm_3 
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Figure 6. Adsorption "isotherms" f o r 0 9 from 0 9/N 9 mixtures. 

Figure 7. Fre u n d l i c h type isotherms f o r N 9 from 0 9/N 9 mixtures. 
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Figure 8. Henry type isotherms f o r 0^ from 02/N2 mixtures. 
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Table I I . V i r i a l c o e f f i c i e n t s 

C o e f f i c i e n t s V a 
ο 

a l a2 a 3 

0.00 -0.190 14,335 -8.678 2.558 

0.34 °2 -0.001 1.035 -0.077 -0.075 
0.34 

N 2 -0.004 7.396 -0.495 -0.521 

0.41 °2 -0.001 1.957 -1.389 0.644 
0.41 

N 2 -0.002 5.537 0.435 -0.651 

0.59 °2 0.001 1.666 0.826 -0.508 
0.59 

N 2 0.001 3.618 1.179 -0.807 

0.79 °2 0.79 
N 2 -0.001 1.984 -0.206 -0.189 

0.87 °2 0.002 1.755 3.176 -1.479 
0.87 

-0.001 0.844 0.750 -0.352 
0.995 °2 -0.030 4.860 -0.367 -0.267 

Table I I I . Freundich constants 

Constants 
0.20 0.40 0.60 0.80 1.00 

n F 0.535 0.958 0.995 0.860 0.680 

k F 1.97 4.41 5.75 6.73 8.09 

nFSPL 0.498 0.884 0.960 0.850 0.720 

Regression c o e f f i c i e n t i s R - 0.98. Constants n„ are i n more complex 
f u n c t i o n a l i t y with C N which could be described by a cubic parametric 
B-spline. The spline^computed values (ηρ5ρ]^) a r e l i - s t e c * ^ n Table I I I . 

Oxygen adsorption isotherms, i n the experimental region, i s 
Henry type isotherm (Figure 8). Table IV gives Henry constants. 

Table IV. Henry constants 

s 0.34 0.41 0.59 0.79 0.87 0.995 

kH 1.96 2.5 3.10 3.19 3.36 3.91 
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Dependence of Henry constant (k^) on e q u i l i b r i u m concentration i s 
also of i n t e r e s t . The dependence i s of logarithmic type as that f o r 
k F . The equation f o r k H i s : k K = 3.737 + 1.530 l n C 0 (Regression 
c o e f f i c i e n t R = 0.93). The s i m i l a r i t y of k p = f ( C N ^ and k R = f ( C o 2 ^ 
i s l o g i c a l , as f o r n^ = 1 Fre u n d l i c h isotherm turns i n t o Henry type. 
With the e q u i l i b r i u m data at our d i s p o s a l i t i s p o s s i b l e to compute 
the separation c o e f f i c i e n t , cX, 

(X = Ya, Xg / Xa, Yg 

where Ya and Xa are the e q u i l i b r i u m concentrations of N 2 and 0 2, 
resp. i n the sorbed phase; Yg and Xg - the corresponding concentra
tions i n the gas phase. Separation c o e f f i c i e n t s i n the f o l l o w i n g 
values are determined: 2.0 < °^ ̂ 3 . 9 . The s e l e c t i v i t y c o e f f i c i e n t , 
oC, of K - c l i n o p t i l o l i t e towards 2N  i s s a t i s f a c t o r y  as compared to 
<*= 2.54 f o r 5A (11); 3

As the data presente
r e s t to fu r t h e r e s t a b l i s h some thermodynamic data, such as e q u i l i b 
rium constants Κ = C . x. N / C χ, / Λ N and changes i n standard 

ads,N 2(0 2) g,N 2(0 2) 
Gibbs f r e e energy, Δ G°. Values of K^ ^ ^ and ^ ^ are i n 
Table V. 2 2 1 2 2 

Table V. E q u i l i b r i u m constant, K, and change i n Gibbs 
free energy, A G ° 

s 0.34 0.41 0.56 0.79 0.87 

\ 0.35 0.51 0.58 0.77 0.83 

kJ 
mol 25.7 18.5 13.7 6.4 4.7 

% 0.14 0.20 0.4 0.59 0.63 

\ 2.00 1.95 1.68 1.34 1.33 

<2· kJ 
mol -17.17 -16.6 -12.8 -7.24 -7.11 

The negative values of the changes i n Gibbs f r e e energy f o r 
N 2 are another good q u a n t i t a t i v e evaluation of the s e l e c t i v i t y of 
K - c l i n o p t i l o l i t e towards Ν . 
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Conclusions 

The threedimensional diagram obtained could serve both theoretical 
and technological computations concerning oxygen enrichment of air 
on K-clinoptilolite. It is a basis for determining of adsorption 
isobars, fictitious and real isotherms, as well as thermodynamic 
data for adsorption from binary (^/^ mixtures. Freundlich and Henry 
constants (for the real adsorption isotherms) correlated with the 
equilibrium concentration are useful for computation of the amounts 
adsorbed at arbitrary partial pressures and equilibrium concentra
tions. 
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Chapter 25 

Binary Sorption Equil ibria 
by Pulse Chromatography 

Dhananjai B. Shah 

Department of Chemical Engineering, Cleveland State University, 
Cleveland, OH 44115 

A chromatographic method has been used to measure 
single componen
C2Η6, C3H8 and cyclopropane and binary sorption 
isotherms of O2-N2, CH4-C2H6 and C3H8-cyclopropane 
mixtures on Linde 5A zeolite. The Van der Vlist-Van 
der Meijden Method was used to analyze the response 
peaks. This method provides a reliable way to 
measure single component isotherms but does not work 
as well for binary sorption isotherms for two of the 
three binary systems studied here (CH4-C2H6 and 
C3H8-cyclopropane). The difficulty appears to lie 
in the nature of the experimental technique and the 
method of data analysis. 

A significant amount of work has been done on determining sorption 
capacity and the kinetics of sorption in zeolites because of their 
applications as adsorbents and as catalysts in the chemical process 
industry. However, most of this work has been done with single 
components, whereas a l l practical applications involve 
multicomponent mixtures. Hence, measurement of binary or 
multicomponent equilibria on zeolites is of considerable 
importance. 

Adsorption isotherms for single components have generally been 
determined by gravimetric and volumetric methods. These methods 
involve following the changes in either the weight of the sample or 
the volume and/or pressure of the gas phase to measure the amount 
of adsorption. However, these techniques are cumbersome and 
time-consuming for measuring binary sorption isotherms as both the 
total amount of adsorption and the adsorbed phase composition have 
to be determined. The chromatographic method, on the other hand, 
provides a simpler alternative for determining binary sorption 
equilibria. 

0097-6156/88/0368-0409$06.00/0 
© 1988 American Chemical Society 
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The method consists of monitoring and analyzing the response 
of an adsorption column to a pulse input or a step change in 
concentration of an adsorbate. The carrier gas is a mixture of an 
inert gas and the adsorbate of known composition. The retention 
time of the pulse is related to slope of the equilibrium curve at 
the carrier gas composition. The slopes of the equilibrium curve 
at different points on the curve can be determined by carrying out 
experiments with different carrier gas compositions. The 
equilibrium curve can, then, be easily obtained by integration of 
the slopes of the isotherm curve. For binary sorption equi l ibr ia , 
the experiments are similar except the carrier gas is a mixture of 
the two adsorbates. 

The chromatographic method has been used extensively to 
determine various process parameters (1). Schneider and Smith (2) 
and Hashimoto and Smith (3, 4) determined Henry constants for 
different gases on alumina and s i l i c a gel by analyzing the f i r s t 
moments of the response
Peterson et a l . (6) use
single component adsorption isotherms. Haydel and Kobayashi (7) 
used a similar method to measure adsorption equi l ibr ia of 
methane-propane mixtures on s i l i c a gel . Their method used 
radioactive tracer pulsing and hence required a special detection 
system for radioisotopes. Van der V l i s t and Van der Meijden (8) 
used this method to determine binary sorption equi l ibr ia of 
nitrogen-oxygen mixture on Linde 5A molecular sieve. Ruthven and 
Kumar (9) and Ruthven and Wong (10) have used the chromatographic 
method successfully to measure binary adsorption of different gases 
in 4A and 5A zeolites. 

In this work, a gas chromatographic system has been used to 
obtain binary sorption equi l ibr ia for nitrogen-oxygen, 
methane-ethane and propane-cyclopropane mixtures on 5A molecular 
sieve. The experimental measurements have also been compared with 
the predictions from the s ta t i s t i ca l thermodynamic model of Ruthven 
(11). The model is capable of predicting binary sorption 
equi l ibr ia from the parameters derived from the pure-component 
isotherm measurements. 

Theoretical 

When a pulse of an adsorbate is introduced in an adsorption column, 
i t s retention time t in the column is related to the slopes of the 
isotherms of each component in the carrier gas (7): 

t / f = 1 + ((1 - ε ) /e )*(K 1 ( l - x±) + K ^ ) (1) 

Here and are the dimensionless slopes of the sorption 

isotherms of components 1 and 2, χ and a r e t n e m ° l e fractions 

of the two components in the carrier gas, t 1 is the retention time 
of a non-adsorbing species in the column and is the column 
voidage. After multiplication with appropriate conversion factors, 
K 1 and K 2 may also be written as dq^/àx^ and dq 2 /dx 2 where q^ and 

q 2 are the adsorbate concentrations on zeolite in molecules per 

cavity. 
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Pure-Component Isotherm. When one of the components in the carrier 
gas is non-adsorbing such as helium, the above equation reduces to 

t / f = 1 + ((1 - ε)/ε)* K ^ l - x±) (2) 
Knowledge of the retention time (t) of the pulse and the mole 
fraction of the adsorbing component in the carrier gas (x^) enables 
one to calculate the slope of the isotherm K̂  at x^. If the values 
of K̂  are obtained at various compositions of the carrier gas, the 
sorption isotherm can be easily obtained by integrating the slopes 
over the composition range from 0 to 1. 

Binary Isotherm. The method to calculate the binary sorption 
isotherm from the pure component isotherms is outlined below. 
Equation (1) can be rearranged to obtain 

( t / f - 1)*(ε/(1 - ε)) = Κ (1 - x ^ + k ^ = f(x ) (3) 
The above equation has
is valid under the conditions of constant temperature and pressure. 
It is also required to assume that the isotherms are linear in the 
concentration range studied. The l e f t side of the equation is 
known experimentally as a function of x^ from the response peaks 
obtained by pulsing an adsorbate into a carrier gas of composition 
x^. To obtain the isotherms q^ and as a function of 
concentration, an integration procedure is followed. In general, 
£ ( * ^ ) r q^(x^) and q 2(x 2) can be expressed as third order 
polynomials 

f<Xl> = Ao + V l + V l 2 + V l 3 

q l ( x l } = a l X l + a 2 X l 2 + a 3 X l 3 ( 4 ) 

q 2 ( X 2 ) = b l X 2 + b 2 X 2 2 + b 3 X 2 3 

where x 2 = 1 - χ . The experimental values of f(x^) are fi t t e d to 
a third order polynomial and the coefficients A Q , A ^ , A 2 and are 
calculated. When Equation (4) is substituted in Equation (3) and 
the coefficients of x i ~ ^ ' x i ^ a n <^ x i " ^ a r e c o m P a r e c ^ four 

equations involving six unknowns are obtained. Two additional 
equations arise by noting that both q^(x^) and q 2(x 2) must pass 
through the end points defined by the single component isotherms in 
the limit as x 1 and x 2 approach 1. This system of six equations is 
solved for the coefficient a's and b's from which the sorption 
isotherms of the binary gas mixture can be calculated from Equation 
(4). 

The above method has been applied to determine the binary 
sorption isotherms of N -0_, CH-C 0H r and C_H0-cyclopropane 

Ζ Ζ 4 Ζ Ό J o 
mixtures. The equilibrium sorption data obtained from the gas 
chromatograph have been compared with the predictions of the 
st a t i s t i c a l thermodynamic model proposed by Ruthven (11, 12). 
Parameters used in the thermodynamic model are the Henry constants 
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and v/3 t h e number o f a d s o r b a t e m o l e c u l e s t h a t c a n be accomodated 
i n t h e z e o l i t i c c a v i t y f o r e a c h o f t h e components. E x p e r i m e n t a l l y 
o b t a i n e d pure-component i s o t h e r m s were f i t t e d t o t h e model i s o t h e r m 
e q u a t i o n t o c a l c u l a t e t h e Henry c o n s t a n t and t h e e f f e c t i v e volume 
o f t h e a d s o r b a t e m o l e c u l e . The v a l u e s o f t h e s e p a r a m e t e r s o b t a i n e d 
f r o m t h e c u r v e f i t t i n g t e c h n i q u e a r e l i s t e d i n T a b l e I f o r e a c h o f 
t h e component s t u d i e d . T h ese, i n t u r n , were u s e d t o p r e d i c t t h e 
b i n a r y s o r p t i o n e q u i l i b r i a f r o m t h e model e q u a t i o n s as o u t l i n e d by 
Ru t h v e n ( 1 1 ) . 

T a b l e I . Henry c o n s t a n t s and m o l e c u l a r p a r a m e t e r s u s e d i n 
p r e d i c t i n g b i n a r y s o r p t i o n e q u i l i b r i a f r o m 
s t a t i s t i c a l thermodynamic model 

Component Tem
1 2 Κ 1

K l K2 

N 2 0 2 298 8.9 11.7 0.00125 0.00055 
C_H^ CH. 298 9.5 10.0 0.00566 0.00188 
2 6 4 

348 6.0 9.5 0.00877 0.00081 
c y c l o C Hg 398 5.0 5.0 0.099 0.0158 
p r o p a n e 

E x p e r i m e n t a l 

The e x p e r i m e n t a l s y s t e m c o n s i s t e d o f an a d s o r p t i o n column f i t t e d 
w i t h a t h e r m a l c o n d u c t i v i t y d e t e c t o r . The a d s o r b a t e gas m i x t u r e 
was p a s s e d t h r o u g h t h e column p a c k e d w i t h L i n d e 5Α m o l e c u l a r s i e v e . 
The d e t a i l s o f t h e p a c k e d column a r e g i v e n i n T a b l e I I . The 
c a r r i e r gas m i x t u r e was d r i e d p r i o r t o i n t r o d u c t i o n t o t h e column. 
The gas f l o w r a t e s were a d j u s t e d and measured u n t i l a d e s i r e d 
c a r r i e r g as c o m p o s i t i o n was a c h i e v e d . A s i x - p o r t v a l v e w i t h 
i n t e r c h a n g e a b l e l o o p s was u s e d f o r i n t r o d u c i n g a p u l s e i n t h e 
c a r r i e r g a s . The p r e s s u r e d r o p a c r o s s t h e column was measured w i t h 
a manometer and was f o u n d t o be n e g l i g i b l e . The dead volume i n t h e 
s y s t e m between t h e p o i n t s where t h e p u l s e was i n t r o d u c e d and t h e 
r e s p o n s e was measured was m i n i m i z e d . 

T a b l e I I . D e t a i l s o f column and a d s o r b e n t 
Column: p a c k e d l e n g t h = 33 cm χ 0.95 cm d i a m e t e r 
Bed v o i d a g e = 0.37 
A d s o r b e n t : L i n d e 5A 30-40 mesh p e l l e t e d m o l e c u l a r s i e v e 

( L o t MX 1582) 

The i n e r t gas u s e d f o r t h e s t u d y was h i g h p u r i t y h e l i u m and 
a l l o t h e r g a s e s were o f c h e m i c a l p u r i t y ( 9 9 . 0 % ) . The a d s o r p t i o n 
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column was r e g e n e r a t e d by p a s s i n g h e l i u m o v e r t h e s i e v e a t 673K f o r 
24-36 h o u r s . The column v o i d a g e was d e t e r m i n e d f r o m t h e volume o f 
t h e p a c k e d c o l u m n , t h e amount o f a d s o r b e n t c h a r g e d and t h e b u l k 
d e n s i t y o f t h e a d s o r b e n t . The l i n e a r i t y o f t h e s y s t e m was c h e c k e d 
by v a r y i n g t h e p u l s e s i z e . 

R e s u l t s and D i s c u s s i o n 

Pure-Component I s o t h e r m s . The s i n g l e component i s o t h e r m s 
( o b t a i n e d u s i n g h e l i u m as t h e c a r r i e r g a s ) a r e shown i n F i g u r e s 
1 ( a ) , 2 ( a ) , 3 ( a ) and 4 ( a ) . N i t r o g e n and oxygen i s o t h e r m s a r e shown 
i n F i g u r e 1 ( a ) . B o t h t h e i s o t h e r m s a r e n e a r l y l i n e a r and compare 
w e l l w i t h t h e e x p e r i m e n t a l d a t a o f Huang (13) who u s e d a s t a t i c 
method t o measure t h e pure-component i s o t h e r m s . F i g u r e s 2 ( a ) and 
3 ( a ) show p u r e component i s o t h e r m s f o r methane and e t h a n e a t 298 
and 348K. The s o r p t i o n c a p a c i t y o f 5A z e o l i t e s f o r methane i s n o t 
as h i g h as t h a t f o r e t h a n
v e r s u s 5 f o r e t h a n e a t
i s o t h e r m s have been compared w i t h t h e g r a v i m e t r i c d a t a o f L o u g h l i n 
( 1 4 ) . The d a t a f o r e t h a n e a t 298K compare w e l l whereas t h e d a t a 
f o r methane a t 298K f a l l b e l o w t h e g r a v i m e t r i c d a t a a t 273K as 
e x p e c t e d . The g r a v i m e t r i c d a t a f o r e t h a n e a t 345K a l s o compare 
r e a s o n a b l y w e l l w i t h t h e c h r o m a t o g r a p h i c d a t a . The pure-component 
i s o t h e r m s f o r p r o p a n e and c y c l o p r o p a n e a r e shown i n F i g u r e 4 ( a ) and 
a r e a l s o compared w i t h t h e d a t a o f L a u g h l i n (14) and D e r r a h (15). 
C o m p a r i s o n between t h e two s e t s o f d a t a i s good. The 
c h r o m a t o g r a p h i c method, t h e r e f o r e , c a n be u s e d t o a c c u r a t e l y 
measure t h e pure-component i s o t h e r m s . T h i s has been p o i n t e d o u t by 
o t h e r w o r k e r s as w e l l ( 9 , 10, 1 6 ) . 

B i n a r y I s o t h e r m s . Of t h e t h r e e s y s tems s t u d i e d , t h e N
2 ~ ° 2 m ^ x t u r e 

c o n t a i n s components w h i c h a r e n o t s t r o n g l y a d s o r b e d by t h e 
m o l e c u l a r s i e v e . S i n c e t h e t h e r m a l c o n d u c t i v i t y o f n i t r o g e n and 
oxy g e n i s q u i t e c l o s e t o one a n o t h e r , t h e p r o b l e m o f b a s e l i n e d r i f t 
was e n c o u n t e r e d and a servomax oxygen a n a l y z e r was u s e d f o r t h i s 
s y s t e m . The b i n a r y s o r p t i o n i s o t h e r m s o b t a i n e d f r o m t h e 
c h r o m a t o g r a p h i c method a r e n e a r l y l i n e a r and a r e shown i n F i g u r e 
1 ( b ) . These i s o t h e r m s a r e compared w i t h t h e i s o t h e r m s p r e d i c t e d 
f r o m t h e s t a t i s t i c a l thermodynamic model. B o t h t h e r e s u l t s compare 
q u i t e w e l l . 

F i g u r e s 2 ( b ) and 3 ( b ) show t h e e x p e r i m e n t a l b i n a r y s o r p t i o n 
e q u i l i b r i a f o r t h e CH.-C H m i x t u r e a t two d i f f e r e n t t e m p e r a t u r e s 4 ζ ο 
a l o n g w i t h t h e t h e o r e t i c a l p r e d i c t i o n o f t h e s t a t i s t i c a l 
t h e rmodynamic model. The c o m p a r i s o n between t h e two s e t s o f d a t a 
i s good. However, t h e n a t u r e o f t h e e x p e r i m e n t a l b i n a r y s o r p t i o n 
i s o t h e r m c u r v e f o r e t h a n e i s d i f f e r e n t f r o m t h a t p r e d i c t e d by t h e 
thermodynamic model i n t h e r e g i o n o f h i g h e t h a n e c o n c e n t r a t i o n s . 
The e x p e r i m e n t a l c u r v e shows an i n c r e a s e i n t h e s l o p e o f t h e c u r v e 
i n t h e r e g i o n where t h e mole f r a c t i o n o f e t h a n e a p p r o a c h e s 1 
whereas t h e i s o t h e r m p r e d i c t e d by t h e thermodynamic model i s 
c o n c a v e w i t h r e s p e c t t o t h e gas phase c o m p o s i t i o n a x i s f o r t h e 
e n t i r e c o n c e n t r a t i o n r a n g e . 

F o r t h e s y s t e m o f p r o p a n e - c y c l o p r o p a n e , t h e p r o b l e m o f 
b a s e l i n e d r i f t and n o i s e was e n c o u n t e r e d b e c a u s e o f t h e c l o s e n e s s 
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τ 1 Γ 

0 15

p, Partial Pressure 

τ 1 1 1 1 1 1 1 r 

p, Partial Pressure of Nitrogen 

F i g u r e 1. ( a ) Pure-component i s o t h e r m s f o r ox y g e n and n i t r o g e n 
a t 298K. A - P r e s e n t e x p e r i m e n t a l d a t a . Β - E x p e r i m e n t a l d a t a 
o f Huang ( 1 3 ) . (b) B i n a r y s o r p t i o n i s o t h e r m s f o r n i t r o g e n - o x y g e n 
m i x t u r e a t 298K and 750 t o r r . P r e s e n t e x p e r i m e n t a l d a t a . 

T h e o r e t i c a l p r e d i c t i o n f r o m t h e thermodynamic m o d e l . 
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0 150 300 450 600 750 

p, Partial Pressure of Ethane 

F i g u r e 2. ( a ) Pure-component i s o t h e r m s f o r e t h a n e and methane a t 
298K. o - G r a v i m e t r i c d a t a o f L o u g h l i n (14) ( D a t a f o r methane 
a r e a t 27 3 K ) . (b) B i n a r y s o r p t i o n i s o t h e r m s f o r ethane-methane 
m i x t u r e a t 298K and 750 t o r r . P r e s e n t e x p e r i m e n t a l d a t a . 

T h e o r e t i c a l p r e d i c t i o n f r o m t h e thermodynamic m o d e l . 
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τ 1 1 1 1 1 r 

p, Partial Pressure 

τ 1 1 1 1 1 1 Γ 

ρ, Partial Pressure of Ethane 

F i g u r e 3. ( a ) Pure-component i s o t h e r m s f o r e t h a n e and methane a t 
348K. Ο - G r a v i m e t r i c d a t a o f L o u g h l i n ( 1 4 ) . (b) B i n a r y 
s o r p t i o n i s o t h e r m s f o r ethane-methane m i x t u r e a t 348K and 750 
t o r r . P r e s e n t e x p e r i m e n t a l d a t a . T h e o r e t i c a l 
p r e d i c t i o n f r o m t h e thermodynamic m o d e l . 
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0 1 5 0 3 0 0 4 5 0 6 0 0 7 5 0 

p, Partial Pressure 

p, Partial Pressure of Cyclopropane 

F i g u r e 4. (a) Pure-component i s o t h e r m s f o r c y c l o p r o p a n e and 
propane a t 398K. ( R e p r o d u c e d w i t h p e r m i s s i o n f r o m R e f . 17. 
C o p y r i g h t 1977 A m e r i c a n I n s t i t u t e o f C h e m i c a l E n g i n e e r s . ) O-
G r a v i m e t r i c d a t a o f L o u g h l i n ( 1 4 ) . Δ - G r a v i m e t r i c d a t a o f 
D e r r a h ( 1S_). (b) B i n a r y s o r p t i o n i s o t h e r m s f o r 
p r o p a n e - c y c l o p r o p a n e m i x t u r e a t 398K and 750 t o r r a s p r e d i c t e d 
f r o m t h e thermodynamic model. 
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of their thermal conductivities. A few experiments in the middle 
of the composition range were performed but these were not 
sufficient to construct the binary sorption equi l ibr ia curves. 
However, the Henry constants and molecular volumes of the two 
sorbates were determined from the pure component isotherms and the 
binary sorption equi l ibr ia were calculated from the thermodynamic 
model. These isotherms are shown in Figure 4(b). The experimental 
constants K ^ l - x ) + K 2 x were compared with the theoretical values 

by taking slopes of the isotherms at the required compositions. 
The results are shown in Table III. The experimental values go 
through a minimum at the composition of 55.8% cyclopropane and then 
increase with the composition. This behavior appears to be similar 
to that of methane-ethane system and the chromatographic 
experimental measurements over the entire composition range are 
l ike ly to show an increase in the slope of the cyclopropane 
isotherm in the region wher
approaches 1. 

Table III . Comparison of experimental and predicted slopes for 
propane-cyclopropane mixture at 398K and different 
compositions 

Mole fraction K1X2 + K2 X1 
cyclopropane Experimental From Figure 4(b) 

If the two components form a non-ideal adsorbed solution 
mixture, then the behavior as outlined above can be expected for 
the binary sorption equi l ibr ia . Indeed, such data have been 
reported for i - C 4 H 1 Q - C 2 H 4 on molecular sieve 13X (16). The 

presence of one component may reduce the sorption capacity of the 
molecular sieve for the other component. However, as the pure 
component regions are approached (x •> 0 and χ -* 1), the sorption 
capacity must increase to match that of the pure component. Such a 
phenomenon may conceivably give rise to an abrupt increase in the 
slopes of the isotherm curves. 

Another possible cause for such a behavior may not be due to 
the non-ideality of the system but may be rooted in the nature of 
the experimental technique and the method of data analysis. The 
binary sorption equi l ibr ia (total amount adsorbed and the 
composition of the adsorbed phase) are not measured direct ly in the 
chromatographic method but are deduced from integration of the 
slopes of the isotherms at different gas phase compositions. Such 
an integration may give rise to a significant cumulative error 
which, in turn, may be responsible for underpredicting the binary 

0.4153 
0.558 
0.677 

38 
30 
35 

69 
47 
36 
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sorption isotherm. The method of data analysis, however, requires 
the binary sorption isotherm to have the same end value as the pure 
component isotherm. This forces the isotherm to curve up as is 
observed for the case of ethane. 

Hyun and Danner (16) have noted a similar shortcoming of the 
chromatographic method for measuring the binary sorption 
equi l ibr ia . They measured binary sorption equi l ibr ia for C H -C H 

Ζ b Ζ 4 
mixture using the chromatographic and static methods. The 
volumetric data for ethylene adsorption showed concave curvature 
for the entire concentration range but the chromatographically 
determined isotherm considerably underpredicted the volumetric data 
upto ethylene mole fraction of 0.8. Thereafter, the slope of the 
isotherm increased sharply as the isotherm was forced to go through 
the pure-component value at the ethylene mole fraction of 1.0. 

For a l l the binary mixtures examined in this study, molecular 
volumes of the component
binary systems are expecte
the chromatographically derived data show non-ideal behavior for 
CH -C_H_ and cyclopropane-propane mixtures. The chromatographic 

4 Ζ b 
method seems to work for the N 2 ~ ° 2 m ^ x ^ u r e P r ° b a b l y because both 
the components are not adsorbed strongly on the molecular sieve. 
But for systems where either one or both components are strongly 
adsorbed, the chromatographic method should be used with caution to 
measure the binary sorption equi l ibr ia . 

Conclusions 

The chromatographic method has been shown to be useful in measuring 
pure component sorption isotherms. The single component isotherms 
of N 0 , 0_, CH„, C n H c , C_H 0 and cyclopropane on Linde 5A have been 

Ζ Z 4 Ζ Ό 3 ο 
experimentally measured and they compare well with the data 
obtained with other methods. The binary sorption equi l ibr ia 
are for the most part reasonable but for CH - C n H c and 

4 Ζ b 
C Η -cyclopropane systems, the measurements show unexpected 

J ο 
behavior of the sorption isotherm near the region of high 
concentration of the more strongly adsorbed component. Such a 
behavior may be expected for gas mixtures that form non-ideal 
adsorbed phase solution but not for the binary systems studied 
here. It i s , therefore, concluded that the uncharacteristic shape 
of the binary sorption isotherm arises from the nature of the 
method of data analysis employed here. At present, i t is not 
possible to predict a p r i o r i for which binary systems the 
chromatographic method would work and therefore, the binary 
sorption equi l ibr ia measured using this method should be used with 
caution. 
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Legend of Symbols 

A, a, b coefficients in Equation 4 
Κ^,Κ^ slopes of isotherms for component 1 and 2, molecules 

per cavity per torr 
^l'^2 sorbate concentration on zeolites in molecules per 

cavity 
x^, x 2 mole fractions of components 1 and 2 in gas phase 

t , t ' retention times for adsorbing and a nonadsorbing 
species 

ν volume of cavity 
ε bed voidage 
3 molecular volume 
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Chapter 26 

Dynamic Adsorption of SO2 

on an Annular Bed 
of Molecular Sieve 5A 

Ephraim Kehat, Joseph Berkovici, and Aluf Orell 
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of Technology, Haifa 32000, Israel 

The objective of
of dynamic adsorption of SO2 from nitrogen in an 
annular packed bed of molecular sieve 5A. The annular 
bed, 20 mm I.D., 44 mm O.D. and 0.6 m long, was packed 
with pellets of 1.6 mm O.D. and 3-4 mm long. The 
parameters tested were: temperature, 100-180°C, 
pressure, 890-1610 mm Hg, flow rate, 5-10 liters/min, 
and SO2 concentration of 1% and 4%. The maximal amount 
of SO2 adsorbed under dynamic conditions was found to 
increase by increasing the SO2 concentration and 
operating pressure and decreasing the temperature and 
flow rate. The efficiency of the dynamic adsorption 
ranged from 5% to 40% within the investigated test 
conditions. The Kehat-Abrahami model showed better 
agreement with the experimental results than the 
spherical diffusion model. 

An a n n u l a r p a c k e d bed o f an a d s o r b e n t has t h e a d v a n t a g e o f low 
r e s i s t a n c e t o f l o w d u r i n g t h e d e s o r p t i o n s t a g e o f a p r e s s u r e s w i n g 
c y c l e . However, t h e a d s o r p t i o n s t a g e b r e a k t h r o u g h t i m e s a r e much 
s h o r t e r t h a n t h o s e o f a c o n v e n t i o n a l t u b u l a r p a c k e d b e d . The 
o b j e c t i v e o f t h i s work was t o s t u d y t h e f e a s i b i l i t y and 
c h a r a c t e r i s t i c s o f dynamic a d s o r p t i o n o f SO2 on an a n n u l a r b ed o f 
m o l e c u l a r s i e v e 5A. I n an e a r l i e r s t u d y (1) i t was shown t h a t t h e 
r a t e o f d e s o r p t i o n i n an a n n u l a r b ed o f m o l e c u l a r s i e v e s i s 
com p a r a b l e t o t h a t o f a s i n g l e p a r t i c l e . T h i s i n d i c a t e s t h a t t h e r e 
i s a c o n s i d e r a b l e a d v a n t a g e o f an a n n u l a r b ed o v e r t h e t r a d i t i o n a l 
t u b u l a r p a c k e d b e d , a t l e a s t i n t h e d e s o r p t i o n s t a g e . 

The use o f an a n n u l a r b e d , however, has two d i s a d v a n t a g e s . The 
mass t r a n s f e r zone c o n c e p t , s u g g e s t e d by M i c h a e l s ( 2 ) , i n d i c a t e s 
t h a t due t o a s h o r t f l o w p a t h , b r e a k t h r o u g h o f t h e a d s o r b e d s p e c i e s 
i s e x p e c t e d t o o c c u r s h o r t l y a f t e r t h e s t a r t o f t h e a d s o r p t i o n s t a g e . 
I n a d d i t i o n , t h e c o n c e n t r i c t u b e s t r u c t u r e c o n t a i n i n g t h e a n n u l a r 
bed i s more complex t h a n t h a t o f a t u b u l a r bed and r e d u c e s t h e 
e f f e c t i v e b ed volume due t o t h e e x i s t e n c e o f an empty c o r e . 
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In view of the above l i m i t a t i o n s the p o t e n t i a l use of an 
annular bed f o r adsorption was i n i t i a l l y assessed by conducting 
preliminary experiments i n a small u n i t at room temperature and 
determining the breakthrough time. The obtained r e s u l t s demonstrated 
that breakthrough d i d not take place immediately and were thus 
encouraging. 

The choice of SO2 as the adsorbed component was made i n view of 
the s u c c e s s f u l operation of a commercial u n i t f o r separating SO2 
from the t a i l gas of a s u l f u r i c a c i d u n i t using Zeolon molecular 
sieve (3). In t h i s work, however, use was made of molecular sieve 
5A, which unlike Zeolon i s not a c i d - r e s i s t a n t , due to the existence 
of f a i r l y accurate e q u i l i b r i u m adsorption data (4) for SO2 
adsorption on t h i s s p e c i f i c adsorbent. I t should be noted that 
a d d i t i o n a l e q u i l i b r i u m adsorption data f o r SO2 on a v a r i e t y of 
na t u r a l and commercial molecular sieves are a v a i l a b l e (5-12). 
However, the agreement between the d i f f e r e n t sets of data i s not 
s a t i s f a c t o r y . Nitroge
adsorption rate on molecula
SO2 i n the temperature range studied i n t h i s work. 

Experimental 

A schematic d e s c r i p t i o n of the experimental system i s shown i n 
Figure 1. The annular bed was formed by two concentric P o r a l type 
porous s t a i n l e s s s t e e l tubes 0.60 meters long. The external tube 
O.D. was 50 mm with a w a l l thickness of 3 mm and l i m i t i n g pore s i z e 
of 35 microns. The i n t e r n a l tube O.D. was 20 mm with a w a l l 
thickness of 1 mm and l i m i t i n g pore s i z e of 20 microns. The 
concentric tubes were housed i n a s t a i n l e s s s t e e l tube of 75 mm O.D. 
The adsorption u n i t was immersed i n an o i l c i r c u l a t i o n thermostat, 
150 mm O.D. and 1.5 meters long. The o i l could be heated up to 350°C. 
and i t s temperature was c o n t r o l l e d w i t h i n 2°C. O i l and selected bed 
temperatures were measured by Copper-Constantan thermocouples. 

The metered feed stream was f i r s t preheated by passing i t 
through two c o i l s immersed i n the o i l bath. I t was then introduced 
i n t o the outer annular space of the adsorption u n i t housing, that 
was closed on a l l s i d e s , through two feed tubes 50 cm long and 
4.8 mm i n diameter. The tubes were equipped with a large number of 
holes to ensure a uniform feed d i s t r i b u t i o n to the bed. Adsorption 
took place along a r a d i a l flow path of 12 mm i n length. The e f f l u e n t 
gas was withdrawn from the adsorption unit through the inner 20 mm 
O.D. tube. 

The adsorbent was Linde Molecular Sieve 5A p e l l e t s 1.6 mm i n 
diameter and 3-4 mm long. The dry weight of the molecular sieves was 
508.7 grams. The feed was composed of mixtures of SO2 i n nitrogen of 
s p e c i f i e d concentrations that were prepared i n advance and stored i n 
pressure c y l i n d e r s . The SO2 concentration i n the e f f l u e n t was 
measured continuously by a thermal c o n d u c t i v i t y c e l l that was 
r e c a l i b r a t e d a f t e r every few runs. The estimated accuracy of the 
measured SO2 concentration was w i t h i n 1.5%. The SO2 ma t e r i a l balance 
was checked f o r many runs by absorbing the SO2 from the e f f l u e n t gas 
i n an NaOH s o l u t i o n . The agreement was b e t t e r than 5% i n a l l cases. 
The accuracy of the pressure measurement at the o u t l e t of the bed was 
wi t h i n 15 mm Hg and that of the temperature i n the bed was w i t h i n 
0.25°C. The r e p r o d u c i b i l i t y of dupli c a t e runs was be t t e r than 5%. 
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The e x p e r i m e n t a l p r o c e d u r e was t o b r i n g t h e bed t o t h e d e s i r e d 
t e m p e r a t u r e u nder d r y n i t r o g e n f l o w . A f t e r a t t a i n i n g a c o n s t a n t bed 
t e m p e r a t u r e t h e n i t r o g e n f l o w was c u t o f f . A f e e d gas o f a 
p r e d e t e r m i n e d c o m p o s i t i o n was t h e n i n t r o d u c e d i n t o t h e b e d a t t h e 
d e s i r e d f l o w r a t e and o u t l e t p r e s s u r e . The SO2 c o n c e n t r a t i o n i n t h e 
e f f l u e n t was m o n i t o r e d c o n t i n u o u s l y . The r u n was t e r m i n a t e d a f t e r 
t h e e f f l u e n t c o n c e n t r a t i o n had r e a c h e d t h e f e e d c o n c e n t r a t i o n and 
was m a i n t a i n e d a t t h a t l e v e l f o r a few m i n u t e s . 

I n s e v e r a l r u n s t h e a d s o r p t i o n s t a g e was f o l l o w e d by a 
d e s o r p t i o n s t a g e , u s i n g d r y n i t r o g e n , t h a t was c a r r i e d o u t a t t h e 
a d s o r p t i o n o p e r a t i n g c o n d i t i o n s . T y p i c a l n o r m a l i z e d c o n c e n t r a t i o n v s . 
t i m e c u r v e s f o r b o t h a d s o r p t i o n and d e s o r p t i o n a r e shown i n F i g u r e 2. 

A t t h e end o f e a c h r u n t h e bed was h e a t e d t o 320°C f o r s e v e r a l 
h o u r s under d r y n i t r o g e n f l o w and t h e n p u t under vacuum f o r a few 
h o u r s . F i n a l l y , t h e h e a t i n g was s t o p p e d and t h e b e d was p l a c e d u n d e r 
d r y n i t r o g e n f l o w . 

R e s u l t s 

E x p e r i m e n t a l r u n s were p e r f o r m e d a t two f e e d c o n c e n t r a t i o n l e v e l s : 
1% by volume S 0 2 i n n i t r o g e n a t 100, 140 and 180°C, and 4% S 0 2 i n 
n i t r o g e n a t 140°C. The a d d i t i o n a l t e s t e d p a r a m e t e r s w e r e : f e e d gas 
f l o w r a t e , i n t h e r a n g e o f 5 t o 10 l i t e r s p e r m i n u t e , and o u t l e t 
p r e s s u r e r a n g i n g f r o m 890 t o 1610 mm Hg. The SO2 b r e a k t h r o u g h t i m e 
was d e f i n e d as t h e t i m e a t w h i c h t h e e f f l u e n t c o n c e n t r a t i o n l e v e l 
r e a c h e d 5% o f t h e f e e d c o n c e n t r a t i o n . The dynamic e q u i l i b r i u m t i m e 
was d e f i n e d as t h e t i m e a t w h i c h t h e e f f l u e n t c o n c e n t r a t i o n r e a c h e d 
95% o f t h e f e e d c o n c e n t r a t i o n . 

I t s h o u l d be n o t e d t h a t i n t h i s s t u d y t h e t e r m dynamic 
e q u i l i b r i u m a p p l i e s t o t h e s i t u a t i o n where two components a r e 
a d s o r b e d s i m u l t a n e o u s l y on an a d s o r b e n t i n a f l o w s y s t e m . 
C o n s e q u e n t l y , t h e p o r e volume o f t h e m o l e c u l a r s i e v e s i s o c c u p i e d b y 
b o t h n i t r o g e n , t h e l e s s s t r o n g l y a d s o r b e d s p e c i e s , and SO2. The 
dynamic e q u i l i b r i u m i s c o n s e q u e n t l y c h a r a c t e r i z e d by a d s o r p t i o n and 
d e s o r p t i o n o f m o l e c u l e s o f b o t h s p e c i e s a t d i f f e r e n t r a t e s . I n 
c o n t r a s t , s t a t i c e q u i l i b r i u m a p p l i e s t o a d s o r p t i o n o f a p u r e gas i n 
a n o n - f l o w i n g s y s t e m and i s a t t a i n e d when t h e a d s o r p t i o n and 
d e s o r p t i o n r a t e s o f t h e s i n g l e component a r e e q u a l . 

The dynamic a d s o r p t i o n c a p a c i t y o f t h e a n n u l a r b e d was 
c a l c u l a t e d by i n t e g r a t i n g t h e c o n c e n t r a t i o n v s . t i m e c u r v e s up t o a 
p o i n t c l o s e t o t h e dynamic e q u i l i b r i u m t i m e . T y p i c a l r e s u l t s o f t h e 
dynamic a d s o r p t i o n c a p a c i t y as a f u n c t i o n o f t h e SO2 i n l e t p a r t i a l 
p r e s s u r e , t h e f e e d f l o w r a t e and t h e f e e d c o n c e n t r a t i o n a r e shown i n 
F i g u r e s 3 t o 5. The e f f e c t o f t e m p e r a t u r e on t h e dynamic a d s o r p t i o n 
c a p a c i t y i s shown i n F i g u r e 6 where t h e h i g h e r t e m p e r a t u r e d a t a were 
t a k e n f r o m r e f e r e n c e ( 5 ) . 

The f r a c t i o n a l a p p r o a c h t o t h e dynamic e q u i l i b r i u m c o n c e n t r a t i o n 
was d e f i n e d as t h e S 0 2 c o n c e n t r a t i o n a t a g i v e n t i m e d i v i d e d by t h e 
c o n c e n t r a t i o n a t dynamic e q u i l i b r i u m . R e p r e s e n t a t i v e r e s u l t s o f t h e 
t i m e dependence o f t h e n o r m a l i z e d SO2 c o n c e n t r a t i o n a r e shown i n 
F i g u r e s 7 and 8. 

The e f f i c i e n c y o f t h e dynamic a d s o r p t i o n p r o c e s s was d e f i n e d as 
t h e r a t i o o f t h e dynamic a d s o r p t i o n c a p a c i t y t o t h e s t a t i c 
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Figure 2. T y p i c a l concentration vs. time curves. 
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F i g u r e 4. The e f f e c t o f SO2 p a r t i a l p r e s s u r e on t h e dynamic 
a d s o r p t i o n c a p a c i t y . 
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Figure 5. The effect of feed flow rate 
adsorption capacity. 

on the dynamic 
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F i g u r e 6 . The e f f e c t o f t e m p e r a t u r e on t h e dynamic a d s o r p t i o n 
c a p a c i t y . 
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Figure 7. The e f f e c t of SO2 p a r t i a l pressure on the rate of 
adsorption. 
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Figure 8. The e f f e c t of flow rate on the rate of adsorption. 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



432 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

a d s o r p t i o n c a p a c i t y a t t h e same S 0 2 p a r t i a l p r e s s u r e and t e m p e r a t u r e 
The d a t a o f t h e s t a t i c a d s o r p t i o n c a p a c i t y were t a k e n f r o m A b r a h a m i 
( 4 ) . R e p r e s e n t a t i v e r e s u l t s a r e shown i n T a b l e I and t h e e f f e c t o f 
t h e p a r t i a l p r e s s u r e o f SO2 i n t h e f e e d on t h e e f f i c i e n c y i s shown 
i n F i g u r e 9. 

T a b l e I . Dynamic A d s o r p t i o n E f f i c i e n c y 

E f f i c i e n c y o f Dynamic A d s o r p t i o n , % 

Temperature,°C T o t a l P r e s s u r e , mm Hg 

890 1150 1480 1610 

100 19.4 13.5 11.9 9.4 
140 40.8 27.
180 19.2 12.

D i s c u s s i o n o f R e s u l t s 

The dynamic a d s o r p t i o n c a p a c i t y o f t h e bed r a n g e d f r o m 23.2 mg SO2 
p e r gram o f a d s o r b e n t , a t 890 mm Hg, 180°C and 7 l i t e r s / m i n u t e , t o 
101.6 mg SO2 p e r gram o f a d s o r b e n t , a t 1610 mm Hg, 100°C and 5 l i t e r s 
p e r m i n u t e . I t i n c r e a s e d w i t h t h e S 0 2 f e e d c o n c e n t r a t i o n , o r 
p a r t i a l p r e s s u r e , and d e c r e a s i n g f l o w r a t e , as can be s e e n i n 
F i g u r e s 3 t o 5. The dynamic a d s o r p t i o n c a p a c i t y d e c r e a s e d m a r k e d l y 
w i t h i n c r e a s i n g t e m p e r a t u r e as can be s e e n i n F i g u r e 6. 

F i g u r e 7 shows t h a t t h e r a t e o f a d s o r p t i o n , e x p r e s s e d as t h e 
t i m e dependence o f t h e f r a c t i o n a l a p p r o a c h t o e q u i l i b r i u m , d e c r e a s e d 
w i t h i n c r e a s e d p a r t i a l p r e s s u r e o f S 0 2 , w h i c h i s r a t h e r u n e x p e c t e d . 
A p o s s i b l e e x p l a n a t i o n i s t h a t i n t h e s e r u n s t h e SO2 c o n c e n t r a t i o n 
i n t h e f e e d gas was 1% and i t s p a r t i a l p r e s s u r e was a l i n e a r 
f u n c t i o n o f t h e t o t a l p r e s s u r e o f t h e f e e d . C o n s e q u e n t l y , t h e 
d e c r e a s e o f t h e r a t e o f a d s o r p t i o n i s a n e t r e s u l t o f two o p p o s i n g 
e f f e c t s . H i g h e r p r e s s u r e s , on one h a n d , i n c r e a s e t h e number o f 
c o l l i s i o n s between gas m o l e c u l e s and t h e e x t e r n a l s u r f a c e o f t h e 
a d s o r b e n t , and on t h e o t h e r hand d e c r e a s e t h e f l e x i b i l i t y o f t h e 
o r i e n t a t i o n o f t h e gas m o l e c u l e s i n t h e d i r e c t i o n t h a t w i l l a l l o w 
them t o e n t e r t h e a d s o r b e n t p o r e s . The l a s t e f f e c t i s a p p a r e n t l y 
dominant and o f f s e t s t h e g a i n i n a d s o r p t i o n r a t e due t o h i g h e r 
c o l l i s i o n f r e q u e n c y . 

The r a t e o f a d s o r p t i o n a l s o d e c r e a s e d w i t h i n c r e a s i n g t h e f e e d 
f l o w r a t e , as i s shown i n F i g u r e 8. As t h e f l o w r a t e i s i n c r e a s e d t h e 
r e s i d e n c e t i m e o f t h e SO2 m o l e c u l e s a t t h e a d s o r b e n t s u r f a c e 
d e c r e a s e s . C o n s e q u e n t l y , t h i s e f f e c t i s a n a l o g o u s t o t h e one o f 
i n c r e a s i n g t h e gas t o t a l p r e s s u r e . 

The t e m p e r a t u r e e f f e c t on t h e dynamic a d s o r b e n t c a p a c i t y i s 
shown i n F i g u r e 6. A l t h o u g h t h e r a t e o f a d s o r p t i o n i n c r e a s e s w i t h 
t e m p e r a t u r e t h e t o t a l amount a d s o r b e d d e c r e a s e s , as i t does i n t h e 
c a s e o f s t a t i c e q u i l i b r i u m . P o s s i b l y , t h e h i g h e r e f f e c t i v e volume o f 
m o l e c u l e s a t h i g h e r t e m p e r a t u r e s d e c r e a s e s t h e number o f m o l e c u l e s 
t h a t can be accommodated p e r u n i t volume o f t h e a d s o r b e n t . 
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The e f f i c i e n c y of dynamic adsorption at constant temperature 
decreased with i n c r e a s i n g the SO2 p a r t i a l pressure, as shown i n 
Figure 9. Within the flow rate range of 5-10 l i t e r s / m i n the 
adsorption e f f i c i e n c y at a given p a r t i a l pressure was found f i r s t to 
increase with the flow rate and then to decrease. 

The e f f e c t of temperature on the e f f i c i e n c y of dynamic 
adsorption at constant t o t a l pressure i s i l l u s t r a t e d i n Table I. As 
can be seen, the e f f i c i e n c y reaches a maximum value at 140°C at each 
l e v e l of the t o t a l pressure. This r e s u l t may be a t t r i b u t e d to two 
opposing e f f e c t s . Increasing the temperature increases the 
adsorption rate but decreases the dynamic adsorption capacity. At 
high temperatures the second e f f e c t becomes more dominant r e s u l t i n g 
i n lower e f f i c i e n c i e s . 

The r a t i o of the flow path length to a s i n g l e p e l l e t s i z e i n 
t h i s work i s rather small, of the order of 8:1. Consequently, the 
annular bed c h a r a c t e r i s t i c s are c l o s e r to those of a s i n g l e p e l l e t
This i s manifested i n th
dynamic adsorption, as define
been defined at the breakthrough conditions i t s values would have 
been approximately one h a l f of the reported e f f i c i e n c y values. 
Consequently, the r e s u l t s of t h i s study should not be applied 
d i r e c t l y to t h i c k e r annular beds, that have yet to be i n v e s t i g a t e d . 
I t i s expected, however, that t h i c k e r annular beds would y i e l d 
higher dynamic adsorption e f f i c i e n c i e s . This would merit considering 
t h e i r use as an adsorption-desorption pressure swing system, at a 
cost of small l o s s of e f f i c i e n c y i n the desorption stage of the 
c y c l e . 

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

The experimental data were used to t e s t the following two t h e o r e t i c a l 
models. 

Sp h e r i c a l D i f f u s i o n Model. This simple model assumes that d i f f u s i o n 
occurs w i t h i n a s p h e r i c a l p a r t i c l e . The model, however, cannot y i e l d 
the d i f f u s i o n c o e f f i c i e n t d i r e c t l y since i t contains a dimensional 
length parameter whose numerical value depends on the assumed 
d i f f u s i o n mechanism. I f i n t r a d i f f u s i o n predominates, the 
c h a r a c t e r i s t i c length parameter i s assumed to be the s i z e of a 
s i n g l e c r y s t a l of the adsorbent. Consequently, the r e s u l t i n g 
d i f f u s i o n c o e f f i c i e n t s are very small. I f i n t e r d i f f u s i o n 
predominates, the c h a r a c t e r i s t i c length parameter i s assumed to be 
the adsorbent p a r t i c l e diameter. The d i f f u s i o n c o e f f i c i e n t values i n 
t h i s case are much higher than the former ones. 

As shown i n Figure 10 the s p h e r i c a l d i f f u s i o n model does not 
f i t the experimental r e s u l t s except at the l a s t stage of the 
adsorption process where the adsorption rate i s rather low. 

Consequently, d i f f u s i o n c o e f f i c i e n t s were c a l c u l a t e d f o r a l l 
runs assuming that i n t r a p a r t i c l e d i f f u s i o n predominates and that the 
c h a r a c t e r i s t i c length value i s 2 microns. T y p i c a l values of the 
d i f f u s i o n c o e f f i c i e n t s as a f u n c t i o n of the SO2 p a r t i a l pressures 
are shown i n Figure 11. The order of magnitude of the d i f f u s i o n 
c o e f f i c i e n t s , -10 to -12, i s w i t h i n the usual range of i n t r a p a r t i c l e 
d i f f u s i o n c o e f f i c i e n t s i n molecular s i e v e s . The d i f f u s i o n 
c o e f f i c i e n t decreased both with the flow rate and temperature (not 
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F i g u r e 1 1 . The e f f e c t o f SO2 p a r t i a l p r e s s u r e on d i f f u s i o n 
c o e f f i c i e n t s . 
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shown here). These two trends are expected and seem reasonable. 
However, the diffusion coefficient was found to decrease with 
increasing SO2 partial pressure, or effectively SO2 concentration. 
This effect is even more pronounced at higher temperatures and flow 
rates and does not concur with the accepted diffusion model. 

Arrhenius plots of the diffusion coefficient yielded values of 
activation energies in the range of 8-10 kcal/grmole that are of the 
same order of magnitude as the heat of adsorption on molecular 
sieves. The activation energy was found to increase slightly with 
increasing SO2 partial pressure. 

No attempt was made in this study to test the bidisperse 
diffusion model. 

Kehat-Abrahami Model (4). This model assumes that the adsorbent 
pellet is composed of spherical concentric layers and that movement 
of molecules can take place only in the radial direction. The center 
of the pellet, however
Since the pore aperture
the driving force for movement of molecules between adjacent layers 
is proportional to the number of filled pores in a given layer and 
to the fraction of unfilled pores in the adjacent layers. Only 
molecules that have adequate energy can move to an adjacent layer. 
At the outer surface of the adsorbent pellet the number of molecules 
entering the surface layer is a function of the rate of collision of 
molecules with the surface and the probability that a molecule will 
be oriented so that if it collides with an external pore aperture 
it will pass through it. 

The model uses three parameters that have to be fitted to the 
data: Κ - a concentration distribution coefficient between the 
outermost layer and the first inner layer, C - the preexponential 
constant in an Arrhenius-type rate equation, and η - the efficiency 
of collisions with the external surface. The model contains 
additional parameters that can be determined from the characteristics 
of the adsorbent pellet and the operating conditions. 

The parameters of the model could be fitted to yield good 
agreement with the experimental data. A representative result is 
shown in Figure 12 for one run. Within the studied range of the 
operating parameters the values of the three fitted parameters were 
found to be insensitive to the SO2 partial pressure, an advantage 
over the diffusion model. The parameter Κ was found to increase with 
temperature. Such an effect is typical of distribution coefficients. 
The parameters C and η were found to be insensitive to the operating 
parameters. This is quite reasonable for C. η, however, is expected 
to be slightly temperature dependent. 

In conclusion, the good agreement between the model and the 
experimental results is based on a rather narrow range of operating 
parameters studied here. The test of the general validity of the 
model must await further experimental data. 
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Chapter 27 

Temperature-Programmed 
Desorption of Hydrocarbons 

from ZSM-5, ZSM-11, and Theta-1 
n-Hexane from Different 

Cation Forms 

Chen Li-feng1 and Lovat V. C. Rees 

Physical Chemistry Laboratories
Technology, , Englan

The temperature programmed desorption (t.p.d) of n-hexane 
from the sodium and hydrogen forms of ZSM-5, ZSM-11 and 
THETA-1 have been studied. The t.p.d profiles have been 
analysed by a newly developed method. From these analyses 
peak temperatures, peak widths, maximum rates of desorption 
and activation energies of desorption as a function of 
coverage have been obtained. The saturation capacities of 
these high silica zeolites for n-hexane have also been 
determined. The effect of change of cation on all of these 
quantities is demonstrated. 

In P a r t 1(1) the temperature programmed d e s o r p t i o n (tpd) of n-hexane 
and η - o c t a n e from the (Na, H) forms f o r ZSM-5, ZSM-11 and Theta-1 
was r e p o r t e d . In Part 11(2) the tpd of p - x y l e n e and benzene from the 
same z e o l i t e samples was p r e s e n t e d . In the l a t t e r study the 
d e s o r p t i o n of p - x y l e n e from ZSM-5 and ZSM-11 z e o l i t e s of v a r y i n g 
S i / A l r a t i o was a l s o i n c l u d e d . In the p r e s e n t study the e f f e c t of 
d i f f e r e n t c a t i o n s i n the c h a n n e l s and i n t e r s e c t i o n s of ZSM-5, ZSM-11 
and Theta-1 on the d e s o r p t i o n of n-hexane i s r e p o r t e d . 

Experimental 

The (NaH)- Theta-1 used p r e v i o u s l y ( J ^ 2 ) w i t h a u n i t c e l l ( u . c ) 
c o m p o s i t i o n of HQ 4 5 Ν « 2 4 β A l 2 g i S i g 3 Q g 0 1 9 2 was c o n v e r t e d by 

i o n e x c h a n g e i n t o i t s s o d i u m and h y d r o g e n f o r m s . The u . c . 
c o m p o s i t i o n s o f t h e s e f o r m s w e r e N a 0 n 4 A l 0 ft4 S i „ „ ftft 0 4 n n a n d 

2 . 9 1 2 . 9 1 9 3 . 0 9 192 
N a 0 . 0 9 H 2 . 8 2 A l 2 . 9 1 S i 9 3 . 0 9 ° 1 9 2 r e s P e c t i v e l V · T n e P u r e s o d i u m f o r m s 

NOTE: This chapter is part 3 in a series. 
Current address: Nanchang Institute of Aeronautical Technology, No. 2 Shanghai Road, 
Nanchang Jiangxi, China 

0097-6156/88/0368-0440$06.00/0 
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o f t h e ( N a H ) - f o r m s o f Z S M - 5 a n d ZSM-11 u s e d i n P a r t s 1 ( 1 ) 
a n d 1 1 ( 2 ) w e r e a l s o p r e p a r e d by i o n e x c h a n g e . The u . c . 
c o m p o s i t i o n s o f t h e s t a r t i n g m a t e r i a l s w e r e H, N a 4 K O A l c S i o n 

4 .48 1 . 3 Ζ ο 9 0 

0 i g 2 a n d H 4 3 β N a 1 β 4 A l g S i g o 0 1 Q 2 r e s p e c t i v e l y . A f t e r e x c h a n g e 

b o t h o f t h e s e s a m p l e s h a d t h e same u . c . c o m p o s i t i o n o f Na A l 
6 6 

S i g Q 0 1 Q 2 ; i . e . b o t h Z S M - 5 and ZSM-11 s a m p l e s h a v e t h e same S i / A l 

r a t i o o f 1 5 . To p r e p a r e t h e p u r e s o d i u m f o r m 0 . 1 M N a C l s o l u t i o n 
a t pH " 1 0 was u s e d w h i l e t h e h y d r o g e n f o r m was p r e p a r e d u s i n g 
0 . 1 M N H ^ C l s o l u t i o n a t pH 5 ^ 6 . I n b o t h e x c h a n g e s t h e z e o l i t e 
p h a s e was c o n t a c t e d w i t h e x c e s s s o l u t i o n p h a s e w i t h c o n t i n u o u s 
s t i r r i n g f o r 48 h o u r s a t r o o m t e m p e r a t u r e . The h y d r o g e n f o r m was 
f o r m e d by c a l c i n a t i o n o f t h e ammonium e x c h a n g e d s a m p l e s a t 5 0 0 C 
f o r 1 h o u r . 

The c r y s t a l l i n i t y
e x c h a n g e d f o r m s was d e t e r m i n e d i n a l l c a s e s by x - r a y d i f f r a c t i o n . 
A l l s a m p l e s g a v e g o o d d i f f r a c t i o n p a t t e r n s i n d i c a t i n g h i g h 
c r y s t a l l i n i t y . 

The t p d p r o f i l e s w e r e d e t e r m i n e d u s i n g a S t a n t o n - R e d c r o f t T6 
762 t h e r m o g r a v i m e t r i c b a l a n c e w i t h o n - l i n e Commodore CBM c o m p u t e r 
f o r d a t a c o l l a t i o n and a n a l y s e s . ( 3 . 4 ) The p r o f i l e s w e r e a n a l y s e d 
u s i n g t h e s i n g l e h e a t i n g r a t e , v a r i a b l e c o v e r a g e (SHR) m e t h o d . (4.) 

I n t h i s m e t h o d f i r s t - o r d e r d e s o r p t i o n k i n e t i c s , t h e 
A r r h e n i u s e q u a t i o n and a l i n e a r s a m p l e h e a t i n g r a t e a r e c o m b i n e d 
t o g i v e 

-de/θ = ( A / 0 ) e x p ( - E / R T ) dT (1) 

w h e r e θ i s t h e d e g r e e o f c o v e r a g e , A i s t h e p r e - e x p o n e n t i a l 
f a c t o r a n d Ε t h e a c t i v a t i o n e n e r g y o f d e s o r p t i o n f r o m t h e 
A r r h e n i u s e q u a t i o n and β i s t h e h e a t i n g r a t e . E q u a t i o n (1) was 
i n t e g r a t e d b e t w e e n t h e l i m i t s ( θ , Τ ) a n d ( θ . , T . ) w h i c h 

O O l l 

r e p r e s e n t t h e s t a r t i n g c o n d i t i o n s a n d t h o s e a f t e r some t i m e t 
r e s p e c t i v e l y t o g i v e 

] • V j | l e x p ( - E / R T ) dT ( 2 ) 

ο 

H o w e v e r , t h e t e m p e r a t u r e i n t e g r a l i n e q u a t i o n 2 h a s no e x a c t 
a n a l y t i c a l s o l u t i o n . I n t h e SHR m e t h o d o f a n a l y s i s ( 4 . ) a new 
v a r i a b l e u = E/RT i s i n t r o d u c e d a n d on i n t e g r a t i o n t h e r i g h t h a n d 
s i d e (RHS) o f e q u a t i o n 2 b e c o m e s 

p ( x ) - p ( x Q ) 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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w h e r e ρ ( χ ) = e x p ( - χ ) e x p ( - u ) 
d u ( 3 ) 

On i n t e g r a t i o n e q u a t i o n ( 2 ) c a n now be w r i t t e n a s : 

- I n Θ . = — ι 0R p ( E / R T . ) - p ( E / R T ) ι ο ( 4 ) 

E q u a t i o n ( 4 ) was f i t t e d t o t h e e x p e r i m e n t a l d a t a t h r o u g h t h e 
r e l a t i o n s h i p 

I n θ . A E 
^ { p ( E / R T . ) - ρ ( E / R T ) } 

2 

( 5 ) 

I n e q u a t i o n ( 5 ) v a r i a b l e c h a n g e s a s T^ c h a n g e s a n d A and Ε a r e 

i n d e p e n d e n t v a r i a b l e s . To o b t a i n t h e b e s t f i t t w o c o n d i t i o n s 
i n v o l v i n g t h e p a r t i a l d e r i v a t i v e s o f t h e s u m m a t i o n w i t h r e s p e c t 
t o t h e t w o i n d e p e n d e n t v a r i a b l e s h a v e t o be s a t i s f i e d , i . e . Ô O / Ô A 
= 0 a n d Ô Q / Ô E = o . A r e i t e r a t i v e p r o g r a m m e i s u s e d t o o b t a i n t h e 
o p t i m u m v a l u e s o f A a n d Ε o v e r l i m i t e d a r e a s o f θ f r o m θ = 0 t o 1 . 
F r o m t h e a n a l y s i s p e a k t e m p e r a t u r e s , p e a k w i d t h s , maximum 
r a t e s o f d e s o r p t i o n a n d a c t i v a t i o n e n e r g i e s , E d , a s a f u n c t i o n o f 
c o v e r a g e w e r e o b t a i n e d i n t h e same m a n n e r a s b e f o r e . ( 1 . 2 ) 

A h e a t i n g r a t e o f l O K m i n " 1 w a s u s e d i n a l l t p d r u n s . The n -
h e x a n e v a p o u r , a t a r e l a t i v e p r e s s u r e o f p / p o * 0 . 5 , was f l o w e d 
o v e r t h e z e o l i t e s a m p l e , i n s i t u i n t h e TG b a l a n c e a t r o o m 
t e m p e r a t u r e u s i n g a r g o n a s t h e c a r r i e r g a s u n t i l s o r p t i o n 
e q u i l i b r i u m was a t t a i n e d . 

R e s u l t s a n d D i s c u s s i o n 

The s a t u r a t i o n c a p a c i t i e s o f t h e N a - , ( N a / H ) - a n d H- f o r m s 
o f T h e t a - 1 f o r n - h e x a n e a r e l i s t e d i n T a b l e I . F r o m t h e 
s a t u r a t i o n c a p a c i t y o f H - T h e t a - 1 t h e m i c r o p o r e v o l u m e , W q , i s 

3 -1 
c a l c u l a t e d t o be 0 . 0 8 4 c m g , a v a l u e c l o s e t o t h a t r e p o r t e d 
p r e v i o u s l y ( j > ) f o r t h e v o l u m e o f t h e o n e - d i m e n s i o n a l c h a n n e l 

n e t w o r k o f T h e t a - 1 o f 0 . 0 B 9 c m 3 g 1 . T a b l e I c l e a r l y s h o w s t h a t 
t h e i n t r o d u c t i o n o f ^ 2 . 8 N a i o n s p e r u . c . i n t o t h e H - f o r m 
d e c r e a s e s t h e s a t u r a t i o n c a p a c i t y f o r n - h e x a n e f r o m 3 . 6 6 t o 2 . 3 0 
m o l e c u l e s p e r u . c . ( m / u . c ) . T h i s d e c r e a s e i s much g r e a t e r t h a n 
t h e v o l u m e o f t h e Na i o n s i n t r o d u c e d , s u g g e s t i n g t h a t t h e s t e r i c 

h i n d r a n c e o f t h e N a + i o n s i n t h e o n e - d i m e n s i o n a l c h a n n e l s y s t e m 
i s l a r g e . S i n c e t h e r e a r e no i n t e r s e c t i o n s i n t h e + c h a n n e l s y s t e m 
w h i c h w o u l d a l l o w n - h e x a n e m o l e c u l e s t o b y - p a s s Na b a r r i e r s , n -
h e x a n e m o l e c u l e s m u s t d i f f u s e o v e r t h e s e b a r r i e r s t o be s o r b e d up 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 
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TABLE I: Saturation C a p a c i t i e s and E^ Values Obtained by SHR 

Method of Analysis.0 = 10 K.min" 1 

n - h e x a n e 

Na T h e t a - 1 ( N a . H ) T h e t a - 1 H T h e t a - 1 

a m o u n t a d s o r b e d 
, 2 . 3 0 2 . 7 2 3 . 6 6 

( m / u . c ) 1 " 

a v e r a g e a c t i v a t i o n 

e n e r g y , E_, 8d 

( k J . m o l " 1 ) 

t h e a c t i v a t i o n e n e r g y a v e r a g e d o v e r t h e w h o l e c o v e r a g e r a n g e 

^ m o l e c u l e s p e r u . c . 

t o t h e 2 . 3 0 m / u . c l i m i t . The l a r g e d e c r e a s e i n t h e s a t u r a t i o n 
c a p a c i t y o f t h e N a - f o r m o v e r t h a t o f t h e H- f o r m m u s t , 
t h e r e f o r e , be t h e r e s u l t o f i n e f f i c i e n t p a c k i n g o f t h e n - h e x a n e 
m o l e c u l e s i n t h e c h a n n e l s y s t e m . I t w o u l d seem t h a t n - h e x a n e + 

m o l e c u l e s a r e e x c l u d e d f r o m c h a n n e l s e g m e n t s b e t w e e n a d j a c e n t Na 

i o n s i f t h e s e N a 4 i o n s a r e c l o s e r t h a n 1 . 0 3 n m a p a r t , t h e l e n g t h 
o f a n - h e x a n e m o l e c u l e . T h i s i n t e r p r e t a t i o n o f t h e p a c k i n g o f n -
h e x a n e i s s u p p o r t e d by t h e l a r g e d e c r e a s e o f 0 . 4 2 m / u . c o f n -
h e x a n e r e s u l t i n g f r o m t h e i n t r o d u c t i o n o f an a d d i t i o n a l 0 . 4 6 N a 
p e r u . c . i n t o t h e ( N a / H ) - f o r m ( t h e d i f f e r e n c e i n s a t u r a t i o n 
c a p a c i t i e s o f t h e ( N a / H ) - a n d N a - f o r m s o f T h e t a - 1 ) . The 
a d d i t i o n a l 0 . 4 6 Na p e r u . c . w o u l d s i g n i f i c a n t l y i n c r e a s e t h e 
n u m b e r o f s u c h c h a n n e l s e g m e n t s . 

The t p d p r o f i l e s o f n - h e x a n e d e s o r b i n g f r o m t h e N a - T h e t a - 1 
a n d H - T h e t a - 1 a r e shown i n F i g u r e s 1 a n d 2 r e s p e c t i v e l y . The 
v a l u e s o f t h e p e a k t e m p e r a t u r e , p e a k w i d t h a n d maximum r a t e o f 
d e s o r p t i o n o b t a i n e d f r o m t h e s e t p d p r o f i l e s a r e l i s t e d i n T a b l e 2 , 
w h i c h a l s o l i s t s t h e c o r r e s p o n d i n g v a l u e s f o u n d i n P a r t 1 ( 1 ) 
f o r t h e ( N a , H ) - f o r m o f T h e t a - 1 f o r c o m p a r i s o n . 

T a b l e I I d e m o n s t r a t e s t h e i n c r e a s e i n p e a k t e m p e r a t u r e s a n d 
w i d t h s a n d t h e d e c r e a s e i n d e s o r p t i o n r a t e c a u s e d by t h e 
i n t r o d u c t i o n o f Na i o n s i n t o t h e c h a n n e l s y s t e m o f T h e t a - 1 . 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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F i g u r e 1 . T e m p e r a t u r e p r o g r a m m e d d e s o r p t i o n o f n - h e x a n e f r o m N a -
T h e t a - 1 . β = 1 0 K m i n m' = m a s s o f s a m p l e a n d s o r b a t e . 

650 

F i g u r e 2 . T e m p e r a t u r e p r o g r a m m e d d e s o r p t i o n o f n - h e x a n e f r o m H-
T h e t a - 1 β = 1 0 K m i n " 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 
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TABLE I I : Peak Temperatures and Widths and Maximum Rates of 

Desorption of n- hexane from Theta- 1 . β s 10 K.min -1 

N a - T h e t a - 1 ( N a H ) - T h e t a - l H - T h e t a - 1 

p e a k t e m p e r a t u r e 
p e a k I 330 320 315 

( Κ ) p e a k I I 4 0 5 395 3 9 0 

l a r g e r p e a k p e a k I p e a k I p e a k I 

maximum r a t e 
( m g . s ) 

p e a k w i d t h 
p e a k I 3 0 0 * 3 7 0 3 0 0 * 3 5 0 3 0 0 * 3 5 0 

( K ) p e a k I I 3 7 0 * 4 5 0 3 5 0 * 4 1 0 3 5 0 * 4 1 0 

F r o m t h e r e s u l t s i n T a b l e I I ( a s p r o p o s e d p r e v i o u s l y ( U ) ) 
t h e a c t i v a t i o n e n e r g i e s o f d e s o r p t i o n , E d , s h o u l d f o l l o w t h e 
o r d e r N a - T h e t a - 1 > ( N a / H ) - T h e t a - 1 > H - T h e t a - 1 . The a c t i v a t i o n 
e n e r g i e s o b t a i n e d by t h e SHR m e t h o d ( 4 . ) f o r t h e s e t h r e e s a m p l e s a s 
a f u n c t i o n o f c o v e r a g e a r e shown i n F i g u r e 3 a n d t h e a c t i v a t i o n 

e n e r g i e s a v e r a g e d o v e r t h e w h o l e c o v e r a g e r a n g e , Ë ^ , a r e g i v e n i n 
T a b l e I . T h e s e a v e r a g e e n e r g i e s d o f o l l o w t h e a b o v e p r e d i c t e d 
o r d e r b u t F i g u r e 3 shows t h a t t h e d e s o r p t i o n e n e r g i e s o f t h e l a s t 
1 . 5 m / u + c . t o be d e s o r b e d a r e v e r y s i m i l a r i n a l l t h r e e s a m p l e s . 
The Na i o n s s h o u l d i n t r o d u c e an a d d i t i o n a l e l e c t r o s t a t i c 
i n t e r a c t i o n w i t h t h e n - h e x a n e m o l e c u l e s w h i c h s h o u l d i n c r e a s e t h e 
i n i t i a l h e a t o f a d s o r p t i o n a n d t h u s i n c r e a s e , E d , t h e a c t i v a t i o n 
e n e r g y f o r d e s o r p t i o n o f t h e l a t e r m o l e c u l e s t o be d e s o r b e d . 
S i n c e t h e c h a n n e l s y s t e m o f T h e t a - 1 i s o n e - d i m e n s i o n a l t h e 

e l e c t r o s t a t i c i n t e r a c t i o n i n t r o d u c e d by t h e N a * i o n s w i l l t e n d t o 
be l i m i t e d t o t h e e n d C H 3 g r o u p o f t h e n - h e x a n e m o l e c u l e . T h i s 
a d d i t i o n a l i n t e r a c t i o n e n e r g y seems t o be t o o s m a l l t o be 
o b s e r v e d by t h e SHR m e t h o d o f a n a l y s i s e v e n t h o u g h t h e p e a k 
t e m p e r a t u r e s a n d w i d t h s do show a s m a l l e f f e c t o f t h e Na i o n s . 
A l t h o u g h t h e Na i o n s m u s t e n h a n c e t h e a c t i v a t i o n e n e r g y f o r 
d i f f u s i o n o f n - h e x a n e m o l e c u l e s i n t h e c h a n n e l s y s t e m o f T h e t a - 1 
t h e SHR m e t h o d o f a n a l y s i s a s s u m e s t h a t d e s o r p t i o n i s n o t 
d i f f u s i o n c o n t r o l l e d a n d t h u s a n y i n c r e a s e i n Ed w i t h Na c o n t e n t 
c a n n o t be i n t e r p r e t e d a s d u e t o an i n c r e a s e i n t h e a c t i v a t i o n 
e n e r g y o f d i f f u s i o n . A l t h o u g h t h e a c t i v a t i o n e n e r g y o f d i f f u s i o n 
o f n - h e x a n e h a s n o t b e e n m e a s u r e d , a s y e t , a s a f u n c t i o n o f 
c a t i o n c o n t e n t o r t y p e , i t i s c e r t a i n t h a t t h i s e n e r g y w i l l be 
much s m a l l e r t h a n t h e v a l u e s o f Ê H r e p o r t e d i n T a b l e I . 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 
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C o r r e s p o n d i n g s t u d i e s w e r e c a r r i e d o u t on t h e p u r e N a - f o r m s 
o f Z S M - 5 a n d ZSM-11 b o t h s a m p l e s o f w h i c h h a d S i / A l r a t i o s o f 1 5 . 
The s a t u r a t i o n c a p a c i t i e s o f t h e s e s a m p l e s f o r n - h e x a n e a r e g i v e n 
i n T a b l e I I I , w h e r e t h e v a l u e s may be c o m p a r e d w i t h t h e 
c o r r e s p o n d i n g s a t u r a t i o n c a p a c i t i e s f o r t h e ( N a / H ) - f o r m s 
o b t a i n e d p r e v i o u s l y . (J.) A l l s a t u r a t i o n c a p a c i t i e s l i s t e d i n 
T a b l e I I I a r e much s m a l l e r t h a n t h e t h e o r e t i c a l s a t u r a t i o n 
c a p a c i t i e s o f t h e p u r e s i l i c a f o r m s o f t h e s e f r a m e w o r k s ^ ^ 
S i l i c a l i t e - 1 h a s a t h e o r e t i c a l c h a n n e l v o l u m e o f 0 . 1 9 c m g w h i c h 
c o r r e s p o n d s t o 8 . 4 2 m o l e c u l e s o f n - h e x a n e p e r u . c . a t s a t u r a t i o n 
i n d i c a t i n g t h a t s e g m e n t s o f t w o d i f f e r e n t n - h e x a n e m o l e c u l e s a r e 
l o c a t e d a t e a c h i n t e r s e c t i o n . The t h e o r e t i c a l s a t u r a t i o n 
c a p a c i t y o f s i l i c a l i t e - 2 i s somewhat g r e a t e r d u e t o t h e 30Z 
g r e a t e r v o l u m e o f t h e s t r a i g h t c h a n n e l s e g m e n t s w h i c h r e p l a c e t h e 
s i n u s o i d a l c h a n n e l s e g m e n t s o f s i l i c a l i t e - 1 . 

TABLE I I I : S a t u r a t i o n C a p a c i t i e

by SHR M e t h o d . 0 = 1 0 K . m i n 

Z S M - 5 ZSM-11 

N a Z S M - 5 ( N a H ) Z S M - 5 NaZSM- 11 ( N a H ) Z S M - l l 

a m o u n t a d s o r b e d 

( m / u . c ) 
6 . 1 8 6 . 8 0 6 . 4 2 6 . 9 9 

a v e r a g e a c t i v a t i o n 
_ * 

e n e r g i e s ; Erf 
92 84 91 87 

( k J . m o l ) 

t h e a c t i v a t i o n e n e r g y a v e r a g e d o v e r t h e w h o l e c o v e r a g e r a n g e 

T a b l e I I I s h o w s t h a t t h e i n t r o d u c t i o n o f 1 . 5 2 N a + i o n s p e r 

u . c . i n t o Z S M - 5 a n d 1 . 6 6 N a + i o n s p e r u . c . i n t o ZSM-11 r e d u c e s t h e 
s a t u r a t i o n c a p a c i t y o f n - h e x a n e t o 6 . 8 0 a n d 6 . 9 9 m / u . c 

r e s p e c t i v e l y . L i k e T h e t a - 1 , i n t r o d u c t i o n o f N a + i n t o t h e c h a n n e l 
n e t w o r k d e c r e a s e s t h e p a c k i n g e f f i c i e n c y o f n - h e x a n e m o l e c u l e s . 

H o w e v e r , on i n c r e a s i n g t h e N a + i o n c o n c e n t r a t i o n s t o 6 p e r u . c . , 
t h e s a t u r a t i o n c a p a c i t i e s o n l y d e c r e a s e s l i g h t l y t o 6 . 1 8 a n d 
6 . 4 2 m / u . c . r e s p e c t i v e l y . Now, u n l i k e t h e T h e t a - 1 c a s e , t h e s e 

q u i t e l a r g e N a + i o n c o n c e n t r a t i o n i n c r e a s e s h a v e l i t t l e e f f e c t on 
t h e n - h e x a n e s a t u r a t i o n c a p a c i t i e s . T h u s , t h e c h a n n e l 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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i n t e r s e c t i o n s w h i c h a r e p r e s e n t i n b o t h ZSM-5 a n d ZSM-11 a l l o w 
m o r e e f f i c i e n t p a c k i n g o f n - h e x a n e m o l e c u l e s i n t h e p r e s e n c e o f 

h i g h N a + i o n c o n t e n t s . 
The t p d p r o f i l e s o f n - h e x a n e d e s o r b i n g f r o m N a - Z S M - 5 a n d N a -

ZSM-11 a r e shown i n F i g u r e s 4 a n d 5 r e s p e c t i v e l y . The v a l u e s o f 
t h e p e a k t e m p e r a t u r e , p e a k w i d t h a n d maximum r a t e o f d e s o r p t i o n 
o b t a i n e d f r o m t h e s e p r o f i l e s a r e l i s t e d i n T a b l e I V . The 
c o r r e s p o n d i n g v a l u e s f o r t h e ( N a / H ) - f o r m s o b t a i n e d p r e v i o u s l y ( 1 ) 
a r e i n c l u d e d f o r c o m p a r i s o n . 

TABLE IV: Peak Temperatures and Widths and Maximum Rates of 

Desorption of n-hexane from ZSM-5 and ZSM-11. 0 = lOK.min" 1 

NaZSM-5 ( N a H ) Z S M - 5 NaZSM-11 ( N a H ) Z S M - 1 1 

p e a k t e m p e r a t u r e 
p e a k I 3 5 0 340 3 5 0 340 

( Κ ) p e a k I I 415 405 415 405 

l a r g e r p e a k p e a k I p e a k I p e a k I p e a k I 

maximum r a t e 
( m g . s ) 2 . 3 1 2 E - 3 2 . 8 9 E - 0 3 2 . 6 5 3 E - 0 3 3 . 2 3 4 E - 0 3 

p e a k w i d t h 
p e a k I 3 0 0 * 3 8 0 3 0 0 * 3 7 0 3 0 0 * 3 8 0 3 0 0 * 3 7 0 

p e a k w i d t h 
p e a k I I 3 8 0 * 4 6 0 3 7 0 * 4 4 0 3 8 0 * 4 6 0 3 7 0 * 4 4 0 

As f o u n d w i t h T h e t a - 1 , T a b l e IV c l e a r l y s h o w s t h a t 

i n c r e a s i n g N a * c o n t e n t s i n t h e c h a n n e l s o f ZSM-5 a n d ZSM-11 
i n c r e a s e s t h e p e a k t e m p e r a t u r e s a n d w i d t h s and d e c r e a s e s t h e 
r a t e s o f d e s o r p t i o n . 

On a n a l y s i s o f t h e t p d p r o f i l e s i n F i g u r e s 4 a n d 5 by t h e 
SHR m e t h o d ( 4 . ) t h e v a r i a t i o n o f t h e a c t i v a t i o n e n e r g y o f 
d e s o r p t i o n , E J t w i t h c o v e r a g e shown i n F i g u r e s 6 a n d 7 f o r t h e d 

Z S M - 5 a n d ZSM-11 s a m p l e s r e s p e c t i v e l y was o b t a i n e d . The 

a c t i v a t i o n e n e r g y , Ê d , a v e r a g e d o v e r t h e w h o l e c o v e r a g e r a n g e f o r 

t h e s e Z S M - 5 a n d ZSM-11 s a m p l e s a r e l i s t e d i n T a b l e I I I . As i n 
t h e c a s e o f T h e t a - 1 and i n a g r e e m e n t w i t h t h e d a t a i n T a b l e I V , 
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these energies increase with increasing Na* content per u.c. It 
is also interesting to note that these energies have similar 
values in these ZSM-5 and ZSM-11 samples which have the same Na+ 

ion concentrations. (N.B: Both of these zeolites had the same 
Si/Al ratios.) Unlike the case of Theta-1 the E_, values at low 

d 
loadings are much larger for the pure Na* forms of both ZSM-5 and 

ZSM-11, indicating that the electric field around each Na* ion is 
introducing a significant electrostatic component to the total 
interaction energy. 

It is interesting to note on comparing the Êd values in 
Table I and III that the average desorption energies in the one-
dimensional channel network of Theta-1 are smaller than the 
corresponding energies for the three dimensional channel networks 
of ZSM-5 and ZSM-11, which have four intersections per u.c
These results are furthe
the heat of adsorption o
energy for diffusion in these frameworks. The higher Ed values 
for ZSM-5 and ZSM-11 over those for Theta-1 are the result of the 
stronger electrostatic interactions which exist in the frameworks 
with higher Al concentrations. 
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Chapter 28 

Liquid Diffusion and Adsorption 
of Aqueous Ethanol, Propanols, and Butanols 

in Silicalite by HPLC 

Y. S. Lin and Yi Hua Ma 

Chemical Engineering Department, Worcester Polytechnic Institute, 
Worcester, MA 01609 

The diffusion and
alcohols in silicalit
a novel HPLC technique. With a nonlinear mathematical 
model, the adsorption isotherms and intracrystalline 
diffusivities have been determined at 10, 30, 50, 70°C 
for ethanol, i-propanol, i-butanol, and at 30°C for n
-propanol and n-butanol. The liquid intracrystalline 
diffusivities are found to be in the range of 10-9 to 
10-11 cm2/s and decrease in the folowing order: n
-butanol> n-propanol> ethanol >i-propanol> i-butanol. 
The adsorption equilibrium results determined by the 
present HPLC technique are compared with those measured 
by the conventional batch method and good agreement 
is found between the two methods. 

S i l i c a l i t e i s a microporous c r y s t a l l i n e s i l i c a molecular sieve with 
remarkable hydrophobic p r o p e r t i e s (_1) and has been considered to 
o f f e r p r a c t i c a l a p p l i c a t i o n s i n the clean-up of water contaminated 
with hydrocarbons and the separation of ethanol from d i l u t e fermenta
t i o n aqueous s o l u t i o n s (2, _3> it> · Many studies have been reported 
on the prop e r t i e s of adsorption and d i f f u s i o n of gases i n s i l i c a l i t e 
(e.g., 6_, 7_f 8, 9_, 10) . However, despite the many p o t e n t i a l a p p l i c a 
ti o n s of s i l i c a l i t e as an adsorbent i n l i q u i d phase, studies on 
l i q u i d phase d i f f u s i o n and adsorption i n s i l i c a l i t e are rather scarce. 

E a r l y work on l i q u i d phase adsorption i n s i l i c a l i t e includes 
studies by Milestone and Bibby (3) on the adsorption of a l c o h o l s , 
N a r i t a et a l . (11) on adsorption of phenols, c r e s o l s and benzyl 
a l c o h o l , both from aqueous s o l u t i o n , and Ma and L i n (12) on l i q u i d 
hydrocarbon adsorption. Due to considerable d i f f i c u l t y involved i n 
l i q u i d d i f f u s i o n measurements i n molecular sieves, however, no l i q u i d 
d i f f u s i o n studies on s i l i c a l i t e were reported u n t i l r e c e n t l y . Ma and 
L i n (13) applied an HPLC technique to the measurements of l i q u i d d i f 
f u s i o n and adsorption i n s i l i c a l i t e . The i n t r a c r y s t a l l i n e d i f f u s i v i t 
i e s f o r methanol, ethanol, acetone from aqueous s o l u t i o n and acetone, 
toluene from cyclohexane s o l u t i o n i n s i l i c a l i t e were reported to be 
i n the range from 1 0 " ^ to 10~H cm 2/s. 

0097-6156/88/0368-0452$06.00/0 
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L i q u i d chromatography (LC) has been, i n the past decade, i n c r e a s 
i n g l y used f o r the measurement of l i q u i d adsorption e q u i l i b r i u m (14, 
15, 16, 17). But the a p p l i c a t i o n of the LC technique f o r the measure
ment of l i q u i d d i f f u s i o n i n molecular sieves was rather l i m i t e d (18, 
19). The r e c e n t l y developed LC technique using a commercial HPLC 
system (13) , with many advantages over the conventional batch tech
niques, enables us to determine l i q u i d phase d i f f u s i o n and adsorption 
e q u i l i b r i u m i n molecular sieve c r y s t a l s i n a simpler, more accurate 
and r a p i d way. 

The present study reports the measurements of i n t r a c r y s t a l l i n e 
d i f f u s i o n and adsorption e q u i l i b r i u m f o r ethanol, propanols and bu
tanois from aqueous s o l u t i o n i n s i l i c a l i t e using a modified HPLC tech
nique. The unique feature of the present work i s the use of a math
ematical model with a nonlinear adsorption isotherm equation to obtain 
the i n t r a c r y s t a l l i n e d i f f u s i v i t y and adsorption isotherm parameters. 
The adsorption e q u i l i b r i u m data f o r alcohols from aqueous s o l u t i o n i n 
s i l i c a l i t e measured by th
and compared with the r e s u l t

EXPERIMENTAL 

The l i q u i d adsorption and d i f f u s i o n measurements were c a r r i e d out i n 
a BECKMAN HPLC system, which c o n s i s t s of one model 421 system c o n t r o l l 
er, two model 110 solvent metering pumps, one solvent mixer and one 
model 210 sample i n j e c t o r with a 20 μΐ sample loop. A H i t a c h i model 
100-40 UV-Vis Spectrometer was used as the detector. To increase the 
pressure i n the UV-VIS detector c e l l , a back pressure regulator was 
connected to the e f f l u e n t stream from the detector to avoid formation 
of a i r bubbles due to v a p o r i z a t i o n i n the detector c e l l . Figure 1 
shows the schematic of the HPLC system used i n the experiments. 

In performing experiments, the s i l i c a l i t e samples were f i r s t 
a c t i v a t e d at 300°C overnight and then cooled i n a d e s i c c a t o r to room 
temperature. A column 2.0(L)x0.20(ID) cm was packed with the s i l 
i c a l i t e powder by a dry-packing method. A f t e r the column was packed, 
i t was necessary to s t a b i l i z e i t by flowing the c a r r i e r solvent (water 
i n the present study) through the column i n the HPLC system over an 
extended period of time. The d e t a i l s on the column packing and stab
i l i z a t i o n f o r the s i l i c a l i t e LC column were given by Ma and L i n (13). 

In the measurements of the adsorption e q u i l i b r i u m and i n t r a 
c r y s t a l l i n e d i f f u s i o n data, the i n j e c t i o n sample loop was f i r s t f i l l e d 
with a sample s o l u t i o n (water as solvent) of a known sorbate concentra
t i o n by a syringe. The sample was then i n j e c t e d i n t o the column a f t e r 
a s t a b l e base l i n e i n the recorder had been obtained. For each adsor
bate at a given temperature, about 4 to 6 samples of d i f f e r e n t adsor
bate concentration (C Q from about 0.015 to 0.06 g/ml) and at d i f f e r e n t 
c a r r i e r flow rate (Q from 0.5 to 2.0 ml/min) were i n j e c t e d to give the 
corresponding response peaks at the o u t l e t of the column. The response 
peaks were recorded and then d i r e c t l y read from the recording chart and 
input to a DEC-20 computer f o r f u r t h e r a n a l y s i s . Figure 2 shows some 
recorded response peaks from the s i l i c a l i t e LC column f o r ethanol, n-
propanol and n-butanol. 

The dead volume of the HPLC system was minimized using the con
necting tubing of smallest inner diameter (dt=0.0254cm) and the f i t t 
ings with a very small dead volume. The dead volume of the system 
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Figure 1. Schematic of HPLC Experimental Apparatus. 

T=30°C Q=1-0 ML/MIN 

Figure 2. Recorded Response Peaks from S i l i c a l i t e LC Column. 
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was determined (13) to be 0.022 ml. The dead volume e f f e c t on the 
f i r s t moment was corrected f o r a l l the measured response peak data. 
The e f f e c t of the dead volume on the second moment of the response 
peaks was found to be n e g l i g i b l e i n the present LC systems. 

The batch measurement f o r the e q u i l i b r i u m adsorption of alcohols 
from aqueous s o l u t i o n i n s i l i c a l i t e was conducted i n a i r - t i g h t b o t t l e s 
which were immersed i n a thermal bath at 30°C (12). Amounts of a c t i v 
ated s i l i c a l i t e sample, solute (alcohols) and solvent (water) i n each 
b o t t l e were measured g r a v i m e t r i c a l l y . The b o t t l e s i n the thermal bath 
were i n t e r m i t t e n t l y shaken to hasten the e q u i l i b r i u m . A f t e r the 
b o t t l e s had been kept i n the thermal bath f o r over 10 hr, the e q u i l 
ibrium s o l u t i o n was withdrawn and analyzed by gas chromatography. 
The packing m a t e r i a l of the gas chromatography column was poropak 
Q (Waters Associates, Inc. ) . D e t a i l s of the adsorption e q u i l i b r i u m 
measurement by the batch method can be found i n Ma and L i n (12) 

The s i l i c a l i t e i n s p h e r i c a l c r y s t a l p a r t i c l e (powder) form was 
obtained from Union Carbid
t r i b u t i o n analyzed by a
zer showed very narrow c r y s t a l s i z e d i s t r i b u t i o n ( i n the range from 
1.5 to 3.5 microns i n diameter). The approximately s p h e r i c a l form 
and the s i z e of the c r y s t a l p a r t i c l e s were v e r i f i e d by scanning e l e c 
tron micrographs. The s p e c i f i c a t i o n of the s i l i c a l i t e sample and 
some of the column parameters are given i n Table I. A l l solvents 
used were of HPLC grade. In handling water, s p e c i a l care was taken 
to prevent i t from being chemically or b i o l o g i c a l l y contaminated. 

Table I S p e c i f i c a t i o n of s i l i c a l i t e and 
LC column parameters 

Average c r y s t a l radius R (yl) 1.17 
C r y s t a l pore volume v p(ml/g) 0.19 
C r y s t a l p o r o s i t y ε ρ 0.33 
Column s i z e (cm) 2.0(L)xO.2(ID) 
Bed p o r o s i t y ε^ 0.46 

MATHEMATICAL MODEL AND ANALYSIS 

The mathematical model f o r the mass t r a n s f e r of an adsorbate i n the 
LC column packed with the s i l i c a l i t e c r y s t a l p a r t i c l e s i s based on 
the assumptions of (1) a x i a l - d i s p e r s e d plug-flow f o r the mobile 
phase with a constant i n t e r s t i t i a l flow v e l o c i t y ; (2) F i c k i a n d i f f 
usion i n the s i l i c a l i t e c r y s t a l pore with an i n t r a c r y s t a l l i n e d i f f u s -
i v i t y independent of concentration and pressure; and (3) s p h e r i c a l 
s i l i c a l i t e c r y s t a l p a r t i c l e s with a uniform p a r t i c l e s i z e d i s t r i b u t i o n . 
A d e t a i l e d d i s c u s s i o n of these assumptions can be found i n (13). The 
d i f f e r e n t i a l mass balances over an element of the LC column and 
s i l i c a l i t e c r y s t a l r e s u l t i n the fo l l o w i n g two p a r t i a l d i f f e r e n t i a l 
equations : 
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f o r the mass t r a n s f e r i n the mobile phase: 

+ u 3C + 1 ~ £b q = D-
at az eh az2 d) 

with the adsorption rate q expressed by: 

(2) • ο a c 

R a r r = R 

for the d i f f u s i o n i n the c r y s t a l s : 

D p ( ^ + 2 ^ ) = £ _ ^ (3) 
3 r 2 r 3 r Ρ 3 t 

where C and Cp are the concentratio
phase and i n the s i l i c a l i t e c r y s t a l pore, r e s p e c t i v e l y ; i s the 
a x i a l d i s p e r s i o n c o e f f i c i e n t ( i t s estimation was given i n (13)). Dp 
i s the i n t r a c r y s t a l l i n e d i f f u s i v i t y based on the t o t a l area of the 
c r y s t a l p a r t i c l e perpendicular to the d i f f u s i o n d i r e c t i o n . Other 
symbols are i d e n t i f i e d i n the nomenclature. 

For a column i n i t i a l l y flowed with a pure solvent, the i n i t i a l 
conditions are: 

for the mobile phase: 

C (Z, t) = 0 at t = 0 (4) 

for the s i l i c a l i t e c r y s t a l : 

C p (Z,r,t) = 0 at t = 0 (5) 

The f o l l o w i n g equations are used as the boundary conditions f o r 
the mobile phase at the o u t l e t of the column: 

_ 0 at Ζ = L (6) 

az 

and at the i n l e t of the column: 

C = Γ + ^ ^ at Ζ ·= 0 (7) 
u az 

where Γ i s the square pulse input f u n c t i o n : 

Γ = C C o < °i t 1 ' i n > ( 8 ) rc G ( o < t < t l n 

Î0 (otherwise) 

The s p h e r i c a l symmetrical co n d i t i o n i s applied to the s i l i c a l i t e 
c r y s t a l p a r t i c l e : 

^ = 0 at r = 0 (9) 
3 r 
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As the mass t r a n s f e r r e s i s t a n c e at the external surface of the 
s i l i c a l i t e c r y s t a l p a r t i c l e has n e g l i g i b l e e f f e c t s on the o v e r a l l mass 
t r a n s f e r i n the present LC system (13), l o c a l e q u i l i b r i u m at the ex
t e r n a l surface thus can be assumed to s i m p l i f y the mathematics involved 
i n the numerical s o l u t i o n . Since the adsorption isotherm data of 
alcohols from d i l u t e aqueous s o l u t i o n i n s i l i c a l i t e , as reported by 
Milestone and Bibby (3), can be described by a Langmuir type equation, 
the f o l l o w i n g Langmuir type equation i s used as the boundary c o n d i t i o n 
at the external surface of the s i l i c a l i t e c r y s t a l p a r t i c l e : 

q = n ' b ' C at r = R (10a) 
1 + b-C 

with 

q = C 
H ρ ρ 

Equations 1 and 3 with the i n i t i a l and boundary conditions as 
given above were f i r s t non-dimensionalized and then solved by the 
orthogonal c o l l o c a t i o n numerical technique (20). The concentration 
i n the mobile phase and c r y s t a l pore was d i v i d e d by (C 0·V^/ε^·Vç) to 
give the dimensionless concentration. The parametric a n a l y s i s shows 
that varying any of the parameters of n, b and Dp can r e s u l t i n sub
s t a n t i a l change i n the l o c a t i o n ( r e t e n t i o n time) and the shape (broad
ness and symmetry) of the LC response peaks. A v a r i a t i o n on the a x i a l 
d i s p e r s i o n c o e f f i c i e n t D]_, however, has very small e f f e c t on the r e s 
ponse peaks f o r the present LC system. The d e t a i l s of the numerical 
s o l u t i o n and parametric a n a l y s i s w i l l be given i n a separate paper. 

The d i r e c t time domain f i t t i n g method was used f o r c a l c u l a t i n g 
the adsorption e q u i l i b r i u m parameters, η and b, and i n t r a c r y s t a l l i n e 
d i f f u s i v i t y D p. For the adsorption systems with nonlinear adsorption 
isotherm, botn experimental and simulated response peaks f o r pulse 
i n j e c t i o n s showed that v a r i a t i o n on the i n j e c t i o n sample concentration, 
C 0, or the c a r r i e r solvent flow r a t e , Q, can d r a s t i c a l l y a f f e c t both 
the shape and l o c a t i o n of the LC response peaks, i n d i c a t i n g that the 
LC response peaks are rather s e n s i t i v e to these two experimentally 
c o n t r o l l a b l e v a r i a b l e s . Thus, to ensure the uniqueness of a set of 
the c a l c u l a t e d values f o r n, b and D p, the d i r e c t time domain f i t t i n g 
was done by f i t t i n g four response peaks at d i f f e r e n t C 0 and Q with a 
s i n g l e set of values f o r n, b and Dp f o r a given temperature. The 
IMSL routine ZXSSQ using the Levenberg-Marquadt algorithm was used f o r 
the optimum parameter search with the o b j e c t i v e f u n c t i o n as: 

F(n,b,D p) = Σ Σ ( C e X p - C c a i ) 2 ( U ) 
pks pks 

where C c a ^ and C e X p are r e s p e c t i v e l y the concentration at the o u t l e t 
of the LC column c a l c u l a t e d from the mathematical model and measured 
experimentally. A f t e r the optimum set of values f o r n, b and Dp were 
found, t h e i r uniqueness was v e r i f i e d by examining whether a good agree 
ment was obtained between a l l the experimentally determined peaks and 
those computed from the mathematical model using the estimated values 
of n, b and D p at d i f f e r e n t C Q and Q f o r a given temperature. 
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RESULTS AND DISCUSSION 

From t h e e x p e r i m e n t a l r e s p o n s e peaks a t d i f f e r e n t C Q and Q, t h e i n t r a 
c r y s t a l l i n e d i f f u s i v i t y and i s o t h e r m p a r a m e t e r s were o b t a i n e d f o r 
e t h a n o l , i - p r o p a n o l , i - b u t a n o l a t 10, 30, 50, 70°C and n - p r o p a n o l , 
n - b u t a n o l a t 30°C f r o m aqueous s o l u t i o n s i n s i l i c a l i t e . The r e s u l t s 
a r e p r e s e n t e d i n T a b l e I I . The e r r o r l i m i t ( 9 5 % c o n f i d e n c e i n t e r v a l ) 
f o r most p a r a m e t e r v a l u e s l i s t e d i n T a b l e I I i s l e s s t h a n 10%. F i g 
u r e s 3 and 4 show some t y p i c a l e x p e r i m e n t a l r e s p o n s e peaks ( p o i n t s ) 
and t h e c o r r e s p o n d i n g t h e o r e t i c a l peaks ( s o l i d l i n e s ) f o r e t h a n o l and 
n - p r o p a n o l . F o r an a d s o r b a t e a t a g i v e n t e m p e r a t u r e , t h e f o u r t h e o r 
e t i c a l p eaks were c a l c u l a t e d w i t h t h e same s e t o f t h e optimum v a l u e s 
f o r Dp, η a n d b as g i v e n i n T a b l e I I u s i n g t h e n o n l i n e a r m a t h e m a t i c a l 
m o d e l . As shown i n t h e f i g u r e s , a f a i r l y good agreement i s a c h i e v e d 
between t h e t h e o r e t i c a l and e x p e r i m e n t a l d a t a f o r a l l f o u r r e s p o n s e 
peaks a t d i f f e r e n t Q and C  w h i c h e n s u r e s t h e u n i q u e n e s s o f t h e s e t 
o f t h e optimum v a l u e s f o
L a n g m u i r t y p e i s o t h e r m e q u a t i o
a l c o h o l s f r o m aqueous s o l u t i o n i n s i l i c a l i t e . 

T a b l e I I I n t r a c r y s t a l l i n e d i f f u s i v i t y and a d s o r p t i o n i s o t h e r m 
p a r a m e t e r s o f l i q u i d a l c o h o l s i n s i l i c a l i t e 

Adsorbate Τ DpXlO" 1 0 η b 
(°C) (cm2/s) (mmol/g) (ml/mmol) 

10 1.3 1.90 16.6 
ethanol 30 1.6 1.94 14.7 

50 3.0 1.92 12.8 
70 4.0 1.75 11.5 

10 0.60 1.52 50.5 
i-propanol 30 0.79 1.58 45.7 

50 1.0 1.44 41.7 
70 2.1 1.45 35.5 

10 0.32 1.26 35.6 
i-butanol 30 0.41 1.22 35.2 

50 0.75 1.23 23.0 
70 2.5 1.25 16.4 

n-propanol 30 7.9 1.79 58.7 

n-butanol 30 15.2 1.42 106 

An e x a m i n a t i o n o f t h e r e s u l t s r e p o r t e d i n t h e p r e v i o u s s t u d i e s on 
a d s o r p t i o n e q u i l i b r i u m f o r a l c o h o l s f r o m aqueous s o l u t i o n i n d i f f e r e n t 
s i l i c a l i t e s amples ( 3 , 5, 21) shows c o n s i d e r a b l e d i f f e r e n c e s i n e q u i l 
i b r i u m a d s o r p t i o n c a p a c i t i e s among d i f f e r e n t b a t c h e s o f s i l i c a l i t e 
s a m p l e s . Thus, i n o r d e r t o compare t h e r e s u l t s d e t e r m i n e d by t h e HPLC 
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TIME t (min) 

Figure 3. Comparison of Simulated and Experimental Response 
Peaks f o r Ethanol at 50°C. 
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Figure 4. Comparison of Simulated and Experimental Response 
fo r N-propanol at 30°C. 
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technique with those determined by the conventional batch method, the 
adsorption e q u i l i b r i u m c a p a c i t i e s f o r the f i v e a l c ohols from aqueous 
s o l u t i o n i n the same s i l i c a l i t e (also under the same pretreatment con
d i t i o n ) were determined by the batch method at 30°C. Figure 5 shows 
the adsorption isotherm data f o r the f i v e a lcohols measured by the 
batch method. The s o l i d curves i n Figure 5 are the r e s u l t s f i t t e d by 
Langmuir equation, Equation (10a). A comparison of the s o l i d curves 
with the experimental data shows that the adsorption isotherm can be 
w e l l described by the Langmuir equation, f u r t h e r v e r i f y i n g the use of 
Equation (10a) i n the mathematical model. 

For the adsorption from a s o l u t i o n i n t o a s o l i d , the Langmuir 
equation i s often used to describe the e q u i l i b r i u m isotherms. But 
the parameters i n the Langmuir equation should not be considered as 
having the same p h y s i c a l meaning as those used f o r the vapor adsorp
t i o n . Nevertheless, the parameters η and b i n Equation (10a) can be 
used f o r comparison as η may i n d i c a t e the "saturated" adsorption cap
a c i t y and b i s r e l a t e d t
l i q u i d adsorption e q u i l i b r i u
the s a t u r a t i o n adsorption capacity f o r the f i v e a l c ohols decrease i n 
the f o l l o w i n g order (based on the adsorption quantity i n mmol/g): 

ethanol > n-propanol > i-propanol > n-butanol > i-butanol 

which agrees with the r e s u l t s reported i n the previous studies on 
adsorption of l i q u i d a l c ohols i n s i l i c a l i t e (3, 21). Such an order 
of v a r i a t i o n i n the s a t u r a t i o n capacity may be due to the d i f f e r e n c e 
i n the molecular s i z e of the f i v e a l c o h o l s . 

The e f f e c t of temperature on e q u i l i b r i u m f o r l i q u i d adsorption 
i s g enerally much more complex than that f o r pure vapor phase adsorp
t i o n due, p a r t i a l l y , to the involvement of a solvent i n l i q u i d adsorp
t i o n systems (22). The amount of an adsorbate adsorbed i n l i q u i d 
adsorption may decrease or increase with i n c r e a s i n g temperature, de
pending mainly on the d i f f e r e n c e of the heats of immersion f o r the 
adsorbate (solute) and solvent (22). In the present study, the s a t 
u r a t i o n adsorption capacity η f o r ethanol, i-propanol and i-butanol 
are i n s e n s i t i v e to temperature, while the parameter b f o r the three 
alcohols decreases as the temperature increases. Bui et a l . (4) r e 
ported a s i m i l a r temperature dependence of η and b f o r the adsorption 
of ethanol from an aqueous s o l u t i o n i n s i l i c a l i t e . 

A comparison of the adsorption isotherm data measured by the 
batch method with those measured by the HPLC method f o r the f i v e a l c o 
hols i n s i l i c a l i t e i s given i n Figure 6. As shown i n Figure 6, 
a remarkably good agreement i s found between the two methods, v e r i f y 
ing the v a l i d i t y of the present HPLC technique f o r the measurement of 
adsorption e q u i l i b r i u m as w e l l as d i f f u s i o n i n molecular sieve c r y s t a l i 

The d i f f u s i o n of the alcohols i n s i l i c a l i t e with water as the 
c a r r i e r solvent i n the LC system may be considered s i m i l a r to the 
c o u n t e r d i f f u s i o n of an adsorbate i n t o s i l i c a l i t e already saturated 
with a l e s s adsorptive solvent (23). The d i f f u s i v i t i e s thus measured 
by the HPLC technique depend on the p r o p e r t i e s of the sorbate, the 
adsorbent and the c a r r i e r solvent. The d i f f u s i v i t i e s reported i n 
Table II are i n the range of 10~9 to 1 0 " ^ cm^/s. This i s approxim
a t e l y i n the same order of magnitude as those of pure vapor d i f f u s i o n 
by the adsorption uptake measurements (6) and the GC measurements (_7) 
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F i g u r e 5 . I s o t h e r m D a t a M e a s u r e d by B a t c h Method (Dot p o i n t s 
E x p e r i m e n t a l D a t a ; S o l i d C u r v e s R e s u l t s f i t t e d by 
L a n g m u i r E q u a t i o n ) . 
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CM 

vO 

CONCENTRATION C (MMOL/ML) XlO 

F i g u r e 6 . C o m p a r i s o n o f I s o t h e r m R e s u l t s M easured by HPLC Method 
and B a t c h Method (Dot p o i n t s B a t c h R e s u l t s ; S o l i d 
C u r v e s HPLC R e s u l t s ) . 
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i n s i l i c a l i t e c r y s t a l s . However, the l i q u i d i n t r a c r y s t a l l i n e d i f f u s 
i v i t i e s reported here are found to be considerably smaller than the 
s e l f - d i f f u s i v i t y of methanol i n methanol-water mixture i n s i l i c a l i t e 
(24). An i n t r a c r y s t a l l i n e d i f f u s i v i t y of about 3x10*1 was reported 
fo r cumene i n NaY z e o l i t e c r y s t a l s with cyclohexane as the solvent 
(at 30°C), which i s close to the d i f f u s i v i t y of i-butanol reported i n 
Table I I . A d e t a i l e d comparison of the present l i q u i d d i f f u s i o n data 
with others i s d i f f i c u l t as no other l i q u i d d i f f u s i o n data i n s i l i c a 
l i t e under s i m i l a r conditions were reported. 

The i n t r a c r y s t a l l i n e d i f f u s i v i t i e s reported here f o r alcohols 
from aqueous s o l u t i o n i n s i l i c a l i t e are found to decrease i n the 
f o l l o w i n g order: 

n-butanol > n-propanol > ethanol > i-propanol > i-butanol 

The lower d i f f u s i v i t i e s f o r the branched alcohols are due probably 
to t h e i r branched s t r u c t u r
using i n the s i l i c a l i t e channels
a l c o h o l s , however, the d i f f u s i v i t i e s increase as the chain length 
increases. This somewhat unusual v a r i a t i o n of the d i f f u s i v i t y with 
the molecular s i z e may be explained by examining the polar nature of 
the adsorbate molecules. As the s i z e s of ethanol, n-propanol and 
n-butanol molecules are smaller than the pore openings of the s i l i c 
a l i t e samples. In t h i s s i t u a t i o n , i t appears that the d i f f u s i o n w i l l 
be p r i m a r i l y a f f e c t e d by the i n t e r a c t i o n between the adsorbate mol
ecules and the s i l i c a l i t e framework. Since s i l i c a l i t e i s hydrophobic 
and the p o l a r i t y of the alcohols decreases as the chain length i n 
creases, i t i s reasonable that the d i f f u s i v i t y increases as the chain 
length increases due, mainly, to the f a c t that the i n t e r a c t i o n between 
the adsorbate molecules and the s i l i c a l i t e framework i s l e s s severe 
fo r molecules with smaller p o l a r i t y . This makes i t e a s i e r for the 
molecules to d i f f u s e through the s i l i c a l i t e channels, r e s u l t i n g i n a 
higher value of d i f f u s i v i t y . Furthermore, the l a r g e r value of the 
adsorption e q u i l i b r i u m constant Κ (K^n.b i n d i l u t e s o l u t i o n ) f o r 
n-butanol and n-propanol than that f o r ethanol i n d i c a t e s a higher 
solute concentration of n-butanol and n-propanol on the surface of the 
s i l i c a l i t e channels. Thus, surface d i f f u s i o n may a l s o occur f o r n-
butanol and n-propanol, which may cause a higher value of the e f f e c t i v e 
i n t r a c r y s t a l l i n e d i f f u s i v i t y (25). 

CONCLUSIONS 

(1) An HPLC experimental technique has been developed to determine the 
i n t r a c r y s t a l l i n e d i f f u s i v i t y and nonlinear adsorption isotherm f o r the 
adsorption of l i q u i d s i n molecular sieve c r y s t a l s . The a p p l i c a t i o n of 
the experimental technique was demonstrated by the determination of 
the adsorption isotherms and d i f f u s i v i t i e s of the f i v e a lcohols (eth
anol, i-propanol, n-propanol, i-butanol and n-butanol) from aqueous 
so l u t i o n s i n s i l i c a l i t e c r y s t a l s . 

(2) The s a t u r a t i o n adsorption capacity f o r the adsorption of the 
f i v e a lcohols from aqueous s o l u t i o n i n s i l i c a l i t e decreases i n the 
f o l l o w i n g order as the molecular s i z e increases: 

ethanol > n-propanol > i-propanol > n-butanol > i-butanol 
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The determined intracrystalline diffusivities for the five 
alcohols from aqueous solution in silicalite are found to be in the 
range from 10~9 to 10"11 cm2/s and decrease in the following order: 

n-butanol > n-propanol > ethanol > i-propanol > i-butanol 

(3) The adsorption equilibrium results measured by the present HPLC 
technique are found to be in good agreement with the results measured 
by the conventional batch method. 

ACKNOWLEDGMENT 

The authors are grateful for the silicalite samples provided by the 
Union Carbide Corporation. 

NOMENCLATURE 

b Isotherm paramete
G Concentration of the adsorbate in the mobile phase (g/ml or 

mmol/ml) 
C0 Injection sample concentration (g/ml or mmol/ml) 
Cp Concentration of the adsorbate in nilicalite crystal pore 

(g/ml or mmol/g) 
C# = C0Vi/ebVc (g/ml or mmol/ml) 
Dp Intracrystalline diffusivity (cm2/s) 
D̂  Axial dispersion coefficient (cm2/s) 
L Length of the packing in the column (cm) 
η Isotherm parameter in Langmuir equation (mmol/g) 
Q Volumetrical flow rate (ml/min) 
q Adsorption rate on surface of silicalite crystal particle 

(g/ml.s) 
q Adsorption amount (mmol/g) 
R Radius of silicalite crystal particle (cm) 
r Radius in silicalite crystal particle (cm) 
t Time (sec or min) 
tin— Injection time, t n̂ = Vl/Q (sec or min) 
U Interstitial flow velocity (cm/s) 
Vc Volume of empty LC column (ml) 
V(j Dead volume of LC system (ml) 
V]_ Volume of the injection sample loop (ml) 
Vp Pore volume of adsorbent particle (ml/g) 
Ζ Distance along the column axial direction (cm) 
Greek Letters 
ερ Porosity of adsorbent particle 
ε^ Porosity of the packed column 
Γ Square pulse function 
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Chapter 29 

Shape-Selective Catalysis 
at the 30-Year Mark 

Ν. Y. Chen 

Central Research Laboratory, Mobil Research and Development 
Corporation, Princeton, NJ 08540 

Summary 
Shape selective catalysis with molecular sieve zeolites 
has progressed in its first thirty years to become an 
established branch of catalytic science. Since the 
first demonstration of selective n-paraffin conversion 
over 5A molecular sieves, increased insight into how 
these catalysts function has created opportunities for 
the development of a number of new industrial 
processes. 

In the meantime, new characterization tools such 
as NMR, STEM, EXAFS, FTIR, and synchrotron XRD, etc., 
have allowed us to peer into the very heart of the 
zeolite and discern the nature and orientation of the 
active tetrahedral sites as well as determine the 
dimensions and connectivity of the zeolite pore 
systems. 

Today we find shape selective catalysis 30 years 
old but far from mature. Synthesis and preparation of 
molecular sieves has expanded to over 200 combinations 
of chemical compositions and crystal structures. 
Indeed, the number of elements which can be inserted 
into the crystal framework either by isomorphous 
substitution or by direct synthesis has grown 
dramatically in recent years. 

This paper presents a personal overview of the 
past progress and future horizons of shape selective 
catalysis from a practitioner's viewpoint. 

After 30 years of effort, we can now safely 
say that shape selective catalysis has established 
itself as a new and continually evolving branch of 
heterogeneous catalysis. I would like to give you a 
personal view of the major advances made with respect 
to the general principles of catalyst design and the 
industrial applications of shape selective catalysis. 

0097-6156/88/0368-0468$06.00/0 
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M o l e c u l a r s i e v e z e o l i t e s 

As we a l l know, there are two aspects t h a t make 
z e o l i t e s unique. F i r s t of a l l , being c r y s t a l s , t h e i r 
i n t r a c r y s t a l l i n e s u r f a c e i s an i n h e r e n t p a r t of the 
c r y s t a l s t r u c t u r e and hence they are t o p o l o g i c a l l y w e l l 
d e f i n e d . T h i s i s i n sharp d i s t i n c t i o n t o the i l l -
d e f i n e d amorphous s o l i d s we are f a m i l i a r w i t h . The 
a v a i l a b i l i t y of s o l i d s w i t h such a l a r g e and w e l l 
d e f i n e d s u r f a c e area i s c e r t a i n l y e x c i t i n g and 
welcoming news t o us. 

Secondly, the diameter of t h e i r pores i s of 
s i m i l a r magnitude t o t h a t of many o r g a n i c molecules of 
i n t e r e s t . M o l e c u l a r s i e v i n g and shape s e l e c t i v i t y , 
p r e v i o u s l y unknown, became p o s s i b l e w i t h man-made 
c a t a l y s t s . T h e r e f o r e , w i t h z e o l i t e s we can begin t o 
d i s c u s s the concep
molecular l e v e l - i
t o t a l k about molecular e n g i n e e r i n g or nanotechnology. 
Of course, we are f a r from bein g s a t i s f i e d w i t h the 
c u r r e n t s t a t u s of c a t a l y s t d e s i g n . 

To begin with, we have y e t t o s y n t h e s i z e a new 
s t r u c t u r e e n t i r e l y by the p r i n c i p l e s of molecular 
e n g i n e e r i n g . In f a c t , a l l of the new s t r u c t u r e s were 
d i s c o v e r e d by chance and by experience r a t h e r than by 
d e s i g n . N e v e r t h e l e s s , many advances have been made. 

For example, the s y n t h e s i s and p r e p a r a t i o n of new 
m a t e r i a l s has expanded t o over 200 combinations of 
chemical compositions and c r y s t a l s t r u c t u r e s , not t o 
mention the p o s s i b l e v a r i e t y of m o l e c u l a r l y engineered 
l a y e r e d s t r u c t u r e s such as the MELS from C a t a l y t i c a (JL) 
and many other p i l l a r e d c l a y s . 

While c l a s s i c a l z e o l i t e s c o n t a i n S i and A l , the 
s u b s t i t u t i o n of a d d i t i o n a l elements such as Ga, Ge, B, 
P, e t c . , i n framework p o s i t i o n s has been achieved. 
Indeed, the number of elements which can be i n s e r t e d 
i n t o the c r y s t a l framework e i t h e r by isomorphous 
s u b s t i t u t i o n or by d i r e c t s y n t h e s i s has grown 
d r a m a t i c a l l y i n r e c e n t years (2). The s y n t h e s i s of 
aluminum phosphate-based m a t e r i a l s has a l s o l e d t o some 
new frameworks and new compositions of known 
frameworks. E x t e n s i v e work on these new m a t e r i a l s has 
j u s t begun (3-4). 

Z e o l i t e s d e r i v e t h e i r a c i d i t y or c a t a l y t i c 
a c t i v i t y from the proton a s s o c i a t e d w i t h the framework 
aluminum. Replacement of aluminum by the o t h e r t h r e e -
v a l e n t elements c o u l d a l s o l e a d t o the g e n e r a t i o n of 
Bronsted a c i d s i t e s . However, one needs t o e x e r c i s e 
c a u t i o n i n p r o c l a i m i n g unusual c a t a l y t i c p r o p e r t i e s 
b e f o r e one thoroughly understands the nature of these 
m a t e r i a l s . For example, many s t u d i e s have been 
r e p o r t e d on the nature of the a c i d i t y of boron ZSM-5 
(5-6-7-8). Although p h y s i c a l measurements (8-9) 
i n d i c a t e t h a t the p r o t o n i c s i t e a s s o c i a t e d w i t h the 
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framework boron e x h i b i t s some weak a c i d i c p r o p e r t i e s , 
the s t u d i e s of Chu and Chang (8) showed t h a t the 
c a t a l y t i c a c t i v i t y of Boron ZSM-5 was due t o the 
aluminum contaminant i n the sample. 

As f a r as shape s e l e c t i v e c a t a l y s i s i s concerned, 
the s t r u c t u r e c h a r a c t e r i s t i c of g r e a t e s t i n t e r e s t i s 
the pore/channel system of these molecular s i e v e s . As 
we know, depending on the l a r g e s t channel, z e o l i t e s are 
c h a r a c t e r i z e d as s m a l l , medium or l a r g e pore i f they 
c o n t a i n a p e r t u r e s made by r i n g s of 8, 10 or 12 l i n k e d 
t e t r a h e d r a . 

In a d d i t i o n t o the d i f f e r e n c e i n s i z e and shape, 
the channel system i n these z e o l i t e s may be one-
dimensional as i n ZSM-48 (10) or m u l t i d i m e n s i o n a l as i n 
ZSM-5. These channels c o u l d be r e l a t i v e l y uniform i n 
s i z e o r they c o n s i s t of i n t e r c o n n e c t i n g supercages. 

P r i n c i p l e s of c a t a l y s

The d e s i g n of shape s e l e c t i v e c a t a l y s t s may be 
d e s c r i b e d as the s c i e n c e of c o u p l i n g chemical r e a c t i o n s 
w i t h s o r p t i o n and d i f f u s i o n c h a r a c t e r i s t i c s of the 
z e o l i t e t o a l t e r the r e a c t i o n pathway and the product 
s e l e c t i v i t y of known chemical r e a c t i o n s . 

R e a c t i o n s e l e c t i v i t y based on the p r i n c i p l e of 
molecular e x c l u s i o n or molecular s i e v i n g a c t i o n was 
demonstrated many years ago. 

S t e r i c i n h i b i t i o n of the formation of bulky 
r e a c t i o n i n t e r m e d i a t e s can a l s o l e a d t o unexpected 
s e l e c t i v i t y . T h i s i s known as s p a t i o s e l e c t i v i t y or 
t r a n s i t i o n s t a t e s e l e c t i v i t y . C s i c s e r y f i r s t proposed 
t h i s i n 1978 i n h i s study w i t h mordenite (11). With 
medium pore z e o l i t e s , the r e l a t i v e l y slow r a t e of 
c r a c k i n g of 3-methylpentane compared t o t h a t of n— 
hexane, known as the C o n s t r a i n t Index of these z e o l i t e s 
(12) i s a t y p i c a l example of t h i s type of shape 
s e l e c t i v i t y . The r e a c t i o n i n t e r m e d i a t e f o r 
3-methylpentane i s s t e r i c a l l y c o n s t r a i n e d i n the pores 
of ZSM-5. 

In a d d i t i o n t o s i z e e x c l u s i o n and s t e r i c 
i n h i b i t i o n , the i n t e r m o l e c u l a r f o r c e s between the 
z e o l i t e and sorbate molecules o f f e r o p p o r t u n i t i e s t o 
achieve unique s e l e c t i v i t y based on comp e t i t i v e 
s o r p t i o n p r o p e r t i e s of v a r i o u s z e o l i t e s . V a r i a b l e s 
such as s i l i c a t o alumina r a t i o , the nature of the 
c a t i o n s p e c i e s and the geometry of the channels have 
been shown t o be important f a c t o r s f o r c o n s i d e r a t i o n 
(13-14). They a l s o can c o n t r i b u t e t o c a t a l y s t 
s t a b i l i t y and reduced coking p r o p e n s i t y , two important 
c h a r a c t e r i s t i c s of commercially u s e f u l c a t a l y s t s . 
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One may wish t o take advantage of the d i f f e r e n c e i n the 
d i f f u s i v i t y of the molecules i n the z e o l i t e channels to 
achieve h i g h s e l e c t i v i t y . In t h i s case, b e s i d e s the 
s e l e c t i o n of a s p e c i f i c z e o l i t e s t r u c t u r e and chemical 
composition, the s u c c e s s f u l d e s i g n of a shape s e l e c t i v e 
c a t a l y s t o f t e n depends on the a b i l i t y t o a l t e r and 
c o n t r o l the morphology of the c r y s t a l s and the means to 
a d j u s t the c o n c e n t r a t i o n of a c t i v e s i t e s w i t h i n each 
c r y s t a l . 

High s e l e c t i v i t y w i l l r e s u l t when the r a t e of the 
r e a c t i o n s i n v o l v i n g the u n d e s i r a b l e b u l k i e r molecules 
i s i n the s e v e r e l y d i f f u s i o n c o n s t r a i n e d regime. The 
observed s e l e c t i v i t y depends on the r e l a t i v e r a t e of 
r e a c t i o n t o t h a t of d i f f u s i o n of these molecules  I t 
i s obvious t h a t th
a d j u s t e d by v a r y i n
s i t e d e n s i t y (15). 

The advances of our c a p a b i l i t y i n t h i s a r e a were 
ai d e d by a number of remarkable new developments i n 
a n a l y t i c a l i n s t r u m e n t a t i o n . These new c h a r a c t e r i z a t i o n 
t o o l s i n c l u d e , among many, NMR, which p r o v i d e s 
i n f o r m a t i o n on the l o c a l environment of atoms i n the 
s t r u c t u r e (16-17), synchrotron XRD, which p r o v i d e s very 
h i g h r e s o l u t i o n x-ray d a t a from powders (18-19), the 
a p p l i c a t i o n of R i e t v e l d a n a l y s i s of x-ray or neutron 
d i f f r a c t i o n d ata t o z e o l i t e s t r u c t u r e d e t e r m i n a t i o n 
(20), and STEM, which p r o v i d e s atomic r e s o l u t i o n of the 
c r y s t a l s t r u c t u r e and i t s chemical composition (21), to 
name j u s t a few. 

E q u a l l y s i g n i f i c a n t i s the development of a 
v a r i e t y of c a t a l y t i c d i a g n o s t i c t o o l s which complement 
the p h y s i c a l chemical c h a r a c t e r i z a t i o n t o o l s and 
p r o v i d e a l i n k t o the r e a l world of i n d u s t r i a l 
c a t a l y s i s . 

On the other hand, our knowledge of 
c o n f i g u r a t i o n a l d i f f u s i o n i n z e o l i t e s i s f a r from b e i n g 
adequate. While F i c k ' s law on d i f f u s i o n has been 
commonly used t o o b t a i n d i f f u s i o n c o e f f i c i e n t s i n 
z e o l i t e s , t h e r e i s experimental d a t a such as the window 
or cage e f f e c t observed i n e r i o n i t e which cannot be 
i n t e r p r e t e d by such equations. Data on d i f f u s i o n of 
h i g h molecular weight molecules i n z e o l i t e s are almost 
n o n e x i s t e n t . D i s c r e p a n c i e s a l s o remain u n r e s o l v e d 
between d i f f u s i o n c o e f f i c i e n t s determined by NMR and 
uptake d a t a (22-23). Needless t o say, much remains t o 
be i n v e s t i g a t e d , both i n theory (24-25) and i n 
experimental measurement (26). 

C a t a l y t i c a c i d i t y 

When z e o l i t e s were f i r s t shown t o have a c i d i t y f o r 
c a t a l y t i c c o n v e r s i o n n e a r l y 30 years ago, we were 
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f i l l e d w i t h the e x p e c t a t i o n t h a t these porous 
c r y s t a l l i n e m a t e r i a l s of high s u r f a c e area would 
p r o v i d e us w i t h the o p p o r t u n i t y t o work wi t h w e l l 
d e f i n e d pores of known dimensions and a c t i v e s i t e s , 
which c o u l d be r e l a t e d t o the s t r u c t u r e of the c r y s t a l . 
T h i s e x p e c t a t i o n has been o n l y p a r t i a l l y r e a l i z e d . As 
we showed many years ago, the p r o t o n i c s i t e s a s s o c i a t e d 
w i t h the framework aluminum can have a c i d a c t i v i t y many 
ord e r s of magnitude higher than t h a t of the amorphous 
c a t a l y s t of s i m i l a r aluminum c o n c e n t r a t i o n . But t h i s 
should not be construed as an i n d i c a t i o n t h a t the 
c o r r e l a t i o n between s t r u c t u r e and a c t i v i t y i s 
completely understood. In f a c t , t h e r e i s s t i l l 
disagreement as t o the nature of the a c i d s i t e i n 
d i f f e r e n t chemical environments and d i f f e r e n t 
s t r u c t u r a l c o n f i g u r a t i o n s . Questions such as the 
r e l a t i o n s h i p betwee
and the nature of d e f e c
remain u n r e s o l v e d . 

In a d d i t i o n , the s u b s t i t u t i o n of a d d i t i o n a l 
elements, such as Ga, Ge, Β, P, e t c . , adds t o the 
complexity of the system, which i s a l s o f a r from being 
completely understood. But I b e l i e v e t h a t the most 
important c h a l l e n g e a t hand i s t o d e v i s e r a p i d and 
r e l i a b l e s c r e e n i n g t e s t s t o i d e n t i f y the p r a c t i c a l 
u t i l i t y of t h i s l a r g e v a r i e t y of c a t a l y s t s . 

I n d u s t r i a l a p p l i c a t i o n s 

Perhaps f o r obvious reasons, most of the c u r r e n t 
commercial processes u s i n g shape s e l e c t i v e c a t a l y s t s 
are i n the petroleum and petroc h e m i c a l i n d u s t r i e s . 
These processes a l s o l a r g e l y f a l l i n t o the category of 
hydrocarbon c o n v e r s i o n or co n v e r s i o n of non-
hydrocarbons t o hydrocarbons over a c i d c a t a l y s t s . They 
i n c l u d e the r e a c t i o n s of o l e f i n s , p a r a f f i n s , aromatics 
and t h e i r mixtures i n the p r o d u c t i o n of high octane 
g a s o l i n e , h i g h q u a l i t y d i e s e l , j e t f u e l , d i s t i l l a t e 
f u e l s and l u b r i c a n t s . Table 1 shows a p a r t i a l l i s t of 
these p r o c e s s e s . 
The b e n e f i t s of shape s e l e c t i v i t y can be d i s c u s s e d i n 
terms of t a n g i b l e g o a l s of [1] re d u c i n g the c o s t of 
p r o d u c t i o n , [2] improving the q u a l i t y of the product, 
[3] i n c r e a s i n g the supply of product from 
unconventional f e e d s t o c k s and [4] c r e a t i n g t o t a l l y new 
produ c t s . 

The octane b o o s t i n g processes a l l o w us t o reduce 
c o s t by i n c r e a s i n g y i e l d without s a c r i f i c i n g product 
q u a l i t y . To reduce c o s t , a new c a t a l y t i c dewaxing 
process r e p l a c e s an expensive n o n c a t a l y t i c p r o c e s s . 
C a t a l y t i c dewaxing does not have the temperature 
l i m i t a t i o n of a s o l v e n t dewaxing pr o c e s s . Thus, i t 
c r e a t e s a new c l a s s of super-low f r e e z e p o i n t or pour 
p o i n t products f o r low temperature a p p l i c a t i o n s . The 
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Table 1 Processes U t i l i z i n g Shape S e l e c t i v e Z e o l i t e 
C a t a l y s t s 

S e l e c t o f o r m i n g (28-29) Octane b o o s t i n g 
M-Forming (30) Octane b o o s t i n g 
C a t a l y t i c c r a c k i n g (31-32-33-34-35) Octane b o o s t i n g 
MDDW (36-37-38-39-40) D i s t i l l a t e dewaxing 
MLDW (41-42) Lube dewaxing 
M2-Forming (43) Gas t o aromatics 
C y c l a r (44-45) Gas to Aromatics 
MOGD (46-47-48) L i g h t o l e f i n s t o g a s o l i n e 

and d i s t i l l a t e 
MTG (49-50-51-52) Methanol t o g a s o l i n e 
MTO (53-54) Methanol t o l i g h t o l e f i n s 
MVPI, MLPI, MHTI (15-55) Xylene i s o m e r i z a t i o n 
MTDP (15) Toluene d i s p r o p o r t i o n a t i o n 
MBB (56) Ethylbenzen
P a r a - s e l e c t i v e r e a c t i o n

p - e t h y l t o l u e n e s y n t h e s i s 

a b i l i t y t o produce f u e l s and chemicals from 
unconventional f e e d s t o c k s by shape s e l e c t i v e c a t a l y s t s 
i s e x e m p l i f i e d by a r o m a t i z a t i o n of l i g h t gases, 
p r o d u c t i o n of g a s o l i n e and d i s t i l l a t e from l i g h t 
o l e f i n s , and p r o d u c t i o n of l i g h t o l e f i n s and g a s o l i n e 
from oxygenates, such as methanol. In the 
petr o c h e m i c a l area, there are a number of processes 
i n v o l v i n g the p r o d u c t i o n of aromatics. 

However, there i s l i t t l e doubt t h a t the 
a p p l i c a t i o n of shape s e l e c t i v e c a t a l y s i s w i l l be 
extended from hydrocarbons t o the c o n v e r s i o n of non-
hydrocarbons and from a c i d c a t a l y s i s t o metal c a t a l y z e d 
and b i - f u n c t i o n a l c a t a l y s i s . 

A c u r s o r y look a t the patent l i t e r a t u r e shows 
t h a t , f o r example, the double bond of unsaturated 
aldehydes and ketones can be is o m e r i z e d over low 
a c i d i t y medium pore z e o l i t e s without c l e a v i n g the 
c a r b o n y l group, and aldehydes and ketones can be 
i n t e r c o n v e r t e d by s k e l e t a l i s o m e r i z a t i o n (60-61). 

In s p i t e of the f a c t t h a t a c i d s i t e s are prone t o 
be poisoned by b a s i c n i t r o g e n compounds and phenols, 
n i t r o g e n compounds such as amines, p y r i d i n e s , a n i l i n e s , 
n i t r i l e s and phenols have been s y n t h e s i z e d w i t h medium 
pore z e o l i t e s with the d e s i r e d s e l e c t i v i t y (62-63). 

Aromatic a l k y l a t i o n r e a c t i o n s which l e d t o a 
number of p a r a - s e l e c t i v e products have been d u p l i c a t e d 
on phenols and thiophenes (64-65-66-67). So have 
h a l o g e n a t i o n and n i t r a t i o n r e a c t i o n s (68-69). 

T h e r e f o r e , we are not o n l y a d d r e s s i n g the i s s u e of 
p r o v i d i n g improved c a t a l y s t s f o r e x i s t i n g process 
technology, but a l s o e x p e c t i n g the c r e a t i o n of t o t a l l y 
new processes and new products h e r e t o f o r e n o n - e x i s t e n t . 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



474 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

Literature Cited 

1. Catalytica Highlights. 1986, 12, (4) 1. 
2. Flanigan, E. M., Lok, B. M., Patton, R. L. and 

Wilson, S. T. , Proc. 7th Int. Zeol. Conf., 
Murakami, Υ., Iijima, A. and Ward, J . W., eds., 
Kodansha/Elsevier, 1986; p 103. 

3. Pellet, R. J., Rabo, J . Α., Long, G. N. and 
Coughlin, P. Κ., paper presented at the 10th North 
Am. Mtg. Catal. Society, May 17-22, 1987; paper 
No. B-2. 

4. Pellet, R. J., Rabo, J. Α., Long, G. Ν., Poster 75 
presented at the 10th North Am. Mtg. Catal. 
Society, May 17-22, 1987. 

5. Taramasso, M., Perego, G. and Notari, Β. , Proc. 
5th Int. Conf. on Zeolites  Rees  L  V.  ed.
Heyden, London

6. Ione, K. G., Vostrikova, , , , 
Yurchenko, E., and Stepanov, V. G., Akad. Nauk 
SSSR, 1981, 27, 1160. 

7. Hoelderich, W., Eichhorn, H., Lehnert, R., Marosi, 
L., Mross W., Reinke, R., Ruppel, W., and 
Schlimper, H., Proc. 6th Int. Zeol Conf., Olson, 
D. H. and Bisio, Α., eds., Butterworths, 1984, 
p 545. 

8. Chu, C. T-W, and Chang, C. D., J . Phys. Chem., 
1985, 89, 1569. 

9. Scholle, K. F. M. G. J., Kentgens, A. P. M., 
Veeman, W. S., Frenken, P. and van der Welden, 
G. P.M., J . Phys. Chem., 1984, 88, 5. 

10. Schlenker, J . L., Rohrbaugh, W. J., Chu, P., 
Valyocsik, E. W., and Kokotailo, G. T., Zeolites, 
1985, 5, 355. 

11. Csicsery, S. Μ., J . Catal., 1978, 52, 453. 
12. Frilette, F. J., Haag W. O., and Lago, R. M., J . 

Catal. 1981 67, 218. 
13. Dessau, R. Μ., Am. Chem. Soc. Symp. Ser. 1980, 135, 

123. 
14. Santilli , D. S., J . Catal., 1986, 99, 327. 
15. Olson, D. H. and Haag, W. O., Am. Chem. Soc. Symp. 

Ser., 1984, 248, 275. 
16. Engelharde, G., Lohse, U., Lippmaa, E., Tarmak, Μ., 

Magi, M. Z. , Anorg. Alleg. Chem. 1981, 482, 49. 
17. Ramdas, S., Thomas, J . M., Klinowski, J., Fyfe, C. 

Α., Fyfe, J . S., Hartman, J. S., Nature 1981, 292, 
228. 

18. Eisenberger, P., Newsam, J. M., Leonowicz, M. E. 
and Vaughan, D. E. W., Nature, 1984, 309, 45. 

19. Cox, D. E., Hastings, J . Β., Cardoso, L. P. and 
Finger, L. W., "Materials Science Forum", High 
Resolution Powder Diffraction, C.R.A. Catlow, Ed. 
1986; vol. 9, p 1-20. 

20. Baerlocher, C., Proc. Sixth Intern. Zeolite Conf., 
Olson, D., and Bisio, Α., Editors, Butterworths, 
Guildford, UK, 1984, p 823. 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



29. CHEN Shape-Selective Catalysis at the SO- Year Mark 475 

21. Thomas, J . Μ., New Scientist, 1980, August 21, 580. 
22. Karger, J.; Pfeifer, Η., Freude, D., Caro, J., 

Buelow, M. and Uehlmann, G., Proc. 7th Int. Zeol. 
Conf., Murakami, Υ., Iijima, A. and Ward, J. W., 
eds., Kodansha/Elsevier, 1986, p633. 

23. Ma, Y. H.,Tang, T. D., Sand, L. B. and Hou, L. Y., 
ibid, 1986, p 531. 

24. Doros, T. , Wei, J.; J. Catal., 1983, 83, 205. 
25. Sundaresan, S., Hall, C. Κ., Chem. Eng. Sci., 1986, 

41, 1631. 
26. Chang, A. S., Dixon, A. G. and Ma, Υ. Η., Chem. 

Eng. Sci., 1984, 39, 1461. 
27. Haag, W. O. and Dessau, R. Μ., Proc. 8th Intern. 

Congr. Catal. 1984, 2, 305. 
28. Chen, Ν. Υ., Maziuk, J, Schwartz, A. B. and Weisz, 

P. B.,Oil Gas J.; 1968  66 (47) 154
29. Roselius, R. R.

Maziuk, J . and
the NPRA Annual Meeting, San Antonio, TX, Apr. 
1973. 

30. Chen, Ν. Y., Garwood, W. E. and Heck, R. Η., Ind. 
Chem. Eng. Res., 1986, 26, 706. 

31. Anderson, C. D., Dwyer, F. G., Koch, G. and 
Niiranen, P., paper presented at the 9th 
Iberoamerican Symp. Catal., Lisbon, Portugal, 
Jul. 1984. 

32. Yanik, S. J.; Demmel, E. J.; Humphries, A. P. and 
Campagna, R. J.; Oil Gas J.; 1985, 83 (19), 108. 

33. Sparrell, P. T. , Donnelly, S. P. and Schipper, P. 
Η., paper presented at the 10th North Am. Catal. 
Soc. Mtg., San Diego, CA, May 17-22, 1987. 

34. Dwyer, F. G. and Schipper, P. Η., paper presented 
at the Ketjen Motor Octane Symposium, Amsterdam, 
Netherlands, June 25-26, 1987. 

35. Donnelly, S. P., Mizrahi, S, Sparrell, P. T., Huss, 
Jr . , Α., Schipper, P. H. and Herbst, J . Α., paper 
presented at the 19th Nat. Am. Chem. Soc. Mtg., New 
Orleans, LA, Aug. 30 - Sep. 4, 1987. 

36. Chen, N.Y., Gorring, R. L., Ireland, H. R. and 
Stein, T. R., Oil Gas J. 1977, 75 (23) 165. 

37. Perry, Jr . , R. Η., Davis, Jr . , F. E. and Smith, R. 
B., Oil Gas J.; 1978, 76, (21) 78. 

38. Ireland, H.R., Redini, C., Raff, A. S. and Fava, 
L., Hydrocarbon Proc. 1979, 58, (5) 119. 

39. Donnelly, S. P. and Green, J . R., paper presented 
at the Symp. Japan Petrol. Inst., Oct. 1980. 

40. Graven, R. G. and Green, J . R., paper presented at 
the Congr. Australia Inst. Petrol., Sidney, 
Australia, Sept. 1980. 

41. Smith, K. W., Starr, W. C. and Chen, Ν. Υ., Oil Gas 
J. 1980, 78 (21) 75. 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



476 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

42. Wise, J . J., Katzer, J. R. and Chen, Ν. Υ., 
"Catalytic dewaxing in petroleum processing", 
paper presented at the Am. Chem. Soc. 173rd Annual 
Mtg., New York, NY, Apr. 14-15, 1986. 

43. Chen, Ν. Y. and Yan, Τ. Υ., Ind. Eng. Chem., 
Process Res. Devel. 1986, 25, 151. 

44. Johnson, J . A. and Hilder, G. Κ., paper presented 
at the NPRA Annual Mtg., San Antonio, TX, March 
1984. 

45. Anderson, R. F . , Johnson, J. A. and Mowry, J. R., 
paper presented at the AIChE Spring National Mtg., 
Houston, TX, March 24-28, 1985. 

46. Garwood, W. Am. Chem. Soc. Symp. Ser., 1983, 
218, 383. 

47. Tabak, S. Α., paper presented at the AIChE National 
Meeting, Phila. PA, Aug. 1984. 

48. Tabak, S. Α., Krambeck
paper presented
CA, Nov., 1984. 

49. Chang, C. D., Catal. Rev. - Sci. Eng. 1983, 25, 1. 
"Hydrocarbons from Methanol", Marcel Dekker, Ν. Y.; 
1983. 

50. Penick, J . Lee, W. and Maziuk, J., paper 
presented at the Intern. Symp. Chem. Reactor Eng., 
(ISCRE-7) Boston, MA, Oct. 1982. 

51. Gierlich, Η. Η., Keim, Κ. H., Thiagarajan, Ν., 
Nitschke, Kam, Α. Υ., Daviduk, Ν., paper 
presented at the 2nd EPRI Conf. "Synthetic Fuels 
-Status and Directions", San Francisco, CA, Apr. 
1985. 

52. Yurchak, S., paper presented at the Symp. 
Production of Fuels and Chemicals from Natural Gas, 
Auckland, NZ, Apr. 1987. 

53. Chang, C. D., Chu, C. T-W. and Socha, R. F . , J. 
Catal. 1984, 86, 289. 

54. Gould, R. M., Avidan, Α. Α., Soto, J. L., Chang, C. 
D. and Socha, R. F . , "Scale-up of a Fluid-bed 
Process for Production of Light Olefins from 
Methanol", paper presented at the AIChE National 
Mtg., New Orleans, LA, April 6-10, 1986. 

55. Haag, W. O. and Dwyer, F. G., paper presented at 
the AIChE 8th Natl. Mtg., Boston, August 1979. 

56. Dwyer, F. G., Lewis, P. J . and Schneider, F. Μ., 
Chem. Eng., 1976, 83, (1) 90. 

57. Chen, N. Y., Kaeding, W. W. and Dwyer, F. G., J. 
Am. Chem. Soc. 1979, 101, 6783. 

58. Kaeding, W. W., Chu, C., Young, L. Β., Weinstein, 
B. and Butter, S. Α., J. Catal. 1981, 67, 159. 

59. Kaeding, W. W., Young, L. B. and Prapas, A. G., 
Chemtech. 1982, 12, 556. 

60. Hoelderich, W., Merger, F . , Mross, W. D. and 
Fischer, R. European Patent 162,387, Nov. 27, 
1985. 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



29. CHEN Shape-Selective Catalysis at the SO- Year Mark 477 

61. Hoelderich, W., Proceedings 7th Intern. Zeolite 
Conf., Murakami, Υ., Iijima, A. and Ward, J . W., 
Eds,. Kodadansha/Elsevier, 1986; p 827. 

62. Chang, C. D. and Lang, W. Η., U.S. Patent 
4,220,783, Sept. 2, 1980. U.S. Patent 
4,380,669, Apr. 19, 1983; U.S. Patent 
4,434,299, Feb. 28, 1984. 

63. Chang, C. D. and Perkins, P. D., U.S. Patent 
4,388,461, Jun. 14, 1983. U.S. Patent 
4,395,554, Jul. 26, 1983. 

64. Cullo, L. Α., Restelli, E. F., Shiring, F. J., 
Intern. Pub. No. WO 8604834, Aug. 28, 1986. 

65. Swanson, B. J., Shubkin, R. L., U. S. Patent 
4,532,368, Jul. 30, 1985. 

66. Toray Ind., Japan Patent 61050933, Mar. 13, 1986. 
67. Baltes, H. , Leupold, Ε. I, European Patent 144760, 

Jun. 19, 1985
68. Japan Syn. Rubber

1984. 
69. Ihara Chem., Japan Patent 59206322, Nov. 22, 1984; 

60048943, Mar. 16, 1985; 61053234, Mar. 17, 
1986; European Patent 154236, Sept. 11, 1985. 

RECEIVED January 25, 1988 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



Chapter 30 

Molecularly Engineered, High-Performance 
Adsorbent 

Self-Bound Low-Silica X Zeolite 

C. G. Coe, S. M. Kuznicki1, R. Srinivasan, and R. J. Jenkins 

Corporate Science and Technology Center, Air Products and Chemicals, 
Inc., Allentown, PA 18195 

We prepared highl
(LSX) in a self-bound form directly from porous, 
preformed metakaolin pellets. In the appropriate 
cation form, these materials should have Improved 
adsorption properties for weakly interacting 
adsorbates such as nitrogen. The composition of the 
synthesis medium, substrate porosity, aging period, 
and crystallization conditions affected both the 
total amount of zeolite produced and the relative 
amount of X and A phases formed. Materials were 
characterized by elemental analysis, X-ray 
diffraction, scanning electron microscopy, N2 

adsorption, and 2 9 Si MAS NMR. Pellets converted in 
situ under optimum conditions contained >95% X 
zeolite having a Si/Al ratio equal to 1.0. These 
properties, combined with a large median pore 
diameter and acceptable crush strength, make this 
material a superior adsorbent. As predicted, a 
calcium low-silica X zeolite, properly activated, 
possesses higher N2 capacity (1.37 moles/g at 30°C, 
1 atm) and N2/O2 selectivity (11.5 from air at 
30°C) than any other adsorbent. 

Synthet ic f a u j a s l t e s have subs tant i a l u t i l i t y 1n a wide va r i e t y 
of adsorp t i ve , c a t a l y t i c , and Ion exchange processes. 
T y p i c a l l y , Y z e o l i t e s are used as c a t a l y s t s whereas X z e o l i t e s , 
having comparat ively more cat ions and a higher framework charge, 
have been used for adsorpt ive and 1on exchange a p p l i c a t i o n s . 

The t y p i c a l X z e o l i t e possesses a framework S1/A1 r a t i o of 
about 1.25. However, the alum1num~r1ch end member of the 
f a u j a s i t e f ami l y , 1n accordance with Lowensteln's r u l e , has a 
r a t i o of 1.0, and consequently the maximum pos s ib le number of 
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exchangeable ca t i on s . In previous work we have shown that 
h igh ly exchanged CaX (S1/A1 = 1.23), with most of the ca lc ium 1n 
the dehydrated/dehydroxylated s t a te , possesses N2 c a p a c i t i e s 
and N2/O2 s e l e c t l v 1 t i e s that are much larger than t y p i c a l l y 
reported. (1) Since the strength of ca t lon / sorba te In teract ions 
Is r e l a t i v e l y Independent of the number of cat ions present (2 ) , 
the adsorpt ion capac i ty for weakly In terac t ing adsorbates such 
as n i t rogen should be d i r e c t l y re l a ted to the number of 
s o rba te -acces s l b l e cat ions a v a i l a b l e . Improving the dynamic 
capac i ty 1s a prime cons idera t ion and goal f o r a l l separat ion 
and adsorpt ion a p p l i c a t i o n s . ( 3 ) Thus, we f e l t 1t would be 
worthwhile to prepare an X z e o l i t e having the maximum aluminum 
content. This z e o l i t e Is re fe r red to as "reduced s i l i c a X" or 
" low~s1Hca X" (LSX).(4) In a d d i t i o n , 1n accordance with 
Lowensteln's ru le the LSX would have an ordered, uniform 
d i s t r i b u t i o n of aluminum atoms leading to a more e n e r g e t i c a l l y 
homogeneous sur face. 

The u t i l i t y of a
not only by Its chemical composit ion, but a l so by Its phys ica l 
form. For most commercial a p p l i c a t i o n s , z e o l i t e s must be 
p e l l e t l z e d to produce a p a r t i c l e having 1) s u f f i c i e n t s i ze to 
e l im inate massive pressure drops through a packed bed, 
2) adequate crush strength and a t t r i t i o n r e s i s t a n c e , and 
3) enough macroporoslty to minimize d i f f u s i o n r e s i s t ance . 
Genera l ly 1n order to formulate a p e l l e t l z e d mater ia l the a c t i v e 
z e o l l t l c component must be d i l u t e d with an Inorganic binder and 
then extruded or formed Into beads. Adding a b inder , however, 
d i l u t e s the a c t i v e z e o l i t e phase, lowering Its capac i t y . Thus 
our goal was to produce a se l f -bound LSX p e l l e t , e l im ina t i ng the 
need for a b inder. 

Some Information on se l f -bound z e o l i t e s has been 
publ i shed. (5) Howell and Acara (6) have converted preformed 
aggregates of r eac t i ve kao l i n - t ype c l a y , under appropr ia te 
cond i t i on s , d i r e c t l y to a z e o l l t l c phase. Metakaol ln having a 
S1/A1 r a t i o of 1.0 was e a s i l y converted to z e o l i t e A. A l so , 
Breck (5) d i scusses the f a b r i c a t i o n of pure se l f -bound A z e o l i t e 
p a r t i c l e s severa l Inches 1n s i ze by convert ing metakaol ln 1n 
s i t u . 

Since LSX and A z e o l i t e have the same o v e r a l l chemical 
composit ion and both are constructed by l i n k i n g s o d a l l t e cages, 
we postu lated that preformed metakaolln could be converted 
d i r e c t l y to LSX. Several reports show that kao l i n - t ype c lays 
can be transformed to X- or Y-type z e o l i t e s having S1/A1 r a t i o s 
exceeding 1.2 by e i t h e r adding s i l i c a to or removing alumina 
from the metakaol ln. (7-9) In each case, without add i t i on of 
s i l i c a or d e l e t i o n of alumina, only A z e o l i t e 1s formed. 

Only sca t tered reports are a v a i l a b l e on the preparat ion of 
LSX even 1n an unbound form. Simply ex t rapo la t ing the standard 
synthes is reagents and cond i t ions used to produce t y p i c a l X 
z e o l i t e w i l l not y i e l d a S1/A1 r a t i o of less than 1.2. Kuhl and 
Sherry have publ ished the most comprehensive Information on LSX 
synthes i s . (10) In a B r i t i s h patent, they descr ibe a preparat ion 
wherein a lumlnosl11cate gels In h igh ly a l k a l i n e mixed NaVK* 
are subjected to a multlday aging per iod at 40°C, fo l lowed by 
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c r y s t a l l i z a t i o n at higher temperature. They c la im the long 
aging per iod i s c r i t i c a l to e l im ina t i n g the formation of A 
z e o l i t e . ( 1 0 ) They a l so stated that many reac t i ve s i l i c a - a l u m i n a 
sources may be used to prepare LSX, i n c lud ing ca l c i ned c l a y s , 
but g ive no examples. (ljO) Barrer has c a r e f u l l y s tudied the 
hydrothermal react ions of metakaolin in both s ing le and mixed 
bases at temperatures of 80°C and above but did not observe the 
formation of L S X . ( H ) We found no reports of the d i r e c t 
preparat ion of LSX from metakaolin in e i t h e r a powder or 
se l f -bound p e l l e t i z e d form. In a d d i t i o n , the a i r separat ion 
proper t ie s for any ion form of LSX have never been reported. 

The work reported here descr ibes the preparat ion and 
c h a r a c t e r i z a t i o n of h igh ly c r y s t a l l i n e se l f -bound LSX from a 
porous metakaolin precursor and the super ior a i r separat ion 
p roper t ie s observed for the ca lc ium form. 

Experimental 

Porous metakaol in p e l l e t s were prepared from Engelhard ASP-400 
kao l i n using food grade corn s tarch as the pore former. P e l l e t s 
conta in ing 30% s tarch gave the best r e s u l t s . A f te r 30% starch 
was mulled i n to the kao l in c l a y , the mixture was extruded by 
standard techniques to form 1/8 inch diameter p e l l e t s of 
s t a r c h - f i l l e d kao l i n c l ay . Extrus ion was fol lowed by a heat 
treatment at 700°C s im i l a r to that descr ibed by Howell and 
Acara.(6) 

The heat treatments were c a r e f u l l y c o n t r o l l e d s ince the 
p e l l e t s have a high organic f r a c t i o n . Uncontro l led "burnout" of 
the organics may cause l o c a l i z e d hot spots in the p e l l e t s . 
There fore , p r i o r to treatment at 700°C in a i r , the samples were 
heated at a lower temperature under an i n e r t atmosphere to 
remove most of the organ ics . Heat treatment tubes loaded with 
the d r ied p e l l e t s were lowered in to 595°C ovens under a n i t rogen 
atmosphere. The p e l l e t temperature rose r ap id l y to 480-540°C; 
as the organics burned of f a black smoke evolved. The N2 
atmosphere was maintained u n t i l smoke formation ceased. To 
remove the balance of the organ ics , a small f r a c t i o n (5-10%) of 
the n i t rogen was replaced with a i r . The rate of a i r add i t i on 
was c o n t r o l l e d to maintain the ΔΤ in the treatment vesse l 
below 40°C so that the p e l l e t temperature was maintained below 
700°C. A f te r a l l the organic mater ia l had burned out and 
n i t rogen had been replaced by a i r , the p e l l e t bed temperature 
was ra i sed to 700°C and held fo r 2 hrs . The to ta l heat 
treatment time was t y p i c a l l y from 4 to 6 hrs . 

The se l f -bound LSX p e l l e t s were prepared d i r e c t l y from the 
porous metakaolin p e l l e t s . In a t y p i c a l preparat ion 22.2 g of 
the p e l l e t s was mixed with 39.0 g of NaOH, 18.2 g of Κ0Η and 234 
cc of H2O so that S i 0 2 / A l 2 0 3 = 2.0, (Na 2 0 + 
K 2 0 ) / S i 0 2 = 3.25, Na 2 0/(Na 2 0 + K2O) = 0.75, and 
H 2 0/(Na 2 0 + K2O) 20. Aging and/or c r y s t a l l i z a t i o n 
temperatures and times were var ied to a s c e r t a i n optimal 
c o n d i t i o n s . The best r e su l t s were obtained when the above 
mixture was allowed to react with constant c i r c u l a t i o n at about 
50°C fo r a per iod of 10 days. 
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One pound lo t s of se lec ted adsorbents were prepared by a 
d i r e c t scaleup of the above procedure, f o r convers ion to other 
Ion forms and a p p l i c a t i o n s tud ie s . 

The se l f -bound LSX 1s r e a d i l y converted to other 1on forms 
using standard Ion exchange techniques. The ca lc ium form was 
prepared In most cases d i r e c t l y from the mixed Na/K adsorbents. 
Four 2-hr. exchanges, with at leas t a f o u r f o l d excess of 1 M 
CaCl2 at temperatures between 90 and 100°C, genera l l y produced 
samples having >98% of t h e i r exchange capac i ty 1n the ca lc ium 
form. 

The amounts of X and A z e o l i t e s present 1n the adsorbents 
were determined by X-ray d i f f r a c t i o n . The sodium forms were 
used In a l l cases. The method Involved adding a-Al2Û3 to 
the sample as an Internal standard and then e s t a b l i s h i n g the 
r a t i o s of the Integrated peak areas for se lected z e o l i t e l i nes 
In the sample of In terest to those of pure z e o l i t e s 1n the 
sodium form. Tota l micropor
oxygen adsorpt ion at
a f t e r a c t i v a t i o n of the z e o l i t e at 1 to 2°C per minute to a 
f i n a l temperature of 400°C. 

2 9 S1 NMR spectra were obtained at ambient temperature 
using the Bruker CXP-200 FT-NMR (4.77 1) spectrometer equipped 
with a magic angle spinning mu l t lnuc lear probe. The De l r l n 
rotor was spun at about 3 kHz, and the pulse r e p e t i t i o n time was 
10 sec. The chemical s h i f t sca le was c a l i b r a t e d using 
hexamethyldls i loxane as an external reference (6 = 6.83 ppm). 

Crush strengths were measured using a C h a t H l o n apparatus. 
Values reported were the average of 20 determinat ions. Pore 
s i ze d i s t r i b u t i o n s were measured by mercury In t rus ion using a 
M lc romer l t l c s Autopore 9220. A contact angle of 130° was 
assumed for a l l measurements. 

The equ i l i b r i um capac i t i e s of n i t rogen and oxygen from a i r 
and the adsorbent c apac i t i e s for pure n i trogen were determined 
fo r an 8-Inch bed of each adsorbent contained In a 1-Inch I.D. 
by 24 In. s t a i n l e s s s tee l tube. The packed bed was placed In a 
three-zone tube furnace. The adsorbents were ac t i va ted under a 
f low of dry n i t rogen and c o n t r o l l e d temperature ramp, In a 
manner we prev ious l y found leaves a high proport ion of the 
z e o l i t e cat ions 1n a dehydroxylated state.(1_2) 

To a s c e r t a i n the n i t rogen capac i ty and n i t rogen s e l e c t i v i t y 
of each adsorbent at 30°C and 1 atm pressure, we passed a stream 
of dry CÛ2- f ree a i r through the ac t i va ted adsorbent bed at 
30°C for s u f f i c i e n t time to ensure equ i l i b r i um (approximately 12 
h r s ) . To analyze the adsorbed product, the adsorbent bed was 
thermal ly desorbed at about 400°C Into a gas burette c o l l e c t i o n 
chamber at atmospheric pressure. Void volumes In the adsorbent 
beds were determined by helium displacement. Measurements of 
the d i sp laced volume 1n the gas c o l l e c t o r , coupled with void 
volume measurements, y i e lded the amount of n i t rogen plus oxygen 
adsorbed. The compositions of the adsorbed gases were 
determined by gas chromatography. 

The s e l e c t i v i t y (a) of the nitrogen/oxygen separat ion Is 
c a l cu l a ted from: 
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a" 
[N 2 ] adsorbed 

[CL] adsorbed 

[ 0 ? ] gas phase 

[N~] gas phase 

Nitrogen c a p a c i t i e s for pure gas were determined in a s i m i l a r 
manner. Fol lowing a c t i v a t i o n , the adsorbent beds were allowed 
to e q u i l i b r a t e in a stream of dry n i t rogen at 30°C. Thermal 
desorpt ion coupled with void volume measurements by helium 
displacement in to a gas buret at atmospheric pressure y ie lded 
the amount of n i t rogen adsorbed. 

Results and Discuss ion 

Synthes i s . Ex t rapo la t ion of standard synthesis techniques fo r X 
z e o l i t e w i l l not produce synthet ic f a u j a s i t e s having a S1/A1 
below 1.2. Kuhl and Sherry ' s methods for prepar ing LSX vary 
from usual X-type synthese
synthes ized LSX in a mixe
t y p i c a l X-synthes1s i s conducted in pure aqueous NaOH using a 
SIO2/AI2O3 ^ 3.0. However, the chemical composit ion of 
unmodified metakaolin f i xe s the SIO2/AI2O3 at 2.0 fo r 
these reactant composit ions. Thus without e l eva t i ng th i s r a t i o , 
the mixture w i l l t y p i c a l l y be converted to z e o l i t e A. The r a t i o 
of t o t a l base to s i l i c a i s h igh, (Na 20 + K 2 0) /S10 2 

~ 3.25 compared to Na2Û/S102 ~ 1.0-1.5 in a more t y p i c a l 
X z e o l i t e syn thes i s . The water content of the system i s 
s imultaneously low, H2Û/(Na2Û + K2O) = 20, compared to 
H20/Na2Û -40 for X z e o l i t e s . We presumed that the 
increased a l k a l i n i t y of the system elevates the A1/S1 r a t i o in 
both the so l u t i on and c r y s t a l l i n e z e o l i t e product. This 
presumption is supported by B a r r e r ' s observat ion that a general 
c o r r e l a t i o n ex i s t s between a l k a l i n i t y and the framework S1/A1 
r a t i o of the z e o l i t e product.(1_3) 

Kuhl and Sherry a l so c l a im that p r e c r y s t a l l i z a t i o n aging 
cond i t ions of the system are c r u c i a l . Due to the low 
SIO2/AI2O3 (-1.0) employed immediate c r y s t a l l i z a t i o n 
re su l ted in the formation of predominantly z e o l i t e A. The aging 
process i s reported to be h igh ly s e n s i t i v e to both time and 
temperature. These workers suggested that nuc lea t ion centers 
leading to f a u j a s i t e form more r ap id l y than those for A z e o l i t e 
at temperatures below 50°C. 

The h igh ly reac t i ve metakaolin used in our work i s formed 
dur ing the 700°C heat treatment which i s a l so needed to remove 
the organic pore former in the p e l l e t i z e d adsorbents. 
Metakaolin i s be l ieved to e x i s t as a defect phase where s i l i c a 
layers of the o r i g i n a l c lay are in c lo se proximity to A10* 
te t rahedra l un i t s coming from the o r i g i n a l octahedral l ayer . (14) 

Figure 1 shows the o v e r a l l scheme fo r the preparat ion of a 
se l f -bound LSX adsorbent, from metakaolin p e l l e t s which a f t e r 
ca lc ium exchange have improved performance as adsorbents fo r a i r 
separa t ion . We have made se l f -bound LSX by contact ing the 
porous metakaolin p e l l e t with a mixture of sodium and potassium 
hydroxides at r e l a t i v e l y low temperatures and pressures . 
Depending on the cond i t i on s , these aggregates are e i t h e r 
converted to a mixture of A and LSX or transformed e n t i r e l y to 
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an e s s e n t i a l l y pure LSX. The formation of LSX does not requ i re 
any s i l i c a source in add i t i on to the metakaol ln. The time 
required fo r aging and/or c r y s t a l l i z a t i o n of LSX and the 
poros i t y of the metakaol ln p e l l e t vary g rea t l y depending on the 
cond i t ions employed (v ide i n f r a ) . Both Na f and K* are 
necessary fo r the formation of LSX from metakaol ln. S im i l a r 
preparat ions lack ing K + produced predominantly 
hydroxysoda l i te , and removing the Na* produced a phase 
i d e n t i f i e d by XRD as KF. As synthes ized, the se l f -bound LSX 
p e l l e t s are in the mixed ion form conta in ing about 75% Na f and 
25% K*. Other ca t ion forms are r e a d i l y prepared using 
standard ion exchange procedures. The p e l l e t s maintain t h e i r 
macroscopic i n t e g r i t y dur ing t h e i r convers ion to z e o l i t e . 

We c a r r i e d out our i n i t i a l synthet i c work using f i n e l y 
powdered metakaol ln. Its optimum aging per iod was about 5 days 
at 40°C; aging was fol lowed by c r y s t a l l i z a t i o n at 100°C  These 
re su l t s were unant ic ipate
for a l u m i n o s i l i c a t e ge l s
r i s e in LSX pu r i t y with extended aging.(1_0) Even a f t e r the 
optimum aging pe r i od , we found that the converted metakaol ln 
contained about 75% LSX with 10% A z e o l i t e as a minor phase. 

Having learned how the powdered metakaol ln r e a c t s , we 
focused our a t t en t i on on in s i t u convers ion of p e l l e t l z e d 
ma te r i a l s . We found that a pore-formed metakaol ln was necessary 
fo r prepar ing se l f -bound LSX; attempts to convert extruded 
metakaol ln p e l l e t s made without a pore former were 
unsuccess fu l . Apparently the dense p e l l e t s do not have 
s u f f i c i e n t macroporosity to i n t e r a c t with the synthes i s medium. 
When a pore former such as s tarch i s extruded with the kao l i n 
c l ay and subsequently burned out, the r e s u l t i n g metakaol in 
aggregate has a median pore diameter an order of magnitude 
la rger than t y p i c a l l y found in a commercial p e l l e t l z e d X or 
A-type adsorbent. 

We c a r r i e d out aging studies on both powdered and 
p e l l e t i z e d metakaol in. Exposing porous metakaolin p e l l e t s to 
the same synthes is cond i t ions used for powdered metakaolin at 
40°C produced a s i m i l a r optimum aging per iod (about 5 days) but 
a low l eve l of z e o l i t e s . In con t ra s t , when aged at 50°C p r i o r 
to c r y s t a l l i z a t i o n the powder could be c r y s t a l l i z e d at 100°C to 
pure LSX a f t e r 7 days whereas the p e l l e t s always contained an A 
z e o l i t e impurity (about 10%) and a maximum of 75% LSX. The 
re su l t s from aging studies at 50°C are p lo t ted in F igure 2. 
Ag i t a t i n g the aging mixture had no e f f e c t on the convers ion of 
metakaolin to LSX. 

However, we found that c i r c u l a t i n g the a l k a l i n e s o l u t i on 
during the c r y s t a l l i z a t i o n step improved the degree of 
convers ion to z e o l i t e and increased the f r a c t i o n of LSX produced 
in both powders and p e l l e t s . For samples aged fo r 5 days at 
40°C c i r c u l a t i n g the a l k a l i n e s o l u t i on dur ing c r y s t a l l i z a t i o n at 
100°C completely converted metakaol in to z e o l i t e having about 
80% LSX and 20% A. The b e n e f i c i a l e f f e c t of a g i t a t i o n dur ing 
c r y s t a l l i z a t i o n in the formation of LSX has not been 
recognized. In f a c t , previous workers have stated that 
quiescent cond i t ions are p re fe r red dur ing the c r y s t a l l i z a t i o n of 
synthet i c f a u j a s i t e or A z e o l i t e s from metakaol in. (6) 
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KAOLIN CLAY + PORE FORMER 

EXTRUSION 

SOLID PELLET 

J CALCINATION, 7 0 0 ° C 

POROUS METAKAOLIN 

NaOH/KOH, 4 0 - 8 0 ° C 

SELF-BOUND LSX 

POST MODIFICATION 

F i g u r e 1. I n s i t u p r e p a r a t i o n of a v e r s a t i l e self-bound LSX. 

0 1 2 3 4 5 6 7 

AGING PERIOD (DAYS) 

• SELF-BOUND PELLET 
Ο FINELY POWDERED 

LSX ZEOLITE 
A ZEOLITE 

ALL SAMPLES WERE CRYSTALLIZED FOR 8 HOURS AT 100 eC 
WITH NO AGITATION. 

F i g u r e 2. E f f e c t of 50°C aging p e r i o d on LSX for m a t i o n . 
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Extensive work on the formation of LSX from f i n e l y powdered 
metakaolin resu l ted in the d i scovery that e s s e n t i a l l y pure LSX 
could be prepared in a one-step synthes is without aging using a 
temperature of 50°C or s l i g h t l y h igher. C r y s t a l l i z a t i o n curves 
f o r LSX produced by c i r c u l a t i n g the a l k a l i n e mixture c o n t i n u a l l y 
over the metakaolin at 50°C are shown in Figure 3. In both the 
powdered and porous p e l l e t s , A z e o l i t e did not form i f the bases 
were c i r c u l a t e d and the temperature maintained at 50°C. At th i s 
temperature, c l a s s i c a l c r y s t a l l i z a t i o n behavior was observed. 
A f te r an induct ion pe r i od , the LSX c r y s t a l l i n i t y formation 
exh ib i t s a smooth S-shaped curve. 

Attempts to a cce le ra te LSX formation by i nc reas ing the 
reac t ion temperature enhanced the formation of A z e o l i t e but 
diminished the y i e l d of LSX. However, add i t i ona l s tudies on 
powdered metakaolin showed the formation of LSX can be 
s i g n i f i c a n t l y acce lera ted by chemical means  C i r i c has shown 
that A z e o l i t e , whic
s t r u c t u r a l component
propor t iona l to [OH*] 2 at a given temperature. (1_5) 
There fore , we were in te res ted in examining how hydroxide 
concentrat ion in f luences LSX format ion. By reducing the water 
content to ha l f the amount used in the standard reac t ion mixture 
(doubl ing the concentrat ion of hydrox ides ) , the synthes is was 
shortened from several days to approximately 1 day. An 
add i t i ona l bene f i t of using less water was a large increase in 
the amount of LSX produced per un i t volume of the reac to r . 
Attempts to apply th i s to the porous metakaolin p e l l e t s were 
hampered by the lack of s u f f i c i e n t c i r c u l a t i o n of the viscous 
synthes is medium. However, we fee l there is no chemical reason 
why s im i l a r r e su l t s fo r the p e l l e t s should not be p o s s i b l e . 

C h a r a c t e r i z a t i o n . Our se l f -bound p e l l e t s contained d i f f e r e n t 
amounts of LSX and A z e o l i t e s depending on the synthet i c 
procedures. The amounts of A and X present were determined 
using the X-ray d i f f r a c t i o n techniques descr ibed in the 
Experimental s e c t i o n . On a l i n e - b y - l i n e basis the LSX phase in 
these products d i sp l ay s i g n i f i c a n t l y d i f f e r e n t X-ray d i f f r a c t i o n 
pat tern i n t e n s i t i e s compared to a standard X z e o l i t e ( S i / A l = 
1.25). However, summation of a l l the major peaks fo r a pure LSX 
gives a t o t a l i n t e n s i t y that i s v i r t u a l l y i d e n t i c a l to the 
standard X z e o l i t e . We measured the framework S i / A l r a t i o 
present in the p e l l e t s d i r e c t l y using s o l i d - s t a t e 2 9 S1 NMR and 
a l so estimated the r a t i o from the un i t c e l l constant , an., 
using an ex t rapo l a t i on of the l i n e a r r e l a t i o n s h i p developed by 
Breck and Flanigen.(TM6) Ex t rapo la t i on of th i s c o r r e l a t i o n gives 
a l a t t i c e constant of 25.02 A for a f a u j a s i t e having a 1:1 S i / A l 
r a t i o . The pre fer red LSX product, which was c r y s t a l l i z e d at 
50°C, had a un i t c e l l constant of 25.03 A, corresponding to a 
framework S i / A l of 0.99. Figure 4 shows the 2 9 S i NMR is a 
s i ng le resonance at -85.7 ppm, c h a r a c t e r i s t i c of the Si (4A1) 
group in the zeol i te.(17.) The absence of a resonance at -90 ppm 
ind i ca te s there i s <5% z e o l i t e A in the p e l l e t s . 

Bulk elemental ana ly s i s confirmed that the ca lc ium form of 
se l f -bound LSX p e l l e t s has a S i / A l r a t i o of 0.99 and a ca lc ium 
exchange capac i ty of 7.03 mequiv./g on a dry ba s i s . The ca lc ium 
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exchange capac i ty was i d e n t i c a l to the t h e o r e t i c a l value fo r 
pure f a u j a s i t e or A z e o l i t e having a S1/A1 r a t i o of 1. A l so , 
the micropore volume determined by oxygen adsorpt ion for the LSX 
p e l l e t s i n the ca lc ium form was 0.325 g/g. This value i s 
s l i g h t l y less than that measured for pure CaLSX powder (0.336 
g/g), s t rong ly implying that the p e l l e t s are completely 
converted to a z e o l i t i c phase. The lower value fo r the LSX i s 
cons i s tent with the trend observed in going from CaY to CaX 
powder (0.378 vs. 0.342) and i s due to the presence of 
a d d i t i o n a l cat ions in the α cage. 

Scanning e l ec t ron micrographs show that both the porous 
metakaolin and the r e s u l t i n g LSX adsorbents have a s i m i l a r 
morphology. A t y p i c a l micrograph for the LSX p e l l e t s (F igure 5) 
shows aggregates of cubic c r y s t a l s with a massive hab i t , which 
incorporate extens ive void volume wi th in the p e l l e t . Ihe 
se l f -bound LSX p e l l e t s conta in w e l l - d e f i n e d cubic c r y s t a l l i n e 
masses ranging in s i z
shows that to some exten
synthes is r e t a i n the large macropores present throughout the 
porous metakaolin precursor . 

The phys ica l c h a r a c t e r i s t i c s of the LSX p e l l e t s are both 
s i m i l a r to and d i f f e r e n t from those of t y p i c a l p e l l e t i z e d X 
z e o l i t e s . In both cases the t o t a l n o n z e o l i t i c pore volume i s 
about 0.25 c c / g , with a bulk dens i ty of about 0.65 g/cc on a dry 
ba s i s . However, the LSX p e l l e t s have a s u b s t a n t i a l l y l a rger 
macroporosity than commercial ly a v a i l a b l e adsorbents. Median 
pore diameters fo r the se l f -bound adsorbents vary from 1.5 to 
5.0 ym whereas those for t y p i c a l p e l l e t i z e d X adsorbents are 
around 0.1 ym. 

Table 1 compares the pore proper t ie s for the s t a r t i n g 
metakaolin and the LSX p e l l e t s , and Figure 6 p lo t s d i f f e r e n t i a l 
pore volume d i s t r i b u t i o n s fo r both m a t e r i a l s . The pore 
d i s t r i b u t i o n data show that the macroporosity of the LSX p e l l e t s 
i s approximately ha l f that of the s t a r t i n g metakaol in. The 
d i f f e r e n c e between pore volumes measured with helium and mercury 
i s used as an i n d i c a t o r for the microporos i ty of the sample. 
The LSX p e l l e t s conta in approximately ha l f of t h e i r pore volume 
in micropores, whereas the porous metakaolin has a n e g l i g i b l e 
micropore content. The increase in the median pore diameter fo r 
the LSX p e l l e t s may be due to a p r e f e r e n t i a l convers ion of the 
mater ia l which surrounds the smal ler macropores to z e o l i t e , 
r e s u l t i n g in an apparent s h i f t to la rger pores. 

Table I. Pore Propert ies Before and A f te r Conversion to LSX 

Tota l Pore Volume 3 Median 0 

(cc/g) M i c r o p o r o s i t y b Pore Dia 
He Hq (cc/q) (ym) 

Porous Metakaol in 0, .716 0, .699 0.017 1.64 
Self-Bound CaLSX 0. .599 0. .313 0.286 3.33 

a) l/6Hg - l/6He equals t o t a l pore volume by He 
b) D i f fe rence in mercury and helium pore volumes, i . e . , <30 A 
c) From mercury i n t r u s i o n 
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Figure 4. 2 9 S1 NMR of se l f -bound CaLSX. 

Figure 5. Secondary e lec t ron micrograph of the exposed 
i n t e r i o r of se l f -bound CaLSX. 
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The crush strength of the LSX p e l l e t s i s three to f i v e times 
higher than that of the s t a r t i n g metakaol in. Crush strengths 
fo r the 1/8- in . LSX p e l l e t s were about 1.5 lb/mm, compared to 
0.3-0.5 lb/mm for the porous metakaol in. Ev iden t l y , the 
convers ion to z e o l i t e s u b s t a n t i a l l y improves the o v e r a l l 
hardness of the p e l l e t , rendering i t sturdy enough for use in 
packed-bed a p p l i c a t i o n s . 

A i r Separat ion P roper t i e s . Self -bound LSX adsorbents have an 
enhanced a b i l i t y to s e l e c t i v e l y adsorb n i trogen from a i r . For 
thermodynamically dr iven adsorpt ion processes, the quant i ty of a 
gas adsorbed by a z e o l i t e at a given pressure and temperature i s 
a func t ion of i t s the a f f i n i t y for the c a t i o n i c adsorpt ion s i t e s 
as wel l as the quant i ty of s i t e s a v a i l a b l e for i n t e r a c t i o n . 
E l e c t r o n i c charge balance d i c t a te s that the LSX w i l l have the 
maximum number of c a t i o n i c s i t e s a v a i l a b l e for d i r e c t 
i n t e r a c t i o n with weakl
f i e l d w i th in the z e o l i t
and the charge dens i ty of the extra-framework c a t i o n . Small 
po lyva lent cat ions in the dehydrated/dehydroxylated s t a te , 
e s p e c i a l l y ca lc ium, show high s e l e c t i v i t y for N2 from 
a i r . ( 1 2 ) 

We postu lated that in the calc ium form pure LSX should have 
about a 20% increase in N2 capac i ty due to the increased 
number of a c c e s s i b l e ca lc ium ions . F igure 7 i l l u s t r a t e s a 
t y p i c a l f a u j a s i t e s t ruc ture i nc lud ing the l oca t ion of se lected 
a c c e s s i b l e and i n a c c e s s i b l e ca t ion s i t e s . The a c c e s s i b l e ca t ion 
content increases in CaLSX. Standard CaX z e o l i t e (S1/A1 = 1.25) 
has 43 ca lc ium ions per uni t c e l l , whereas LSX has 48. In 
standard dehydrated CaX, 16 of the ca lc ium ions are in 
N 2 - i nacces s ib le ( s i t e I) po s i t i ons . (18 ) Assuming that the 
same s i t i n g occurs in LSX, there are 32 N2 a c c e s s i b l e ca lc ium 
ions in LSX, compared to only 27 in a standard X. This re su l t s 
in an 18.5% increase in the number of a c ce s s i b l e c a t i on s . This 
increase has a d i r e c t e f f e c t on the N2 equ i l i b r i um capac i ty 
which for pure LSX showed a 20% increase over conventional X 
z e o l i t e s . Furthermore, compared to commercial ly a v a i l a b l e X 
adsorbents which a l l conta in b inders , the se l f -bound LSX 
adsorbents do not have any binder to " d i l u t e " the a c t i v e 
component and lower the gas capac i t y . 

We c a r r i e d out packed-bed studies in order to assess the 
performance of a se l f -bound CaLSX as an a i r separat ion 
adsorbent. The re su l t s from these s tudies are summarized in 
Table II. For comparison to standard CaX, we studied a 
commercial X-type z e o l i t e which i s , in f a c t , a mixture of X and 
A z e o l i t e s (Sample 1, Table I I ). A-type z e o l i t e in the ca lc ium 
form i s a n i t r o g e n - s e l e c t i v e adsorbent in i t s own r i gh t and i s 
commercial ly employed as such. While the n i trogen capac i ty of 
the A phase contr ibutes to the o v e r a l l n i t rogen capac i ty of the 
commercial adsorbents, the nitrogen-oxygen s e l e c t i v i t y of CaA i s 
known to be s i g n i f i c a n t l y lower than that of proper ly ac t i va ted 
CaX. Thus the presence of the A phase acts to d i l u t e the 
s e l e c t i v i t y of mixed-phase adsorbents. To a s ce r t a i n the 
p roper t ie s of a n i t r o g e n - s e l e c t i v e adsorbent employing only CaX 
as the a c t i v e phase, a sample of commercial Davison NaX 
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Figure 6. Pore d i s t r i b u t i o n of se l f -bound samples. 
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conta in ing about 20% i n e r t binder was converted to the ca lc ium 
form. CaX exh ib i ted about a 10% enhancement in both N2/O2 
s e l e c t i v i t y and N2 capac i ty fo r the CaX compared to the 
mixture of CaX and CaA (Sample 2, Table I I). 

Table II. Nitrogen Capacity and S e l e c t i v i t y at 30°C and 
One Atmosphere Pressure fo r Selected Adsorbents 

mequiv./g 
Calcium N 2 N2 

Sample % % % Exchange N2/O2 Capacity Capacity 
No. X LSX A % S e l e c t i v i t y (From A i r ) (Pure Gas) 

1 50 20 98 6.8 0.64 0.71 
2 75 98 7.3 0.70 0.78 
3 _._ 60 20 98 8.6 0.88 0.97 
4 95 + <5 
5 — 95 + <5 

N.A. = Not A v a i l a b l e 

A se l f -bound sample conta in ing a mixture of LSX and A z e o l i t e 
(sample 3) showed better N2 adsorpt ion proper t ie s than the 
standard CaX adsorbents. Not only was the n i t rogen capac i ty 
notably h igher, but the N2/O2 s e l e c t i v i t y was improved even 
with the A z e o l i t e present . This r e s u l t was s u r p r i s i n g 
cons ider ing that the A z e o l i t e , having i n f e r i o r N2 adsorpt ion 
p r o p e r t i e s , reduced the o v e r a l l p roper t ie s of the LSX adsorbent. 

We a l so studied an e s s e n t i a l l y pure se l f -bound LSX in the 
ca lc ium form. Our i n i t i a l eva luat ion (sample 4) showed the 
a n t i c i p a t e d r i s e in s e l e c t i v i t y but a n i trogen capac i ty 
s i g n i f i c a n t l y below that measured for pure unbound CaLSX. We 
postu lated that the low capac i ty re su l ted from improper thermal 
a c t i v a t i o n of the LSX, s ince th i s aluminum-rich adsorbent i s 
more prone to hydrothermal degradat ion. The N2 adsorpt ion 
p roper t ie s of pure CaLSX powder were Increased by decreas ing the 
purge gas res idence time during the dehydrat ion of the CaLSX 
from 1.4 to 0.6 sec and i nc lud ing three thermal p la teaus . 
However, even a f t e r th i s vigorous a c t i v a t i o n , the capac i ty at 
30°C and 1 atmosphere for a packed-bed of CaLSX was about 15% 
less than that measured on a 0.5 g sample ac t i va ted at 400°C in 
the vacuum microbalance, I.e., 1.18 vs. 1.37 mmoles of N2/g. 
We be l i eve that the d i f f e r e n c e in N2 capac i ty f o r a packed-bed 
vs. a shal low bed 1s d i r e c t l y a t t r i b u t a b l e to the poor 
hydrothermal s t a b i l i t y of th i s adsorbent. Neverthe less , the 
se l f -bound CaLSX a f t e r dehydrat ion in a packed-bed d i sp lays the 
best a i r separat ion proper t ie s of any p e l l e t i z e d N2 -se lect1ve 
adsorbent repor ted. 

Conclus ion 

We prepared e f f e c t i v e LSX type adsorbents on a laboratory sca le 
as e s s e n t i a l l y pure se l f -bound aggregates. At 50°C under 
cont inua l c i r c u l a t i o n in a h igh ly a l k a l i n e so lu t i on of mixed 
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sodium and potassium hydroxide, porous metakaolin pellets are 
converted to LSX. The LSX pellets maintain morphology of the 
metakaolin and have acceptable physical properties for use in 
packed-bed adsorption processes. The N2 capacity observed for 
the calcium form of this adsorbent is that predicted for a pure 
faujasite having the maximum number of accessible calcium ions. 
Air separation properties (both Ν2/Ο2 selectivity and N2 
capacity) for CaLSX are superior to any other pelletized N2 
selective adsorbent reported. 

Acknowledgments 

The authors wish to thank R. Hamilton for carrying out x-ray 
diffraction studies, M. Anewalt for doing the microscopy, 
D. Moyer for the porosimetry results, and M. Seger for the NMR 
work. Special thanks to V  Monk and S  Madison for carrying out 
a large portion of th
Products for permissio

Literature Cited 

1. Coe, C. G.; Parris, G. Ε.; Srinivasan, R.; Auvil, S. R. In 
New Developments in Zeolite Science and Technology
-Proceedings of the 7th International Zeolite Conference, 
Tokyo. Iijima, Α.; Ward, J. W.; Murakami, Y.; Ed., 
Elsevier, New York, 1986, p. 1033. 

2. Neddenriep, R. J. J. Colloid Interface Sci. 1968, 28, 293. 
3. Roberts, C. W. In The Properties and Applications of 

Zeolites; Chemical Society, London, 1980, Special 
Publication No. 33, p. 103. 

4. Kuhl, G. H.; Sherry, H. S. Proceedings of the Fifth 
International Conference on Zeolites; Rees, L. V., Ed.; 
Heyden Publications: London, 1980; p. 813. 

5. Breck, D. W. In Zeolite Molecular Sieves; John Wiley & 
Sons: New York, 1974, p. 315. 

6. Howell, P. Α.; Acara, Nancy A. U.S. Patent 3 119 660, 1964. 
7. Hoffman, G. W. U.S. Patent 3 733 391, 1973. 
8. Plank, C. J.; Rosinski, E. J. U.S. Patent 3 459 501, 1969. 
9. Flank, W. H.; McEvoy, J. E.; Mills, G. A. U.S. Patent 

3 515 681, 1970. 
10. Kuhl, G. H.; Sherry, H. S. G.B. Patent 1 580 928, 1980. 
11. Barrer, R. M.; Mainwaring, D. E. JCS Dalton, 1972, 2534. 
12. Coe, C. G.; Kuznicki, S. M. U.S. Patent 4 481 018, 1984. 
13. Barrer, R. M. In Hydrothermal Chemistry of Zeolites, 

Academic Press: New York, 1982, p. 256. 
14. Breck, D. W. op. cit. p. 314. 
15. Ciric, J. J. Colloid Interface Science, 1968, 28, 315. 
16. Breck, D. W.; Flanigen, Ε. M. In Molecular Sieves, Society 

of Chemical Industry, London, 1968, p. 47. 
17. Klinowski, J.; Ramdas, S.; Thomas, J. M.; Fyfe, C. Α.; 

Hartman, J. S. J. Chem. Soc., Faraday Trans. 2, 1982, 78, 
1025-1050. 

18. Mortier, J. "Compilation of Extra Framework Sites in 
Zeolites", Butterworth & Co.: London, 1982. 

RECEIVED January 25, 1988 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



Chapter 31 

Methanol Conversion on Ceramic 
Honeycombs Coated with Silicalite 

M. D. Patil and I. M. Lachman 

Corning Glass Works, SP-DV-19, Corning, NY 14831 

Silicalite, a pentasil type zeolite was washcoated on a 
cordierite cerami  honeycomb usin  silic  binde
derived from prehydrolyze
content in the washcoa  was varied fro  10% o 40% o 
determine the effect on blocking the zeolite active 
sites. Methanol conversions on H-silicalite/honeycombs 
were conducted on four samples with different binder 
contents. Percentage of methanol conversion was 
calculated per gram of zeolite present in the washcoat. 
Highest methanol conversions for 10% and 20% binder in 
washcoat indicate maximum availability of active sites 
of the zeolite; whereas, lower methanol conversion was 
observed for 30% and 40% binder content indicating the 
blockage of some active sites of the zeolite. A washcoat 
with 20% and 30% binder content gave higher loading than 
10% binder and good binding to the cordierite surface. 
The washcoat made with 40% binder content gave the 
highest loading and excellent binding to the honeycomb 
substrate. Thus 20-30% binder in the washcoat combines 
excellent adhesion, high loading of catalyst with high 
catalytic activity. A methanol conversion was also 
conducted on extruded silicalite honeycomb with alumina 
binder. 

C a t a l y s t s i n th i n - w a l l honeycomb form o f f e r the advantages of low 
pressure drop, high geometric surface area, and short d i f f u s i o n 
distance as compared to conventional p e l l e t s and beads i n f i x e d bed 
reactors (1). A c t i v e z e o l i t e c a t a l y s t s may be extruded i n the form 
of a honeycomb s t r u c t u r e or they may be washcoated on ceramic 
honeycomb substrates. The l a t t e r technique has been widely used i n 
automotive emissions c o n t r o l (2), woodstove combustors (3), c o n t r o l 
of v o l a t i l e organic emissions from organic solvents (4), ozone 
abatement i n j e t a i r c r a f t passenger cabins (5), and Ν 0 χ abatement 
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from i n d u s t r i a l emissions (6). However, washcoats of z e o l i t e 
c a t a l y s t s have not yet been e x p l o i t e d i n the chemical process 
i n d u s t r i e s . 

A p e n t a s i l type z e o l i t e (ZSM-5) i s being used i n a methanol to 
gaso l i n e (MTG) conversion process (7) i n a f i x e d bed reactor. This 
type of z e o l i t e when washcoated on ceramic honeycomb substrates 
should o f f e r the advantages of lower pressure drop and high 
geometric surface area i n the reactor. Such washcoated z e o l i t e 
c a t a l y s t s must be st r o n g l y bound to the honeycomb substrate and 
should have the maximum number of a c t i v e s i t e s f o r highest c a t a l y t i c 
a c t i v i t y f o r chemical process a p p l i c a t i o n s . 

Thus the o b j e c t i v e of t h i s study i s to f i n d the best 
combination of binder and z e o l i t e composition f o r washcoating 
s i l i c a l i t e (a p e n t a s i l type z e o l i t e ) on a ceramic honeycomb 
substrate, and to evaluate the c a t a l y t i c a c t i v i t y f o r methanol 
conversion. This w i l l demonstrate the u t i l i t y of z e o l i t e honeycomb 
c a t a l y s t s f o r chemical processing

S i l i c a l i t e honeycomb
s i m i l a r l y evaluated. 

Experimental 

Standard corçjierite honeycombs (Corning code 9475) with 400 
channels/in. were c o r e - d r i l l e d (1" diameter) and cut i n t o 1" length 
pieces. These pieces were a c i d leached (8) i n 1.5 Ν HNO^ s o l u t i o n 
for 2 hours at 95°C i n preparation f o r washcoating. A leached 
c o r d i e r i t e surface provides better bonding f o r the subsequent 
washcoat than the a s - f i r e d surface. A f t e r l e a c h i n g and washing, the 
samples were d r i e d i n an oven at 100°C f o r 16 hours. The percentage 
weight l o s s i s given i n Table 1. 

Table 1: Percentage weight l o s s of c o r d i e r i t e honeycomb pieces 
(1" diameter χ 1" length) a f t e r leaching i n 1.5 Ν HN0 3 at 95°C f o r 
2 hours 

Sample No. Wt. before 
leaching (g) 

Wt. a f t e r 
leaching (g) 

% Wt, 

1 5.15 4.90 4. .85 

2 5.24 4.98 4, ,96 

3 5.16 4.91 4. .84 

4 5.31 5.05 4. .90 

5 5.73 5.46 4. .71 

6 5.47 5.20 4. .94 

C o r d i e r i t e j s Coming's Celcor substrate code 9475 with 400 
squares/in. , 0.16 mm w a l l . 
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For washcoat preparation s i l i c a l i t e z e o l i t e powder (S-115 from 
Union Carbide Corp.) was d r i e d at 100°C i n an oven overnight. 
Prehydrolyzed e t h y l - o r t h o s i l i c a t e c o n t a i n i n g 19.5% s i l i c a ( S i l b o n d 
H-5 from S t a u f f e r Chemical Co.) was the source of the s i l i c a binder. 
Absolute ethanol (from U.S. I n d u s t r i a l Chemicals Co.) and absolute 
methanol (reagent grade from J . T. Baker Company) were used without 
f u r t h e r p u r i f i c a t i o n f o r the l i q u i d p o r t i o n of the washcoat s l u r r y 
and f o r the methanol conversion r e a c t i o n , r e s p e c t i v e l y . Reagent 
grade ammonium n i t r a t e (from J . T. Baker) was used f o r ion-exchange 
purposes. 

The washcoat s l u r r y was prepared by slowl y adding a known 
amount of s i l i c a l i t e to a s t i r r e d s o l u t i o n of a known amount of 
S i l b o n d H-5. A f t e r complete a d d i t i o n of s i l i c a l i t e the mixture was 
s t i r r e d f o r another 15-30 minutes. S l u r r y mixtures w i t h d i f f e r e n t 
s o l i d to l i q u i d r a t i o s were made by d i l u t i n g the mixtures with 
absolute ethanol. 

Leached c o r d i e r i t
i n t o s t i r r e d washcoat s l u r r i e
c l e a r e d of excess s l u r r y by blowing with compressed a i r . Samples 
were then d r i e d i n a i r f o r 3-5 hours. This c o a t i n g procedure was 
repeated, g e n e r a l l y two more times, u n t i l s u f f i c i e n t c o a t i n g was 
achieved. A f t e r c o a t i n g , samples were d r i e d i n an oven at 100°C f o r 
16 hours and f i r e d at 500°C f o r 6 hours. The percentage of washcoat 
l o a d i n g , Table 2, was c a l c u l a t e d by weighing the samples before and 
a f t e r c o a t i n g . 

Table 2: S i l i c a l i t e c o n c e n t r a t i o n i n washcoated ( s i l i c a binder) or 
extruded (alumina binder) honeycomb piec e s , 1" (diameter) χ 1" 
(length) 

Sample 
Code 

Z e o l i t e / 
Binder 

Wt. Before 
Coating(g) 

Wt. a f t e r 
coating(g) 

%Vt. 
l o a d i n g 

S i l i i 
(g) 

A 90:10 5.16 5.81 11.2 0.58 
Β 90:10 5.19 5.84 11.1 0.58 

C 80:20 5.15 6.30 18.2 0.92 
D 80:20 5.29 6.08 13.0 0.63 

Ε 70:30 5.21 6.53 20.2 0.92 
F 70:30 5.20 6.48 19.7 0.90 

G 60:40 5.12 7.31 30.0 1.31 
H 60:40 5.16 7.44 30.6 1.37 

I 84:16 3.80 
(Extruded) 

Samples A to H were washcoated on leached c o r d i e r i t e honeycombs 
and sample I was extruded with 16% alumina binder. 
A l l washcoat s l u r r y mixtures had 30% (wt.) of s o l i d s . 
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Selected samples were immersed i n 10% ammonium n i t r a t e s o l u t i o n 
overnight at room temperature to exchange NH^ + for N a + ions i n the 
s i l i c a l i t e . The immersed samples were washed with d i s t i l l e d water, 
d r i e d , and f i r e d at 5 0 0 ° C for 6 hours to decompose the NH^* ion to 
H ion and thus g ive a H - s i l i c a l i t e coated honeycomb. 

Extruded s i l i c a l i t e z e o l i t e honeycombs were a l s o prepared by 
w e l l known procedures (9 ,10 ) . S i l i c a l i t e z e o l i t e powder (Union 
Carbide Corp . S-115) was extruded with a boehmite alumina ( V i s t a 
Chemical Catap a l D) which forms a gamma alumina b inder phase a f t e r 
heat treatment. The f i n a l composit ion i s 84% s i l i c a l i t e + 16% gamma 
alumina. These extruded honeycomb samples were ion-exchanged and 
evaluated i n the same way as the washcoated ones. 

The methanol convers ion r e a c t i o n was c a r r i e d out over these 
H - s i l i c a l i t e / h o n e y c o m b samples in a r e a c t o r set up as shown in 
Figure 1. Absolute methanol was i n j e c t e d i n t o an evaporator at the 
ra te of 0.49 ml /hour . Dry he l ium  a d i l u e n t gas  was passed i n t o the 
evaporator at a ra te o
passed v i a a heated l i n
ml sample l oop . The products were analyzed by a V a r i a n 6000 GC with 
a Chromosorb-102 column. For each sample, r e a c t i o n runs were made 
for at l e a s t 50 hours and steady s ta t e convers ion data were 
c o l l e c t e d . Methanol convers ion was monitored at d i f f e r e n t c a t a l y t i c 
r e a c t i o n temperatures: 1 0 0 ° C , 1 5 0 ° C , and 2 5 0 ° C . However, percent 
methanol convers ions were c a l c u l a t e d only for the 1 0 0 ° C and 1 5 0 ° C 
runs . Methanol convers ion , c a l c u l a t e d per gram of z e o l i t e i n the 
washcoat, was p l o t t e d (Figure 2) v s . percentage b inder content . 

Resu l t s and D i s c u s s i o n 

Automotive emiss ion c o n t r o l c a t a l y s t s and woodstove combustor 
c a t a l y s t s are washcoated on h i g h l y porous c o r d i e r i t e honeycomb 
s u b s t r a t e s . Gamma alumina i s the p r i n c i p l e b i n d i n g phase for these 
commercial products . S i l i c a l i t e z e o l i t e c a t a l y s t s i n t h i s study were 
washcoated s i m i l a r l y onto porous c o r d i e r i t e honeycomb subs tra te s but 
with a s i l i c a b i n d e r . In p r e p a r a t i o n for washcoating, the c o r d i e r i t e 
honeycomb subs tra tes were a c i d leached (8) for two hours at 9 5 ° C 
with 1.5 Ν HNO^ because l e a c h i n g s e l e c t i v e l y removes alumina and 
magnesia from c o r d i e r i t e c r y s t a l l i t e s and leaves a h igh sur face area 
microporous s i l i c a phase. A c i d l e a c h i n g of c o r d i e r i t e honeycomb 
subs tra tes under these c o n d i t i o n s (Table 1) shows a weight l o s s of 
5%. E a r l i e r r e s u l t s by Elmer (8 ) , suggest a sur face area of 20-40 
m2/g for s i m i l a r l y leached honeycombs, which s t i l l r e t a i n 80% of 
t h e i r o r i g i n a l c rush ing s t r e n g t h . A sur face of microporous s i l i c a i s 
d e s i r a b l e for washcoating with z e o l i t e s us ing a s i l i c a b inder 
because s trong b i n d i n g appears to develop between the c o a t i n g and 
the leached s u b s t r a t e . 

S i l i c a l i t e washcoat r e s u l t s g iven i n Table 2 i n d i c a t e the 
weight loadings a t t a i n e d with d i f f e r e n t b inder contents i n the 
washcoat s l u r r y . G e n e r a l l y weight l o a d i n g increases as the b inder 
content i n the s l u r r y i n c r e a s e s . Sometimes l o a d i n g with the same 
composi t ion s l u r r y may not be r e p r o d u c i b l e ( e . g . , samples C and D) 
because of channel b l o c k i n g with the s l u r r y . G e n e r a l l y a 
cont inuous ly mixed s l u r r y g ives cons i s t en t l o a d i n g of the washcoat 
on the c o r d i e r i t e s u b s t r a t e . A t h i c k v i scous s l u r r y (with h igh 
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s o l i d s content) gives a non-uniform and i n c o n s i s t e n t loading, 
whereas a t h i n f l u i d s l u r r y with a low s o l i d s content gives a low 
but consistent loading. Thus a compromise i n the s o l i d s content of 
the s l u r r y i s necessary to get good washcoating with consistent 
loading. A s o l i d s content of 30-40% by weight i n the s l u r r y gave 
best r e s u l t s i n t h i s case f o r uniformity and consistent loading. 

Figure 3 shows three o p t i c a l micrographs: (a) an uncoated 
c o r d i e r i t e honeycomb substrate and two washcoated honeycomb 
substrates, (b) 20% s i l i c a binder, and (c) 40% s i l i c a binder. Figure 
3(c), 40% s i l i c a binder, shows shrinkage cracks, whereas i n Figure 
3(b), 20% s i l i c a binder, there are no apparent cracks. Higher drying 
and f i r i n g shrinkage i s expected i n case of 40% s i l i c a binder 
content as compared to the 20% s i l i c a binder. The washcoats were 
uniform for a l l the samples and appeared s t r o n g l y bound to the 
honeycomb substrates. 

A l l washcoated samples and extruded honeycomb samples were 
exchanged with NH^+ ion
for 6 hrs. H - s i l i c a l i t e
i n t o a 1" diameter reactor as shown i n Figure 1. Methanol conversion 
was monitored by gas chromatographic a n a l y s i s of gaseous products. 
Percent methanol conversions were c a l c u l a t e d only for the 100°C and 
150°C temperature runs. There was v i r t u a l l y no conversion at 100°C. 
It i s assumed only a c t i v e z e o l i t e s i t e s convert methanol to 
hydrocarbons and the degree of conversion at 150°C i s therefore a 
function of t o t a l a v a i l a b l e a c t i v e z e o l i t e s i t e s . Thus percent 
methanol conversion i s c a l c u l a t e d per gram of z e o l i t e i n the 
honeycomb sample i n order to compare the blockage of a c t i v e s i t e s . 
Methanol conversion (Figure 2) per gram o f z e o l i t e decreases as the 
percentage binder content increases i n the washcoat. The washcoated 
sample with 90% z e o l i t e and 10% s i l i c a binder has the highest 
methanol conversion, 37.6%, whereas the lowest methanol conversion, 
15.3%, i s observed for the sample with 60% z e o l i t e and 40% s i l i c a 
binder. This i n d i c a t e s the a v a i l a b l e a c t i v e z e o l i t e s i t e s decrease 
as the binder content i n the washcoat increases. Blockage from the 
binder i s the most l i k e l y cause of the decrease i n these a c t i v e 
z e o l i t e s i t e s . These r e s u l t s i n d i c a t e about 60 percent of the a c t i v e 
s i t e s are blocked i n sample G (40% s i l i c a binder) as compared to 
sample A (10% s i l i c a b i n der). For t h i s c a l c u l a t i o n i t i s assumed 
that there i s no blockage i n sample A, even though a small amount 
must be present. 

A low 12% methanol conversion per gram of z e o l i t e was observed 
f o r extruded H - s i l i c a l i t e with 16% alumina binder. A comparison of 
12% methanol conversion a c t i v i t y to 37.6% for the washcoated z e o l i t e 
with 10% s i l i c a binder i n d i c a t e s about 68% blockage or impedance to 
the a c t i v e s i t e s under the given test c o n d i t i o n s . 

Conclusions 

Z e o l i t e c a t a l y s t s , e i t h e r i n extruded honeycombs or washcoated on 
honeycomb substrates, show good c a t a l y t i c a c t i v i t y f o r methanol 
conversion. 

A v a i l a b i l i t y of a c t i v e z e o l i t e s i t e s i s important for c a t a l y t i c 
r e a c t i o n s . The data show that a c t i v e z e o l i t e s i t e s i n washcoated 
honeycombs may be optimized by the amount of binder i n the washcoat. 
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Figure 3. O p t i c a l micrographs of uncoated and washcoated c o r d i e r i t e 
honeycomb substrates. (a) Uncoated honeycomb, (b) 18.2% washcoat 
(80% s i l i c a l i t e + 20% s i l i c a b i n d e r ) , and (c) 30% washcoat (60% 
s i l i c a l i t e + 40% s i l i c a b i n d e r ) . 
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Extruded zeolite catalysts offer higher zeolite content per 
unit volume, which increases the overall catalytic activity. 

These results demonstrate that zeolite catalysts perform well 
in honeycomb form. This is similar to the well established use of 
noble metals/gamma alumina washcoats on cordierite honeycombs for 
automotive emission control. This geometrical form offers the 
advantages of low pressure drop, high geometric surface area, and 
short diffusion distance in a fixed bed reactor. 

References 

1) Deluca, J. P., and Campbell, L. L., Thin Wall Ceramics as 
Monolithic Catalyst Supports; Advanced Materials in Catalysis, 
Academic Press, Inc., 1977; Chapter 10. 

2) Howitt, J. S., Ceramic Industry 1975, 104, 19; Thin Wall 
Ceramics as Monolithic Catalyst Supports; SAE Tech Paper No
800082 (1980). 

3) Vara, J . , Voodburning
Country Journal, Nov. 1982, pp 92-99. 

4) Kenson, R. E., Chemical Engineering Progress. Nov. 1985, 57. 
5) Bonacci, J. C., Egbert, V., Collions, M. F., and Heck, R. M., 

Proceedings of the 6th Annual Conference held at Newport Beach 
CA, 1982; Precious Metals 1983, pp 29-44. 

6) Harrison, B., Diwell, A. F., and Wyatt, Μ., Platinum Metals 
Rev. 1985, 29, (2) 50-56. 

7) Chang, C. D., Kuo, J. C. W., Lang, W. Η., Jacob, S. Μ., Wise, 
J. J . , and Silvestri, A. J . , Ind. Eng. Chem. Process Res. Dev. 
1978, Vol. 17, 225. 

8) Elmer, Τ. Η., Ceramic Eng. and Sci. Proceedings 1986, Vol. 7, 
No. 1-2, 40-51. 

9) Lachman, I. M., Bagley, R. D., and Lewis, R. M., Amer. Ceramic 
Soc. Bull. 1981, 60, No. 2, p. 202-5. 

10) Lachman, I. M., and Nordlie, L. Α., U.S. Patent No. 4,631,267, 
Dec. 23, 1986. 

RECEIVED January 25, 1988 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



Chapter 32 

Lead Removal from Wastewaters 
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The possible use
tuff, in the removal of lead from wastewaters has 
been evaluated, either in static experiments or 
testing fixed beds eluted by solutions of the pollutant 
with or without the addition of interfering cations. 
Through the computation of breakthrough curves, ion 
exchange dynamic data have been collected, pointing 
out the good performances of the beds, at least when 
the concentration of interfering cations is comparable 
to that of lead. On the ground of the results obtain
ed, perspectives of use in lead decontamination from 
wastewaters of storage batteries manufacturing 
industries and ceramic factories have been at last 
foreseen. 

Among t h e v a r i o u s a p p l i c a t i o n s o f n a t u r a l z e o l i t e s i n s e c t o r s o f 
t e c h n i c a l s i g n i f i c a n c e , t h e use i n th e c o n t r o l and abatement o f 
e n v i r o n m e n t a l p o l l u t i o n i s g a i n i n g i n c r e a s i n g i n t e r e s t a l l o v e r 
th e w o r l d . C o p i o u s r e f e r e n c e s on t h i s a r e f o u n d i n t h e i n t r o d u c t o r y 
p l e n a r y l e c t u r e s o f the t h r e e I n t e r n a t i o n a l C o n f e r e n c e s on n a t u r a l 
z e o l i t e s h e l d i n t h e l a s t y e a r s (1-3 ). F o c u s i n g o u r a t t e n t i o n on 
the w a s t a w a t e r s p o l l u t i o n a batement, i t may be o b s e r v e d t h a t n o t 
more t h a n two o r t h r e e z e o l i t e s ( c l i n o p t i l o l i t e , m o r d e n i t e and 
p h i l l i p s i t e ) have been c o n s i d e r e d u n t i l now f o r r e m o v a l o f c a t i o n i c 
p o l l u t a n t s from w a t e r s , and t h a t the r e c o u r s e t o i o n exchange 
p r o c e s s e s has been l i m i t e d t o t h e t r e a t m e n t o f few c a t i o n s , 
s u b s t a n t i a l l y ammonium, c e s i u m and s t r o n t i u m . L a c k o f d a t a i s f o u n d 
f o r i n s t a n c e i n t h e l i t e r a t u r e on t h e use o f n a t u r a l z e o l i t e s f o r 
the r e m o v a l o f heavy m e t a l s (4-5 ) , even i f t h e s e a r e common 
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p o l l u t a n t s and s e v e r a l z e o l i t e s a r e known t o have e x c e l l e n t 
s e l e c t i v i e s f o r them ( 6). M o r e o v e r , i o n exchange may be p a r t i c u l a r l y 
a t t r a c t i v e , e i t h e r because i t may a l l o w t h e r e c o v e r y o f removed 
s p e c i e s , o r because i t g i v e s r i s e t o s t o i c h i o m e t r i c r e a c t i o n s even 
when p o l l u t a n t c o n c e n t r a t i o n i s n o t c o n s t a n t o v e r t i m e . 

An example o f a c a t i o n i c p o l l u t a n t w h i c h m i g h t be t r e a t e d 
by i o n exchange i s l e a d , a m e t a l w i d e l y employed by s e v e r a l 
i n d u s t r i e s and d i s c h a r g e d a t l e v e l s o f t e n s and sometimes hundreds 
o f m i l l i g r a m s p e r l i t e r (7 ). L e a d r e m o v a l i s u s u a l l y p e r f o r m e d 
by p r e c i p i t a t i o n as h y d r o x i d e o r s u l f i d e , b u t t h e r e s u l t s a r e 
sometimes u n s a t i s f a c t o r y ( h y d r o x i d e ) ( 8 ), sometimes good b u t 
c o n d i t i o n e d by the abatement o f t h e e x c e s s r e a c t a n t ( s u l f i d e ) (9 ) . 

A c a r e f u l l e a d r e m o v a l ( u s u a l l y up t o 0.1 mg · 1 o r l e s s ) i s on 
the o t h e r hand n e c e s s a r y  s i n c  t h l w h i c h r e a c h e  d i r e c t l
o r , more f r e q u e n t l y , t h r o u g
s a t u r n i s m a t l e v e l s as low as 0.8 mg-Kg ( 1 0 ) . 

The p r e v i o u s c o n s i d e r a t i o n s and t h e knowledge o f t h e h i g h 
s e l e c t i v i t y o f c h a b a z i t e f o r l e a d (11 ) s u g g e s t r e s e a r c h on the 
p o s s i b l e use o f Campanian t u f f (namely c h a b a z i t e t u f f ) ( 12 ) f o r 
l e a d r e m o v a l from w a s t e w a t e r . R e c e n t s t u d i e s have e m p h a s i z e d t h e 
good b e h a v i o u r o f t h e t u f f e i t h e r i n e q u i l i b r i u m ( E . T o r r a c c a , 
P. G a l l i , p r i v a t e c o m m u n i c a t i o n ) o r dynamic t e s t s , c a r r i e d o ut 
w i t h model s o l u t i o n s o f o n l y l e a d (M. P a n s i n i , C. C o l e l l a , t o be 
p u b l i s h e d ) . 

The a i m o f t h e p r e s e n t r e s e a r c h i s t o c o m p l e t e t h e p r e l i m i n a r y 
i n v e s t i g a t i o n on a f i x e d b ed, e x t e n d i n g i t t o model w a t e r s c o n t a i n 
i n g i n t e r f e r i n g c a t i o n s , w h i c h s i m u l a t e w a s t e w a t e r s o f t h e main 
i n d u s t r i e s e m p l o y i n g l e a d . 

E x p e r i m e n t a l 

M a t e r i a l s . Campanian t u ^ f i s a v o l c a n i c r o c k c r o p p i n g o u t o v e r 
an a r e a o f about 500 Km , m a i n l y i n t h e Campanian P l a i n , n o r t h 
o f N a p l e s . I t c o n s i s t s s u b s t a n t i a l l y o f v o l c a n i c a s h w i t h s c a n t 
p umice, l i t h i c and s c o r i a c e o u s l a p i l l i , and c r y s t a l s o f s a n i d i n e , 
p y r o x e n e and b i o t i t e , cemented a l l t o g e t h e r by f i n e l y c r y s t a l l i n e 
z e o l i t e , u s u a l l y c h a b a z i t e and p h i l l i p s i t e , t h e f o r m e r b e i n g 
n o r m a l l y p r e d o m i n a n t o v e r t h e l a t t e r . The t u f f sample u s e d i n t h e 
p r e s e n t s t u d y , coming f r o m t h e q u a r r i e s o f San Mango s u l C a l o r e , 
50 Km e a s t o f N a p l e s , i s t y p i c a l l y m o n o z e o l i t i c , c o n t a i n i n g o n l y 
c h a b a z i t e . D a t a on i t s c h e m i c a l , m i n e r a l o g i c a l and t e c h n i c a l 
f e a t u r e s have been r e p o r t e d e l s e w h e r e (1 2 ) . 

The above sample has been g r o u n d and s i e v e d and t h e 30x50 

mesh g r a i n s i z e f r a c t i o n c h o s e n f o r t h e column t e s t s . The c h e m i c a l 
a n a l y s i s o f the g r a i n s has g i v e n t h e f o l l o w i n g r e s u l t s : S i O ^ 51.60%; 

A ^ O 17.20%; F e ^ 4.15%; N a ^ 1.45%; ^ 0 5-50%; CaO 3.45%; 
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MgO 1.50%; BaO 0.20%; H O 14.80%, w h i c h i s v e r y c l o s e t o t h o s e 
r e p o r t e d f o r t h e p a r e n t r o c k (12 ), s h o w i n g t h e s u b s t a n t i a l c h e m i c a l 
u n i f o r m i t y o f th e m a t e r i a l . C h a b a z i t e c o n t e n t o f th e g r a i n s e v a l u a t 
ed t h r o u g h w a t e r v a p o u r d e s o r p t i o n t e c h n i q u e (12,13 ) on b o t h Na-
and K-exchanged s a m p l e s , has t u r n e d o u t t o be c l o s e t o 55% (mean 
v a l u e ) . 
C a t i o n exchange c a p a c i t y ( CEC). CEC has been measured by s e v e r a l 
t e c h n i q u e s : i ) i t has been c a l c u l a t e d , s t a r t i n g from z e o l i t e c o n t e n t 
( s e e a b o v e ) , on t h e b a s i s o f t h e known CEC o f t h e p u r e p h a s e , 3-12 -1 + + ++ meq · g ( 1 2 ) ; i i ) i t has been measured, e v a l u a t i n g Na , Κ , Ca 

+ + + + and Mg amounts e l u t e d by p e r c o l a t i n g 1M Na o r Κ warm s o l u t i o n s 
t h r o u g h two wei g h e d samples o f t u f f g r a i n s , u n t j l t h e c o n c e n t r a t i o n 
o f t h e r e l e a s e d i o n s was l e s s t h a n 0.5-mg 1 ; i i i ) i t has been 
d e t e r m i n e d from t h e l e a d b r e a k t h r o u g h  e s t i m a t i n  t h r o u g h 
g r a p h i c a l i n t e g r a t i o n t h
(M. P a n s i n i , C. C o l e l l a , t o be p u b l i s h e d ) . F i g u r e 1 summarizes 
the d a t a c o l l e c t e ^ . The mean v a l u e o f CEC has t u r n e d o u t t o be 
I .70±0.03 meq · g . T h i s v a l u e l o o k s a l s o as t h e most p r o b a b l e , 
s i n c e t h e d a t a f r o m i o n exchange t e s t s m i g h t be t o o h i g h ( r u n i i ) , 
b e cause o f some c a t i o n amounts c o n t r i b u t e d by t h e v o l c a n i c a s h 
c o n t a i n e d i n t h e t u f f ( 14 ), o r t o o l o w ( r u n i i i ) , b ecause o f t h e 
g r e a t e r d i f f i c u l t y o f t h e e n t e r i n g c a t i o n (Pb ) t o occupy some 
l e s s a c c e s s i b l e exchange s i t e s i n column r u n s . 
I o n exchange r u n s . F i x e d beds have been o b t a i n e d , a l l o w i n g wet 
t u f f g r a i n s t o t i g h t l y accomodate i n t o g l a s s c o l u mns. Bed have 
been Na-exchanged b e f o r e h a n d and p e r c o l a t e d by l e a d s o l u t i o n s w i t h 
o r w i t h o u t i n t e r f e r i n g c a t i o n s , u s u a l l y p r e p a r e d f r o m r e a g e n t grade 
n i t r a t e s o r c h l o r i d e s . F l o w r a t e c o n s t a n c y has been a s s u r e d by 
a p e r i s t a l t i c pump ( P h a r m a c i a Mod. P-3), e f f l u e n t s o l u t i o n s c o l l e c t 
ed by a f r a c t i o n c o l l e c t o r ( P h a r m a c i a Mod. PF -3) . As a r u l e t u f f 
beds have been e l u t e d u n t i l c o m p l e t i o n o f l e a d b r e a k t h r o u g h c u r v e s 
( e x h a u s t i o n ) and t h e n r e g e n e r a t e d downwards by 1M NaNO^ s o l u t i o n s . 
T a b l e I r e p o r t s t h e o p e r a t i n g c o n d i t i o n s a d o p t e d i n t h e dynamic 
r u n s . 

T a b l e I 
Column O p e r a t i n g C o n d i t i o n s 

Equipment S p e c i f i c a t i o n s S e r v i c e C o n d i t i o n s 
Column d i a m e t e r 1.43 cm Feed c o m p o s i t i o n 3.0-110 mg-1-1 Pb + + 

Bed d e p t h 40 cm Fe e d f l o w r a t e 6.0-10.8 m l - m i n " 1 

Weight o f t u f f 51.6 g Hold u p Time 5.9-10.7 min 

R e f e r r i n g t o f e e d f l o w r a t e i t has t o be p o i n t e d o u t t h a t v a l u e s 
h i g h e r t h a n a b o u t 10 m l - m i n - ! r e s u l t i n u n r e l i a b l e column o p e r a t i o n s 
(M. P a n s i n i , C. C o l e l l a , t o be p u b l i s h e d ) . 

L e a d u p t a k e c u r v e s have been o b t a i n e d , e v a l u a t i n g Na amount 
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r e l e a s e d , as a f u n c t i o n o f t i m e , by 1-gram samples o f Na-exchanged 
t u f f g r a i n s , c o n t a c t e d under s t i r r i n g w i t h 1 - l i t e r o f 2.5 o r 5 
meq-1 Pb s o l u t i o n s . 

+ + + 
A n a l y t i c a l p r o c e d u r e s . O u t g o i n g o r r e l e a s e d c a t i o n s ( P b , Na , 
—=f= =F=F 

Κ , Ca , Mg ) have been d e t e r m i n e d by a t o m i c a b s o r p t i o n s p e c t r o -
f o t o m e t r y ( P e r k i n - E l m e r 300 S ) . 
R e s u l t s and D i s c u s s i o n 

F i g u r e 2 shows t h e e l o n g a t e d f o r m o f t h e l e a d b r e a k t h r o u g h c u r v e 
on^ Campanian t u f f i n i t s o r i g i n a l c o m p o s i t i o n , t r e a t e d by J10 mg-
1 Pb s o l u t i o n a t a f e e d f l o w r a t e e q u a l t o 6 ml · min . The 
r e m a i n i n g c u r v e s r e p o r t e d i n t h e same f i g u r e p o i n t o u t t h e sequence 
o f c a t i o n e l u t i o n , i  r e l a t i o  t o  i ) a f f i n i t  f o  t h  z e o l i t e
i i ) exchange k i n e t i c s ;
C a l c i u m a p p e a r s t o be more d i f f i c u l t l y r e m o v a b l e t h a n t h e o t h e r 
c a t i o n s , most l i k e l y b e c a u s e o f k i n e t i c r e a s o n s , b e i n g t h a t 
c h a b a z i t e i s s u r e l y more s e l e c t i v e f o r p o t a s s i u m and sodium t h a n 
f o r c a l c i u m (6) ; s o d i u m , f o r w h i c h c h a b a z i t e i s l e s s s e l e c t i v e 
t h a n f o r l e a d ( 11 ) , i s on t h e c o n t r a r y e a s i l y e x c h a n g e a b l e , 
s u p p o r t i n g t h e c h o i c e o f s u c h c a t i o n as régénérant, and s u g g e s t i n g 
a c c o r d i n g l y t o o p e r a t e w i t h Na-exchanged t u f f beds. 

F i g u r e J A shows t h e k i n e t i c c u r v e s o f l e a d u p t a k e f r o m 2.5 
o r 5 meq-1 Pb s o l u t i o n s by Na-exchanged t u f f g r a i n s . P o i n t s 
a r e r a t h e r s c a t t e r e d because k i n e t i c s a r e c o n d i t i o n e d by s o l u t i o n 
d i f f u s i o n i n t o t u f f g r a i n s and i o n m i g r a t i o n t o t h e o u t s i d e . 
N e v e r t h e l e s s i t i s c l e a r t h a t exchange i s v e r y f a s t , so much so 
t h a t e q u i l i b r i u m i s a t t a i n e d i n about one h o u r . From t h e i n t e r p o l a t 
ed c u r v e s o f F i g . 3A t h e k i n e t i c o r d e r o f t h e exchange r e a c t i o n 
may be worked o u t . The s t r a i g h t l i n e o f F i g . 3B, o b t a i n e d f r o m 
t h e more r e l i a b l e u pper c u r v e o f F i g . 3A, d e m o n s t r a t e s t h a t t h e 
k i n e t i c o r d e r i s two, s i n c e t h e r e c i p r o c a l o f t h e number o f exchange 
s i t e s p e r mass u n i t (c - c) a v a i l a b l e i n the z e o l i t e i s a l i n e a r 

ο 
f u n c t i o n o f t i m e , a c c o r d i n g t o t h e r e l a t i o n o b t a i n e d f r o m 
i n t e g r a t i o n o f t h e d i f f e r e n t i a l e q u a t i o n : 

- _dç_ = κ (c - c ) 2 

d t ο 

The s l o p e o f t h e ^ l i n e , ^ which i s t h e r a t e c o n s t a n t K, t u r n s o u t 
t o be 0.13 1-meq - m i n , a v a l u e v e r y c l o s e t o , b u t h i g h e r t h a n 
t h a t o b t a i n e d w i t h c l i n o p t i l o l i t e and t h e same c a t i o n ( 4 ) . 

F i g u r e 4 r e p o r t s a t y p i c a l l e a d b r e a k t h r o u g h c u r v e ( s q u a r e s ) 
+ + 

o b t a i n e d w i t h a s o l u t i o n o f o n l y Pb . i . e . w i t h o u t any i n t e r f e r i n g 
-1 + + 

c a t i c - n ( f e e d c o m p o s i t i o n : 100 mg · 1 Pb , f e e d f l o w r a t e : 6 ml-
min ). The c u r v e a p p e a r s v e r y n a r r o w and s h a r p , c o n f i r m i n g t h e 
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0.5 1.0 1.5 1.69 1.71 

water vapour desorption Na - form 

water vapour desorption Κ - form 

Na Ca Mg 

Pb 

0.2 

F i g u r e 1 . S c h e m a t i c r e p r e s e n t a t i o n o f c h a b a z i t e t u f f c a t i o n 
exchange c a p a c i t y ( CEC). S o l i d l i n e s : CEC from i o n exchange 
t e s t s ; dashed l i n e s : CEC c a l c u l a t e d from z e o l i t e c o n t e n t ( see 
e x p e r i m e n t a l ) . 

500 
bed volumes 

1500 

20 60 100 140 
effluent volume , I 

F i g u r e 2. C a t i o n e l u t i o n c u r v e s ( l e f t s c a l e ) and l e a d b r e a k 
t h r o u g h c 
c a t i o n i c c o m p o s i t i o n 
t h r o u g h c u r v e ( r i g h t s c a l e ) on c h a b a z i t e t u f f b e d ^ i n i t s o r i g i n a l 

^ F eed c o m p o s i t i o n : 1 1 0 mg -1 Pb ; f e e d 
f l o w r a t e : 6 ml-min 
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F i g u r e 3. A | + K i n e t i c s o f l e a d u p t a k e f r o m 2.5 ( s q u a r e s ) o r 5 mN 
( c i r c l e s ) Pb s o l u t i o n s by Na-exchanged t u f f g r a i n s . S o l i d t o 
l i q u i d r a t i o 1:1000. B: R e a c t i o n o r d e r k i n e t i c p l o t , c,c = a c t u a l + + — 1 ο and f i n a l P b + c o n c e n t r a t i o n i n t h e z e o l i t e (meq-g ^) o r a c t u a l 
and f i n a l Na c o n c e n t r a t i o n i n t h e s o l u t i o n (meq-1 ). 

bed volumes 
1000 1500 

5 10 50 90 
effluent volume , I 

F i g u r e 4. T y p i c a l l e a d b r e a k t h r o u g h c u r v e ( s q u a r e s , r i g h t s c a l e ) 
and l e a d e l u t i o n c u r v e ( c i r c l e s , l e f t s c a l e ) on Na-exchange^ 
c h a b a z i t e t u f f bed. Feed o r régénérant f l o w r a t e : 6 ml-min ; 

-1 + + 
f e e d c o m p o s i t i o n : 100 mg-1 Pb 
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c o n s i d e r a b l e a f f i n i t y o f t h e c a t i o n f o r t h e Na-form o f c h a b a z i t e . 
I n t h e same f i g u r e a bed r e g e n e r a t i o n c^urve ( c i r c l e s ) i s a l s o 
r e p o r t e d (régénérant f l o w r a t e : 6 m l - m i n ). R e g e n e r a t i o n has been 
c a r r i e d o u t by NaNO^. N a C l must be a v o i d e d , because o f t h e 
p o s s i b i l i t y o f P b C l p r e c i p i t a t i o n i n t h e e a r l y s t a g e s o f t h e ope-+ + 2 
r a t i o n , when Pb c o n c e n t r a t i o n i n s o l u t i o n i s v e r y h i g h . The 
r e g e n e r a t i o n c u r v e a p p e a r s r a t h e r s t e e p , a t l e a s t i n the f i r s t 
t r a c t , w h i c h i n d i c a t e s t h a t most o f t h e l e a d may be removed r a t h e r 
e a s i l y . As an example, a r o u g h c o m p u t a t i o n o f t h e two c u r v e s i n 
F i g . 4 shows t h a t , u s i n g 20 régénérant bed volumes (îûl.4 1 ) , t h e 
e x t e n t o f r e g e n e r a t i o n a p p r o x i m a t e s 80%, w h i l e w i t h 200 bed volumes 
(^14 1 ) , i t r e a c h e s h a r d l y 85%. The o p t i m i z a t i o n o f t h i s o p e r a t i o n , 
however, i s n o t an o b j e c t o f t h e p r e s e n t r e s e a r c h and i s d e f e r r e d 
t o a s u c c e s s i v e more s p e c i f i

The i n v e s t i g a t i o
on l e a d r e m o v a l by c h a b a z i t e t u f f has been p e r f o r m e d , k e e p i n g i n 
mind r e a l c a s e s . As the main i n d u s t r i e s d i s c h a r g i n g l e a d a r e t h o s e 
m a n u f a c t u r i n g s t o r a g e b a t t e r i e s and a n t i k n o c k compounds (7 ) , b o t h 
o f them i n v o l v i n g more o r l e s s d i r e c t l y sodium as interfèrent, 
l e a d r e m o v a l r u n s have been c a r r i e d o u t i n t h e p r e s e n c e o f v a r i a b l e 
amounts o f t h a t c a t i o n . F i g . 5 shows t h r e e l e a d b r e a k t h r o u g h c u r v e s 
on Na-exchar^ged c h a b a z i t e t^uff b e d, t r e a t e d a t a f e e d f l o w r a t e 
o f 6 ml-min w i t h 100 mg-1 Pb s o l u t i o n s , c o n t a i n i n g i n a d d i t i o n 
1 g-1 ( t r i a n g l e s ) , 5 g - 1 ( s q u a r e s ) o r 15 g * l ( c i r c l e s ) N a C l 
( n o t e t h a t i n t h e s e c a s e s t h e P b C l ^ s o l u b i l i t y p r o d u c t i s n o t r e a c h 
e d ) . T a b l e I I r e p o r t s t h e v a l u e s o f t h e dynamic p a r a m e t e r s o b t a i n e d 
u s i n g t h e mass t r a n s f e r zone (MTZ) method ( 15 ) and t h e ma t h e m a t i c s 
d e s c r i b i n g t h e r e l a t i v e column model ( 1 6 ) . 

T a b l e I I 
Dynamic Data f r o m Lead B r e a k t h r o u g h C u r ve 

R e f . Interfèrent MTZ l e n g t h Pb-CEC 1 WEC 2 S* Ε 
cm meq · g ~ l meq·g" 1 

F i g . 4 
1 11.9 1.62 1.44 1.00 0.89 

F i g . 5 N a C l l g . l 27.3 1.48 1.24 0.91 0.76 
F i g . 5 N a C l 5 g - l _ 1 56.6 1.07 0.66 0.66 0.41 
F i g . 5 N a C l 15g-!"1 143.9 0.43 0.18 0.26 0.11 
F i g . 6 § 51.4 0.93 0.42 0.57 0.26 

§ N a + =Mg + + =1-10 3M; Ca + +=1.5-10 M̂; K + =1-10 _ 4M. 
1 2 CEC= c a t i o n exchange c a p a c i t y ; #WEC = w o r k i n g Pb-CEC ( i . e . , l ^ a d 
££C a t t h e b r e a k t h r o u g h p o i n t ) ; S e l e c t i v i t y (Pb-CEC /CEC ); 

O v e r a l l e f f i c i e n c y (WEC•/CEC '). 
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I t may be se e n t h a t t h e a d d i t i o n o f 5 o r e s p e c i a l l y 15 g · 1 ~^ 
N a C l g i v e s r i s e t o u n r e l i a b l e column d a t a , as MTZ l e n g t h t u r n s 
o u t l o n g e r t h a n bed d e p t h ( 17 ). T h i s i s per h a p s t he r e a s o n why 
some l e a d l e a k a g e i s r e c o r d e d b e f o r e b r e a k t h r o u g h p o i n t s ( F i g . 
5). These r u n s p o i n t o u t moreover low dynamic s e l e c t i v i t i e s o f 
t u f f bed f o r l e a d and l o w o v e r a l l e f f i c i e n c i e s . T h i s l e a v e s o u t 
the p o s s i b i l i t y t h a t c h a b a z i t e t u f f may be us e d f o r r e m o v i n g l e a d 
f rom t e t r a e t h y l l e a d i n d u s t r y w a s t e w a t e r s , because o f th e e l e v a t e d 
N a C l c o n t e n t o f t h e s e w a t e r s ( 18 ). On th e ^ c o n t r a r y T a b l e 2 shows 
t h a t Na c o n t e n t s c o r r e s p o n d i n g t o 1 g · 1 N a C l o r l e s s do n o t 
c u t down s i g n i f i c a n t l y e i t h e r s e l e c t i v i t y o r e f f i c i e n c y . T h i s a l l o w s 
us t o f o r e s e e a p o s s i b l e a p p l i c a t i o n o f c h a b a z i t e t u f f i n l e a d 
r e m o v a l from r i n s e w a t e r s o f s t o r a g e b a t t e r y c e l l s , p r o v i d e d t h a t 
s u l f u r i c a c i d i s b e f o r e h a n
i s whv^ a s i m u l a t i o n t e s
mg · 1 Pb s o l u t i o n , s a t u r a t e d w i t h H SO. (pH= 2.6) and t h e n + 2 4 r -1 n e u t r a l i z e d . T h i s l e a d s t o a Na c o n t e n t o f about 65 mg-1 . G i v e n + + 
the v e r y l ow Pb c o n c e n t r a t i o n , a l o n g l a s t i n g r u n i s e x p e c t e d : 
a t p r e s e n t about 600 1 ( r o u g h l y 8500 bed volumes) have been a l r e a d y 
p e r c o l a t e d and o n l y about 20% o f t o t a l exchange c a p a c i t y u t i l i z e d . 

A n o t h e r s i m p l e model o f wa t e r l e a d p o l l u t i o n i s t h a t o f t h e 
wa s t e w a t e r s o f c e r a m i c i n d u s t r i e s (9 ̂19 ) • Here Pb c o n c e n t r a t i o n 
i s a t a l e v e l o f a few t e n s o f mg -1 and the i n t e r f e r i n g c a t i o n s 
a r e o n l y t h o s e p r e s e n t i n t h e n a t u r a l w a t e r m a t r i x . A s i m u l a t i o n 

-1 + + 
t e s t has been p e r f o r m e d , t r e a t i n g t h e t u f f bed w i t h ^8 m g - l + + Pb 
s o l u t i o n , c o n t a i n i n g a l s o N a + (1·10~Μ), K + (1·10~Μ), C a + + (1^5* 
10 M) and M g + + (1·10~ M). A h i g h e r f e e d f l o w r a t e (10.8 m l - m i n " ) 
has been t e s t e d f o r o b t a i n i n g d a t a a t l o w e r h o l d u p t i m e s (5-9 min 
i n t h i s c ase compared w i t h 10.7 min i n t h e p r e v i o u s o n e s ) . F i g . 
6 r e p o r t s t h e l e a d b r e a k t h r o u g h c u r v e o b t a i n e d i n t h i s r u n and 
T a b l e I I ( l a s t l i n e ) p r e s e n t s t h e dynamic d a t a deduced f r o m t h e 
c u r v e . I t may be n o t i c e d t h a t a l s o i n t h i s e x p e r i m e n t MTZ l e n g t h 
i s l a r g e r t h a n bed d e p t h . T h i s may be c o r r e c t e d u s i n g h i g h e r bed 
de p t h s and l o w e r f e e d f l o w r a t e s , w h i c h p o s s i b l y e l i m i n a t e a l s o 
some l e a d l e a k a g e b e f o r e t he b r e a k t h r o u g h p o i n t . The d a t a o f T a b l e 
11 show however t h a t , even i n u n f a v o u r a b l e c o n d i t i o n s , a bout 57% 
o f t h e o r i g i n a l c a t i o n exchange c a p a c i t y i s k e p t f o r l e a d and t h a t 
more t h a n 45% o f t h i s i s e m p l o y a b l e f o r l e a d abatement. 
C o n c l u s i o n s 

The r e s u l t s o f t h e p r e s e n t r e s e a r c h a l l o w one t o f o r e s e e good 
p e r s p e c t i v e s on t h e use o f Campanian t u f f i n l e a d abatement f r o m 
w a s t e w a t e r s . C h a b a z i t e i n f a c t shows good s e l e c t i v i t y f o r t h e 
p o l l u t a n t , a l s o i n t h e p r e s e n c e o f c o n s i d e r a b l e amounts o f i n t e r f e r 
i n g c a t i o n s , and h i g h exchange r a t e . A p p l i c a t i o n s may be e x p e c t e d 
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bed volumes 
500 1500 

- , . . Z M Q 

effluent volume , I 

F i g u r e 5· Lead b r e a k t h r o u g h c u r v e s on Na-exchanged c h a b a z i t e 
t u f f bed, t r e a t e d by 100 mg-1 Pb s o l u t i o n s , c o n t a i n i n g 393 
( t r i a n g l e s ) , 1967 ( s q u a r e s ) o r 5900 ( c i r c l e s ) mg·1 Na , as 
i n t e r f e r i n g c a t i o n . Feed f l o w r a t e : 6 ml-min 

500 1500 
bed volumes 

4000 

20 60 100 140 260 300 
effluent volume , I 

F i g u r e 6. Lead b r e a k t h r o u g h c u r v e on Na-exchanged c h a b a z i t e ^ t u f f 
bed, t r e a t e d ^ b y 28 mg-1 Çb s o l u t i o n , c o n t a i n i n g 23 mg-1 
N a + , 4 m g - l " K +, 60 m g - l " C a + + and 24 m ç - 1 Mg + , as i n t e r f e r 
i n g c a t i o n s . Feed f l o w r a t e : 10.8 ml-min 
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in the sectors of storage batteries manufacture, provided the 
wastewaters are neutralized beforehand, and in ceramic industries, 
while the excessive salinity of tetraethyl lead manufacturing 
industry wastewaters excludes the employment of chabazite tuff 
in this sector. 

To be noticed is that the overall efficiency may be improved 
by using materials richer in chabazite, either natural or arti
ficial, e.g., self-bonded chabazite pellets obtained from highly 
zeolitized tuff powders (20). 
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Chapter 33 

Skeletal Rearrangement Reactions 
of Olefins, Paraffins, and Aromatics 

over Aluminophosphate-Based 
Molecular Sieve Catalysts 

Regis J . Pellet, Peter K. Coughlin, Edwar S. Shamshoum, 
and Jule A. Rabo 

Union Carbide Corporation  Old Sa  Mill Rive  Road

Medium pore aluminophosphate based molecular 
sieves with the -11, -31 and -41 crystal 
structures are active and selective catalysts for 
1-hexene isomerization, hexane dehydrocyclization 
and C8 aromatic reactions. With olefin feeds, 
they promote isomerization with little loss to 
competing hydride transfer and cracking 
reactions. With C8 aromatics, they effectively 
catalyze xylene isomerization and ethylbenzene 
disproportionation at very low xylene loss. As 
acid components in bifunctional catalysts, they 
are selective for paraffin and cycloparaffin 
isomerization with low cracking activity. In 
these reactions the medium pore aluminophosphate 
based sieves are generally less active but 
significantly more selective than the medium pore 
zeolites. Similarity with medium pore zeolites 
is displayed by an outstanding resistance to coke 
induced deactivation and by a variety of shape 
selective actions in catalysis. The excellent 
selectivities observed with medium pore 
aluminophosphate based sieves is attributed to a 
unique combination of mild acidity and shape 
selectivity. Selectivity is also enhanced by the 
presence of transition metal framework 
constituents such as cobalt and manganese which 
may exert a chemical influence on reaction 
intermediates. 

A l a r g e fami ly of novel aluminophosphate based molecular s ieves has 
r e c e n t l y been descr ibed in the J i t e r a t u r e ( l - 3 ) . The i n d i v i d u a l 
c r y s t a l species o f these molecular s ieves represent a wide v a r i e t y 
o f c r y s t a l s t r u c t u r e s and chemical composi t ions . S t r u c t u r e s 
inc lude severa l novel c r y s t a l types and var ious i n t r a c r y s t a l l i n e 
pore s i z e s . Thus aiummophosphate-based molecular s ieves have been 
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synthesized having small, median and large-pore apertures, 
presumably defined by 0%, OJO and Oj^ rings, respectively. 
The aluminophosphate molecular sieves (AlPCty's) consist of 
aluminum and phosphorus linked by oxide ions. In the larger family 
of aluminophosphate based molecular sieves with three or more 
framework cations an additional 13 elements have been incorporated 
with a variety of crystal structures. The whole aluminophosphate 
based molecular sieve family comprises more than two dozen crystal 
structures and about two hundred compositions. While AIPO4 
molecular sieves with only two framework elements are c a t a l y t i c a l l y 
inactive, most of the three or multi-component aluminophosphate 
based molecular sieves possess cation exchange capacity, and in the 
protic form they display carboniogenic cataly t i c a c t i v i t y . 

According to recent reports, the aluminophosphate based 
molecular sieves have acidic c a t a l y t i c a c t i v i t y for a broad array 
of petroleum refining and petrochemical reactions  In early 
studies(2) η-butane crackin
of silicoaluminophosphat
molecular sieves showed weak acidity by comparison with zeolites. 
Subsequently, i t was found that transition metal substitution into 
certain aluminophosphate crystals resulted in enhanced acidit y as 
indicated by enhanced butane cracking a c t i v i t y ( 3 ) . With medium 
pore species the generally mild acidity combined with unique shape 
s e l e c t i v i t y has resulted in improved catalytic s e l e c t i v i t y in 
several reactions. Thus, a review of the patent l i t e r a t u r e reveals 
that aluminophosphate based molecular sieves have shown catalytic 
a c t i v i t y in f l u i d c a t a l y t i c cracking(4), hydrocracking(5), 
dewaxmg(6), reformmg(7), aromatic alkylations(8), methanol to 
ol e f i n conversion(9,10) and in ol e f i n oligomerization(8,ll). In 
several cases olefins play an important role, either as feed 
constituents or as reaction intermediates. The enhanced 
s e l e c t i v i t y of certain SAPOfs for o l e f i n reactions has already been 
noted. Thus, small pore SAPO's, such as SAPO-34, were found very 
effective at interconverting light olefins such as ethylene, 
propylene and butylènes with l i t t l e loss to paraffinie or 
oligomeric products(12). The medium pore SAPO's were also active 
and very selective for oligomerization of propylene and butènes to 
ol e f i n i c gasoiine(ll) or to d i s t i l l a t e s without the production of 
paraffins or aromatics. 

The present paper reports on the ca t a l y t i c properties of 
selected aluminophosphate molecular sieves in model hydrocarbon 
reactions. The molecular sieves were selected to represent large 
and medium pore sizes with a variety of framework elements 
including transition metals, in addition to aluminum and 
phosphorus. Model reactions were chosen to explore ca t a l y t i c 
performance in paraffin, o l e f i n and aromatic rearrangement 
reactions to probe molecular sieve character, shape s e l e c t i v i t y and 
cata l y t i c a c t i v i t y , p a r t i c u l a r l y for reactions involving olefins or 
olef i n reaction intermediates. 

EXPERIMENTAL 

Molecular Sieve Catalyst Preparation. The aluminophosphate based 
molecular sieves used in the present study were prepared according 
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to procedures descr ibed i n US Patent r e f e r e n c e s ( 2 , 1 3 , 1 4 ) . The 
p r e p a r a t i o n o f medium pore reference molecular s i e v e s , LZ-105 
z e o l i t e and s i l i c a l i t e , have a l so been descr ibed elsewhere(15 ,16) . 
A l l aluminophosphate-based molecular s i eves were c a l c i n e d p r i o r to 
i n c o r p o r a t i o n i n t o c a t a l y s t formula t ions . T h i s c a l c i n a t i o n i s 
necessary i n order to remove the organic template used i n 
s y n t h e s i s , to f ree the i n t r a c r y s t a l l i n e pore system. The LZ-105 
z e o l i t e reference m a t e r i a l , a z e o l i t e s i m i l a r i n s t r u c t u r e and 
chemistry to ZSM-5, which was synthes ized without an organic 
t empla t ing agent , was a c i d washed p r i o r to use , to lower i t s soda 
content and to form Bronsted a c i d s i t e s . 

For 1-hexene i s o m e r i z a t i o n and for a c i d ca ta lyzed Cg aromatic 
r e a c t i o n s a l l molecular s ieves were evaluated in t h e i r c a l c i n e d , 
powdered s t a t e . For the study o f Cg aromat ic s , s e l ec t ed SAPO 
molecular s ieves were aluminum exchanged or steam treated as noted 
i n T a b l e IV. For b i f u n c t i o n a l c a t a l y s t s used i n p a r a f f i n 
c y c l i z a t i o n / i s o m e r i z a t i o
the c a l c i n e d molecular s i ev
c h l o r i d e d gamma alumina powder. These mixtures were then bound 
u s i n g s i l i c a s o l and extruded to form 1/16M extrudates which were 
d r i e d and c a l c i n e d at 5 0 0 ° C . The b i f u n c t i o n a l c a t a l y s t s were 
prepared to conta in about 0.5% platinum and about 40 to 50% SAPO 
molecular s i eve i n the f i n i s h e d c a t a l y s t s . 

C a t a l y s t E v a l u a t i o n . The powdered molecular s ieves were evaluated 
f o l l o w i n g the treatment descr ibed above, without f u r t h e r 
a c t i v a t i o n . The 1-hexene i somer iza t ion and Cg aromatic 
i somer i za t ion t e s t s were conducted in t u b u l a r , f ixed bed, 
continuous flow m i c r o r e a c t o r s . The c a t a l y s t bed contained one gram 
molecular s ieve powder and one to three grams of s i m i l a r l y s i z e d 
quartz chips used as d i l u e n t . The reactor was heated to the chosen 
r e a c t i o n temperatures i n a f l u i d i z e d sand bath, and the r e a c t i o n 
temperature was monitored by a thermocouple located i n the c a t a l y s t 
bed. T y p i c a l runs l a s t e d 3 to 5 hours dur ing which samples were 
c o l l e c t e d every 30 minutes. 

L i q u i d feeds ( i . e . , 1-hexene or xylene and xylene-ethylbenzene 
mixtures) were fed to the r e a c t o r by s y r i n g e pump through a preheat 
zone to insure complete v a p o r i z a t i o n and mix ing , p r i o r to e n t e r i n g 
the c a t a l y s t bed. Reactor e f f l u e n t was cooled v ia co ld water t r a p 
to c o l l e c t condensable l i q u i d products while gaseous product 
volumes were monitored by standard dry tes t meter. Both gas and 
l i q u i d products were analyzed by gas chromatography. 

P a r a f f i n c y c l i z a t i o n and i somer i za t ion s tud ies were a l so 
conducted i n the microreac tor system. The feed used i n t h i s study 
was t e c h n i c a l grade n-hexane c o n t a i n i n g 87% n-hexane, 9% 
methylcyclopentane and 4% isopentanes . T y p i c a l l y about 0.35 g o f 
ground extrudates (20/80 mesh) were mixed with quartz chips and 
loaded to the r e a c t o r . The reac tor was heated to the r e a c t i o n 
temperature i n f lowing hydrogen, p r i o r to hexane feed 
i n t r o d u c t i o n . Runs l a s t ed for 24 hours and samples were c o l l e c t e d 
on ly a f t e r 20 hours on feed to permit c a t a l y s t l i n e - o u t . L i q u i d 
and gaseous products were c o l l e c t e d and analyzed as descr ibed above. 

The b i f u n c t i o n a l plat inum - SAPO c a t a l y s t s were evaluated f o r 
Cg aromatic r e a c t i o n s i n the presence o f hydrogen i n bench s c a l e 
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r e a c t o r s . T y p i c a l l y , 25 to 50 cc c a t a l y s t extrudates were d i l u t e d 
with about four volumes of s i m i l a r l y s i zed quartz c h i p s , and p laced 
i n a 1 1/4" ID re ac t o r with quartz ch ips p laced i n both end zones. 
The r eac tor had a c e n t r a l thermowell conta in ing s i x bed 
thermocouples. C a t a l y s t s were a c t i v a t e d with hydrogen and then 
subsequently s u l f i d e d with 5% H2S/95% H2 mixture at atmospheric 
pressure and at run temperature. The run was s t a r t e d with the 
p r e s s u r i z a t i o n o f the reactor and the s e t t i n g o f the H2 
f lowrate . Feed which cons i s ted of e i t h e r 171 ethylbenzene + 83% 
m-xylene or 40% ethylbenzene + 60% m-xylene was then pumped over 
the c a t a l y s t bed. Bench s c a l e runs l a s t e d severa l days and 
products were c o l l e c t e d d a i l y . Both gas and l i q u i d products were 
q u a n t i f i e d and analyzed and mater ia l balances were determined. 
T y p i c a l l y these balances were w i t h i n 2% of c l o s u r e . 

The r e a c t i o n cond i t ions for a l l c a t a l y s t t es t s are given along 
wi th the tes t r e s u l t s i n Tables I to V

RESULTS AND DISCUSSION 

React ions of O l e f i n s . O l e f i n s p lay a key r o l e as intermediates i n 
a number o f petroleum r e f i n i n g and petrochemical r e a c t i o n s . 
T h e r e f o r e , to be t t er understand the f u n c t i o n and u t i l i t y of 
aluminophosphate-based c a t a l y s t s , i t i s d e s i r a b l e to examine t h e i r 
c a t a l y t i c chemistry with model o l e f i n s . As mentioned above, the 
s i l i coa luminophosphate molecular s ieves have a lready been reported 
to be a c t i v e for o l i g o m e r i z a t i o n of l i g h t o l e f i n s to gaso l ine range 
products (11) . The r e s u l t s o f that study are reproduced i n Table I 
which presents convers ion and s e l e c t i v i t y data f o r propylene 
o l i g o m e r i z a t i o n to l i q u i d products . These data were obtained us ing 
l a r g e , medium and smal l -pore SAPO's and medium pore reference 
LZ-105 z e o l i t e . 

TABLE I . Vapor Phase Propylene Ol igomer iza t ion 

Molecu lar Sieve SAPO-5 SAPO-11 SAPO-31 SAPO-34 LZ-105 

Pore S i z e , A 8 6 7 4.3 6 
Run T e m p e r a t u r e , ° F 700 700 700 700 703 
P r e s s u r e , p s i g 25 25 50 25 25 
Propylene WHSV 0.98 0.94 1.04 0.53 0.90 

Time on Stream,hr . 4.3 4.2 5.5 2.33 3.5 

Propylene 
Convers ion , % 0 86.3 76.2 41.6 81.6 

C5+ S e l e c t i v i t y a - 77.0 82.7 19.5 37.2 

a) C5+ S e l e c t i v i t y = (C5+ y i e l d , wt%)/(C3= c o n v e r s i o n , 
wt%)xl00. 
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The data show that the large pore SAPO-5 with a u n d i r e c t i o n a l 
non i n t e r s e c t i n g channel system(17) was i n a c t i v e f o r 
o l i g o m e r i z a t i o n by the time the f i r s t sample had been taken. S ince 
SAPO-5 e x h i b i t e d s i g n i f i c a n t a c t i v i t y for butane c r a c k i n g ( 2 ) , the 
l a c k o f o l i g o m e r i z a t i o n a c t i v i t y was a t t r i b u t e d to r a p i d c a t a l y s t 
c o k i n g , r e s u l t i n g i n d e a c t i v a t i o n . 

The smal l pore SAPO-34 having a c r y s t a l s t r u c t u r e analogous to 
chabazi te was a l s o i n e f f e c t i v e for propylene o l i g o m e r i z a t i o n . 
While 40% propylene convers ion was observed, most of the products 
cons i s ted of ethylene and b u t è n e s , with o n l y 20% s e l e c t i v i t y to 
l i q u i d product s . Larger ol igomers were conce ivab ly formed i n the 
cages o f the -34 c r y s t a l s t r u c t u r e but could not escape through the 
molecular s i e v e ' s small pore openings. The l i g h t o l e f i n products 
observed, were presumably formed by the crack ing o f trapped 
propylene o l igomers . T h i s scrambl ing o f l i g h t o l e f i n s by SAPO-34 
was a l s o observed by K a i s e r ( 1 2 )

In c o n t r a s t to SAPO-
SAP0-3I e x h i b i t e d s i g n i f i c a n
s e l e c t i v i t y to l i q u i d product s . While the s t r u c t u r e o f the SAPO-31 
i s as yet unknown, the s t r u c t u r e o f SAPO-11 has been r e p o r t e d . It 
comprises u n i d i r e c t i o n a l , non i n t e r s e c t i n g channels formed by 10 
member oxygen r i n g s ( 1 7 ) . Conversions as h igh as 86%, with C5+ 
product s e l e c t i v i t i e s as h igh as 83%, were reported under the 
screen ing c o n d i t i o n s . The performance o f the medium pore SAPO's 
a l s o d i f f e r e d s i g n i f i c a n t l y from that o f the medium pore z e o l i t e 
re f erence , LZ-105, which a l so achieved h igh propylene convers ion , 
but at on ly 37% C5+ s e l e c t i v i t y . The LZ-105 i s s t r u c t u r a l l y 
r e l a t e d to ZSM-5 but i s prepared without an organic template . The 
l i q u i d products formed over LZ-105 were h i g h l y aromat ic , i n 
contras t to the SAPO products which were predominantly o l e f i n i c . 
Furthermore, the major gas product formed over LZ-105 cons i s ted o f 
l i g h t p a r a f f i n s . The LZ-105 product d i s t r i b u t i o n was a t t r i b u t e d to 
the preponderance o f hydrogen t r a n s f e r r e a c t i o n s in which o l e f i n 
feed and o l i gomer iza te underwent secondary r e a c t i o n s , presumably 
over s trong a c i d s i t e s , to produce l i g h t p a r a f f i n s and aromat ics . 
I t was concluded t h a t , the medium pore SAPO'S lacked the a c i d 
s trength required to ca ta lyze hydr ide s h i f t r e a c t i o n s , and p o s s i b l y 
lacked s p a t i a l requirements to form the bu lky t r a n s i t i o n s ta te s 
envis ioned f o r these hydr ide s h i f t r e a c t i o n s ( 1 1 ) . T h i s lack o f 
h y d r i d e s h i f t a c t i v i t y r e su l t e d in h igh s e l e c t i v i t y to o l e f i n i c 
g a s o l i n e . 

While the reac t ions with propylene feed prov ide in format ion 
about a c i d s trength and perhaps about shape s e l e c t i v e e f f e c t s , 
f u r t h e r informat ion on r e a c t i o n chemistry i s expected by observ ing 
the r e a c t i o n s o f h igher o l e f i n s . In the present s tudy , the 
r e a c t i o n s o f 1-hexene as ca ta lyzed by a number of these molecular 
s ieves are summarized in Table I I . As be fore , data are presented 
for l a r g e , medium and small pore SAPO's. The in f luence o f 
t r a n s i t i o n metal framework elements i s a l so explored with s e l ec ted 
MeAPO and MeAPSO molecular s i e v e s . In a d d i t i o n to o l i g o m e r i z a t i o n 
and h y d r i d e t r a n s f e r r e a c t i o n s observed wi th propylene feed, double 
bond and s k e l e t a l i s o m e r i z a t i o n s , c y c l i z a t i o n and c r a c k i n g are a l s o 
p o s s i b l e us ing 1-hexene as model r e a c t a n t . The data presented i n 
Table II were c o l l e c t e d under somewhat mi lder r e a c t i o n c o n d i t i o n s 
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than those reported i n the propylene o l i g o m e r i z a t i o n s tudy. Under 
these cond i t i ons l i s t e d i n Tab le I I , the l arge pore SAPO-5 
molecular s ieve e x h i b i t e d high conversion o f the 1-hexene feed , 
forming on ly double bond isomers , 2- and 3-hexene. A g a i n , l i t t l e 
o l i g o m e r i z a t i o n a c t i v i t y was observed and s k e l e t a l i s o m e r i z a t i o n 
and c r a c k i n g a c t i v i t y were a l s o low. S ince very weak ac ids w i l l 
ca ta lyze double bond i s o m e r i z a t i o n , the lack of a d d i t i o n a l 
c a t a l y s i s on the p a r t of SAPO-5 i s cons i s t en t wi th the c o n c l u s i o n 
o f the p r e v i o u s l y publ i shed propylene r e s u l t s and with r a p i d 
coke-induced d e a c t i v a t i o n . 

As with propy lene , the medium pore SAPO's are again q u i t e 
a c t i v e and a l so q u i t e s e l e c t i v e . Thus , SAPO-11 gave over 90% 
1-hexene convers ion with over 90% s e l e c t i v i t y to isomerized 
produc t s , h a l f o f which were s k e l e t a l isomers. It i s important to 
note that medium pore SAPO-11 i s s evera l orders of magnitude more 
coke r e s i s t a n t than the large pore SAPO-5. A f t e r on ly 30 rrinutes 
on hexene f e e d , the SAPO-
i somer iza t ion a c t i v i t y wit
the three hour long micro screen ing t e s t . It i s envis ioned that 
the enhanced coke r e s i s t a n c e o f the medium pore SAPO-11 i s due to a 
product shape s e l e c t i v i t y . Due to s p a t i a l c o n s t r a i n t s w i t h i n the 
SAPO-11 s t r u c t u r e , bulky coke precursors are formed at a g r e a t l y 
reduced rate r e l a t i v e to t h e i r rate o f formation i n SAPO-5. U n t i l 
now t h i s r e s i s t a n c e to coke formation has only been observed wi th 
the medium pore ZSM type molecular s i eves (18) . Under the mi lder 
cond i t ions o f t h i s screening study with SAPO-11, l i t t l e 
o l i g o m e r i z a t i o n a c t i v i t y was observed, but i m p o r t a n t l y , almost no 
crack ing o f hexene occurred . In c o n t r a s t , under i d e n t i c a l t e s t 
c o n d i t i o n s , the z e o l i t e reference LZ-105 had very h igh a c t i v i t y f o r 
both o l i g o m e r i z a t i o n and c r a c k i n g , forming over 30% l i g h t 
product s . Most of the isomerized hexene o l e f i n s were consumed i n 
these secondary r e a c t i o n s . The h igh i s o m e r i z a t i o n s e l e c t i v i t y 
observed with the medium pore SAPO's i s probably a t t r i b u t a b l e to 
s i g n i f i c a n t l y mi lder a c i d s t reng th than that possessed by the 
reference z e o l i t e c a t a l y s t . 

The i n c o r p o r a t i o n of t r a n s i t i o n elements in to the c r y s t a l 
s t r u c t u r e of medium pore aluminophosphate molecular s ieves enhances 
s k e l e t a l i s o m e r i z a t i o n s e l e c t i v i t y even beyond that observed with 
the SAPO's . Thus , the s i l i coa luminophosphate SAPO-11 g ives 42% 
convers ion to s k e l e t a l isomers wi th 3% cracked product while the 
same aluminophosphate c r y s t a l phase conta in ing manganese as a 
framework c o n s t i t u e n t , MnAPO-11, g ives 64% s k e l e t a l i s o m e r i z a t i o n 
with o n l y 2% cracked product . The i r o n conta in ing FAPO-11 was even 
more a c t i v e and s e l e c t i v e with 71% and 1.5% i s o m e r i z a t i o n and 
crack ing a c t i v i t i e s , r e s p e c t i v e l y . S i m i l a r trends can be seen f o r 
the manganese and i r o n s u b s t i t u t e d aluminophosphates wi th the -31 
s t r u c t u r e . 

P a r a f f i n React ions . The h igh s e l e c t i v i t y observed with 
aluminophosphate based molecular s ieves in o l e f i n s k e l e t a l 
i s o m e r i z a t i o n r e l a t i v e to c r a c k i n g suggests that these molecular 
s i eves may be used advantageously in severa l petroleum and 
petrochemical r e a c t i o n s where o l e f i n s serve as r e a c t i o n 
in termediates , and where s k e l e t a l rearrangements are d e s i r e d . 
Gaso l ine reforming i n v o l v i n g p a r a f f i n i s o m e r i z a t i o n and 
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d e h y d r o c y c l i z a t i o n i s one area where improved s e l e c t i v i t y i s needed. 
The d e h y d r o c y c l i z a t i o n o f p a r a f f i n s represents a very important 

c l a s s o f r e a c t i o n s o c c u r r i n g i n the gaso l ine reforming process . 
Through d e h y d r o c y c l i z a t i o n low octane p a r a f f i n s are converted to 
h i g h octane aromat ics . P a r a f f i n i somer iza t ion a l so boosts gaso l ine 
octane i n reforming s ince branched isomers t y p i c a l l y have very 
s i g n i f i c a n t l y enhanced octane numbers r e l a t i v e to normal 
p a r a f f i n s . D e h y d r o c y c l i z a t i o n and i somer iza t ion are very o f ten 
accompanied by undes i rab le crack ing r e a c t i o n s enhancing product 
octane at the expense o f gaso l ine y i e l d . Shape s e l e c t i v e c r a c k i n g 
can enhance octane by crack ing away the low octane p a r a f f i n s to 
form gas . The intermediacy o f o l e f i n s i n these reac t ions has been 
p r e v i o u s l y demonstrated(19). A s i m p l i f i e d mechanism f o r the 
d e h y d r o c y c l i z a t i o n , i s o m e r i z a t i o n and c r a c k i n g o f n-hexane i s 
summarized below: 

Pt 

n C 6 < > nCg -> Benzene » Cyc lo C5 

l i g h t o l e f i n s < > l i g h t p a r a f f i n s 

Here , f i r s t o l e f i n i c intermediates are generated over 
p la t inum. These intermediates are e i t h e r cracked to form l i g h t e r 
o l e f i n s or c y c l i z e d and isomerized over the a c i d i c c h l o r i d e d 
a lumina . The o l e f i n s and naphthenes thus formed are f i n a l l y 
dehydrogenated over the plat inum to form p a r a f f i n s and aromat ics . 
Z e o l i t i c ac ids such as mordenite(20) and ZSM-5(21) have been 
s u b s t i t u t e d for the c h l o r i d e d alumina as a c i d c a t a l y s t components. 
A l l o f these a c i d components have been reported to boost reformed 
product octane. However, much o f the enhanced octane observed wi th 
these m a t e r i a l s i s accompanied by enhanced c r a c k i n g a c t i v i t y and by 
reduced y i e l d s . 

In the present s tudy , mixtures o f supported plat inum and 
aluminophosphate based molecular s ieves have been tested f o r 
n-hexane rearrangement r e a c t i o n s under reforming c o n d i t i o n s ( 9 0 0 ° 
F , 200 p s i g ) . Resul ts are summarized g r a p h i c a l l y i n F igures 1 and 
2, where s e l e c t i v i t i e s are p l o t t e d as funct ions o f n-hexane 
convers ion . Data are presented for the l a r g e , medium and smal l 
pore SAPO molecular s ieves mixed with a P t - a l u m m a c a t a l y s t . Data 
for plat inum mixed with c h l o r i d e d alumina or mixed with s i l i c a l i t e 
are presented for re f erence . In F igure 1, the r a t i o o f iso-hexanes 
to cracked products i s p l o t t e d against convers ion . The c a t a l y s t 
c o n s i s t i n g o f p lat inum and large pore SAPO-5 i s l e s s a c t i v e than 
re ference p l a t i n u m - c h l o r i d e d alumina; however, i t appears s i m i l a r 
i n s e l e c t i v i t y , i n that i t produces a s i m i l a r d i s t r i b u t i o n o f 
i somerized and cracked products . Mixed plat inum and small pore 
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Figure 1. Isomerization/Cracking S e l e c t i v i t y Ratio plotted as a 
function of n-hexane conversion: Δ SAPO-11, X SAPO-41, 
-+- SAPO-5, OSAPO-34, • S i l i c a l i t e and Ο Pt/chlorided-alumina 
reference. 
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Figure 2. Dehydrocyclization/Cracking S e l e c t i v i t y Ratio plotted 
as a function of n-hexane conversion: Δ SAPO-11, 

χ SAPO-41, + SAPO-5, Ο SAPO-34, A S i l i c a l i t e and 
Ο Pt/chlorided-alumina reference. 
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SAPO-34 i s q u i t e a c t i v e f o r hexane convers ions but s e l e c t i v i t y f o r 
isomerized hexanes i s s i g n i f i c a n t l y lower than observed with the 
r e f e r e n c e , and a s i g n i f i c a n t increase i n the amount o f l i g h t 
cracked products i s observed. These r e s u l t s are to be expected. 
SAPO-34 with the chabaz i te - type s t r u c t u r e possesses cages i n which 
the large hexene isomers can form; however, due to the small pore 
opening o f the -34 s t r u c t u r e , the isomers once formed can not 
escape without crack ing to l i g h t e r products . The noble 
metal - loaded medium pore SAPO's -11 and -41 e x h i b i t e x c e l l e n t 
hexane i s o m e r i z a t i o n s e l e c t i v i t i e s when a p p l i e d together wi th 
p la t inum, producing 2 to 4 times the amount o f isomers compared to 
re ference p l a t i n u m - c h l o r i d e d alumina c a t a l y s t . In c o n t r a s t , the 
medium pore s i l i c a l i t e and supported plat inum c a t a l y s t mix ture , 
whi le ach iev ing s i g n i f i c a n t l y h igher n-hexane convers ion , i s f a r 
l e s s s e l e c t i v e than the medium pore SAPO c a t a l y s t mixture and the 
c h l o r i d e d alumina-plat inum r e f e r e n c e  producing a l a r g e amount o f 
cracked product s . S i m i l a
d e h y d r o c y c l i z a t i o n reac t ion
benzene to l i g h t products r a t i o i s p l o t t e d aga ins t convers ion f o r 
the same set o f c a t a l y s t s , and again the medium pore SAPO's e x h i b i t 
s u p e r i o r s e l e c t i v i t y to both reference m a t e r i a l s and to both l arge 
and smal l pore SAPO c a t a l y s t systems. These r e s u l t s are in 
complete agreement wi th the hexene i s o m e r i z a t i o n data descr ibed 
above, wherein the medium pore SAPO's show s i g n i f i c a n t l y reduced 
a c t i v i t y f o r c r a c k i n g r e a c t i o n s whi le mainta in ing h i g h s k e l e t a l 
i s o m e r i z a t i o n a c t i v i t y . 

Aromatic Reac t ions . In a d d i t i o n to re forming , the i s o m e r i z a t i o n o f 
Ce aromatics to produce para-xylene i s another area where 
o l e f i n i c intermediates may p l a y a s i g n i f i c a n t mechanis t ic r o l e . 
The product ion o f para-xylene i s o f i n t e r e s t to the petrochemical 
i n d u s t r y because o f i t s use as monomer i n po lye s t er p r o d u c t i o n . In 
a d d i t i o n to Cg aromatic i s o m e r i z a t i o n , there are a number o f 
important routes to para-xy lene i n c l u d i n g the a l k y l a t i o n o f toluene 
with methanol and the d i s p r o p o r t i o n a t i o n o f to luene . The c a t a l y t i c 
p r o p e r t i e s o f the SAPO molecular s ieves f o r toluene methylat ion 
r e a c t i o n s have been descr ibed(11) . While both large and medium 
pore SAPO's were a c t i v e f o r the a l k y l a t i o n r e a c t i o n , the medium 
pore m a t e r i a l s were d i s t i n g u i s h e d by remarkably h igh s e l e c t i v i t y 
for methylat ion r e a c t i o n s , w i th d i s p r o p o r t i o n a t i o n o f the to luene 
feed represent ing l e s s than 2% of the t o t a l convers ion . By 
comparison, l a r g e pore SAPO-5 had n e a r l y 60% d i s p r o p o r t i o n a t i o n 
s e l e c t i v i t y and the z e o l i t e reference LZ-105 had n e a r l y 80% 
d i s p r o p o r t i o n a t i o n s e l e c t i v i t y . The very low d i s p r o p o r t i o n a t i o n 
a c t i v i t y o f the medium pore SAPO's , a t t r i b u t e d to t h e i r mi ld a c i d 
c h a r a c t e r , r e s u l t e d i n reduced losses o f toluene to benzene and 
increased xylene y i e l d s r e l a t i v e to LZ-105 and SAPO-5. 

In the present s tudy , s i l i c o n and t r a n s i t i o n metal s u b s t i t u t e d 
aluminophosphate molecular s ieves have a l s o been evaluated f o r 
a c t i v i t y and s e l e c t i v i t y f o r para-xy lene product ion v i a Cg 
aromatic i s o m e r i z a t i o n . In commercial p r a c t i c e , Cg aromatic cuts 
are obtained from reformate gaso l ine and from p y r o l y s i s naphtha 
streams. Both feeds conta in a s i g n i f i c a n t f r a c t i o n o f ethylbenzene 
which i s d i f f i c u l t to separate from xylenes by p h y s i c a l t echn iques , 
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and must be c a t a l y t i c a l l y converted to other product s . Th i s 
c a t a l y t i c convers ion can be accomplished by one o f two commercial ly 
a v a i l a b l e approaches. In one approach, mono-funct ional a c i d 
c a t a l y s t s such as ZSM-5 (22) isomerize xylenes and a l so convert 
ethylbenzene to non Cg aromatics by s e l e c t i v e e t h y l group 
d i s p r o p o r t i o n a t e . D i s p r o p o r t i o n a t i o n o f xylenes to non Cg 
aromatics i s a competing s ide r e a c t i o n lowering the u l t i m a t e 
para-xy lene y i e l d . A c i d c a t a l y s i s alone can not convert the 
ethylbenzene to xy lenes . To t h i s end, b i f u n c t i o n a l c a t a l y s t s 
c o n t a i n i n g both a hydrogenation-dehydrogenation func t ion such as 
plat inum as wel l as an a c i d i c funct ion such as mordenite(23) , have 
t y p i c a l l y been employed. In the l a t t e r approach, ethylbenzene i s 
hydrogenated over Pt to e thylcyclohexene which i s then isomerized 
to dimethylcyclohexene over the a c i d c a t a l y s t f u n c t i o n , and f i n a l l y 
converted to xylenes by dehydrogenation over the p la t inum. 

C o n c e p t u a l l y , t h i s route o f f e r s the p o s s i b i l i t y of enhanced 
xylene y i e l d s , but s ince naphthenic intermediates are present , 
s i g n i f i c a n t a c i d ca ta lyzed r i n g opening and y i e l d lo s s of aromatics 
are a l s o p o s s i b l e . A review o f a v a i l a b l e patent l i t e r a t u r e 
data(22,23b) suggests that because of these undes i rab le s ide 
r e a c t i o n s , the b i f u n c t i o n a l approach to i somer iza t ion y i e l d s about 
the same amount o f xylene as does the monofunctional r o u t e . 

Ca Aromatic Reactions Without Hydrogen. In the present s tudy , 
tire aluminophosphate molecular s ieves have been used alone and with 
added plat inum and hydrogen to i somerize C3 aromatic feeds. In 
an i n i t i a l screening s tudy , a s e r i e s of large to medium pore s i z e 
molecular s ieves were evaluated f o r c a t a l y t i c a c t i v i t y f o r m-xylene 
rearrangements at 1 0 0 0 ° F without added metal and hydrogen. 
Under these c o n d i t i o n s a l l molecular s ieves evaluated g ive 
e s s e n t i a l l y complete i somer iza t ion o f m-xylene feed to a 
thermodynamic e q u i l i b r i u m mixture o f xylene i somers , whi le the 
d i s p r o p o r t i o n a t i o n a c t i v i t y to toluene and trimethylbenzenes v a r i e s 
s i g n i f i c a n t l y . The r e s u l t s o f t h i s study are summarized i n Tab le 
III and in F igure 3, where xylene d i s p r o p o r t i o n a t i o n a c t i v i t y i s 
p l o t t e d as a f u n c t i o n o f molecular s i eve pore s i z e . In g e n e r a l , a 
rough trend can be seen i n which the molecular s ieves with l a r g e r 
pore s i z e s are more a c t i v e f o r t h i s undes i rab le s ide r e a c t i o n . 
Thus under the chosen screening c o n d i t i o n s , SAPO-5, MAP0-5 and 
MAPO-36, a l l l arge pore molecular s ieves wi th approximately 8 
angstrom pore s i z e s , c a t a l y z e from 12 to 22 % d i s p r o p o r t i o n a t i o n 
whi l e SAPO-11, MAPO-11 and SAPO-41 wi th approximately 6 angstrom 
pores s u f f e r o n l y 2 to 7 % xylene l o s s e s . These r e s u l t s are 
c o n s i s t e n t wi th the concept o f t r a n s i t i o n s ta te shape 

2H 2+ Ο 

Cracked Products 
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F i g u r e 3. Xylene losses due to d i s p r o p o r t i o n a t i o n are a f u n c t i o n 
o f the molecular s ieve c a t a l y s t ' s pore s i z e . 
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s e l e c t i v i t y where a b u l k y , b imolecu lar i n t e r a c t i o n o f two xylenes 
to form toluene and tr imethylbenzene i s d i f f i c u l t to achieve i n the 
approximately 6 angstrom s i z e channels . 

Table I I I . m-Xylene Reactions Cata lyzed by 
Aluminophosphate-Based Molecu lar Sieves 

Run C o n d i t i o n s : 
Run Temperature 1 0 0 0 ° F 

Pressure 100 p s i g 
WHSV 5.6 1/hr 

m-Xylene 
a b D i s p r o p o r t i o n a t i o n , 

Molecu lar Sieve Pore S i ze Pore Volume % Conversion 

SAPO-5 0.8 0.31 20.7 
MAPO-5 0.8 0.31 22.4 
MAPO-36 0.8 0.31 12.6 
SAPO-31 0.65 0.17 15.1 
SAPO-41 0.6 0.22 7.1 
SAPO-11 0.6 0.16 3.2 
MAPO-11 0.6 0.16 1.8 

a ) Determined by McBam Bakr g r a v i m e t r i c adsorpt ion s t u d i e s ( 3 ) . 
b) Determined by water adsorpt ion at s a t u r â t i o n ( 3 ) . 

In the next phase o f the present s tudy , s evera l medium pore 
molecular s ieves were evaluated for c a t a l y t i c performance with an 
ethylbenzene and m-xylene f eed . A g a i n , the molecular s ieves were 
tes ted with no added metal or hydrogen. Several o f these 
aluminophosphate based molecular s ieves d i d conta in t r a n s i t i o n 
metals as framework elements. The r e s u l t s o f t h i s study are 
summarized i n Tab le IV and F igure 4. From the Table i t can be seen 
that a l l molecular s ieves y i e l d para-xylene i n amounts equiva lent 
to thermodynamic e q u i l i b r i u m . S u r p r i s i n g l y , the c o b a l t and 
manganese-containing molecular s ieves with the -31 type s t r u c t u r e 
d i d not promote the e q u i l i b r a t i o n o f meta to o r t h o - x y l e n e , so that 
very h igh para /or tho s e l e c t i v i t i e s were observed. S ince SAPO-31 
with i d e n t i c a l framework s t r u c t u r e does not e x h i b i t the h igh para 
and low or tho-xy lene s e l e c t i v i t y observed wi th the MeAPSO-31 
molecular s i e v e s , t h e i r h igh s e l e c t i v i t y might p o s s i b l y be 
i n t e r p r e t e d as product shape s e l e c t i v i t y due to r e s t r i c t e d pore 
s i z e . Obvious ly the M n + 2 framework ca t ions are l a r g e r than the 
s i l i c o n and aluminum cat ions they are r e p l a c i n g , and t h i s cou ld 
conce ivably r e s u l t i n r e s t r i c t i o n s i n the molecular s i eve 
channels . However, McBain-Bakr g r a v i m e t r i c adsorpt ion s tud ie s wi th 
"plug gauge-s ized" molecules suggest that MeAPSO-31's have pore 
s i z e s and volumes s i m i l a r to those o f the meta l - f ree SAPO-31, which 
does not appear to be para s e l e c t i v e ( 3 ) . Furthermore, SAPO-11 wi th 
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Table IV. m-Xylene/Ethylbenzene Reactions with 
Medium Pore S i z e Aluminophosphate Based Molecu lar Sieves 

Run C o n d i t i o n s : 
Run Temperature 8 0 0 ° F 

Pressure 100 p s i g 
WHSV 5.6 1 /hr

P a r a / O r t h o %Para-Xylene % D i s p r o p o r t i o n a t i o n 
Molecu lar Sieve Xylene Rat io E q u i l i b r a t i o n Xylenes Ethylbenzene 

SAPO-11 0.97 96 9.9 23.2 
SAPO-11 
( A i + 3 exchanged) 1.15 102 6.6 20.1 
SAPO-11 
(Steam trea ted) 1.52 63 0.2 6.0 

SAPO-31 0.78 100 31.6 56.3 
SAPO-31 
(Steam trea ted) 1.56 102 1.7 10.4 

M i A P S O - l i 0.88 104 5.0 23.3 
CoAPSO-11 1.81 91 0.0 7.7 
MiAPSO-31 3.59 120 0.0 17.7 
CoAPSO-31 3.06 111 1.7 23.0 

LZ-105 0.99 100 23.6 58.5 
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F i g u r e 4. S e l e c t i v i t y f o r ethylbenzene convers ion p l o t t e d 
aga ins t xylene losses f o r A MeAPSO's, · LZ-105 and • SAPO's . 
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s l i g h t l y smal ler pore s i z e than CoAPSO-31 and MiAPSO-31 does not 
show n e a r l y the para s e l e c t i v i t y observed with the t r a n s i t i o n 
meta l - conta in ing molecular s ieves with the -31 c r y s t a l s t r u c t u r e . 
An a l t e r n a t e explanat ion i s needed. It may be that the framework 
t r a n s i t i o n metal ions in these molecular s ieves exert a chemical 
in f luence on the intermediates i n i s o m e r i z a t i o n , f a v o r i n g the 
formation o f the para- i somer . A l t e r n a t e l y , ac id s i t e s may be 
u n i q u e l y loca ted i n the MeAPSO molecular s ieves such that access o f 
reactants and r e a c t i o n intermediates to these ac id s i t e s i s 
s p a t i a l l y c o n s t r a i n e d , f a v o r i n g p a r a - s e l e c t i v i t y . 

F igure 4 p l o t s ethylbenzene vs xylene d i s p r o p o r t i o n a t i o n 
a c t i v i t y f o r the same s e r i e s o f c a t a l y s t s . Data were obtained a t a 
range of conversions by v a r y i n g r e a c t i o n temperature. Again a l l 
c a t a l y s t s were tes ted without added metal or hydrogen. Data 
obtained with medium pore z e o l i t e re ference LZ-105 are a l s o 
presented f o r comparison  The MeAPSO-31 molecular s ieves are again 
d i s t i n g u i s h e d by super io
ethylbenzene convers ions
e x h i b i t the lowest a c t i v i t y f o r the undes i rab le xylene 
d i s p r o p o r t i o n a t i o n whi le SAPO-11 and SAPO-31 are c o n s i d e r a b l y l e s s 
s e l e c t i v e . Data obtained with LZ-105 i s intermediate i n 
s e l e c t i v i t y . Again the enhanced s e l e c t i v i t y observed with the 
MeAPSO-31 molecular s ieves may be due to a t r a n s i t i o n metal 
s p e c i f i c in f luence on the r e a c t i o n in termedia te s . Shape s e l e c t i v e 
e f f e c t s by themselves cannot exp la in d i f f e r e n c e s between these 
mater ia l s and the t r a n s i t i o n meta l - f ree SAPO's . 

Ca Aromatic Reactions with Hydrogen. The mild a c i d nature o f the 
f a m i l y o f aluminophosphate based s ieves renders them s e l e c t i v e f o r 
a number o f rearrangements as observed i n the r e a c t i o n s of o l e f i n s 
and p a r a f f i n s descr ibed above. This proper ty as w e l l as t h e i r 
apparent low d i s p r o p o r t i o n a t i o n a c t i v i t y observed i n the a l k y l a t i o n 
of toluene suggests that they be evaluated as the a c i d f u n c t i o n i n 
b i f u n c t i o n a l Cg aromatic i s o m e r i z a t i o n . As descr ibed above, 
c y c l o - o l e f i n s are most l i k e l y involved i n the convers ion o f 
ethylbenzene to xy lenes . Strong a c i d f u n c t i o n s , such as in 
mordenite , a c t i v e l y i somerize c y c l o - o l e f i n i c intermediates but a l s o 
ca ta lyze r ing -open ing r e a c t i o n s which lead to loss o f aromat ics . A 
more s e l e c t i v e a c i d f u n c t i o n must s t i l l e f f e c t i v e l y i n t e r c o n v e r t 
ethylcyclohexene to dimethylcyclohexenes but must leave the 
cyclohexene r ings i n t a c t . 

In a f i n a l phase o f the current s tudy , c a t a l y s t s c o n s i s t i n g o f 
s e l ec ted SAPO's and supported plat inum have been evaluated i n the 
presence o f hydrogen f o r b i f u n c t i o n a l Cg aromatic i s o m e r i z a t i o n . 
Two c a t a l y s t s were prepared, one c o n t a i n i n g 40% o f the intermediate 
pore SAPO-11 and the other conta in ing 40% o f large pore SAPO-5. 
Both c a t a l y s t s were prepared to contain about 0.6% plat inum 
supported on alumina. The c a t a l y s t s were evaluated at 8 0 0 ° F , 
185 p s i g and at a space v e l o c i t y o f 1 and a hydrogen to hydrocarbon 
r a t i o o f 14. The feed used f o r these tes t s contained 17% 
ethylbenzene and 83% m-xylene, s i m u l a t i n g a Cg aromatic cut 
obtained from reformate g a s o l i n e . Each c a t a l y s t was evaluated f o r 
s e v e r a l days on stream, and at the h igh hydrogen/hydrocarbon r a t i o 
employed, l i t t l e or no d e a c t i v a t i o n was observed. In a d d i t i o n , the 
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SAPO-11-conta ining c a t a l y s t was evaluated wi th a 40% ethylbenzene + 
60% m-xylene feed i n order to b e t t e r evaluate i t s e f f e c t i v e n e s s i n 
conver t ing ethylbenzene to xy lenes , and to model a feed s i m i l a r to 
a p y r o l y s i s naphtha Cg c u t . T y p i c a l performance data for each 
c a t a l y s t a f t e r s e v e r a l hours on the 17% ethylbenzene feed are 
summarized in Table V. Performance i n d i c a t o r s were c a l c u l a t e d 
assuming that the naphthenes formed d u r i n g proces s ing would i n 
commercial p r a c t i c e be r e c y c l e d , and there fore t h e i r formation 
would c o n t r i b u t e to n e i t h e r ethylbenzene convers ion nor to xylene 
l o s s e s . According to the t e s t s both c a t a l y s t s promote 
near-complete xylene e q u i l i b r a t i o n , and the c a t a l y s t c o n t a i n i n g 
SAPO-5 achieves h igher ethylbenzene convers ion than the SAPO-11 
c a t a l y s t , 68% and 44% r e s p e c t i v e l y . However, the l arge pore 
molecular s i eve incurs n e a r l y 22% xylene losses whi le the SAPO-11 
based c a t a l y s t a c t u a l l y produces 2.1% more xylenes than were 
present i n i t i a l l y i n the feed. With SAPO-5 these losses are due to 
d i s p r o p o r t i o n a t i o n r e a c t i o n
aromat ics , and a l s o to no
s i g n i f i c a n t r i n g opening and c r a c k i n g . With the SAPO-11 c a t a l y s t 
there i s much less d i s p r o p o r t i o n a t i o n a c t i v i t y , and almost no 
r ing-opened p a r a f f i n i c products are observed. 

While the present study has not examined the performance o f 
z e o l i t e based c a t a l y s t s , Table V summarizes patent l i t e r a t u r e 
data(23b) f o r a mordenite and plat inum/alumina mixture . Data f o r 
the P t and SAPO-11 mixture obtained under s i m i l a r condi t ions are 
presented for comparison. The mordenite c a t a l y s t i s s i g n i f i c a n t l y 
l e s s s e l e c t i v e than SAPO-11, g i v i n g 25.6% ethylbenzene convers ion 
with o n l y 0.5% net xylene p r o d u c t i o n . 

The data obtained with h igh ethylbenzene feed shows even more 
d r a m a t i c a l l y the e f f i c i e n t conversion o f ethylbenzene to xylenes 
over the SAPO-11-containing c a t a l y s t . Thus at 23.6% ethylbenzene 
convers ion , a n e a r l y 13% increase in xylene y i e l d i s observed. 
Thi s i n d i c a t e s that ethylbenzene has been converted with 75% 
s e l e c t i v i t y to xylene isomers. The remaining convers ion was to 
d i s p r o p o r t i o n a t i o n products with again almost no r i n g opening. 

CONCLUSIONS 

The medium pore aluminophosphate based molecular s ieves are a c t i v e 
and s e l e c t i v e c a t a l y s t s f o r a v a r i e t y o f important hydrocarbon 
rearrangement r e a c t i o n s . As a c i d c a t a l y s t s , they promote o l e f i n 
i s o m e r i z a t i o n and o l i g o m e r i z a t i o n whi le they are s i g n i f i c a n t l y l e s s 
e f f e c t i v e at the competing hydr ide t r a n s f e r and c r a c k i n g r e a c t i o n s . 
In the r e a c t i o n s o f aromat ic s , the medium pore aluminophosphates 
are again e f f e c t i v e for s k e l e t a l i s o m e r i z a t i o n but show low e t h y l 
group d i s p r o p o r t i o n a t i o n a c t i v i t y . As a c i d components i n 
b i f u n c t i o n a l c a t a l y s t s , they are s e l e c t i v e f o r p a r a f f i n and 
c y c l o p a r a f f i n i somer iza t ion wi th low crack ing a c t i v i t y . 

These c a t a l y t i c p r o p e r t i e s c o n t r a s t s h a r p l y with those o f 
medium pore z e o l i t e s such as LZ-105 and with s i l i c a l i t e . Thus , 
medium pore SAPO's a r e cons iderab ly l e s s a c t i v e than LZ-105 for 
o l e f i n , p a r a f f i n and aromatic conversions when compared at the same 
temperature. However, they are more s e l e c t i v e f o r o l e f i n and 
p a r a f f i n i somer iza t ions when evaluated at comparable convers ions . 
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Table V . C3 Aromatic I somerizat ion With 

B i f u n c t i o n a l C a t a l y s t s 

— 

Molecular Sieve Component SAPO-5 SAPO-11 SAPO-11 SAPO-11 Mordenite 

Molecu lar Sieve Content , % 40 40 40 40 50 

Run Temperature, β F 800 800 840 800 800 

Run Temperature, psig 185 185 250 165 175 

H 2 / H C Rat io 14 14 8.3 14 8 

WHSV 1 1 2.9 1 3.6 

Ethylbenzene i n Feed, % 17 17 17 40 15.5 

Approach to p-xylene 
E q u i l i b r i u m , % 94.9 97.3 94.5 96.2 99.3 

Ethylbenzene Convers ion , \ 67.9 44.6 28.2 23.6 25.6 

Net Xylene P r o d u c t i o n , % -21.6 2.1 1.5 12.8 0.5 

a ) In a d d i t i o n to the q u a n t i t y o f molecular s i eve l i s t e d , a l l 
c a t a l y s t s contained 0.4-0.6% pla t inum. 

b) Data obtained from U . S . Patent 4 ,255,606, Example 1. 
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Not surprisingly, the catalytic properties of medium pore 
aluminophosphates also contrast with large pore 
aluminophosphate-based molecular sieves of similar framework 
composition. With olefinic feeds, the large pore molecular sieves 
deactivate very rapidly, presumably due to pore plugging by higher 
molecular weight products. The medium pore SAPO's are dramatically 
more coke resistant. Under conditions that fully deactivate SAPO-5 
in less than 30 minutes, SAPO-11's activity remains unchanged for 
several hours. With aromatic feeds, both large and medium pore 
molecular sieves are active for alkylation and isomerization. 
However, the large pore molecular sieves are significantly more 
active for the disproportionation of dialkyl aromatics, implying 
transition state shape selectivity for the medium pore molecular 
sieves. In bifunctional catalysis involving olefinic 
intermediates, large pore molecular sieves are more active for 
cracking and less selective for skeletal isomerization reactions. 

The catalytic propertie
sieves are also influence
introduction of transition metals into framework positions enhances 
the activity and selectivity for olefin isomerization relative to 
the silicoaluminophosphates. The transition metal containing 
aluminophosphates are also surprisingly more selective for Cg 
aromatic rearrangements than the corresponding SAPO molecular 
sieves, an effect which can not be attributed solely to improved 
shape selectivity. 

The enhanced selectivities observed with medium pore silico-
and metalloaluminophosphates may, to a large extent be attributed 
to a unique combination of mild acidity and shape selectivity. The 
lack of hydride shift and cracking activity in olefin-mediated 
reactions is suggestive of mild acidity. The observed resistance 
to coke deactivation and the enhanced selectivity to para-xylene in 
methylation and isomerization reactions is evidence of 
shape-selective catalysis. 

In addition to these factors, however, transition metal 
framework constituents appear to exert a special chemical effect on 
catalytic performance which appears to be independent of molecular 
sieve acid strength and spatial constraints. This effect is 
evidenced by cobalt and manganese- containing molecular sieves as 
enhanced selectivity for ethylbenzene disproportionation in the 
presence of xylenes, and by enhanced para-selectivity in xylene 
isomerization. Thus, MiAPSO-31 has a larger pore size than SAPO-11 
as judged by "plug gauge" molecules but is far more selective for 
para-xylene and for ethylbenzene disproportionation than the 
SAPO-11 under comparable test conditions. This enhanced selectivity 
may be due to a uniquely located acid site in the transition 
metal-containing molecular sieve with special and unexpected 
spatial requirements. Alternately, it may be due to a ligand or 
electronic effect of the transition metal, affecting the transition 
states in aromatic isomerization and disproportionation reactions. 
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Chapter 34 

Borosilicate Molecular Sieves 

Nancy A. Kutz 

Amoco Research Center, Amoco Chemical Company, P.O. Box 400, 
Naperville, IL 60566 

Crystalline borosilicate molecular sieves have 
been the object of an intensive investigation 
effort since they were reported in the open 
literature at
on Zeolites b
of structures containing framework boron have been 
synthesized. The physical properties of these 
borosilicate molecular sieves have been studied by 
such techniques as X-ray diffraction, infrared and 
nuclear magnetic resonance spectroscopies, and 
temperature programmed desorption of ammonia. In 
addition, the catalytic performance of 
borosilicate molecular sieves has been reported 
for such reactions as xylene isomerization, 
benzene alkylation, butane dehydroisomerization, 
and methanol conversion. This paper will review 
currently available information about the 
synthesis, characterization, and catalytic 
performance of borosilicate molecular sieves. 

The synthesis of z e o l i t e s and z e o l i t i c m aterials has been 
pursued f o r n e a r l y 50 years (2), and the l i t e r a t u r e i s f i l l e d 
with reports of s t r u c t u r e s , methods of preparation, and uses f o r 
these m a t e r i a l s . The s u b s t i t u t i o n of aluminum or s i l i c o n i n the 
framework s t r u c t u r e has been performed using many main group 
elements (3.4) as w e l l as some t r a n s i t i o n metals (3,5). New 
f a m i l i e s of molecular sieves which are based on an 
aluminophosphate framework have been reported r e c e n t l y , some of 
which are al s o microporous (6.7). Of the various new materials 
which have been reported, t h i s " review w i l l focus on c r y s t a l l i n e 
b o r o s i l i c a t e molecular sieves. 

The growing i n t e r e s t i n the pr o p e r t i e s of b o r o s i l i c a t e 
molecular sieves has l e d to a s i g n i f i c a n t increase i n the number 
of reports which s p e c i f y a b o r o s i l i c a t e molecular sieve as the 
important component i n c a t a l y s t compositions (8-11). The range 
of r e a c t i o n s which have been claimed include a v a r i e t y of 
hydrocarbon conversions such as xylene i s o m e r i z a t i o n (8,12), 
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butane dehydroisomerization (13.) , catalytic dewaxing (9.14) , and 
methanol conversion (10.15). 

Synthesis 

Borosilicates have been prepared via hydrothermal synthesis in 
alkaline solutions (1.16-24). Alternatively, synthesis has been 
successful from neutral or slightly acidic media in the presence 
of fluoride anions (25.) · Borosilicate molecular sieves have 
been prepared through secondary synthesis techniques as reported 
by Derouane, et a l . (2j5) , in which the aluminosilicate ZSM-5 was 
treated with boron trichloride to replace aluminum with boron in 
tetrahedral sites. 

Typical hydrothermal synthesis consists of the preparation 
of a gel comprising a source of s i l i c a , a source of boron, an 
organic compound, and a source of a l k a l i  The gel is digested 
at a temperature generall
time as a crystalline molecula
prepared molecular sieve contains the organic synthesis agent as 
weLJ. as any cations which may have been present (such as Na+ or 
Ca 2 ). After calcination or fi r i n g , usually at temperatures in 
excess of 400°C, a mixed hydrogen/cation form results which can 
be converted to the hydrogen form through ammonium ion exchange 
followed by calcination, or by treatment with hydrochloric acid 
to generate the hydrogen form directly. 

The preparation of a borosilicate molecular sieve (termed 
by the authors "borozeosilite") at relatively low pH, in the 
neutral to acidic range, has been reported (25.). A reaction 
mixture comprising a s i l i c a source, boric acid, tetrapropyl-
ammonium bromide and an ammonium fluoride salt was digested 
hydrothermally at 170°C. Subsequent calcination of the product 
in air at 550°C was performed to remove organic template and to 
provide the hydrogen form of the molecular sieve. 

In a method which is analogous to the dealumination of 
zeolites by si l i c o n tetrachloride (27), Derouane and co-workers 
reported the replacement of aluminum in the NH4-ZSM-5 framework 
by boron from BC13 (26). By controlling the reaction 
conditions, particularly the exposure time to boron trichloride, 
the degree of substitution was varied. The zeolite was dried 
i n i t i a l l y in a stream of flowing dry nitrogen, then was exposed 
to the boron trichloride at elevated temperature (500°C), 
followed by an additional treatment with dry nitrogen. After 
the reaction with BC13, the molecular sieve was ammonium 
exchanged and air-dried to preserve the ammonium form of the 
sieve for subsequent characterization. 

A number of borosilicate molecular sieves have been 
discovered using these synthesis techniques. By changing the 
organic compound and other reaction variables, i t is possible to 
prepare various borosilicate structures (1.11.24.28). 
Modifications of zeolites and molecular sieves with boron 
compounds which do not lead to tetrahedral (framework) boron 
w i l l not be addressed in this a r t i c l e . 
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C h a r a c t e r i z a t i o n 

X-Ray D i f f r a c t i o n . B o r o s i l i c a t e molecular sieves have been 
stud i e d by X-ray d i f f r a c t i o n (1.16-20). X-ray d i f f r a c t i o n 
techniques have been developed to determine the degree of 
s u b s t i t u t i o n of the s i l i c a t e framework by borate tetrahedra 
(29). The boron-oxygen bond i s shorter than the the 
sil i c o n - o x y g e n bond, which leads to a c o n t r a c t i o n of the u n i t 
c e l l f o r a b o r o s i l i c a t e molecular sieve as boron s u b s t i t u t i o n 
increases. The u n i t c e l l volume determined from peak p o s i t i o n s 
i n the ranges 2O°<20<35° and 45°<20<5O° or an e m p i r i c a l 
parameter termed ΣΤ (sum of four d spacings) c o r r e l a t e d with 
s t r u c t u r a l boron content (29). 

Changes i n the r a t i o s of l i n e i n t e n s i t i e s were used to 
analyze the X-ray diffractograms of a s e r i e s of isomorphously 
s u b s t i t u t e d MFI molecular sieves (30)  The a n a l y s i s revealed 
that, although large cation
ordered manner f o r S i
to s t a t i s t i c a l replacement of S i . The r e s u l t s were i n t e r p r e t e d 
as l e a d i n g to a maximum t h e o r e t i c a l s u b s t i t u t i o n of about 4 (Al 
or Ga)/unit c e l l i n the c r y s t a l l i n e framework, but a Si/B mole 
r a t i o as low as 1 was pr e d i c t e d . 

A d e t a i l e d a n a l y s i s of the X-ray powder d i f f r a c t i o n p a t t e r n 
of two b o r o s i l i c a t e s was used to develop a model f o r t h e i r 
s t r u c t u r e s (31). The ma t e r i a l c a l l e d BOR-C i s reported to have 
the MFI st r u c t u r e containing regular stackings of p e n t a s i l 
l a y e r s r e l a t e d by i n v e r s i o n centers. On the other hand, the 
BOR-D ma t e r i a l was found to have the MEL s t r u c t u r e . I t was 
s t r u c t u r a l l y disordered, c o n s i s t i n g mainly of p e n t a s i l layers 
r e l a t e d by i n v e r s i o n centers as w e l l as layers r e l a t e d by mirror 
planes. The disordered s t r u c t u r e model f o r BOR-D al s o was 
proposed f o r the a l u m i n o s i l i c a t e ZSM-11 and the s i l i c a l i t e - 2 
analog (32.) . 

I n f r a r e d Spectroscopy. I n f r a r e d spectroscopy has been used to 
study b o r o s i l i c a t e molecular sieves (22.25.33-36). V i b r a t i o n a l 
bands as s o c i a t e d with t r i g o n a l framework boron occur near 
900 cm'1 and 1400 cm'1 (22.25.33) . The presence of the Si-O-B 
asymmetric s t r e t c h i n g v i b r a t i o n , i n d i c a t i v e of t e t r a h e d r a l 
framework boron inco r p o r a t i o n , cannot be observed d i r e c t l y 
because i t i s masked by the strong Si-O-Si band near 1100 cm"1 

i n the p e n t a s i l s t r u c t u r e s . The t e t r a h e d r a l Si-O-B v i b r a t i o n 
has been observed f o r the b o r o s i l i c a t e mineral danburite (33). 
S h i f t s of bands i n the framework v i b r a t i o n a l region at 550 cm"1 

and 560 cm"1 to higher frequencies as a f u n c t i o n of boron 
content has been used to study boron i n c o r p o r a t i o n i n the 
framework of AMS-1B b o r o s i l i c a t e (36). 

Evalu a t i o n of the hydroxyl region of the spectrum 
(4000-3000 cm"1) has been reported by se v e r a l authors f o r 
b o r o s i l i c a t e molecular sieves (33.35-38). The well-known band 
near 3610 cm"1 a s s o c i a t e d with a c i d i c hydroxyls i n 
aluminum-containing ZSM-5 (36-40) i s not observed f o r the 
b o r o s i l i c a t e molecular sieve. Assignment of a band at 3725 cm"1 

to hydroxyls asso c i a t e d with s t r u c t u r a l boron (37.38) was 
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q u e s t i o n e d when t h e b and was o b s e r v e d i n s i l i c a l i t e and ZSM-5 
samp l e s (3j5) . R e c e n t u n p u b l i s h e d d a t a (41) s u g g e s t t h a t , f o r 
b o r o s i l i c a t e m o l e c u l a r s i e v e s , t h e b a n d n e a r 3275 cm" 1 i s a 
c o m b i n a t i o n o f an a c i d i c b a n d and a n o n - a c i d i c band, s u c h as 
t h a t o b s e r v e d i n s i l i c a l i t e and ZSM-5. A s h a r p b a n d n e a r 
3700 cm" 1 has b e e n o b s e r v e d i n some sam p l e s o f b o r o s i l i c a t e 
m o l e c u l a r s i e v e s . A s i m i l a r b a n d has b e e n o b s e r v e d i n p o r o u s 
g l a s s and s i l i c a i m p r e g n a t e d w i t h b o r i c a c i d ( 4 2 ) . The 
h y d r o x y l s a s s o c i a t e d w i t h t h i s b a n d a r e n o t s t r o n g l y a c i d i c . 

N u c l e a r M a g n e t i c Resonance S p e c t r o s c o p y . The u s e o f X 1 B NMR 
s p e c t r o s c o p y t o examine t h e s t a t e o f b o r o n i n b o r o s i l i c a t e 
m o l e c u l a r s i e v e s has b e e n r e p o r t e d ( 2 1 . 2 2 . 2 4 - 2 6 . 4 3 . 4 4 ) . S c h o l l e 
and Veeman (43) r e p o r t e d t h a t t h e b o r o n r e s o n a n c e i s 
c h a r a c t e r i s t i c o f t e t r a h e d r a l b o r o n when t h e s a m p l e s a r e 
h y d r a t e d . D e h y d r a t i o n o f a b o r o s i l i c a t e sample r e s u l t s i n a 
s h i f t t o a t r i g o n a l e n v i r o n m e n t
and peak p o s i t i o n . Th
and t h e change b e t w e e n t r i g o n a l and t e t r a h e d r a l e n v i r o n m e n t s i s 
r e v e r s i b l e . B o r o n NMR has a l s o b e e n u s e d t o show t h a t b o r o n 
f r o m P y r e x l i n e r s c a n be i n c o r p o r a t e d i n m o l e c u l a r s i e v e 
f r a m eworks d u r i n g s y n t h e s i s o f MFI and MOR s t r u c t u r e t y p e s 
( 2 1 . 4 4 ) . 

P r o t o n NMR o f a b o r o s i l i c a t e m o l e c u l a r s i e v e was r e p o r t e d 
b y S c h o l l e and c o - w o r k e r s i n a s t u d y o f t h e h y d r o x y l g r o u p s i n 
b o r o s i l i c a t e , s i l i c a l i t e , and ZSM-5 ( 4 5 ) . I n t h i s s t u d y , t h e 
s i l a n o l p r o t o n s i n b o t h b o r o s i l i c a t e and a l u m i n o s i l i c a t e 
m a t e r i a l s were o b s e r v e d a t a c h e m i c a l s h i f t o f ~2 ppm r e l a t i v e 
t o M e 4 S i . A l o w f i e l d r e s o n a n c e a t t r i b u t e d t o h y d r o x y l s 
a s s o c i a t e d w i t h t h e h e t e r o a t o m (B o r A l ) was s h i f t e d t o h i g h e r 
f i e l d f o r t h e b o r o n - c o n t a i n i n g s i e v e r e l a t i v e t o t h e 
a l u m i n u m - c o n t a i n i n g s i e v e (~3.5 ppm v s ~6 ppm). T h i s was 
i n t e r p r e t e d as i n d i c a t i n g t h a t t h e b o r o s i l i c a t e h y d r o x y l s a r e 
l e s s a c i d i c t h a n t h o s e o f t h e a l u m i n o s i l i c a t e , c o n s i s t e n t w i t h 
t h e IR r e s u l t s r e p o r t e d above. 

T e m p e r a t u r e Programmed D e s o r p t i o n . Ammonia has b e e n u s e d as a 
p r o b e m o l e c u l e i n a number o f s t u d i e s o f c r y s t a l l i n e 
b o r o s i l i c a t e m o l e c u l a r s i e v e ( 2 2 . 3 3 . 4 5 ) . I t has b e e n shown t h a t 
t h e ammonia i s d e s o r b e d f r o m t h e b o r o s i l i c a t e s a m p l e s a t l o w 
t e m p e r a t u r e , 465°K, i n d i c a t i n g t h e weak a c i d i t y o f t h e h y d r o x y l s 
( 3 3 ) . The h y d r o x y l s have b e e n shown t o have h i g h e r a c i d i t y t h a n 
s i l a n o l g r o u p s and l o w e r a c i d i t y t h a n t h o s e o f ZSM-5 ( 4 5 ) . The 
r e s u l t s a r e c o n s i s t e n t w i t h IR and c a l o r i m e t r i c d a t a f o r NH 3 

a d s o r p t i o n / d e s o r p t i o n ( 3 5 ) . 

Quantum C h e m i c a l C h a r a c t e r i z a t i o n . C a l c u l a t i o n s have b e e n 
p e r f o r m e d u s i n g model compounds t o d e t e r m i n e t h e s t a b i l i t y o f 
framework b o r o n ( 4 6 - 4 8 ) . Due t o t h e l e n g t h y (hence c o s t l y ) 
c a l c u l a t i o n s i n v o l v e d , c l u s t e r s i z e s u s e d f o r t h e c a l c u l a t i o n s 
a r e u s u a l l y s m a l l , i n v o l v i n g as few as 6 t o 16 atoms. The 
r e s u l t s o b t a i n e d however, were c o n s i s t e n t w i t h e x p e r i m e n t a l 
c h a r a c t e r i z a t i o n d a t a . 

T h r e e - c o o r d i n a t e b o r o n was f o u n d t o be more s t a b l e t h a n 
f o u r - c o o r d i n a t e b o r o n , e x c e p t when a s u f f i c i e n t l y s t r o n g 
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e l e c t r o n donor O-atom i s a v a i l a b l e to provide a d d i t i o n a l 
s t a b i l i t y (46). Examination of c a l c u l a t e d s t a b i l i t i e s of 
(H0) 3-Si-0(M)-T(0H) 3 dimers (M = H, L i , or Na) using GAUSSIAN-80 
with the ST0-3G b a s i s set, l e d to the observation that the 
Η-form f o r the b o r o s i l i c a t e dimer was unstable, suggesting poor 
s t a b i l i t y f o r t e t r a h e d r a l l y coordinated boron i n b o r o s i l i c a t e s 
of the hydrogen form (47). For dehydrated samples, boron 
assumes a p o s i t i o n i n which i t i s c l o s e r to a t r i g o n a l face of 
the t e t r a h e d r a l s i t e than to the center of the s i t e as i n d i c a t e d 
by NMR spectroscopy (43). Experimental evidence showed that 
a d d i t i o n of an e l e c t r o n donor species ( i . e . , water) does serve 
to s t a b i l i z e the four-coordinate environment (43). 

O'Malley and Dwyer (48) c a l c u l a t e d the OH bond 
c h a r a c t e r i s t i c s of terminal s i l a n o l (H 3SiOH), bridged hydroxyl 
on aluminum dimer (H 3SiOHAlH 3) and bridged hydroxyl f o r boron 
dimer (H 3SiOHBH 3) using 3-21G b a s i s set. They determined that 
the hydroxyl bridge i
between terminal s i l a n o
c o n s i s t e n t with experimental r e s u l t s (38.43). 

C a t a l y s i s 

Although adsorption processes represent an extremely large 
a p p l i c a t i o n of molecular sieves (49), a p p l i c a t i o n s i n the area 
of heterogeneous c a t a l y s i s have received the most a t t e n t i o n f o r 
b o r o s i l i c a t e molecular sieves. Due to the i n h e r e n t l y weaker 
a c i d i t y of b o r o s i l i c a t e s r e l a t i v e to a l u m i n o s i l i c a t e s , a number 
of advantages i n using b o r o s i l i c a t e s have been reported due to 
improved product d i s t r i b u t i o n s or r e a c t i o n s e l e c t i v i t i e s . 

Xylene Isomerization. The f i r s t reported use of b o r o s i l i c a t e 
c o n t a i n i n g c a t a l y s t s was f o r xylene i s o m e r i z a t i o n (12.16). In 
t h i s a p p l i c a t i o n , the purpose i s to isomerize a r e a c t i o n mixture 
which i s lean i n p-xylene to an e q u i l i b r i u m mixture from which 
the p-xylene can then be removed. In a d d i t i o n to the 
i s o m e r i z a t i o n of xylenes, the c a t a l y s t a l s o must convert a 
p o r t i o n of the other components present i n the feed to allow 
e a s i e r separation of p-xylene from the product mixture. The 
primary contaminant i n the feedstock i s ethylbenzene, which i s 
converted v i a t r a n s a l k y l a t i o n to higher molecular weight 
compounds, which are valuable as gasoline blending components, 
and benzene. 

B o r o s i l i c a t e c a t a l y s t s provide high approach to 
thermodynamic e q u i l i b r i u m of the xylenes, and o f f e r high 
s e l e c t i v i t y i n the conversion of ethylbenzene (8.12.22.50). In 
a d d i t i o n , they have been shown to be l e s s prone to the e f f e c t s 
of thermal and steam treatments than corresponding 
a l u m i n o s i l i c a t e z e o l i t e c a t a l y s t s (5J.) . The c a t a l y t i c a c t i v i t y 
of b o r o s i l i c a t e c a t a l y s t s was demonstrated to be a f u n c t i o n of 
the s t r u c t u r a l boron content of the molecular sieve (22.36.50). 
In a d d i t i o n , the by-product d i s t r i b u t i o n obtained from a 
b o r o s i l i c a t e c a t a l y s t i n a xylene isomerization/ethylbenzene 
conversion process was found to be d i s t i n c t i v e (50), with high 
t r a n s e t h y l a t i o n r e a c t i v i t y r e l a t i v e to transmethylation. 
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M e t h a n o l C o n v e r s i o n . M e t h a n o l c o n v e r s i o n r e a c t i o n s b a s e d on 
b o r o s i l i c a t e c a t a l y s t s have been s t u d i e d e x t e n s i v e l y 
( 1 0.15.24.28.33.52-54). D u r i n g t h e c o n v e r s i o n o f m e t h a n o l , t h e 
r e a c t i o n p r o c e e d s t h r o u g h a number o f s t e p s , t o y i e l d 
d i m e t h y l e t h e r , t h e n o l e f i n s , f o l l o w e d b y p a r a f f i n s and 
a r o m a t i c s . The weaker a c i d s i t e s o f b o r o s i l i c a t e m o l e c u l a r 
s i e v e s r e l a t i v e t o t h o s e o f a l u m i n o s i l i c a t e s r e q u i r e h i g h e r 
r e a c t i o n t e m p e r a t u r e s t o y i e l d a r o m a t i c s . The u s e o f l e s s 
f o r c e f u l p r o c e s s c o n d i t i o n s l e a d s t o t h e f o r m a t i o n o f o l e f i n s 
s e l e c t i v e l y , i n s t e a d o f a m i x t u r e o f p a r a f f i n s , o l e f i n s , and 
a r o m a t i c s ( 1 0 . 2 8 . 5 3 . 5 4 ) . 

V a r i o u s b o r o s i l i c a t e s have b e e n r e p o r t e d i n t h e m e t h a n o l 
c o n v e r s i o n p r o c e s s . I n a s t u d y r e p o r t e d i n 1984, H b l d e r i c h gave 
d e t a i l s f o r t h e p r e p a r a t i o n o f p r o p e n e s e l e c t i v e l y f r o m m e t h a n o l 
u s i n g a b o r o s i l i c a t e m o l e c u l a r s i e v e o f t h e MFI s t r u c t u r e t y p e 
( 1 0 ) . A u t o c a t a l y s i s was o b s e r v e d when s m a l l amounts o f o l e f i n 
were added t o t h e f e e d
HF, HC1, o r e x t r u s i o n
changes i n t h e o b s e r v e d p r o d u c t d i s t r i b u t i o n t o y i e l d more C 2 - C 4 

o l e f i n s . Use o f b o r o s i l i c a t e s o f t h e MOR and ERI s t r u c t u r e 
t y p e s f o r m e t h a n o l c o n v e r s i o n was r e p o r t e d b y l o n e , e t a l . ( 2 8 ) . 
The s e l e c t i v i t y t o o l e f i n s was i m p r o v e d f o r b o r o s i l i c a t e s w i t h 
t h e s e s t r u c t u r e s r e l a t i v e t o t h e s i l i c a t e o f t h e same s t r u c t u r e 
and aluminum i m p u r i t y l e v e l . 

C a t a l y t i c Dewaxing. C a t a l y t i c d e w a x i n g has become a v e r y 
i m p o r t a n t p r o c e s s r e c e n t l y due t o t h e n e e d t o p r o c e s s o i l 
f e e d s t o c k s c o n t a i n i n g h i g h e r l e v e l s o f n i t r o g e n c o n t a m i n a n t s . 
B o r o s i l i c a t e s c a n be u s e d t o r e d u c e t h e p o u r p o i n t o f t h e s e o i l s 
( 9 . 1 4 ) . R e c e n t l y , K u e h l (9) has d e s c r i b e d a p r o c e s s f o r 
p r e p a r i n g a b o r o s i l i c a t e c a t a l y s t w h i c h has b e t t e r r e s i s t a n c e t o 
n i t r o g e n p o i s o n i n g t h a n an a l u m i n o s i l i c a t e d e w a x i n g c a t a l y s t . 
T h i s i m p r o v e d r e s i s t a n c e has b e e n a t t r i b u t e d t o t h e m o l e c u l a r 
s i e v e c a l c i n a t i o n p r o c e d u r e w h i c h i s p e r f o r m e d i n an oxygen- and 
w a t e r - f r e e e n v i r o n m e n t ; t h i s p r o c e d u r e i s c l a i m e d t o m i n i m i z e 
t h e p o s s i b i l i t y o f h y d r o l y s i s o f b o r o n f r o m t h e m o l e c u l a r s i e v e 
framework. 

O t h e r P r o c e s s e s . B o r o s i l i c a t e s have b e e n u s e d t o c a t a l y z e a 
number o f o t h e r r e a c t i o n s . Among t h e s e a r e d e a l k y l a t i o n o f 
cumene b y f a u j a s i t e - t y p e s i e v e s ( 1 1 ) . The s i e v e s u s e d f o r t h i s 
r e a c t i o n were p r e p a r e d b y h y d r o t h e r m a l s y n t h e s i s and c o n t a i n e d 
some aluminum. The c a t a l y t i c a c t i v i t y i n c r e a s e d as t h e b o r o n 
c o n t e n t i n c r e a s e d . 

A c c o r d i n g t o U S P a t e n t 4 672 049 ( 5 5 ) , a b o r o s i l i c a t e 
m o l e c u l a r s i e v e o f t h e b e t a s t r u c t u r e c a n be u s e d as t h e a c t i v e 
component i n a h y d r o c r a c k i n g c a t a l y s t . The a d v a n t a g e o f f e r e d by 
t h e u s e o f a b o r o s i l i c a t e component i n a h y d r o c r a c k i n g c a t a l y s t 
was t h e a b i l i t y t o o p e r a t e t h e p r o c e s s u n d e r l o w p r e s s u r e , 
s p e c i f i e d as 100-1000 p s i g ( b r o a d ) o r 300-770 p s i g ( p r e f e r r e d ) . 

A summary o f some t y p i c a l p r o c e s s e s f o r w h i c h b o r o s i l i c a t e s 
a r e o f i n t e r e s t was p r o v i d e d b y H b l d e r i c h i n 1986 (56.) . 
A d v a n t a g e s i n t h e i r u s e were r e p o r t e d f o r d o u b l e b o n d m i g r a t i o n s 
i n c a r b o n y l c o n t a i n i n g compounds ( a l d e h y d e - k e t o n e 
r e a r r a n g e m e n t ) , f o r t h e d e h y d r a t i o n o f a l d e h y d e s , f o r a l d o l 
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condensation reactions, and for the preparation of dicarboxylic 
acid nitriles. Borosilicates and iron silicates exhibited high 
selectivity in the reported reactions due to moderate acidity. 

The conversion of propene to aromatics over borosilicates 
in the Η-, Ga-, and Zn-forms was reported at the 7th 
International Zeolite Conference by Ono (57). The hydrogen form 
of the borosilicate exhibited low activity .̂n the aromatization 
of propene, producing mainly butènes and C5 (nonaromatic). The 
Zn exchanged borosilicate exhibited good conversion, with about 
half of the products being aromatic. The mechanism proposed was 
bifunctional, with Zn or Ga cations being responsible for the 
dehydrogenation of olefins. 

Toluene alkylation by methanol was reported for various 
metallosilicates (.58)· Heteroatoms used were Al, B, Cr, and Fe. 
The selectivity toward p-xylene was highest for the borosilicate 
sieve (70% at 30% toluene conversion). The high selectivity was 
attributed to the moderat
shape selectivity. 
Summary 

The growth of borosilicate molecular sieve technology during the 
past 8 years demonstrated the unique properties of borosilicate 
molecular sieves. The presence of moderately acidic sites in a 
shape selective environment has led to a number of novel 
application areas for borosilicate molecular sieves. Additional 
applications will arise as scientists turn to these interesting 
materials for their unique properties. 
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Chapter 35 

Parameters in Addition to the Unit Cell 
That Determine the Cracking Activity 

and Selectivity of Dealuminated 
HY Zeolites 
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The cracking activity and selectivity for n-heptane and 
gas-oil, of a series of dealuminated HY zeolites (SiCl4 

or steam dealuminated) have been measured. The results 
have been related with the different types of aluminium 
and acid groups present and to the pore volume distribu
tion. It is clearly shown that the unit cell parameter 
(framework Si/Al ratio) can not explain, by itself, the 
activity and selectivity of dealuminated zeolites. 
Moreover, the sharp changes in selectivity observed for 
samples with ao below 24.24 Å cannot be explained only 
on the bases of the strength and density of the acid 
sites. In order to explain those results, we must 
consider the different types of tetrahedral and octahe
dral extraframework aluminium as well as the texture and 
adsorption hydrophobicity characteristics of the zeolites. 
Finally, the existence of radical-type cracking, which 
becomes especially important on highly dealuminated HY 
zeolites, must be taken into account. 

I t was p r o p o s e d r e c e n t l y (1) t h a t b o t h a c t i v i t y and s e l e c t i v i t y o f 
z e o l i t i c c r a c k i n g c a t a l y s t s c o u l d be c o r r e l a t e d w i t h a s i n g l e z e o l i t e 
p a r a m e t e r , i . e . , t h e u n i t c e l l s i z e o f t h e Y z e o l i t e , w h i c h i s 
r e l a t e d t o amount o f framework a l u m i n i u m ( F A L ) . I t has a l s o become 
a c c e p t e d t h a t t h e c r a c k i n g a c t i v i t y f o r g a s - o i l i s d i r e c t l y r e l a t e d 
t o t h e c o n c e n t r a t i o n o f i s o l a t e d a l u m i n i u m s ( A l w i t h ΟΝΝΝ), w h i c h 
a r e t h o s e w i t h t h e s t r o n g e s t a c i d h y d r o x y l g r o u p s . On t h e o t h e r 
hand, t h e s e l e c t i v i t y t o g a s e s , g a s o l i n e , c o k e , and t h e h y d r o g e n 
t r a n s f e r r e a c t i o n s w i l l depend n o t o n l y on t h e s t r e n g t h o f t h e 
a c i d s i t e s , b u t a l s o on t h e i r d e n s i t y . 

I n agreement w i t h t h e above, a s h a r p i n c r e a s e i n d r y gas 
f o r m a t i o n i s o b s e r v e d (_1) , w h i l e g a s o l i n e s e l e c t i v i t y d e c r e a s e s , 
when t h e u n i t c e l l s i z e d e c r e a s e s below 24.24 A (~2 A l / u . c ) . 
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This was attributed to the increase in acidity due to the completely 
isolated framework Al. On the other hand, the hydrogen transfer 
reactions, which are believed to be responsible for olefin saturation 
and, consequently, for the parallel decrease in the RON observed, 
have been related to the density of acid sites. These reasonable 
assumptions can not fully explain, however, the product distribution 
observed during the cracking of gas-oil on a series of Y zeolites 
dealuminated at different levels and by different procedures. 
This is due to the presence, besides the framework-associated 
Bronsted sites, of Brônsted and Lewis sites which are associated 
with extraframework aluminium (EFAL) and which can catalyze carbonium 
ion as well as radical cracking reactions. 

The aim of this work is to show that acid strength and site 
density are not the only parameters controlling activity and 
selectivity during catalytic cracking. This is due on one hand, 
to a non-uniform chemical composition along the crystal, and on 
the other hand to the
site on which catalytic crackin
tions but also via radical-cation type species. 

Experimental 
Materials 

The starting NaY zeolite was a SK-40 from Union Carbide with a 2.4 
framework Si/Al ratio. Ultrastable HY zeolites were prepared 
by steaming (HYUS) or by S i C l 4 treatment (HYD). The HYUS samples 
were prepared by steam calcination at atmospheric pressure and 
500-750°C for 3-20 hours of partially ammonium-exchanged zeolites. 
After steaming they were exchanged twice with a NH4 solution 
at 80°C during one hour and then calcined at 550°C for 3 hours. 
In this way dealuminated samples containing less than 2% of the 
original Na+ were obtained. 

Samples dealuminated with S 1 C I 4 were prepared following (£) 
and working at 250-500°C. Textural and structural characteristics 
of the zeolite samples are given in Table I. The high purity 
(99.5%) η-heptane was from Carlo Erba. The physicochemical 
properties of the vacuum gas-oil are given elsewhere (3). 

The unit c e l l constant of the zeolites was determined by 
X-ray diffraction using CuKoc radiation and following ASTM procedure 
D-3942-80. The estimated standard deviation was t 0.01 A. The 
crystallinity of the samples was calculated by comparing the 
peak height of the (5, 3, 3) peak in the sample with that in 
the NaY SK-40. taken as 100% crystalline. 

The 2 Al Mas-n.m.r. spectra were obtained in a Bruker AM-
400 n.m.r. spectrometer ( 2 7A1 104.25 MHz). The spinning frequency 
wasin the range 4-4.5 kHz. A l l measurements were carried out 
at room temperature with A1(H20)§ + as standard reference. Cross 
polarization and proton decoupling were not used. Time intervals 
of 2 sec. between successive accumulations were chosen in order 
to avoid saturation effects. The number of accumulations was 
400. The mean error in the measured isotopic chemical shift was 
0.5 ppm. 

Infrared spectroscopic measurements were carried out in a 
conventional greaseless i . r . c e l l . Wafers of 10 mg.cm ~ 2 were 
pretreated overnight at 400°C and 1.33xl0~2 Pa of dynamic vacuum. The 
spectra in the 4000-3300 cm - 1 region were recorded at room tempera-
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ture i n a Perkin-Elmer 580B spectrophotometer equipped with Data 
S t a t i o n . For the p y r i d i n e adsorption experiments 666 Pa of p y r i d i n e 
were introduced i n t o the c e l l at room temperature. A f t e r e q u i l i b r i u m 
the samples were outgassed at temperatures i n the range 250-400°C 
under vacuum, and the spectra recorded at room temperature. 

The g a s - o i l cracking was c a r r i e d out i n a fixed-bed tubular 
reactor at atmospheric pressure and 482°C. The y i e l d s of the d i f 
ferent r e a c t i o n products, i . e . , d i e s e l (300°C), gasoline (210°C), 
methane, ethane, ethylene, propane, propylene, i-butene, n-butane, 
butènes and coke, were measured at t o t a l conversion l e v e l s i n the 
range 30-80% wt/wt. The d i f f e r e n t conversions were achieved by 
varying the c a t a l y s t o i l r a t i o i n the range 0.025-0.40 g.g , but 
always at 60 seconds the time on stream. The operational procedure 
i s given elsewhere (4). 

η-heptane cracking was c a r r i e d out at 450°C at a c a t a l y s t to 
o i l r a t i o of 0.017-0.180 g.g~ and 75 seconds of time on stream. 

Results and Discussion 
Variables A f f e c t i n g A c t i v i t y 

In Figure 1 the c a t a l y t i c a c t i v i t y f o r cracking η-heptane i s given 
fo r the two s e r i e s of dealuminated z e o l i t e s , HYUS and HYD. The 
η-heptane molecule i s small enough f o r i t s cracking not to be 
severely d i f f u s i o n l i m i t e d . Two HY z e o l i t e s with the same u n i t c e l l 
s i z e (same framework S i / A l ) prepared by d i f f e r e n t procedures have 
d i f f e r e n t cracking a c t i v i t i e s , which may be one i n d i c a t i o n that other 
acti v e s i t e s besides the Bronsted a c i d groups associated with FAL 
are present. In any case, and since the only elements d i f f e r e n t from 
oxygens i n the dealuminated samples are s i l i c o n and aluminium, any 
type of a c i d i t y present must be associated with aluminium. 

Figure 2 shows f o r HYUS-5 that there are several types of 
d i f f e r e n t l y coordinated aluminium. Indeed, there are bands at 60, 
30 and 1.4 ppm, which are r e l a t e d to t e t r a h e d r a l , pentahedral (5) 
or t e t r a h e d r a l l y d i s t o r t e d aluminium (6), and d i f f e r e n t types of 
octahedrally coordinated aluminium, r e s p e c t i v e l y . The tetrahedra^ 
aluminium appearing at ~ 60 ppm has always being a t t r i b u t e d to FAL 
(7). However, the i n t e n s i t y of the 60 ppm lime (34%) becomes 
d i f f i c u l t to r e c o n c i l e with the value of 140 f o r the z e o l i t e 
framework S i / A l r a t i o obtained from the u n i t c e l l s i z e (24.24 A). 
Indeed, from the X-ray u n i t c e l l c o n t r a c t i o n one should expect ^4% 
of the t o t a l aluminium to be i n framework tetrah e d r a l p o s i t i o n . Then 
we conclude that i n steam dealuminated z e o l i t e s there i s some 
aluminium which i s not i n framework p o s i t i o n s but i t i s also 
t e t r a h e d r a l l y coordinated (EFAL ). The same i s observec^^in the HYD 
samples. We have r e c e n t l y claimed (8) that the EFAL could be 
present as a s p e c i a l type of n o n - c r y s t a l l i n e s i l i c a - a l u m i n a formed 
during dealumination. I f t h i s i s so, there i s not doubt that at l e a s t 
some of the EFAL could be associated with BronsJ^d a c i d s i t e s , 
which would not be taken i n t o account i f only the FAL i s considered 
to be r e l a t e d to a c t i v e Bronsted s i t e s . V I 

In the extraframework octahedral aluminium (EFAL ) ( F i g . 2) 
there are species appearing at 1.4 and higher ppm's whereas i t i s 
usually r e p o r t e d from -0.5 to 0 ppm (6). This i s an i n d i c a t i o n that 
these EFAL species are polymerized, forming an alumina type 
ma t e r i a l . Therefore, i n order to explain the cracking a c t i v i t y and 
s e l e c t i v i t y of highly dealuminated z e o l i t e s we have to take i n t o 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



546 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

TONxlO4 

I ι
θ 16 24 32 40 

A l / u . c . 

F i g u r e 1. T u r n o v e r F r e q u e n c y f o r c r a c k i n g η-heptane on a s e r i e s 
o f HY d e a l u m i n a t e d z e o l i t e s as a f u n c t i o n o f number o f a l u m i n i u m s 
p e r u n i t c e l l . 

• S i C l ^ d e a l u m i n a t e d z e o l i t e s 
Ο Steam d e a l u m i n a t e d z e o l i t e s 

—I 1 1 1 I I I I I I I I 
120 80 kO 0 -40 -00 

ppm 

F i g u r e 2. 27Al MAS-NMR s p e c t r u m o f HYUS-5 sample. 
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account not only the Bronsted acidity related to FAL1V, but also the 
Bronsted acidity, which may be associated to EFALIV . Furthermore it 
looks as if in highly dealuminated HY zeolites there was alumina-like 
species, which according to the XPS results presented in Table I are 
accumulated on the surface. It is known that high surface alumina 
is active for cracking gas-oil, but not selective for gasoline 
formation, giving high amounts of dry gas and coke. Therefore, the 
observed final catalytic properties will not depend on one single 
parameter, i.e., FALIV or unit cell size dimension of the Y zeolite, 
but on the three parameters discussed above,i.e., FALIV , EFALIV and 
the different types of EFALVI. I V 

It is well known that the hydroxyl groups associated with FAL ^ 
show two bands in the i . r . region at 3630 cm"1 (HF) and 3555 cm" 
(LF). EFAL1V species such as the non-crystalline silico-alumina, 
which can be responsible for Bronsted sites other than that 
corresonding to the HF and LF hydroxyl bands, should appear in the 
same region, and would
(8, 10) we have shown
hydroxyl groups appearing at 3600 cm  which retain pyridine even 
after degassing the sample at 400°C under vacuum. 

Figure 3 shows the yUmols of pyridine remaining adsorbed on the 
strong Bronsted sites (1545 cm" band, associated with FALIV and 
EFAL I V ) after desorption at 350° and 400°C. As has been shown 
previously (5), the intensity of the 3600 cm"1 i . r . band assigned 
to acid hydroxyls is much more important for HYD than for HYUS 
samples. Moreover, the acid strength of this type of site is higher 
than that of the HF and LF sites (10). Consequently, the higher 
amount of Bronsted acidity shown by HYD samples in Figure 3 must be 
associated to EFALIV (silico-alumina). This result explains the 
higher η-heptane cracking activity observed for HYD samples as 
compared with the HYUS. Moreover it appears that the amount of 
Bronsted sites related to the EFALIV is maximum at framework Si/Al 
ratios >10. It is also observed that in the steamed zeolites the acid 
hydroxyls appearing at the 3600-3610 cm"1 band have practically 
dissappeared for FALIV content lower than 10 Al/u.c. 

The above results could be interpreted in the following way: 
A catalytically active non-crystalline silica-alumina is formed in 
samples steamed at temperatures in the range 500-600°C (samples with 
more than 20 Al/u.c). However, if the steaming temperature is higher 
than 600°C (samples HYUS-2, 3 and 4) the silica-alumina formed starts 
to dealuminate, i.e., to loose A l l v , and after steaming at 750°C 
during 20 hours (sample HYUS-5) most of the 3600-3610 cm"1 acid 
hydroxyls associated with the silico-alumina have disappeared, or 
at least the amount is not enough to be detected by i .r . 
spectroscopy. This has been confirmed by the 2 7 Al m.a.s.-n.m.r. 
spectra of commercial amorphous silica-alumina before and after 
steaming at the above conditions. We have observed that the intensity 
of the A11V line at 54 ppm decreases strongly, while the 30 and 0 
ppm lines increase (5, 11_) . Nevertheless, the non-crystalline silica-
alumina, if it could be stabilized, would be of great interest for 
both bottom conversion (since it should concentrate on the surface) 
and for reducing the R0N-M0N differences in the gasoline formed. 

If we consider gas-oil cracking, from the point of view of the 
number of acid sites one should expect the HYD samples to be more 
active than the HYUS ones at a given unit cell size. However, in 
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F i g u r e 4 j u s t t h e o p p o s i t e b e h a v i o u r c a n be o b s e r v e d , i . e . , t h e HYUS 
ar e more a c t i v e f o r g a s - o i l c r a c k i n g t h a n t h e HYD z e o l i t e s . The 
c o m p a r i s o n between F i g u r e s 1 and 4 shows t h a t t h e c r a c k i n g b e h a v i o u r 
o f t h e g a s o l i n e (η-heptane) and g a s - o i l a r e q u i t e d i f f e r e n t , i . e . , 
t h e y do n o t see t h e same c a t a l y s t . I n a f i r s t a p p r o x i m a t i o n one c o u l d 
t h i n k t h a t t h i s i s due t o a need o f d i f f e r e n t a c t i v e s i t e s f o r 
η-heptane and g a s - o i l . However, t a k i n g i n t o a c c o u n t t h a t t h e g a s - o i l 
f e e d (j3) i s m a i n l y f o rmed o f p a r a f f i n s , n a p h t h e n e s and a l k y l 
p o l y a r o m a t i c s , t h e c r a c k i n g o f a l l o f w h i c h n eeds, as t h a t o f 
η-heptane does, b r o n s t e d a c i d s i t e s ( 1 2 ) , we have t o r u l e o u t t h i s 
p o s s i b i l i t y . A n o t h e r p o s s i b i l i t y w o u l d be t h a t t h e o b s e r v e d r e l a t i v e 
a c t i v i t i e s o f t h e HY z e o l i t e s w i t h r e s p e c t t o t h e two r e a c t a n t s 
c o n s i d e r e d a r e c a u s e d by d i f f e r e n c e s i n s i z e o f t h e g a s - o i l and 
η-heptane m o l e c u l e s , s i n c e t h e f i r s t does n o t p e n e t r a t e as d e e p l y 
as t h e s e c o n d i n s i d e t h e z e o l i t e c r y s t a l s . Then, one s h o u l d e x p e c t 
th e g a s - o i l t o be c r a c k e d o n l y i n an o u t e r s h e l l o f t h e z e o l i t e 
c r y s t a l l i t e s , w h i l e t h e
c r y s t a l l i t e s . I f t h e o b s e r v e
mean t h a t t h e z e o l i t e s a r e n o t homogeneous i n t h e i r c o m p o s i t i o n , i . e . , 
t h a t t h e c h e m i c a l c o m p o s i t i o n a t t h e s u r f a c e and i n t h e " b u l k " a r e 
d i f f e r e n t . I f t h i s i s s o , i n t h e c a s e o f g a s - o i l i t i s a h o p e l e s s 
t a s k t o t r y t o r e l a t e b u l k c h a r a c t e r i s t i c s , i . e . , u n i t c e l l s i z e , 
p y r i d i n e o r N H 3 a d s o r p t i o n - d e s o r p t i o n , w i t h c a t a l y t i c a c t i v i t y , and 
one has t o l o o k i n s t e a d a t s u r f a c e c o m p o s i t i o n and s u r f a c e 
a c c e s s i b i l i t y . S i n c e , as we have s a i d above o t h e r a c i d s i t e s do 
e x i s t b e s i d e s t h o s e r e l a t e d w i t h framework A l 1 , i t s h o u l d be b e t t e r 
t o c a l c u l a t e t h e a c t i v i t y p e r a c i d s i t e by d i v i d i n g t h e a p p a r e n t r a t e 
c o n s t a n t by t h e μπιοίε o f p y r i d i n e a d s o r b e d on t h e s t r o n g a c i d s i t e s 
(ATOF), i n s t e a d o f d i v i d i n g by t h e number o f framework A 1 I V . I n t h i s 
way one s h o u l d t a k e i n t o a c c o u n t a l l a c i d s i t e s i n d e p e n d e n t l y o f 
t h e i r a s s o c i a t i o n t o A 1 I V FAL o r EFAL. I f t h i s i s s o , i t s h o u l d be 
e x p e c t e d t h a t a f t e r 15-20 A l / u . c . t h e c a l c u l a t e d ATOF s h o u l d r e m a i n 
c o n s t a n t i n d e p e n d e n t l y o f t h e u n i t c e l l s i z e o r o f t h e d e a l u m i n a t i o n 
p r o c e d u r e . However, i n F i g u r e 5 i t c a n be seen t h a t f o r HYUS z e o l i t e s 
t h e a p p a r e n t t u r n o v e r f r e q u e n c y (ATOF) f o r gas o i l , measured as 
k i n e t i c r a t e c o n s t a n t a t 6 0 % l e v e l o f c o n v e r s i o n d i v i d e d by t h e 
amount o f p y r i d i n e r e m a i n i n g a d s o r b e d a f t e r d e s o r p t i o n a t 350°C and 
1.33 χ 10 P a , i n c r e a s e s up t o 5 A l / u . c . and t h e n s t a y s c o n s t a n t . 
However, i n t h e HYD samples t h e ATOF i n c r e a s e s s l i g h t l y w i t h 
d e a l u m i n a t i o n . These r e s u l t s i n d i c a t e t h a t p y r i d i n e , w h i c h c a n 
p e n e t r a t e deep i n s i d e t h e c r y s t a l l i t e s , c a n n o t c o r r e l a t e w i t h t h e 
c r a c k i n g o f g a s - o i l , w h i c h r e a c t s m a i n l y on t h e s u r f a c e . M o r e o v e r , 
i f we c o r r e l a t e t h e a d s o r b e d p y r i d i n e t o t h e a c t i v i t y f o r c r a c k i n g 
o f η-heptane ( F i g . 6 ) , a m o l e c u l e w h i c h c a n p e n e t r a t e i n s i d e o f t h e 
z e o l i t e c r y s t a l l i t e s , i t c a n be s e e n t h a t ATOF i s c o n s t a n t f o r h i g h l y 
d e a l u m i n a t e d z e o l i t e s and t h e d i f f e r e n c e s o b s e r v e d between z e o l i t e s 
d e a l u m i n a t e d by d i f f e r e n t p r o c e d u r e s have been s t r o n g l y d i m i n i s h e d 
w i t h r e s p e c t t o t h o s e o b s e r v e d i n F i g . 1. The mesopore volume o f t h e 
z e o l i t e s , w h i c h g i v e s an i n d i c a t i o n o f i t s s u r f a c e a c c e s s i b i l i t y , 
s u p p o r t s t h e above h y p o t h e s i s . I n d e e d , t h e p o r e volume, i n t h e 
mesopore r e g i o n , i s much h i g h e r f o r HYUS t h a n f o r HYD samples ( F i g . 
7 ) , and t h i s d i f f e r e n c e i n c r e a s e s w i t h d e a l u m i n a t i o n . F i n a l l y , i n 
F i g u r e s 5 and 6 we see t h e same e v o l u t i o n on b o t h c u r v e s , i . e . , t h e 
mesopore volume o f HYUS s t r o n g l y i n c r e a s e s w i t h d e a l u m i n a t i o n 
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/Arnol Py/g. zeolite 

2001 

F i g u r e 3. B r o n s t e d a c i d i t y o f d e a l u m i n a t e d Y z e o l i t e s as a 
f u n c t i o n o f FAL p e r u n i t c e l l . 

Ο P y r i d i n e r e t a i n e d a f t e r d e s o r p t i o n a t 350 °C and 
vacuum. 

Δ P y r i d i n e r e t a i n e d a f t e r d e s o r p t i o n a t 400 °C and 
vacuum. 

• / A S i C l d e a l u m i n a t e d z e o l i t e s 
Ο,Δ Steam d e a l u m i n a t e d z e o l i t e s 
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ATOF(Κ Py) 
1.2* 

Al/u.c. 

F i g u r e 5. A p p a r e n t t u r n o v e r f r e q u e n c y (ATOF) f o r g a s - o i l 
c r a c k i n g as a f u n c t i o n o f FAL p e r u n i t c e l l . •SiC1

4 Ο Steam 

TONxlO 
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F i g u r e 6. 
c r a c k i n g as a f u n c t i o n o f FAL p e r - u n i t c e l l . 

• S i C l 
Ο Steam 

+3600 cm ) f o r n-heptane 
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(ml ς^)(40-12θλ) 

0.06 
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F i g u r e 7. Por e volume ( p o r e s i z e between 40 and 120 A ) as a 
f u n c t i o n o f FAL p e r u n i t c e l l , f o r samples d e a l u m i n a t e d by: 

M Steam 
• S i m 
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( s t e a m i n g t e m p e r a t u r e ) up t o 5 A l / u . c . and t h e n r e m a i n s c o n s t a n t , 
w h i l e i n t h e HYD s a mples i t s l o w l y i n c r e a s e s w i t h t h e d e a l u m i n a t i o n 
l e v e l . 

G a s - o i l C r a c k i n g S e l e c t i v i t y 

F i g u r e 8 shows t h a t t h e s e l e c t i v i t y o f HYUS samples f o r d r y g a s e s 
s t r o n g l y i n c r e a s e s when t h e number o f a l u m i n i u m s p e r u n i t c e l l goes 
below 10 ( u n i t c e l l s i z e l o w e r t h a n 2 4 . 3 9 ) . A t t h e s e l e v e l s , and f o r 
a random a l u m i n i u m d i s t r i b u t i o n , p r a c t i c a l l y a l l F A L I V s h o u l d be 
c o m p l e t e l y i s o l a t e d , i n agreement w i t h t h e n.m.r. r e s u l t s r e p o r t e d 
i n t h e l i t e r a t u r e ( 7 ) . i f t h i s i s s o , f u r t h e r d e a l u m i n a t i o n t o 5 and 
2 A l / u . c . s h o u l d n o t change t h e a c i d s t r e n g t h o f t h e r e m a i n i n g FAL. 
Then, we c a n n o t e x p l a i n t h e o b s e r v e d i n c r e a s e o f C i + C 2 h y d r o c a r b o n s 
as a consequence o f t h e p r e s e n c e o f s t r o n g e r a c i d s i t e s . F i g u r e 9 
shows t h a t methane i s a s e c o n d a r y p r o d u c t ; i f i t i s a l s o a p r i m a r y 
p r o d u c t t h e i n i t i a l s e l e c t i v i t
a s e c o n d a r y p r o d u c t an
d i f f u s i o n l i m i t a t i o n ) s h o u l d d e c r e a s e i t s s e l e c t i v i t y . However, i n 
t h e HYUS t h e s e l e c t i v i t y t o C^ + Cz n o t o n l y does n o t d e c r e a s e b u t 
i n c r e a s e s w i t h i n c r e a s i n g mesopore volume. T h e r e f o r e , t h e i n c r e a s e 
i n s e l e c t i v i t y must be due t o t h e i n c r e a s e , w i t h d e a l u m i n a t i o n , o f 
t h e number o f s i t e s n o t s e l e c t i v e f o r t h e f o r m a t i o n o f l i q u i d 
p r o d u c t s , a t l e a s t r e l a t i v e t o t h e number o f B r o n s t e d a c i d s i t e s 
w h i c h a r e more s e l e c t i v e f o r g a s o l i n e p r o d u c t i o n . 

We have s a i d above t h a t a t h i g h d e a l u m i n a t i o n t e m p e r a t u r e s 
d u r i n g s t e a m i n g , a p a r t o f t h e e x t r a c t e d a l u m i n i u m i s p o l y m e r i z e d , 
f o r m i n g a l u m i n a - t y p e s p e c i e s ( E F A L V I ). T h i s h i g h s u r f a c e a l u m i n a 
c o u l d g i v e d r y g a s e s and coke by c r a c k i n g v i a a r a d i c a l mechanism. 
I f t h i s i s s o , t h e r a d i c a l s c o u l d be formed and s t a b i l i z e d i n 
e l e c t r o n d e f i c i e n t s i t e s o f t h e z e o l i t e , s u c h as L e w i s a c i d s i t e s , 
w h i c h a r e r e l a t i v e l y abundant i n a l u m i n a . 

The f o r m a t i o n o f coke and t h e l o s s o f RON have been a s s o c i a t e d 
{1) w i t h t h e h y d r o g e n t r a n s f e r a b i l i t y o f a g i v e n c a t a l y s t : t h e 
h i g h e r t h e h y d r o g e n t r a n s f e r a b i l i t y , t h e h i g h e r t h e s e l e c t i v i t y t o 
coke and t h e l o w e r t h e RON o f t h e g a s o l i n e due t o o l e f i n s a t u r a t i o n . 
On t h e o t h e r hand, i t has been r e p o r t e d (1) t h a t t h e h y d r o g e n 
t r a n s f e r r e a c t i o n s need c l o s e l y l o c a t e d B r o n s t e d s i t e s , a n d t h e r e f o r e , 
t h e advance o f t h i s r e a c t i o n w i l l depend on t h e d e n s i t y o f B r o n s t e d 
a c i d s i t e s . T here a r e , however, a t l e a s t two f a c t s t h a t s e r i o u s l y 
q u e s t i o n t h e h y d r o g e n t r a n s f e r mechanism ba s e d on a b i m o l e c u l a r 
r e a c t i o n i n t h e L a n g m u i r - H i n s h e l w o o d s e n s e . The f i r s t i n c o n s i s t e n c y 
i s t h a t i t w o u l d be v e r y d i f f i c u l t t o draw a mechanism f o r h y d r o g e n 
t r a n s f e r i n v o l v i n g two n e i g h b o u r a c i d s i t e s . T h i s mechanism w o u l d 
i m p l y t h e p r o x i m i t y o f two p o s i t i v e l y c h a r g e d m o l e c u l e s . I n o r d e r 
t o d e s o r b one o f t h o s e , i t w o u l d be n e c e s s a r y t o t r a n s f e r t h e 
p o s i t i v e c h a r g e t o t h e n e i g h b o u r i n g a d s o r b e d m o l e c u l e , i n c r e a s i n g , 
t h e r e f o r e t h e p o s i t i v e c h a r g e on t h e f i r s t one. The s e c o n d 
i n c o n s i s t e n c y i s t h a t f r o m F i g u r e 8 and f r o m o t h e r r e s u l t s r e p o r t e d 
i n t h e l i t e r a t u r e ( 1 ) , i t i s a p p a r e n t t h a t t h e RON i s s t i l l 
i n c r e a s i n g when t h e amount o f F A L 1 p e r u n i t c e l l d e c r e a s e s f r o m 5 
t o 1. S i n c e one u n i t c e l l i n v o l v e s 8 s u p e r c a v i t i e s , i f t h e i n c r e a s e 
o b s e r v e d i n RON i s o n l y due t o a d e c r e a s e i n t h e d e n s i t y of a c i d s i t e s , 
and t h e r e f o r e t o a d e c r e a s e i n t h e h y d r o g e n t r a n s f e r r e a c t i o n , t h e n 
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Figure 8. S e l e c t i v i t i e s to d i f f e r e n t products of cracking of gas-
o i l (60 % l e v e l of conversion) as a funct i o n of FAL per unit c e l l 
f o r steam dealuminated z e o l i t e s . 

Selectivity CH, 
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Figure 9. S e l e c t i v i t y to methane as a function of t o t a l 
conversion f o r two HYUS samples. 
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i t w o u l d be d i f f i c u l t t o e x p l a i n t h e r e s u l t s a t so low c o n t e n t s o f 
F A L I V , s i n c e t h e d i s t a n c e between s i t e s i s much h i g h e r t h a n t h e 
d i s t a n c e s r e q u i r e d f o r b i m o l e c u l a r i n t e r a c t i o n s . 

T h e r e i s an a l t e r n t i v e f o r e x p l a i n i n g t h e h i g h o l e f i c i n i t y o f 
th e g a s o l i n e o b t a i n e d w i t h h i g h l y d e a l u m i n a t e d z e o l i t e s ( u n i t c e l l 
s i z e < 24.25 A ) . I t has been s a i d b e f o r e (l_) t h a t w i t h a low u n i t c e l l 
s i z e HY z e o l i t e , t h e s e l e c t i v i t y t o g a s o l i n e d e c r e a s e s w h i l e t h a t 
o f g a s e s i n c r e a s e s . T h i s c a n be a t t r i b u t e d t o a h i g h e r r e c r a c k i n g 
o f t h e g a s o l i n e o c c u r r i n g i n h i g h l y d e a l u m i n a t e d z e o l i t e s ( F i g . 8 ) . 
I f t h i s i s s o , i t means t h a t t h e h i g h e r t h e r e c r a c k i n g , t h e h i g h e r 
t h e c r a c k i n g o f l o n g c h a i n o l e f i n s formed i n t h e f i r s t c r a c k i n g e v e n t 
w i l l be. S i n c e t h e c r a c k i n g o f one o l e f i n g i v e s two o l e f i n s , and t h e 
c r a c k i n g o f a p a r a f f i n g i v e s one o l e f i n and one p a r a f f i n , i t i s 
o b v i o u s t h a t i f more r e c r a c k i n g t a k e s p l a c e a t t h e same l e v e l o f 
t o t a l c o n v e r s i o n , t h e h i g h e r t h e o l e f i n t o p a r a f f i n r a t i o w i l l be 
i n t h e g a s o l i n e and i n t h e C4 and C3 f r a c t i o n . M o r e o v e r , we have s a i d 
above t h a t i n h i g h l y stea
a l u m i n a phase i s p r e s e n
known t h a t c r a c k i n g on a l u m i n a p r o d u c e s a h i g h p r o p o r t i o n o f o l e f i n s , 
t h e a l u m i n a ( E F A L V I ) w o u l d be p a r t i a l l y r e s p o n s i b l e f o r t h e i n c r e a s e 
i n t h e o l e f i n / p a r a f f i n r a t i o , and t h e r e f o r e , f o r t h e i n c r e a s e i n RON 
o b s e r v e d f o r h i g h l y steam d e a l u m i n a t e d HY z e o l i t e s . However t h e 
c r a c k i n g mechanism on t h e a l u m i n a and on t h e z e o l i t e component does 
n o t have t o be t h e same. I n d e e d , t h e z e o l i t e framework p r e s e n t s o n l y 
B r o n s t e d a c i d i t y w h i c h c r a c k s p a r a f f i n s v i a c a r b o n i u m i o n 
i n t e r m e d i a t e s . A l u m i n a , on t h e o t h e r hand, shows o n l y L e w i s a c i d i t y 
and s h o u l d c r a c k p a r a f f i n s v i a c a r b e n i u m i o n s o r v i a c a t i o n - r a d i c a l 
i n t e r m e d i a t e s . A c h a r a c t e r i s t i c o f r a d i c a l c r a c k i n g o f p a r a f f i n s i s 
t h e f o r m a t i o n o f a h i g h p r o p o r t i o n o f o l e f i n s and a low r a t i o o f 
b r a n c h e d t o u n b r a n c h e d p r o d u c t ( 1 3 ) . From F i g u r e 8 i t becomes c l e a r 
t h a t i n h i g h l y d e a l u m i n a t e d z e o l i t e s , a f u t h e r d e a l u m i n a t i o n p r o d u c e s 
an i n c r e a s e i n t h e o l e f i n / p a r a f f i n r a t i o and a d e c r e a s e i n t h e 
b r a n c h e d t o u n b r a n c h e d p r o d u c t s i n t h e C4 f r a c t i o n w h i c h has been 
t a k e n h e r e as a y a r d s t i c k . 

These r e s u l t s show t h a t , t o g e t h e r w i t h t h e t y p i c a l c a r b o c a t i o n 
c r a c k i n g , a r a d i c a l c r a c k i n g mechanism i s a l s o t a k i n g p l a c e , 
e s p e c i a l l y on h i g h l y steam d e a l u m i n a t e d z e o l i t e s . T h i s r a d i c a l 
mechanism, w h i c h w i l l become p r o p o r t i o n a l l y more i m p o r t a n t when t h e 
framework a l u m i n i u m c o n t e n t o f t h e z e o l i t e w i l l d e c r e a s e , c o u l d 
e x p l a i n t h e s t r o n g i n c r e a s e i n e t h y l e n e f o r m a t i o n and d e c r e a s e i n 
br a n c h e d / u n b r a n c h e d C4 r a t i o when d e c r e a s i n g t h e u n i t c e l l s i z e o f 
t h e z e o l i t e . 

F i n a l l y a n o t h e r p a r a m e t e r , w h i c h i s v e r y s e l d o m t a k e n i n t o 
a c c o u n t when c o n s i d e r i n g z e o l i t e r e a c t i v i t y , i s t h a t o f t h e changes 
i n a d s o r p t i o n p r o v o k e d by d e c r e a s i n g t h e framework S i / A l r a t i o . The 
h i g h e r a c t i v i t y o f z e o l i t e s w i t h r e s p e c t t o amorphous s i l i c a - a l u m i n a 
has been e x p l a i n e d on t h e b a s i s o f two f a c t o r s : h i g h e r amount o f a c i d 
s i t e s i n z e o l i t e s , and h i g h e r c o n c e n t r a t i o n o f r e a c t a n t s i n t h e 
m i c r o p o r e s o f t h e z e o l i t e ( 1 4 ) . When d e a l u m i n a t i n g t h e z e o l i t e s , , t h e 
c o n c e n t r a t i o n o f r e a c t a n t s , e s p e c i a l l y t h e more p o l a r o n es, s t r o n g l y 
d e c r e a s e s i n t h e m i c r o p o r e s . T h e r e f o r e , b i m o l e c u l a r c r a c k i n g w i l l 
be more a f f e c t e d t h a n u n i m o l e c u l a r r e a c t i o n s ( m onomolecular c r a c k i n g ) 

I n c o n c l u s i o n , i t c a n be s a i d t h a t g a s - o i l c r a c k i n g a c t i v i t y 
does n o t depend o n l y on t h e u n i t c e l l s i z e . D u r i n g d e a l u m i n a t i o n 
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non-crystalline silica-alumina is formed, with strong Bronsted 
acidity, and therefore catalytic activity. The EFAL accumulates on 
the surface, and under hard steaming conditions is present as 
polymerized alumina, which is also active for catalytic cracking. 
The mesoporosity of the zeolite can be a determinant in the cracking 
of gas-oil. This is a consequence of the small penetration in the 
zeolite crystal of the gas-oil molecules and the different chemical 
composition of the surface and bulk of the zeolite. 

The strong increase in and C2 species for the low unit cell 
size can be explained on the basis of a competing radical-type 
cracking occuring on electron acceptor sites of the zeolite. Finally, 
the product olefin content, and therefore the RON of the gasoline 
and the coke formed, will depend on the amount of recracking, 
relative amount of radical to carbocation cracking and on the 
concentration of reactants in the micropores. 

Acknowledgments 

This work was supported by the Comision Asesora de Investigacion 
Cientifica y Técnica (CAICYT, project 999/070). 

Literature Cited 

1. Pine, L.A.; Maher, P.J.; Watcher, W.A. J. Catal. 1984, 85, 466. 
2. Beyer, H.K.; Belenkaya, I. In Catalysis of Zeolites; Imelik, B., 

et al., Ed.; Elsevier, Amsterdam, 1980; p 203. 
3. Corma, Α.; Juan, J.; Martos, J.; Molina, J. J. Proc. 8th Int. 

Congr. Catal., 1984, II, p 293. 
4. Corma, Α.; Herrero, E., Martínez, Α.; Prieto, J. Symposium in 

Advances in Fluid Catalytic Cracking, New Orleans, 1987. 
5. Gilson, J.P.; Edwards, G.C.; Peters, A.K.; Rajagopalan, K.; 

Wormsbecher, R.F.; Roberie, T.G.; Shatlock, M.P. J. Chem. Soc. 
Chem. Comm. 1987, 91. 

6. Samoson, Α.; Lippmaa, E.; Engelhardt, G.; Lohse, D.; Jerschmitz, 
H.G. Chemical Physics Letters. 1987, 134, 589. 

7. Thomas, J.M.; Klinoswki, J.K. Adv. Catal. 1986, 33, 200. 
8. Corma, Α.; Fornés, V., Martínez, Α.; Melo, F.; Pallota, O. Int. 

Symposium on Innovation in Zeol. Materials Science, Niewpoort 
(Belgium) 1987. 

9. Frende, D.; Hunger, M.; Pfeifer, H. Zeits. Phys. Chemie. Neue 
Folge Bd. 1987, 152, 5183. 

10. Garralón, G.; Sanz, J.; Fornés, V.; Corma, A. J. Chem. Soc. Chem. 
Comm. (in press). 

11. Sanz,J.; Fornés, V.; Corma, A. J.C.S. Faraday I (submitted for 
publication). 

12. Corma, Α.; Fornés, V.; Montón, J.B.; Orchillés, A.V. Ind. Eng. 
Chem. Prod. Res. Dev. 1986, 25, 231; ibid 1987, 26, 882. 

13. Wojciechowski, B.W.; Corma, A. Catalytic Cracking: Catalysts, 
Chemistry and Kinetics; Marcel Dekker, Chem. Ind. Ser., 1986, 
25. 

14. Gates, B.C.; Katzer, J.R.; Schmit, G.C.A. Chemistry of Catalytic 
Processes, New York, McGraw-Hill, 1979. 

15. Fichtner-Schmittler, H.; Lohse, V.; Engelhardt, G.; Patzelova, V. 
Crys. Res. Technol. 1984, 19 (1), k1-k3. 

RECEIVED January 26, 1988 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



Chapter 36 

Relation Between the Aluminum Content 
of the Faujasite Framework 
and the Isomerization and 

Disproportionation of m -Xylene 

A. Corma1, V. Fornés2, J . Perez-Pariente 1, E. Sastre1, J . A. Martens3, 
and P. A. Jacobs3 
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For the conversion of m-xylene, the activity of 
H-faujasite depends strongly on i ts degree of 
dealumination. Maximum catalytic activity is 
obtained for aluminum T-atom fractions equal to 
0.10. Surprisingly, in contrast to both 
theoretical predictions and to the behaviour of 
H-ZSM-5, for dealuminated H-faujasites the 
turnover frequency per protonic aluminum site 
exhibits a pronounced maximum when the aluminum 
T-atom fraction is 0.09. The present results 
can be rationalized i f , besides the classical 
predictions on zeolite acidity, a new concept 
of "hidden acid sites" is handled. Changes of 
the m-xylene isomerisation and disproportion
ation selectivities with the degree of 
dealumination of faujasite are in agreement 
with this concept. 

I t i s w e l l e s t a b l i s h e d t h a t the c a t a l y t i c a c t i v i t y of 
d e c a t i o n a t e d z e o l i t e s f o r Br0nsted a c i d c a t a l y s e d 
r e a c t i o n s i s r e l a t e d t o the presence of protons, 
a s s o c i a t e d w i t h t e t r a h e d r a l framework aluminum ( A 1 F ) . 
C o n v i n c i n g evidence f o r the nature o f the a c t i v e s i t e s i n 
h i g h - s i l i c a a c i d i c z e o l i t e s has been p r o v i d e d by Haag et 
a l . (1), who showed t h a t i n H-ZSM-5 the c a t a l y t i c 
a c t i v i t y f o r n-hexane or n-hexene c r a c k i n g and f o r the 
double bond s h i f t i n 1-hexene i s p r o p o r t i o n a l t o the 
number of A l p atoms. T h i s r e l a t i o n h o l d s f o r aluminum T-
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atom f r a c t i o n s ( A l F / A l F + S i F ) r a n g i n g from 0.03 t o zero. 
The p r o p o r t i o n a l i t y between c a t a l y t i c a c t i v i t y and 
aluminum content of H-ZSM-5 has been a s c r i b e d t o the 
presence of a c t i v e s i t e s w i t h c o n s t a n t a c i d s t r e n g t h , 
a s s o c i a t e d w i t h the presence of a s i n g l e type of A 1 F 

(1x2) . 

For the l a s t two decades the a c i d i t y changes of H-
f a u j a s i t e upon removal of A 1 F atoms have r e c e i v e d 
continuous r e s e a r c h i n t e r e s t (3.) . E s s e n t i a l l y two 
approaches have been f o l l o w e d t o r a t i o n a l i z e these 
changes. In one approach, the s t r e n g t h of t h e a c i d s i t e s 
i s c o r r e l a t e d w i t h the presence of aluminum i n the second 
c o o r d i n a t i o n sphere of a g i v e n aluminum atom (4-6). The 
second approach c o n s i d e r s the i n f l u e n c e o f the o v e r a l l 
chemical composition on the protons and r e s u l t s i n 
e x p r e s s i o n s f o r th
a c t i v i t y c o e f f i c i e n t
the framework and the atomic charges on the protons 
(8,9) . The common f e a t u r e of a l l approaches i s t h a t they 
p r e d i c t a continuous i n c r e a s e of the average a c i d 
s t r e n g t h per s i t e w i t h d e c r e a s i n g numbers of A l p atoms. 
The t o p o l o g i c a l approach p r e d i c t s t h a t a l l a c i d s i t e s 
become s t r o n g when l e s s than 29 A 1 F per u n i t c e l l (UC) 
are p r e s e n t , c o r r e s p o n d i n g t o a v a l u e of 0.15 f o r 
A l F / A l F + S i F (10) . 

C o r r e l a t i o n s between the c a t a l y t i c a c t i v i t y and the 
aluminum content of d e c a t i o n a t e d f a u j a s i t e s have been 
r e p o r t e d (11-14) . DeCanio e t a l . (12,14) d e r i v e d from 
t h e i r data t h a t r a t e s of hexane c r a c k i n g and cumene 
d e a l k y l a t i o n , expressed on a weight b a s i s of c a t a l y s t , 
are l i n e a r l y r e l a t e d t o the number of A 1 F atoms i n 
f a u j a s i t e . The aluminum T-atom f r a c t i o n s o f the samples 
v a r i e d from 0.18 t o 0.004. However, from the d i s c r e p a n c y 
between o v e r a l l and framework aluminum contents of these 
samples i t can be concluded t h a t a l l m a t e r i a l s contained 
s i g n i f i c a n t amounts of extra-framework aluminum ( A 1 £ F ) . 
T h e r e f o r e , we have r e c a l c u l a t e d the r a t e data of DeCanio 
e t a l . (12,14.) assuming t h a t A 1 F F i s c a t a l y t i c a l l y 
i n a c t i v e and has A 1 2 0 3 as o v e r a l l s t o i c h i o m e t r y . In 
F i g u r e 1 the t u r n o v e r f r e q u e n c i e s per A 1 F obtained i n 
t h i s way are p l o t t e d a g a i n s t the aluminum T-atom 
f r a c t i o n . S u r p r i s i n g l y , f o r both r e a c t i o n s the turnover 
f r e q u e n c i e s e x h i b i t a maximum f o r a s p e c i f i c composition 
of the f a u j a s i t e c a t a l y s t . Other l i t e r a t u r e data on 
cumene c r a c k i n g (.13) determined f o r l e s s s i l i c e o u s 
samples are complementary i n t h i s r e s p e c t . 

In t h i s paper we w i l l p r o v i d e another example of the 
occurrence of a maximum c a t a l y t i c t u r n o v e r frequency f o r 
a s p e c i f i c composition of the f a u j a s i t e c a t a l y s t s . We 
a l s o w i l l p r e s e n t f u r t h e r evidence t h a t f o r every 
Bronsted a c i d c a t a l y s e d r e a c t i o n i n H - f a u j a s i t e s , t h i s i s 
the g e n e r a l l y expected behaviour and w i l l i n t r o d u c e a new 
concept t o r a t i o n a l i z e t h i s . 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



36. CORMA ET AL. Aluminum Content of the Faujasite Framework 557 

Ο 0.05 0.10 0.15 0.20 0.25 0.3 
A I F / / A I F + S i F 

F i g u r e 1 . L i t e r a t u r e data on the e v o l u t i o n of the 
c a t a l y t i c t u r n o v e r frequency (TOF) per framework 
aluminum s i t e of H - f a u j a s i t e : (a) , cumene c r a c k i n g 
( 4 ) ; (b), hexane c r a c k i n g ( 6 ) and ( c ) , cumene c r a c k i n g 
(2) . 
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Experimental 

Dealumination procedure. NaY (Linde SK-40, with 
Si/Al=2.4) was dealuminated w i t h S i C l 4 as d e s c r i b e d i n 
l i t e r a t u r e (15) . Powder o f NaY was compressed, crushed 
and s i e v e d t o o b t a i n p e l l e t s w i t h a diameter between 0.6 
and 0.9 mm. The p e l l e t s were loaded i n a t u b u l a r r e a c t o r 
and d r i e d a t 773K i n f l o w i n g n i t r o g e n f o r 2h. 
Subsequently, the r e a c t o r was c o o l e d t o the d e s i r e d 
d e a l u m i n a t i o n temperature and the z e o l i t e c o n t a c t e d with 
a stream o f n i t r o g e n , s a t u r a t e d a t room temperature with 
S i C l ^ vapor. The degree o f dealumination was changed by 
v a r y i n g the r e a c t i o n temperature between 473 and 773K. 
Sample 8 was obt a i n e d by dealum i n a t i n g subsequently a t 
523, 623 and 723K, each time f o r a p e r i o d o f 2h. The 
dealuminated sample was recovered a f t e r f l u s h i n g the 
r e a c t o r w i t h n i t r o g e
product was ob t a i n e
water, exchange with N H 4  and c a l c i n a t i o n a t 823K i n 
deep-bed c o n d i t i o n s . Exchange w i t h N H 4

+ and deep-bed 
c a l c i n a t i o n was repeated t h r e e times a t 823K t o remove 
any sodium l e f t . 

The degree o f c r y s t a l l i n i t y o f the samples was 
determined u s i n g the i n t e n s i t y o f the [5,3,3] r e f l e c t i o n 
w i t h XRD and c o n s i d e r i n g the parent NaY t o be 100% 
c r y s t a l l i n e . The A 1 F content was d e r i v e d from the u n i t 
c e l l s i z e , a Q , a p p l y i n g the r e l a t i o n o f F i t c h n e r -
S c h m i t t l e r e t a l . (16). L a t t i c e c o n s t a n t s , A l F / A l F + S i F 

r a t i o ' s and degrees of c r y s t a l l i n i t y of the dealuminated 
f a u j a s i t e s are l i s t e d i n Tab l e I. 

I n f r a r e d spectroscopy. I n f r a r e d s p e c t r a were scanned 
u s i n g a PE580B instrument w i t h data s t a t i o n . The z e o l i t e 
powder was compressed i n wafers of 10 mg cm" 2 and mounted 

Table I. L a t t i c e constant, aluminum T-atom f r a c t i o n and 
degree of c r y s t a l l i n i t y o f NaY dealuminated w i t h S i C l 4 

Sample 
number 

a o (nm) 
A l F / A l p + S i F c r y s t a l l i n i t y 

(%) 
1 2.452 0.180 80 
2 2.446 0.115 90 
3 2.443 0.110 50 
4 2.440 0.100 100 
5 2.439 0.090 70 
6 2.435 0.070 80 
7 2.430 0.040 65 
8 2.426 0.015 90 
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i n a vacuum c e l l . A l l s p e c t r a were rec o r d e d a t room 
temperature. The samples were p r e t r e a t e d o v e r n i g h t a t 
673K and 1.33 mPa. For the p y r i d i n e a d s o r p t i o n 
experiments, 660 Pa of base was i n t r o d u c e d a t room 
temperature i n the c e l l . The c e l l was then outgassed i n 
vacuo a t 423K b e f o r e r e c o r d i n g the spectrum. 

C a t a l y t i c t e s t i n g . The r e a c t i o n o f e s s e n t i a l l y pure m-
xylene was c a r r i e d out i n a f i x e d bed, t u b u l a r g l a s s 
r e a c t o r w i t h an i n t e r n a l diameter of 1.5 cm. C a t a l y s t 
p a r t i c l e s w i t h a diameter of 0.1 mm were prepared by 
compressing the z e o l i t e powder and c r u s h i n g of the 
f l a k e s . A t y p i c a l experiment was performed i n the 
f o l l o w i n g way. F i r s t the c a t a l y s t was heated i n n i t r o g e n 
t o 62 3K and kept t h e r e f o r 0.5h. T h e r e a f t e r i t was 
i n c r e a s e d t o 72 3K f o r another hour. The r e a c t i o n 
temperature was alway
r a t i o nitrogen/m-xylen
f o r the amount of c a t a l y s t and F 0 f o r the molar flow of 
m-xylene a t the r e a c t o r i n l e t , was v a r i e d between 0.02 
and 2.00 kg mmole" 1s"* 1. During the f i r s t 4 0 minutes on-
stream, the r e a c t i o n products were c o l l e c t e d a t r e g u l a r 
time i n t e r v a l s . The l i q u i d p r oducts were analysed with 
GLC u s i n g a packed column with 16% DC-200 methyl s i l i c o n e 
o i l and 3% Bentone 34 on 80-100 mesh Chromosorb W. A 
Konic-200C GC w i t h F.I.D. d e t e c t o r was used. 

As d e a c t i v a t i o n was observed f o r a l l c a t a l y s t s , the 
i n i t i a l c o n v e r s i o n , X Q, was o b t a i n e d from c o n v e r s i o n 
a g a i n s t time curves by f i t t i n g the experimental r e s u l t s 
t o the f o l l o w i n g equation: 

X t = X 0 e x p ( - k t 0 ' 5 ) (1) 

I n i t i a l s e l e c t i v i t i e s were c a l c u l a t e d as the r a t i o of the 
i n i t i a l r a t e s o f formation of the p r o d u c t s . 

R e s u l t s and D i s c u s s i o n 

The "Hidden S i t e " Concept i n F a u j a s i t e . The i n f r a r e d 
a c t i v e h y d r o x y l v i b r a t i o n s i n H - f a u j a s i t e absorb a t two 
d i s t i n c t frequency r e g i o n s , commonly denoted as h i g h -
frequency (HF) and low-frequency (LF) h y d r o x y l bands 
(17) . In the s t r u c t u r e of f a u j a s i t e , t h e r e are four 
c r y s t a l l o g r a p h i c a l l y d i s t i n c t oxygen atoms. The HF band 
v i b r a t i n g i n the 3 680-3625 cm"-1- range i s g e n e r a l l y 
a s s i g n e d t o C^H groups v i b r a t i n g i n the supercage and 
t h e r e f o r e c o r r esponding t o a f r e e and unperturbed OH 
v i b r a t i o n (18) . The LF band v i b r a t i n g around 3560 cm" 1 

has been as s i g n e d t o 0 2H, 0 3H and 0 4H groups, which are 
n e c e s s a r i l y a s s o c i a t e d w i t h six-membered r i n g s (6-MR) 
(18) . Although the d e t a i l e d assignment of both bands has 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



560 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

been s u b j e c t of much debate, p a r t i c u l a r l y i n the o l d e r 
l i t e r a t u r e , g e n e r a l agreement e x i s t s now t h a t the proton 
d i s t r i b u t i o n over the c r y 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 
oxygen atoms i s not random i n f a u j a s i t e , although each 
oxygen type i s a p o s s i b l e p r o t o n c a p t u r i n g s i t e (17.) . The 
batochromic s h i f t of the LF band w i t h r e s p e c t t o the 
unperturbed p o s i t i o n seems t o be the r e s u l t o f i t s hidden 
l o c a t i o n and can be e x p l a i n e d by an e l e c t r o s t a t i c 
i n t e r a c t i o n w i t h the n e a r e s t oxygen atom i n the 6-MR 
(19) . From the a d s o r p t i o n experiments of p y r i d i n e on H-Y 
z e o l i t e i t f o l l o w s t h a t the e n t i r e HF OH band can be 
converted t o p y r i d i n i u m i o n s , w h i l e i n the same 
c o n d i t i o n s o n l y p a r t of the LF band undergoes t h i s 
r e a c t i o n (20) . Recent 1H MAS NMR experiments i n the 
presence and absence of p y r i d i n e c o n f i r m the i n f r a r e d 
r e s u l t s (21,22). 

In h y d r o t h e r m a l l
of b r i d g i n g OH group
i n t e r a c t i o n w i t h the OH groups of the l i n e a t 5.2 ppm, 
c o r r e s p o n d i n g t o the LF i n f r a r e d band, remains weaker 
than w i t h those of the 4.2 ppm resonance l i n e , 
c o r r e s p o n d i n g t o the HF band (22.) . I t i s w e l l e s t a b l i s h e d 
t h a t i n such samples extra-framework aluminum s p e c i e s are 
p r e s e n t g i v i n g r i s e t o new OH bands a t 3600 and 3670 cm" 1 

d i s a p p e a r i n g o n l y p a r t i a l l y upon a d s o r p t i o n of 
p y r i d i n e (20,23). 

In f a u j a s i t e , the A l content must n e c e s s a r i l y be 
v a r i e d by dealumination of a l o w - s i l i c a z e o l i t e , as no 
s y n t h e s i s r e c i p e f o r h i g h - s i l i c a f a u j a s i t e i s a v a i l a b l e . 
Because the aim of t h i s work was t o study the a c i d i t y of 
the z e o l i t e i t s e l f , the S i C l 4 d e a l u m i n a t i o n method was 
s e l e c t e d i n order t o minimise the formation of e x t r a -
l a t t i c e aluminum (2_4) . 

OH s p e c t r a of the p r e s e n t s e r i e s of f a u j a s i t e 
samples, dealuminated t o v a r i o u s extent w i t h S i C l 4 , are 
shown i n F i g u r e 2. The OH s p e c t r a taken b e f o r e and a f t e r 
p y r i d i n e a d d i t i o n as w e l l as the c o r r e s p o n d i n g d i f f e r e n c e 
s p e c t r a are compared. On the f i r s t sample, the HF band 
d i s a p p e a r s completely, w h i l e the LF band r e a c t s only 
p a r t i a l l y ( F i g u r e 2a) . For a l l o t h e r samples the OH 
s p e c t r a are of such complexity t h a t c l e a r statements 
about t h i s behaviour cannot be made. However, the 
d i f f e r e n c e s p e c t r a of these samples show again the 
t y p i c a l HF and LF p a t t e r n , i n d i c a t i n g t h a t out of a l l 
major OH bands i n i t i a l l y p r e s e n t , o n l y these two bands 
show an a c i d i c behaviour towards p y r i d i n e . For a h i g h l y 
dealuminated sample_ (Figu r e 2d) a minor a c i d i c component 
emerges a t 3 610 cm Very probably t h i s component w i l l 
be a l s o p r e s e n t on the o t h e r samples, but, f o r obvious 
reasons cannot be r e s o l v e d . Thus, dealumination i n the 
p r e s e n t c o n d i t i o n s a t the l e v e l of the OH s p e c t r a c r e a t e s 
two new bands, a n o n - a c i d i c one a t 3 600 cm and an 
a c i d i c one a t 3 610 cm" 1. The former band has o f t e n been 
a t t r i b u t e d t o the presence of extra-framework A1-0H 
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s p e c i e s (20,23.) , the l a t t e r one has been t e n t a t i v e l y 
a s s i g n e d t o Br0nsted a c i d s i t e s b e l o n g i n g t o an e x t r a -
framework s i l i c a - a l u m i n a phase, formed upon dealumination 
(25) . Indeed, h i g h l y a c i d i c OH groups on amorphous 
s i l i c a - a l u m i n a a l s o absorb a t 3610 cm 1 (25) . In l i n e 
w i t h t h i s i s the o b s e r v a t i o n t h a t i n p y r i d i n e poisoned 
samples, the OH v i b r a t i o n a t 3 610 cm" 1 remains 
e x t i n g u i s h e d up t o d e s o r p t i o n temperatures as h i g h as 
623K. 

Provided t h a t the p r e f e r e n c e of protons f o r the 
d i f f e r e n t types of oxygens does not change with the 
degree of dealumination and consequently t h a t the r a t i o 
of the average a c i d s t r e n g t h of both s i t e s does not 
change, the r a t i o o f the i n t e n s i t i e s o f the LF and HF OH 
bands i s a l s o expected t o remain unchanged. In F i g u r e 3, 
t h i s r a t i o i s shown t o remain co n s t a n t f o r a l l samples. 
For the h i g h l y dealuminate
determined w i t h the
the f i r s t sample i t was measured on the o r i g i n a l 
spectrum. From a l l t h i s can be concluded t h a t not only 
the r a t i o o f hidden t o r e a d i l y a v a i l a b l e Br0nsted a c i d 
s i t e s remains constant w i t h the degree of dealumination, 
but a l s o t h a t on h i g h l y dealuminated samples a l l OH 
groups c o n t a i n e d i n the LF band should be a c c e s s i b l e t o 
p y r i d i n e . 

C a t a l y t i c A c t i v i t y f o r m-Xylene Conversion and Degree of 
Dealumination. In the r e a c t i o n c o n d i t i o n s used, the 
f o l l o w i n g r e a c t i o n products were formed: p- and o-xylene, 
t o l u e n e and the trimethylbenzene isomers. At h i g h 
c o n v e r s i o n benzene and tetramethylbenzenes were a l s o 
d e t e c t e d . The i n i t i a l r a t e of f o r mation of the products 
i s g i v e n i n F i g u r e 4, a g a i n s t the A l T-atom f r a c t i o n . A 
maximum i n the c a t a l y t i c a c t i v i t y i s o b t a i n e d when 
Alp / A l F + S i F = 0 . 1 0 . As the i s o m e r i s a t i o n and d i s p r o p o r t i o n 
a t i o n of m-xylene i s c a t a l y s e d by Bronsted a c i d s i t e s 
(26) and t h e i r t o t a l number i n c r e a s e s g r a d u a l l y w i t h the 
T-atom f r a c t i o n , the data of F i g . 4 i n d i c a t e t h a t the 
average t u r n o v e r number per Bronsted a c i d s i t e cannot be 
c o n s t a n t . 

Average t u r n o v e r f r e q u e n c i e s (TOF) were c a l c u l a t e d by 
d i v i d i n g the i n i t i a l r a t e s of formation of the products 
by the framework aluminium content per weight of 
c a t a l y s t . A maximum TOF i s found when the aluminum T-atom 
f r a c t i o n i s 0.10 ( F i g u r e 5a and c) . From the present 
r e s u l t s and those presented i n F i g u r e 1, i t seems t h a t 
w i t h f a u j a s i t e g e n e r a l l y a maximum TOF i s found f o r a 
s p e c i f i c aluminum f r a c t i o n o f the T-atoms. 

Because the c a t a l y t i c a c t i v i t y e x e r t e d by the non-
framework Bronsted a c i d s i t e s i s n e g l e c t e d i n t h i s 
approach, an a l t e r n a t i v e way of d e t e r m i n i n g average 
t u r n o v e r f r e q u e n c i e s was used. TOF v a l u e s were 
determined by d i v i d i n g the i n i t i a l r a t e s by the number of 
s t r o n g Bronsted a c i d s i t e s , measured as the i n t e n s i t y of 
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CIO-

F i g u r e 2. Hydroxyl s t r e t c h i n g v i b r a t i o n s p e c t r a of 
sample 1 (a), 2 (b), 4 (c) and 6 (d) b e f o r e a d s o r p t i o n 
of p y r i d i n e (1) and a f t e r e v a c u a t i o n of p y r i d i n e a t 
423K (2) ; (3) i s the d i f f e r e n c e spectrum between (1) 
and (2). 

.02 .06 .10 . U .1* 

A lp /A lp + Sip 

F i g u r e 3. R a t i o o f the i n t e n s i t i e s of the HF and LF OH 
bands i n f u n c t i o n of the aluminum T-atom f r a c t i o n . 
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0 .10 .20 0 .10 .20 

F i g u r e 4 . R e l a t i v e i n i t i a l r a t e s o f f o r m a t i o n (Vo) o f 
( a ) , p - (o) a n d o - x y l e n e ( · ) , a n d ( b ) , t o l u e n e (•) a n d 
t r i m e t h y l b e n z e n e s (n) i n f u n c t i o n o f t h e a l u m i n u m T -
a t o m f r a c t i o n . 

TOF 

1 0 A lp /A lp + Sip 1 0 

F i g u r e 5. T O F a n d T O F * o f t h e f o r m a t i o n o f p - (o) a n d 
o - x y l e n e ( · ) , a n d t r i m e t h y l b e n z e n e s (0) i n f u n c t i o n o f 
t h e a l u m i n u m T - a t o m f r a c t i o n . 
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the i n f r a r e d a b s o r p t i o n of p y r i d i n i u m i o n s i n the samples 
a f t e r degassing a t 623K. In t h i s way d i f f e r e n c e s i n 
degree of c r y s t a l l i n i t y o r of s u r f a c e area between the 
v a r i o u s samples can be e l i m i n a t e d . Furthermore, as the 
k i n e t i c diameter of p y r i d i n e and m-xylene are s i m i l a r , 
d i f f e r e n c e s i n the p o r o s i t y of the samples are a l s o 
accounted f o r . In F i g u r e 5b and d i t i s shown t h a t TOF 
e x h i b i t s a maximum f o r aluminium T-atom f r a c t i o n s equal 
t o 0.09. 

A l l t h e o r e t i c a l models on z e o l i t e a c i d i t y p r e d i c t 
t h a t the a c i d s t r e n g t h , and consequently the turnover 
frequency decreases w i t h i n c r e a s i n g aluminum T-atom 
f r a c t i o n . In l i n e w i t h these p r e d i c t i o n s , a decrease of 
TOF i s observed f o r aluminum T-atom f r a c t i o n s h i g h e r 
than 0.09 ( F i g u r e 5b and d) . However, the i n c r e a s e of 
TOF w i t h i n c r e a s i n g aluminum T-atom f r a c t i o n from 0.015 
t o 0.09 i s i n c o n t r a d i c t i o
p r e d i c t i o n s . One e x p l a n a t i o
aluminum T-atom f r a c t i o n s lower than 0.09 i s t h a t the 
t u r n o v e r f r e q u e n c i e s of extra-framework a c i d s i t e s , e.g. 
those b e l o n g i n g t o the amorphous s i l i c a - a l u m i n a i n t r a 
c r y s t a l l i n e phase, are lower than those of the framework 
i t s e l f . I f the number of extra-framework a c i d s i t e s i s 
lower f o r lower degrees of dealumination, an i n c r e a s e of 
TOF w i t h the aluminum T-atom f r a c t i o n s i n the range from 
0.015 t o 0.09 can be e x p l a i n e d . However, no fundamental 
reason seems t o e x i s t why the t u r n o v e r f r e q u e n c i e s of the 
extra-framework a c i d s i t e s should be lower than of the 
framework s i t e s , as both e x h i b i t s t r o n g a c i d i t y towards 
p y r i d i n e . 

The^hidden a c i d s i t e s might e x e r t a n e g a t i v e e f f e c t 
on TOF of h i g h l y dealuminated f a u j a s i t e s i n the 
f o l l o w i n g way. As t h e r e i s a p h y s i c a l l i m i t t o the number 
of m-xylene molecules t h a t have access t o the f a u j a s i t e 
supercages, f o r h i g h A l p contents an excess of r e a d i l y 
a v a i l a b l e a c i d s i t e s t h a t can p r o t o n a t e p y r i d i n e should 
be p r e s e n t . As a r e s u l t , p a r t of the r e a d i l y a v a i l a b l e 
s i t e s and a l l the weaker framework s i t e s w i l l be 
c a t a l y t i c a l l y i n a c t i v e . Upon de a l u m i n a t i o n both types of 
s i t e s become d i l u t e d and from a c e r t a i n degree of 
d e a l u m i n a t i o n on, the s c r e e n i n g of the "hidden s i t e s " by 
the r e a d i l y a v a i l a b l e ones w i l l cease. The m-xylene 
molecules which are adsorbed on the hidden p r o t o n s i t e s , 
c h a r a c t e r i z e d by a lower a c i d i t y towards p y r i d i n e , are 
converted a t a lower r a t e and t h i s r e s u l t s i n low TOF . 

At t h i s p o i n t a f a c t o r should be s t r e s s e d which i s 
f r e q u e n t l y n e g l e c t e d when the i n f l u e n c e of dealumination 
on the c a t a l y t i c a c t i v i t y i s c o n s i d e r e d , namely the 
i n f l u e n c e of the A l F / A l F + S i F r a t i o on 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 i n the z e o l i t e pores. I t i s c l e a r t h a t 
when a l l A 1 F atoms are i s o l a t e d , a f u r t h e r dealumination 
w i l l cause a decrease of not o n l y the number of a c t i v e 
s i t e s , but a l s o o f the c o n c e n t r a t i o n of r e a c t a n t s i n the 
z e o l i t e c a v i t i e s , even i f the macroscopic p a r t i a l 
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p r e s s u r e of the r e a c t a n t s i n the b u l k of the system 
remains co n s t a n t . T h i s " c o n c e n t r a t i o n " e f f e c t w i l l become 
e s p e c i a l l y important i n the case of b i m o l e c u l a r 
r e a c t i o n s , even f o r those of the E l e y - R i d e a l type. T h i s 
c o n c e n t r a t i o n e f f e c t , the presence of hidden framework 
a c i d s i t e s and of extra-framework a c i d s i t e s should be 
r e f l e c t e d i n the s e l e c t i v i t y of the r e a c t i o n of m-xylene. 

p / o - S e l e c t i v i t v of the m-Xylene R e a c t i o n and Aluminum 
Content. In a p r e v i o u s paper (22) , i t was i l l u s t r a t e d 
t h a t i n 12-MR z e o l i t e s the p / o - s e l e c t i v i t y of m-xylene 
i s o m e r i s a t i o n v a r i e s between 1.0 and 1.4. I t was 
concluded t h a t the p/o s e l e c t i v i t y s hould be governed by 
t r a n s i t i o n s t a t e s h a p e - s e l e c t i v i t y , e x e r t e d by the w a l l s 
of the z e o l i t e pores (27.) · With t h i s s e r i e s of 
dealuminated f a u j a s i t e s some more l i g h t was shed on t h i s 
phenomenon. When Alp/Alp+Si
as a r e s u l t of dealumination
enhanced g r a d u a l l y from 1.03 t o 1.2 ( F i g u r e 6a). 
Consequently, f o r a g i v e n z e o l i t e sample, the p/o 
s e l e c t i v i t y depends on i t s A l p content. One e x p l a n a t i o n 
i s t h a t the i s o m e r i s a t i o n of m-xylene on the hidden a c i d 
s i t e s y i e l d s p-xylene p r e f e r e n t i a l l y . On these s i t e s the 
p r o t o n a t i o n of m-xylene a t p o s i t i o n 2 ( i n between the two 
methyl groups) i s most d i f f i c u l t , what would r e s u l t i n a 
suppressed o-xylene formation (2JL_29). An a l t e r n a t i v e 
e x p l a n a t i o n i s t h a t the s t r o n g Bronsted a c i d s i t e s , which 
are a s s o c i a t e d w i t h A 1 E F i n the amorphous s i l i c a - a l u m i n a 
phase, are r e s p o n s i b l e f o r the observed i n c r e a s e of the 
p/o s e l e c t i v i t y . Anyway, the presence and a c t i o n of 
hidden a c i d s i t e s w i l l r e s u l t i n an i n c r e a s e d p/o-
s e l e c t i v i t y . 

I s o m e r i s a t i o n / D i s p r o p o r t i o n a t i o n - S e l e c t i v i t v i n the m-
Xvlene Conversion and Degree of Dealumination. For 
samples w i t h Alp/Alp+Sip v a r y i n g from 0.115 t o 0.015, the 
i s o m e r i s a t i o n / d i s p r o p o r t i o n a t i o n - s e l e c t i v i t y i n c r e a s e s 
( F i g u r e 6b) . D i s p r o p o r t i o n a t i o n has been shown t o occur 
on s t r o n g , i s o l a t e d Bronsted a c i d s i t e s (27). Provided 
t h a t hidden a c i d s i t e s are l e s s a p p r o p r i a t e f o r 
c a t a l y s i n g t h i s k i n d of c o n v e r s i o n , the i n c r e a s e of the 
i s o m e r i s a t i o n / d i s p r o p o r t i o n a t i o n - s e l e c t i v i t y of m-xylene 
w i t h d e c r e a s i n g A l p content can be understood. The sample 
w i t h an aluminum T-atom f r a c t i o n equal t o 0.18 shows a 
h i g h i s o m e r i s a t i o n / d i s p r o p o r t i o n a t i o n s e l e c t i v i t y as 
w e l l . The behaviour of t h i s sample i s i n l i n e with i t s 
lower a c i d s t r e n g t h due t o i t s h i g h A l p content. 

The c o n c e n t r a t i o n e f f e c t c o u l d e x p l a i n the observed 
changes as w e l l . I f the c o n c e n t r a t i o n of molecules i n the 
c a v i t i e s decreases w i t h d e c r e a s i n g A l p content, the r a t e 
of b i m o l e c u l a r r e a c t i o n s ( d i s p r o p o r t i o n a t i o n ) should 
decrease f a s t e r than the r a t e of u n i m o l e c u l a r r e a c t i o n s 
( i s o m e r i s a t i o n ) . 
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.10 .20 

A l p / A l p + Sip 

F i g u r e 6. I n i t i a l p / o - s e l e c t i v i t i e s (p/o) (a) and 
i n i t i a l i s o m e r i s a t i o n / d i s p r o p o r t i o n a t i o n - s e l e c t i v i t i e s 
( i / d ) (b) i n f u n c t i o n of the aluminum T-atom f r a c t i o n . 
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m-Xylene Disproportionation Selectivity and the Degree of 
Dealumination of Zeolite Y. The shape and dimensions of 
the intracrystalline cavities in 12-MR zeolites are 
important factors that govern the disproportionation 
selectivity (27). Lobate pores favour the formation of 
1,3,5-trimethylbenzene over the 1,2,3-isomer and show an 
initial 1,2,3-/1,3,5-trimethylbenzene ratio which is 
lower than 0.30 (27). If the contribution to 
disproportionation of the hidden acid sites could be 
négligeable, the 1,2,3-/1,3,5-trimethylbenzene initial 
product ratio should not be influenced by the Alp content 
of H-faujasite. This is consistent with the experimental 
observations shown in Table II. 

Table II. Composition of the trimethylbenzene products at 
low levels of conversion of m-xylene 

Alp/Alp+Sip conv. 
(%) 

1,3,5
(%) (%) (%) isomer ratio 

0.110 3.6 29.2 64.3 6.5 0.22 
0.090 5.5 28.3 63.3 8.4 0.30 
0.070 4.8 27.4 64.8 7.8 0.28 
0.040 3.2 26.5 67.3 6.1 0.23 
0.015 3.7 25.8 68.0 6.2 0.24 
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This paper concerns the preparation of various size 
particles of cobalt and iron in zeolite NaX and their 
use in cracking reactions of cyclopropane. 
Characterization of the catalysts has been done with X-
ray diffraction, Mössbauer, ferromagnetic resonance, FMR, 
transmission electron microscopy and spin echo nuclear 
magnetic resonance methods. Metal particles ranging in 
size from 5 Å to 20 Å have been prepared. Catalytic 
reactions have been done with these materials in a 10 to 
1 mixture of hydrogen to cyclopropane. Ring opening, 
hydrogenolysis, and hydrogénation reactions have all 
been observed but the extent of each of these reactions 
can be controlled by varying the nature of the metal in 
the zeolite and by the size and shape of the metal 
particles. The structure sensitivity of these metal 
particles in zeolites for these catalytic reactions will 
be discussed. 

Severa l s tud ie s i n recent years have focussed on the p r e p a r a t i o n and 
c h a r a c t e r i z a t i o n of metal p a r t i c l e s i n z e o l i t e s ( 1 ) . Var ious ways 
have been developed to in troduce metals and metal precursors 
i n c l u d i n g sub l imat ion ( 2 ) , adsorpt ion ( 3 ) , and ion-exchange ( 4 ) . I f 
i t i s d e s i r a b l e to remove the l i g a n d s from the precursor metal 
complexes many approaches can be used i n c l u d i n g h igh temperature 
r e d u c t i o n i n hydrogen ( 5 ) , photochemical degradat ion (6 ) , sodium (7) 
or cadmium (8) r e d u c t i o n , H atom r e d u c t i o n ( 9 ) , low temperature 
vacuum treatments (10) and plasma methods (11) . 

The primary reason f o r prepar ing metal p a r t i c l e s i n z e o l i t e s i s 
that such p a r t i c l e s might be great c a t a l y s t s . In general i t i s o f ten 
be l i eved that the smal ler the p a r t i c l e s i z e of metals the greater the 
surface area and consequently the greater the c a t a l y t i c a c t i v i t y . 
For t h i s reason researchers have t r i e d to prepare extremely smal l 
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metal p a r t i c l e s i n and on s e v e r a l supports l i k e z e o l i t e s (5-11) , 
carbon (12) , s i l i c a (13) , and alumina (14) . A z e o l i t e provides a 
cage environment that can prevent large p a r t i c l e s of metals from 
growing provided that the metal p a r t i c l e s stay i n the cages . 

Researchers i n the area of heterogeneous c a t a l y s i s have r e c e n t l y 
focussed cons iderab le a t t e n t i o n to the r e l a t i o n s h i p s among c a t a l y t i c 
a c t i v i t y , product s e l e c t i v i t y and the s i z e and shape of metal 
p a r t i c l e s for r e a c t i o n s c a t a l y z e d by metals ( 1 5 ) · React ions that are 
i n f l u e n c e d by the s i z e and shape of metal p a r t i c l e s or e l e c t r o n i c 
i n t e r a c t i o n s of the metal p a r t i c l e s with the support are known as 
s t r u c t u r e s e n s i t i v e r e a c t i o n s . T h e o r e t i c a l c a l c u l a t i o n s of var ious 
c r y s t a l l o g r a p h i c s t r u c t u r e s (16) have shown that the number of 
s p e c i f i c type of sur face atoms ( face , c o r n e r , edge) change as a 
f u n c t i o n of p a r t i c l e s i z e . For example, f o r a face centered c u b i c 
system, the number of face atoms decreases as p a r t i c l e s i z e 
decreases . I f , t h e r e f o r e
there are a s u b s t a n t i a l
to o c c u r , then as p a r t i c l e s i z e decreases c a t a l y t i c a c t i v i t y w i l l 
decrease . T h i s idea of ten runs counter to p r i n c i p l e s d i scussed i n 
general sc ience texts (17) . 

We have been i n t e r e s t e d i n the prepara t ion of h i g h l y d i spersed 
i r o n and c o b a l t metal p a r t i c l e s i n z e o l i t e s for s e v e r a l years (11, 
18-20). I t i s widely known that i r o n r e a d i l y o x i d i z e s and i s 
d i f f i c u l t to prepare as smal l i r o n p a r t i c l e s e s p e c i a l l y i n an 
o x i d i z i n g environment. In general we have found that i f the i r o n 
s t a r t s out i n an o x i d i z e d form, then i t i s not p o s s i b l e to f u l l y 
reduce the i r o n to the m e t a l l i c s ta te (18-20) . Standard methods of 
r e d u c t i o n u s u a l l y l ead to s i n t e r i n g or aggregat ion of the meta l . 

Microwave plasma techniques can lead to the p r e p a r a t i o n of 
h igh ly d i spersed m e t a l l i c i r o n and c o b a l t p a r t i c l e s i n z e o l i t e s (11) 
that cannot be obtained by thermal or photochemical methods. The 
microwave power can be used to c o n t r o l the p a r t i c l e s i z e . A 3 watt 
microwave power i n an argon plasma leads to metal p a r t i c l e s smal ler 
Chan 5 A whereas a 10 watt power l e a d s G t o metal p a r t i c l e s that are 20 
A i n s i z e . P a r t i c l e s as l arge as 175 A can be prepared with t h i s 
method. 

The goal of the re search repor ted here i s to understand the r o l e 
of the s i z e and shape of these smal l metal p a r t i c l e s i n the c r a c k i n g , 
h y d r o g é n a t i o n , o l i g o m e r i z a t i o n and r i n g opening of cyc lopropane . I t 
i s w e l l known that Bronsted s i t e s i n z e o l i t e s cause cyclopropane to 
o l igomer ize (21 ,22) . I t has a l so been shown that r i n g opening, 
h y d r o g é n a t i o n , and hydrogenolys i s r e a c t i o n s of cyclopropane occur f o r 
both i r o n and c o b a l t wire and t h i n f i l m c a t a l y s t s (23 ,24) . We w i l l 
d i scuss the r o l e of the s i z e and shape of i r o n and c o b a l t metal 
p a r t i c l e s i n r e a c t i o n s of cyclopropane and hydrogen over these m e t a l -
c o n t a i n i n g z e o l i t e c a t a l y s t s . By dual f u n c t i o n we r e f e r to the 
presence of both metal and Bronsted type s i t e s i n z e o l i t e s . 
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Experimental 

Sample P r e p a r a t i o n . Cobal t c a t a l y s t s were prepared by sub l iming 
Co2(C0)g i n t o the pores of dehydrated NaX z e o l i t e i n a vacuum l i n e at 
pressures of 1 χ 10 t o r r . Argon was flowed over the metal loaded 
z e o l i t e sample at a pressure of 0.3 t o r r . A microwave plasma was 
induced with a s t a t i c gun and the decomposit ion of the metal carbony l 
precursor occurred for two hours . Af ter t o t a l decomposit ion of the 
metal carbony l which can be determined by the c o l o r of the plasma, 
the argon flow was stopped and the sample was sea led o f f by c l o s i n g 
the T e f l o n stopcocks at both ends of the r e a c t o r . The sample was 
then brought i n t o a drybox and loaded i n t o c a t a l y t i c r e a c t o r s or 
ho lders f o r spec troscop ic experiments. Further d e t a i l s of t h i s 
procedure can be found elsewhere (11, 25) . Iron samples were 
prepared i n a s i m i l a r fa sh ion except ferrocene was used as a metal 
p r e c u r s o r . 

C h a r a c t e r i z a t i o n . The c h a r a c t e r i z a t i o
prepared by microwave plasma methods has been repor ted elsewhere 
(11,20) except for p a r t i c l e s i z e determinat ions by t ransmiss ion 
e l e c t r o n microscopy, and metal content de terminat ions . Transmiss ion 
e l e c t r o n microscopy experiments were done by d i s p e r s i n g the c o b a l t 
z e o l i t e m a t e r i a l s i n a polymer and microtoming them. A P h i l i p s model 
CM12 t ransmiss ion e l e c t r o n microscope was used for a l l TEM 
experiments . An energy d i s p e r s i v e X-ray analyzer was used f o r 
chemical a n a l y s i s of these samples. M a g n i f i c a t i o n as h igh as 600,000 
X was used i n these experiments . Metal content was determined by 
d i s s o l v i n g the samples i n HF and by subsequent a n a l y s i s wi th atomic 
absorpt ion spectroscopy . Mossbauer experiments were done i n the 
t ransmiss ion mode on a home-bui l t spectrometer with a 80 mCi Co 
source . A l l data were analyzed with a curve f i t t i n g program that 
f i t s L o r e n t z i a n peak shapes. Further d e t a i l s concerning s i m i l a r 
Mossbauer experiments can be found elsewhere (26) . 

C a t a l y s i s Experiments . A l l c a t a l y s i s experiments were done by 
l oad ing 0.25 grams of metal loaded z e o l i t e i n t o a tubular flow 
r e a c t o r . Temperatures used i n a l l c a t a l y t i c r e a c t i o n s were 1 2 0 ° C . A 
mixture of 10 par t s hydrogen to 1 part cyclopropane was made i n a 
premixing chamber before the mixture entered the r e a c t o r . A l l 
r e a c t i o n s were done at atmospheric pres sure . A gas sampling valve 
was i n s t a l l e d a f t e r the r e a c t o r for product i n s e r t i o n i n t o the gas 
chromatograph. A Hewlett Packard model 5880A gas chromatograph with 
an attached i n t e g r a t o r was used for a l l product a n a l y s e s . Standard 
gas samples of methane, e thy lene , ethane, propylene , and propane were 
used to determine t h e i r r e t e n t i o n times on the Poropack Q column. 
The c a l c u l a t e d turnover numbers were determined by assuming that a l l 
of the metal s i t e s are a c t i v e . 

Resu l t s 

The c o b a l t cata lysts , p r i o r to c a t a l y s i s experiments have been shown 
to be l e s s than 10 A i n s i z e by s e v e r a l methods i n c l u d i n g 
cheraisorption methods, ferromagnet ic resonance and s p i n echo nuclear 
magnetic resonance techniques (11, 20, 27) . The t ransmiss ion 
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e l e c t r o n microscopy experiments of the c o b a l t and i r o n c a t a l y s t s 
reported here do not show any smal l metal p a r t i c l e s on the surface of 
the c a t a l y s t even at a m a g n i f i c a t i o n of 600,000 X . L a t t i c e images of 
the z e o l i t e were observed and e l e c t r o n d i f f r a c t i o n experiments as 
shown i n F i g u r e 1 suggest that the z e o l i t e i s s t i l l c r y s t a l l i n e . 
These r e s u l t s are i n agreement wi th e a r l i e r X-ray d i f f r a c t i o n d a t a . 
An energy d i s p e r s i v e X - r a y a n a l y s i s of the coba l t loaded NaX sample 
i s shown i n F i g u r e 2. S i g n a l s f o r Na, A l , S i , C l , K, C a , and Co are 
observed. The K, C I , Ca s i g n a l s are due to the epoxy m a t r i x . 

Mossbauer data for the i r o n loaded z e o l i t e NaX sample are g iven 
i n F i g u r e 3 . A broad s i n g l e t i s observed with an isomer s h i f t of 
0.10 mm/sec r e l a t i v e to i r o n f o i l . No quadrupolar s p l i t t i n g i s 
r e a d i l y observed i n t h i s sample. Heating t h i s sample to 1 2 0 ° C i n an 
i n - s i t u Mossbauer c e l l does not change the i n t e n s i t y or the p o s i t i o n 
(isomer s h i f t ) of t h i s s i g n a l  Exposure of t h i s sample to a i r 
produces 2 quadrupole s p l i
mm/sec and 0.46 mm/sec.
s i g n a l s are 0.75 mm/sec and 2.38, r e s p e c t i v e l y . 

Turnover numbers at var ious times on stream for r e a c t i o n s of the 
c o b a l t NaX z e o l i t e c a t a l y s t s at 1 weight percent and 2 weight percent 
loadings are g iven i n F i g u r e s 4 and 5, r e s p e c t i v e l y . For the low 
l o a d i n g m a t e r i a l , only propylene was observed by gas chromatography 
methods. The sample wi th higher metal l o a d i n g on the other hand 
produces methane, ethane and propane when exposed to 
hydrogen/cyclopropane mixtures . The percent convers ion and percent 
s e l e c t i v i t y of products for these two c a t a l y s t s and the corresponding 
i r o n loaded c a t a l y s t s are g iven i n Table I f o r comparison. The 
weight percent of metal and metal p a r t i c l e s i z e are a l s o i n c l u d e d . 

D i s c u s s i o n 

Samples prepared by the microwave plasma technique (11) have been 
shown to c o n t a i n h i g h l y d i spersed c o b a l t and i r o n metal p a r t i c l e s . 0 

The p a r t i c l e s i z e of the i r o n and coba l t p a r t i c l e s i s l e s s than 5 A 
as determined by chemisorpt ion (20) , t ransmiss ion e l e c t r o n 
microscopy, ferromagnet ic resonance (11) , and s p i n echo nuclear 
magnetic resonance methods (27) . T h i s i s so only i f the power used 
i n the microwave plasma decomposit ion r e a c t i o n i s lower than 3 watts 
and i f low load ings (< 1 weight %) of metal precursor are used. For 
load ings greater than 1 weight percent aggregat ion of the metal 
p a r t i c l e s o c c u r s . Mossbauer, ferromagnet ic resonance (11) , 
t ransmiss ion e l e c t r o n microscopy, and s p i n echo nuc lear magnetic 
resonance methods (27) c l e a r l y show that t h i s i s the case . Higher 
power (>3 watts) i n the microwave plasma decomposi t ion, temperatures 
above 1 2 0 ° C , and n o n z e o l i t i c supports ( s i l i c a , alumina) (11) give 
r i s e to l a r g e r m e t a l l i c p a r t i c l e s of i r o n and c o b a l t than with the 3 
watt , low temperature (thermal) microwave plasma procedure descr ibed 
above. 

The t ransmiss ion e l e c t r o n microscopy experiments reported here 
show that the p a r t i c l e s of i r o n and c o b a l t are extremely smal l and 
that the microwave plasma procedure does not l ead to degradat ion of 
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Figure 1. Electron Diffraction Pattern for Cobalt loaded (1 weight %) 
NaX Zeolite. 

3 2 C N T 4 . 4 8 K E U 10eU/ch Β E D A X 

Figure 2. Energy Dispersive X-ray analysis for Cobalt loaded 
(1 weight %) NaX Zeolite. 
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Figure 4. Catalytic Data of Turnover Number versus Time on Stream for 
Cobalt loaded (1 weight %) NaX Zeolite. 
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CO 

Figure 5 . Catalytic Data of Turnover Number versus Time on Stream for 
Cobalt loaded (2 weight %) NaX Zeolite. 

Table I. Summary of P a r t i c l e S ize and C a t a l y s i s Results 

S e l e c t i v i t y (%) 
Sample P.S. % Conv. CH 4 C 2 H 4 

C 2 H 6 C 3 H 6 C 3 H 8 

Fe( l ) < 5 a 0.3 a a a 100 a 

Fe(2) >2o a 0.3 a a a a 100 

Co( l ) < 5 8 0.6 a a a 100 a 

Co(2) >20 8 1.7 81 a 2 a 17 

* = T r a n s i t i o n metal NaX z e o l i t e c a t a l y s t , # i n 
parentheses i s weight % loading of meta l . 

r * = P a r t i c l e s i ze determined from TEM, FMR, SΕNMR and 
chemisorpt ion methods, i n Angstroms. 

' = Reactions done @ 120°C, 1 atm pressure, 10/1 H 2 to 
cyc lopropane, time on stream i s 90 min. 

a = Not observed. 
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the z e o l i t e . X-ray powder d i f f r a c t i o n (11) experiments of these 
samples a f t e r microwave decomposit ion procedures a l s o show that there 
i s no l o s s i n c r y s t a l l i n i t y . The data of F igure 1 a l s o show that 
there i s no l o s s i n c r y s t a l l i n i t y as a r e s u l t of e l e c t r o n bombardment 
during the TEM experiments . C e r t a i n microtomed samples were 
destroyed by the e l e c t r o n beam e s p e c i a l l y i f the m a g n i f i c a t i o n was 
r a p i d l y i n c r e a s e d . The data of F igure 2 show that c o b a l t i s 
incorpora ted i n t o the z e o l i t e . The e x t r a s i g n a l s that are observed 
such as K, C I , and Ca are due to contaminants of the polymer epoxy 
used to d i sperse the z e o l i t e samples. 

Mossbauer data for the i r o n samples show that superparamagnetic 
i r o n p a r t i c l e s are formed dur ing the microwave plasma decomposi t ion. 
S i m i l a r p a r t i c l e s have been s t a b i l i z e d on carbon supports (12) and 
c h a r a c t e r i z e d by Mossbauer spectroscopy . S ince the M'dssbauer s i g n a l 
does not s i g n i f i c a n t l y change dur ing heat treatment of these 
superparamagnetic p a r t i c l e
up to t h i s temperature.
experiments (27) on s i m i l a r samples a l s o show that s i g n i f i c a n t 
s i n t e r i n g does not occur . The SENMR technique i s more s e n s i t i v e than 
Mossbauer and ferromagnet ic resonance methods f o r determinat ion of 
smal l changes i n p a r t i c l e s i z e for these p a r t i c l e s i n the temperature 
range of 1 2 0 ° C to 2 5 0 ° C . 

The assignments for the i n t e n t i o n a l l y o x i d i z e d spec ies are based 
on known i r o n compounds (28) . The spec ies with an isomer s h i f t of 
0.35 mm/sec and a quadrupole s p l i t t i n g of 0.75 mm/sec i s due to smal l 
i r o n ( I I I ) oxide p a r t i c l e s (28) . I t i s reasonable that smal l oxide 
p a r t i c l e s of i r o n cou ld form from smal l m e t a l l i c i r o n precursor 
p a r t i c l e s . The s i g n a l wi th an isomer s h i f t of 0.46 mm/sec and a 
quadrupole s p l i t t i n g of 2.42 mm/sec i s due to unreacted ferrocene 
(28) . T h i s l a t t e r s i g n a l i s not apparent i n F igure 3 because the 
s i g n a l i s so broad al though curve f i t t i n g procedures can be used and 
a doublet for the precursor can be f i t t e d . I t i s c l e a r then that the 
Mossbauer data suggest that most of the i r o n a f t e r microwave 
decomposit ion i s reduced to the m e t a l l i c s ta te and i s h i g h l y 
d i s p e r s e d . 

The c a t a l y t i c data of F igure 4 show that smal l c o b a l t p a r t i c l e s 
i n NaX z e o l i t e s e l e c t i v i t y convert cyclopropane to propylene by r i n g 
opening r e a c t i o n s . We be l i eve that these r e a c t i o n s are c a t a l y z e d at 
c o b a l t s i t e s and not at Bronsted s i t e s s ince we have t r i e d to poison 
any Bronsted s i t e s i n a d d i t i o n a l experiments with sodium vapor. 
These m a t e r i a l s show the same convers ion and s e l e c t i v i t y as c a t a l y s t s 
not t r e a t e d with sodium. 

The c a t a l y t i c data of F i g u r e 5 should be compared to that of 
F igure 4. I t i s c l e a r that the l a r g e r c o b a l t p a r t i c l e s when reac ted 
with hydrogen and cyclopropane c a t a l y z e hydrogenolys i s and 
h y d r o g é n a t i o n r e a c t i o n s as shown i n F i g u r e 5. For the case of i r o n 
p a r t i c l e s , the l a r g e r p a r t i c l e s s e l e c t i v e l y form propane v i a 
h y d r o g é n a t i o n r e a c t i o n s as shown i n Table I . 
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The data of Table I, Figure 1 and Figure 2 suggest that small 
particles of either cobalt or iron catalyze the ring opening of 
cyclopropane and act very similarly. The large particles of iron and 
cobalt both catalyze hydrogénation reactions to propane but the 
primary product in the case of large cobalt particles is methane. 
These data suggest that hydrogenolysis reactions are important with 
large clusters of cobalt. 

The catalyst with small cobalt particles initially shows 
appreciable loss in activity although ring opening is still the 
primary reaction pathway. We are not certain what contributes to 
this deactivation since a steady state is reached soon after this 
initial decay. Microscopy studies do not show large cobalt particles 
at this stage and FMR data do not significantly change. The total 
percent conversion for these four catalysts varies from 0.3% to 1.7% 
which is a reasonable range for comparison among these materials

Conclusions 

The catalytic and spectroscopic data reported in this paper show that 
small particles of iron and cobalt (<5 A) primarily catalyze the ring 
opening of cyclopropane even in the presence o£ large amounts of 
hydrogen. The data also suggest that large (>5 A) particles of iron 
or cobalt catalysts both catalyze hydrogénation reactions and that 
large cobalt particles also catalyze hydrogénation reactions. The 
structure sensitivity of cyclopropane ring openings hydrogénation, 
hydrogenolysis and oligomerization have all been observed over cobalt 
and zeolites. Bronsted sites on the NaX zeolites have been minimized 
since it is well known that such sites lead to oligomerized species 
like butane (21,22). Bronsted sites are also known to oxidize iron 
particles in redox type reactions in zeolites. We have shown here 
that these cyclopropane/hydrogen reactions are structure sensitive 
and at least depend on the size of the metal particles. Further 
attempts to study particle shapes and electron effects in such 
systems are now underway in our laboratory. 
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Chapter 38 

Hydrogenation and Cracking Catalyzed 
by Nickel Sulfide in Dealuminated 

Y Zeolites 
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France 

A series o
Si /Al ratios (2.7, 15 and 45) and nickel 
contents (0.3 to 9 wt %) were evaluated as 
catalysts for benzene hydrogenation under 
sulfiding conditions at 40 bars total 
pressure. The selectivity in hydrogenation 
varies with the extent of dealumination, 
as zeolites with high S i /Al ratios give 
less secondary cracking. The total 
hydrogenation activity increases 
moderately with nickel loading. The number 
and distribution of the zeolit ic OH 
groups, as well as the state of nickel 
ions, were examined by diffuse reflectance 
spectroscopy, and correlated well with the 
catalytic behavior. 

Numerous s t u d i e s have been devoted t o z e o l i t e s c o n t a i n i n g 
t r a n s i t i o n metals under c a t i o n i c form, or as reduced 
metal p a r t i c l e s , or as c o o r d i n a t i o n complexes (1, 2, 3). 
Among these, very few d e a l with encaged t r a n s i t i o n metal 
s u l f i d e s . We r e c e n t l y examined the t r a n s f o r m a t i o n of 
n i c k e l ions i n t o s u l f i d e i n v a r i o u s z e o l i t e s t r u c t u r e s , 
mainly from the s t o i c h i o m e t r i c p o i n t of view (4, 5). I t 
appeared t h a t s u l f i d a t i o n was g e n e r a l l y incomplete, but 
the f r a c t i o n of n i c k e l which c o u l d be converted i n t o a 
s u l f i d e i n c r e a s e d with the A l / S i framework r a t i o (6). As 
n i c k e l s u l f i d e has some a c t i v i t y as an hydrogénation 
c a t a l y s t , i t s combination with an a c i d i c z e o l i t e should 
l e a d t o a b i f u n c t i o n a l c a t a l y s t of the type r e q u i r e d f o r 
hyd r o c r a c k i n g processes (7). 

We examine here the c a t a l y t i c behavior of a s e r i e s 
of s u l f i d e d NiHY z e o l i t e s , with v a r i o u s e x t e n t s of 
dealumination and s e v e r a l n i c k e l l o a d i n g s . As the 
hydrogénation c a p a c i t y of these systems i s r a t h e r low, a 
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hi g h hydrogen p r e s s u r e i s r e q u i r e d f o r the r e a c t i o n . 
However, the benzene molecule used i n the t e s t undergoes 
a complex t r a n s f o r m a t i o n , and the r e a c t i o n i s thus very 
s e n s i t i v e t o v a r i a t i o n s i n the c a t a l y s t p r o p e r t i e s . In 
the same time, the s t r u c t u r a l m o d i f i c a t i o n s o c c u r r i n g as 
a r e s u l t of z e o l i t e dealumination or i n t r o d u c t i o n of 
n i c k e l are examined by means of D i f f u s e R e f l e c t a n c e i n 
the NIR and V i s i b l e s p e c t r a l range. 

Experimental 

C a t a l y s t p r e p a r a t i o n s . Y z e o l i t e s w i t h o v e r a l l S i / A l 
r a t i o equal t o 2.7, 15 and 4 5 were used as supports. The 
Y 2 # 7 sample was a s t a b i l i z e d z e o l i t e a v a i l a b l e from Union 
Carbide (LZY 82). T h i s m a t e r i a l when submitted t o s e l f -
steaming and a c i d l e a c h i n g y i e l d e d HY  The HY  sample 
d e r i v e d from a commercia
the t r a n s f o r m a t i o n i n v o l v e
s e l f - s t e a m i n g and a c i d washing. 

N i c k e l was in t r o d u c e d i n t h r e e d i f f e r e n t ways, 
a c c o r d i n g t o the d e s i r e d c o n c e n t r a t i o n . 

Process Ε i s a room-temperature c a t i o n exchange 
u s i n g a 0.4 molar n i c k e l a c e t a t e s o l u t i o n . I t leads t o a 
low n i c k e l l o a d i n g , s m a l l e r than the t h e o r e t i c a l exchange 
c a p a c i t y of the z e o l i t e . 

Process R i n v o l v e s c o n t a c t i n g the z e o l i t e w i t h an 
excess of b o i l i n g s o l u t i o n under r e f l u x f o r 24 h, 
fo l l o w e d by washing. Higher n i c k e l l o a d i n g s (4 t o 9 % by 
weight) exceeding the nominal exchange c a p a c i t y can be 
achieved i n t h i s way. 

F i n a l l y , process I i s a dry impregnation of the 
z e o l i t e powder with an ad j u s t e d amount of n i c k e l a c e t a t e 
s o l u t i o n . 

In a l l cases the wet samples are c a l c i n e d a t 773 Κ 
under pure oxygen flow. The composition of the n i c k e l 
z e o l i t e s Ν ί χ Η Υ i s given i n Table I, where χ i s the weight 
f r a c t i o n of n i c k e l present on the dry m a t e r i a l . 

Table I. Summary of c a t a l y s t compositions 

Support 
C a t a l y s t 

Low 
Weight 
% Ni 

Ni 
S/Ni 

Medium Ni 
Weight S/Ni 
% N i 

High 
Weight 
% N i 

Ni 
S/Ni 

LZY 82 
N i x H Y 2 . 7 1.1(E) 0.4 3.0(E) 0.6 6.4(1) 0.7 

NH 4Y 1 5 

Ν ι χ Η Υ 1 5 0.9(E) 0.75 4.3(R) 0.6 9.0(R) 0.6 

H Y 4 5 Ν ι χ Η Υ 4 5 0.3(Ε) 0.1 - 9. 3 (R) 0.8 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



38. DELAHAIE ET AL. Hydrogénation and Cracking 581 

S p e c t r o s c o p i c c h a r a c t e r i z a t i o n s . R e f l e c t a n c e s p e c t r a are 
recorded on a Beckman 524 0 spectrometer equipped with a 
r e f l e c t a n c e sphere. Data p r o c e s s i n g by a microcomputer 
p r o v i d e s a _ p l o t of the Kubelka f u n c t i o n F R o o versus 
wavenumber v. The z e o l i t e powder, with an average g r a i n 
s i z e 1 μπι, can be t r e a t e d and evacuated b e f o r e being 
t r a n s f e r r e d i n t o the spectrometer c e l l made of S u p r a s i l . 

C a t a l y t i c measurements. The h i g h p r e s s u r e r e a c t o r f o r 
benzene hydrogénation has been p r e v i o u s l y d e s c r i b e d (8). 
The r e a c t i o n was conducted a t 598 Κ under 4 0 bars t o t a l 
p r e s s u r e . The benzene feed c o n t a i n e d 1.5 % by weight of 
d i m e t h y l d i s u l f i d e (DMDS) which was f u l l y decomposed on 
the c a t a l y s t , so t h a t the H 2S/H 2 and benzene/H 2 molar 
r a t i o s d u r i n g r e a c t i o n amounted t o 10 4 and 4x10 
r e s p e c t i v e l y . The c a t a l y s t mass was 0.4 g and the l i q u i d 
feed r a t e 1.6 μΐ mn
i n the r e a c t o r i t s e l
a H 2-H 2S feed. D e t a i l s of the complete procedure are 
f o l l o w i n g : 

Step Dehydration Purge S u l f i d a t i o n R e a c t i o n 

T o t a l Pressure 1 1 1 40 
P/bar 

Temperature/K 598 598 R i s e s from 598 
353 t o 598 

Feed °2 He H 2+H 2S+CH 4 H 2 + C 6 H 6 + DMDS 
Ρ H 2S/bar 0 0 0. 125 0. 004 

A f t e r s u l f i d a t i o n the r e a c t o r temperature was 
lowered t o 353 Κ and the pr e s s u r e f i x e d a t 4 0 bars. Then 
benzene r e a c t i o n was s t a r t e d and the r e a c t o r temperature 
was i n c r e a s e d from 353 t o 598 K. 

Hydrocarbon a n a l y s i s was performed by o n - l i n e gas 
chromatography, u s i n g an OV 17 s i l i c o n e column. A f t e r the 
c a t a l y t i c t e s t had been completed, the c a t a l y s t was swept 
under helium and i t s s u l f u r content determined by 
m i c r o a n a l y s i s . S u l f u r contents, expressed as S/Ni atomic 
r a t i o s , are gi v e n i n Table I. 

R e s u l t s 

Conversion of benzene. In the above s t a t e d c o n d i t i o n s 
benzene c o n v e r s i o n v a r i e d from 0 t o 10 % depending on the 
c a t a l y s t c o n s i d e r e d . The more dealuminated support HY 4 5 

gave no c o n v e r s i o n a t a l l . The only other hydrocarbon 
d e t e c t e d a t the r e a c t o r e x i t was methane, r e s u l t i n g from 
the decomposition of DMDS. 

On a l l other s o l i d s , a more or l e s s complex r e a c t i o n 
occurred, l e a d i n g t o fo u r c a t e g o r i e s of products : 
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- d i r e c t hydrogénation products, cyclohexane and 
methylcyclopentane, 

- a l k y l a t i o n products, t o l u e n e and C 8 aromatics, 
- products i n v o l v i n g r i n g opening, mainly 2-methyl 

pentane, 3-methyl pentane and n-hexane, 
- cracked products namely ethane, propane, butane 

and isobutane. 
S i n c e a p p r e c i a b l e amounts o f the two l a t t e r 

c a t e g o r i e s appeared only on the n i c k e l - c o n t a i n i n g 
z e o l i t e s , i t i s l i k e l y t h a t the r i n g - o p e n i n g and c r a c k i n g 
processes are preceded by benzene r i n g hydrogénation, so 
t h a t a l l s a t u r a t e d products were taken i n t o account t o 
ev a l u a t e the hydrogénation c o n v e r s i o n : 

mass benzene converted i n t o C2~ ce 
Χττ = 

mas
whereas the a l k y l a t i o
as : 

moles (toluene + xylene) 
χ = ; ; ; 

Λ moles i n i t i a l benzene 
The v a r i a t i o n of product d i s t r i b u t i o n w i t h time-on-

stream was p e c u l i a r . During the f i r s t f o u r hours a f t e r 
the r e a c t o r temperature has been r a i s e d t o 593 K, the 
conv e r s i o n s i n t o v a r i o u s products g e n e r a l l y go through a 
maximum, and then s t e a d i l y decrease. There are s e v e r a l 
reasons f o r the v a r i a t i o n i n a c t i v i t y d u r i n g the i n i t i a l 
p e r i o d , i ) a steady s t a t e of a d s o r p t i o n - d e s o r p t i o n i s 
long t o e s t a b l i s h , i i ) the extent of c a t a l y s t s u l f i d a t i o n 
s l o w l y changes as the gas phase composition changes 
between s u l f i d a t i o n and r e a c t i o n . The experimental 
c o n v e r s i o n s r e p o r t e d i n F i g u r e l a , b, r e f e r t o time-on-
stream longer than the i n i t i a l p e r i o d . A f t e r t h a t p e r i o d , 
both x^ and x H g e n e r a l l y decrease and a constant 
c o n v e r s i o n l e v e l i s reached o n l y a f t e r 25 h. The on l y 
e x c e p t i o n i s the support HY 2 η f o r which the a l k y l a t i o n 
c o n v e r s i o n s t i l l i n c r e a s e s a f t e r 25 h. and e v e n t u a l l y 
goes through a maximum f o r much lo n g e r time on stream. So 
we s h a l l compare the c a t a l y s t a c t i v i t i e s recorded a t t h a t 
time. Conversions recorded f o r the f o u r p r o c e s s e s of 
hydrogénation i n t o c y c l o a l k a n e s , a l k y l a t i o n , r i n g opening 
and c r a c k i n g are c o l l e c t e d i n F i g u r e 2. For the c a t a l y s t s 
d e r i v e d from each of the t h r e e supports c o n v e r s i o n s are 
p l o t t e d as a f u n c t i o n of n i c k e l content. I t c l e a r l y 
appears t h a t the s e l e c t i v i t y of benzene t r a n s f o r m a t i o n 
d r a s t i c a l l y changes as both the S i / A l r a t i o and the 
n i c k e l content i n the z e o l i t e are changed. A l k y l a t i o n i s 
the prominent process f o r the bare z e o l i t e s , except f o r 
the i n a c t i v e H Y 4 5 but, as expected, i n c o r p o r a t i n g n i c k e l 
f a v o r s hydrogénation and r e l a t e d p r o c e s s e s , a t the expense 
of a l k y l a t i o n . 
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°0 "SÎÔ~" ° 1<îoo ~ Î50Ô ^ 20ÔÔ * 
timefmn) 

F i g u r e 1. Product d i s t r i b u t i o n versus time on stream 
f o r benzene c o n v e r s i o n a t 593 K and 40 bars, 
l a . Z e o l i t e s H Y 2 η (open symbols) and 

N i 3 H Y ? 7 ( f i l l e d symbols) 
l b . Z e o l i t e s ΗΥη^ (open symbols) and 

N i 4 o H Y 1 5 ( f i l l e d symbols). 
a l k y l a t e d products (x^) ; 
t o t a l hydrogenated products ( x H ) . 
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F i g u r e 2. Product d i s t r i b u t i o n a t steady s t a t e versus 
n i c k e l l o a d i n g f o r benzene c o n v e r s i o n a t 
593 Κ and 40 bars. 
2a. 
2c. 

Z e o l i t e s Y 
Z e o l i t e s Y 2.7 45· 

2b. Z e o l i t e s Y 15 
Conversion i n t o " : • a l k y l a t e d products 

A m e t h y l c y c l o p e n t a n e and cyclohexane ; 
^ o p e n - c h a i n hexanes ; • cracked products. 
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A l k y l a t i o n seems c h a r a c t e r i s t i c o f the support 
a c i d i t y . Over N i 9 H Y 2 e 7 / the a l k y l a r o m a t i c s d i s t r i b u t i o n 
r e v e a l s 62 % t o l u e n e * and 38 % Co when d i m e t h y l d i s u l f i d e 
i s used as a s u l f i d i n g agent, and s h i f t s t o 22 % Cy-78 % 
C 8 when d i e t h y l d i s u l f i d e i s i n j e c t e d i n p l a c e o f DMDS. 
The r e f o r e the a l k y l a t i o n r e a c t i o n i s mainly due t o the 
presence of an a l k y l d i s u l f i d e . The i n i t i a l f o r m a t i o n of 
t o l u e n e i s immediately f o l l o w e d by d i s p r o p o r t i o n a t i o n , 
y i e l d i n g x ylenes. But product a n a l y s i s a l s o r e v e a l s t h a t 
w i t h the (benzene + DMDS) mixture, more methane i s 
produced w i t h H Y 2 m 7 c a t a l y s t where a l k y l a t i o n goes on, 
than over H Y 4 5 where no benzene c o n v e r s i o n o c c u r s . Thus, 
some of the methane may a r i s e from a deep d e g r a d a t i o n of 
benzene, and such a r e a c t i o n may a l s o be c o n s i d e r e d as a 
minor source of a l k y l a r o m a t i c s . 

As seen on F i g u r e 2 the extent of a l k y l a t i o n i s not 
g r e a t l y a f f e c t e d by
i n z e o l i t e s Y 2 e 7 an
C o n s i d e r i n g the i n f l u e n c e of the S i / A l r a t i o the t r e n d i n 
a l k y l a t i o n a c t i v i t y i s : 

s u g g e s t i n g t h a t a l k y l a t i o n i s mainly r e l a t e d t o the 
number of a c i d s i t e s . 

Benzene hydrogénation i n t o c y c l o a l k a n e s occurs t o a 
v e r y l i m i t e d extent on z e o l i t e KY^m7 and i s g r e a t l y 
enhanced by a d d i t i o n of n i c k e l . I t is" the o n l y r e a c t i o n 
observed on N i H Y 4 5 . The y i e l d i n c y c l o a l k a n e s i s h i g h e s t 
w i t h the medium n i c k e l loaded N i 4 βΗΥης but a p a r t from 
the N i o . 9 H Y 1 5 ^ d o e s n o t vary much with n i c k e l content. 
I t i s remarkable t h a t even 0.3 % n i c k e l added t o z e o l i t e 
H Y 4 5 i s enough t o c o n f e r some hydrogénation a b i l i t y . 

In every case, the methylcyclopentane t o cyclohexane 
r a t i o i s v e r y l a r g e and exceeds the e q u i l i b r i u m l e v e l 
(5.7). C 7 and C o c y c l o a l k a n e s , which c o u l d a r i s e from the 
hydrogénation of t o l u e n e and xylene, were not d e t e c t e d . 

F i n a l l y , the r i n g - o p e n i n g and c r a c k i n g r e a c t i o n s are 
v e r y s e n s i t i v e towards the S i / A l r a t i o . In f a c t , they run 
p a r a l l e l t o the a l k y l a t i o n a c t i v i t y , d e c r e a s i n g w i t h 
aluminium content. In a l l cases, c r a c k i n g i s more 
important than r i n g opening i n t o hexanes, p a r t i c u l a r l y 
w i t h z e o l i t e Y 2 # 7 where cracked products are c l e a r l y 
formed a t the expense of the c y c l o a l k a n e s . T h e r e f o r e , i t 
i s l i k e l y t h a t primary hydrogénation products undergo 
a c i d - c a t a l y z e d bond bre a k i n g and the a c t i v i t i e s f o r t h i s 
p r ocess run i n the order : 

N i H Y 2 7 > N i H Y 1 5 > N i H Y 4 5 

the l a s t c a t a l y s t s b e i n g i n a c t i v e . The v a r i a t i o n w i t h 
n i c k e l content i s not so c l e a r , as the h i g h e s t c r a c k i n g 
r a t e s are observed a t medium n i c k e l l o a d i n g s . 
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An a d d i t i o n a l hydrogénation r e a c t i o n of l i m i t e d 
importance i s observed on z e o l i t e HY 2 7 which i s devoid 
of n i c k e l . Mainly cracked products a r e formed, probably 
v i a hydrogénation of the benzene c y c l e as a r e s u l t of 
hydrogen t r a n s f e r u l t i m a t e l y y i e l d i n g coke. T h i s process 
i s l i k e l y t o occur on a l l z e o l i t e s with many a c i d i c OH 
groups. 

In c o n c l u s i o n , a d d i t i o n of n i c k e l t o the z e o l i t e s 
f o l l o w e d by s u l f i d a t i o n make them m o d e r a t i l y a c t i v e f o r 
hydrogénation. Medium l o a d i n g s seem t o g i v e the b e s t 
r e s u l t s w i t h r e s p e c t t o a c t i v i t y and r a t e of 
d e a c t i v a t i o n . The o v e r a l l hydrogénation a c t i v i t y 
a s s o c i a t e d w i t h n i c k e l does not v a r y g r e a t l y w i t h S i / A l 
r a t i o , but secondary c r a c k i n g r e a c t i o n s appear on 
c a t a l y s t s b e a r i n g a l a r g e number of a c i d s i t e s , thus 
lowering the y i e l d i n hydrogenated products. 

T h i s f l e x i b i l i t
o b t a i n i n g the d e s i r e
a c i d i c f u n c t i o n . 

S p e c t r o s c o p i c c h a r a c t e r i z a t i o n of the z e o l i t e s . D i f f u s e 
r e f l e c t a n c e spectroscopy reaches the s p e c t r a l range 
comprised between 4 000 and 4 0000 cm" 1. Two types of 
t r a n s i t i o n s are of i n t e r e s t . In the f i r s t p l a c e , 4000-
10000 cm 1 r e g i o n c o n t a i n s v i b r a t i o n s a s s o c i a t e d w i t h the 
OH groups : combination bands near 4500-5000 cm 1 and the 
f i r s t overtone 2 V 0 H near 7200 cm" 1. Secondly, the d-d 
t r a n s i t i o n s of the n i c k e l ions show up between 4000 and 
30000 cm 1 . 

Hydroxyl v i b r a t i o n s . The s p e c t r a l p r i n t of the 
h y d r o x y l s r e v e a l s the i n f l u e n c e of steaming and a c i d 
washing performed on the support. The s t a b i l i z e d z e o l i t e 
LZY 82 ( S i / A l = 2.7) shows a broad a b s o r p t i o n a t 4690 
cm 1 corresponding t o a ( v + 6) combination, and another 
at 6410 cm ^, due t o the f i r s t overtone of the NH 
v i b r a t o r ( F i g u r e 3a). In a d d i t i o n bands due t o adsorbed 
water appear a t 5220 and 7020 cm" 1. Upon d e h y d r a t i o n a l l 
of these bands p r o g r e s s i v e l y disappear, w h i l e the narrow 
bands c h a r a c t e r i s t i c of h y d r o x y l s develop : we note t h a t 
the 2 ν 0 y i s s p l i t i n t o a t r i p l e t a t 6950, 7140, 7330 
cm , w h i l e the ( ν + S) combinations y i e l d an i l l -
r e s o l v e d doublet near 4670 cm" 1. F i g u r e 3b-c shows t h a t 
complete t r a n s f o r m a t i o n of ammonium i n t o h y d r o x y l groups 
i s achieved upon c a l c i n i n g a t 773 K. 

The p r o f i l e s of the combinations and overtones are 
a f f e c t e d by the thermal treatment l e a d i n g t o 
s t a b i l i z a t i o n of the z e o l i t e and f u r t h e r m o d i f i e d upon 
washing with an HC1 s o l u t i o n . F i g u r e 4 compares the 
s p e c t r a of our t h r e e dehydrated HY z e o l i t e s w i t h those of 
the n o n - s t a b i l i z e d HY^ 5 and of s i l i c a . The h i g h 
frequency OH appearing a t 7140 and 4670 cm 1 on HY^ β 5 are 
s t r o n g l y a f f e c t e d by the steaming procedure l e a d i n g t o 
H Y g i 7 and completely absent on the acid-washed H Y ^ § . 
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6410 6 8 8 5 
7020 

ι l i 

3a 

Wavenumber( Kcm"1) 

F i g u r e 3. R e f l e c t a n c e s p e c t r a of z e o l i t e Ν Η 4 Υ 2 > 5 : 
OH overtones and combinations : 
3a. Non-activated (wet) ; 3b. A c t i v a t e d a t 

573 Κ ; 3 c . A c t i v a t e d a t 793 K. 
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F i g u r e 4. R e f l e c t a n c e s p e c t r a of HY z e o l i t e s and 
s i l i c a g e l dehydrated a t 793 Κ : OH 
combinations ( l e f t side) and overtones 
( r i g h t s i d e ) . 
4a. H Y 2 # 5 ; 4b. H Y 2 e 7 ; 4c. HY 1 5 ; 4d. HY 4 5; 
4e. S i 0 2 g e l . 
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S i m i l a r l y , the low frequency overtone a t 6950 cm 
a s s o c i a t e d w i t h a c i d i c OH van i s h e s , w h i l e the s i l a n o l 
overtone band develops a t 7325 cm" 1 (9) and the ( ν + <5) 
combination s h i f t s t o 4540 cm" 1. These o b s e r v a t i o n s are 
c o n s i s t e n t w i t h the c r e a t i o n of s i l i c o n d e f e c t s i n the 
s t r u c t u r e o f dealuminated Y _ z e o l i t e s (10) w h i l e the weak 
overtone band a t 724 0 cm 1 i s probably r e l a t e d t o 
hy d r o x y l a t e d aluminium s p e c i e s e x t r a c t e d from the l a t t i c e 
(11, 12). Thus, the near-IR s p e c t r a g i v e evidence f o r the 
decrease of the number of Bronsted a c i d s i t e s as a r e s u l t 
of dealumination. 

I n t r o d u c t i o n of n i c k e l ions f o l l o w e d by de h y d r a t i o n 
does not a p p r e c i a b l y a f f e c t the i n t e n s i t y of the s i l a n o l 
OH bands. F i g u r e 5 compares the s p e c t r a o b t a i n e d with 
z e o l i t e H Y 1 5 a t v a r i o u s n i c k e l l o a d i n g s . The z e o l i t i c OH 
however are s t r o n g l y d i m i n i s h e d i n the presence of n i c k e l 
but they are neve
h i g h e s t n i c k e l l o a d i n g
n i c k e l seems t o n e u t r a l i z e only a f r a c t i o n of the 
z e o l i t i c a c i d s i t e s . 

- T r a n s i t i o n s due t o n i c k e l i o n s . On s p e c t r a recorded 
immediately a f t e r the ion-exchange or impregnation 
procedure, t h r e e a b s o r p t i o n bands appear on a l l samples 
a t 9400. 15000 and 25100 cm" 1. These bands are t y p i c a l 
f o r N i 2 i o n s i n o c t a h e d r a l c o o r d i n a t i o n (13). A c l o s e r 
i n s p e c t i o n of F i g u r e 6, r e v e a l s some d i f f e r e n c e s 
a c c o r d i n g t o the amount of n i c k e l on the m i l d l y 
dealuminated HY 1 5. For the lowest c o n c e n t r a t i o n s , n i c k e l 
i o n s are l i k e l y t o be hydrated, as i n s o l u t i o n . But f o r 
the more concentrated N i g H Y n 5 , the h i g h wavenumber band 
broadens and the shape of the doublet around 15000 cm 
i s m o d i f i e d , i n d i c a t i n g the presence of h y d r o x y l a t e d 
s p e c i e s s i m i l a r t o n i c k e l hydroxyde. 

With c a l c i n e d samples, the s p e c t r a f a l l i n t o t h r e e 
c a t e g o r i e s , represented on F i g u r e 7a, b, c. The f i r s t 
k i n d of spectrum i s found on z e o l i t e N i l e l H Y 2 7 and shown 
on F i g u r e 7a. The p o s i t i o n of the three" bands i n d i c a t e s 
t h a t n i c k e l ions are again i n o c t a h e d r a l c o o r d i n a t i o n . 
They are l i k e l y t o be s t a b i l i z e d a t Ŝ ^ s i t e s of the HY 
s t r u c t u r e (14). The same type of spectrum i s observed 
with a l l non dealuminated HY z e o l i t e s , and a l s o a t small 
n i c k e l c o n c e n t r a t i o n over the m i l d l y dealuminated ΗΥχ5. 
However a s p l i t t i n g of the a b s o r p t i o n near 15000 cm 1 and 
a weak a d d i t i o n a l band a t 5000 cm" 1 i n d i c a t e t h a t some 
n i c k e l i o n s are l o c a t e d i n s i t e s with a symmetry lower 
than S-̂  i n the z e o l i t e s t r u c t u r e . 

The second type of spectrum i s e x a m p l i f i e d by 
z e o l i t e N i 0 3 H Y 4 5 , with a h i g h S i / A l r a t i o and low 
n i c k e l c o n c e n t r a t i o n . T h i s complex spectrum i s r e p o r t e d 
i n F i g u r e 7b and cannot be a t t r i b u t e d t o N i 2 + i o n s i n 
a s i n g l e environment. The presence of t e t r a h e d r a l n i c k e l 
may be i n f e r r e d from the bands a t 18820, 14930 and 
6245 cm" 1 s i m i l a r t o those observed with an a c t i v a t e d 
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F i g u r e 5. R e f l e c t a n c e s p e c t r a of N i H Y 1 5 z e o l i t e s 
OH overtones on dehydrated samples. 
5 a . HY 1 5 support ; 5b. N i Q 9 H Y 1 5 ; 
5 c . N i 9 H Y 1 5 . 
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F i g u r e 6. R e f l e c t a n c e s p e c t r a of Ν ί Η Υ η 5 z e o l i t e s i n 
t h e i r hydrated s t a t e : E f f e c t of n i c k e l 
l o a d i n g . 
6a. HY 1 5 support ; 6b. Ni-^ gHY 1 5 ; 
6c. N i 9 H Y 1 5 . 
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4 8 12 16 20 24 28 

Wavenumber (Kcm"1 ) 

F i g u r e 7. R e f l e c t a n c e s p e c t r a of NiHY z e o l i t e s 
dehydrated a t 773 K. 
7a. Ni-L 1HY2 7 ( i n t e n s i t y χ 2) ; 
7b. N i 0 " 3 H Y 4 5 ( i n t e n s i t y χ 10) ; 7c. Ni^HY 
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N i / S i 0 2 _ c a t a l y s t (15) . The a d d i t i o n a l s t r o n g band at 
24210 cm 1 i s a s s o c i a t e d w i t h c o o r d i n a t i v e l y u n s a t u r a t e d 
n i c k e l s p e c i e s . 

The t h i r d k i n d of spectrum, p i c t u r e d on F i g u r e 7c, 
i s found on dealuminated z e o l i t e s Y 1 5 and Y* 5 a t medium 
and h i g h n i c k e l l o a d i n g s . T h i s spectrum r e v e a l s t h a t o n l y 
a s m a l l p a r t of n i c k e l i s s t a b i l i z e d i n the c a t i o n i c 
s i t e s . But the bands at 23460 cm" 1 and 5500 cm""1 are 
i n c o n s i s t e n t with an o c t a h e d r a l c o o r d i n a t i o n . Such bands 
may be a t t r i b u t e d t o c o o r d i n a t i v e l y u n s a t u r a t e d n i c k e l 
i o n s . A s i m i l a r type of n i c k e l s p e c i e s was r e c e n t l y found 
on an alumina s u r f a c e a f t e r moderate h e a t i n g (16) with 
c h a r a c t e r i s t i c bands at 5830 and 23500 cm 1 . 

S p e c t r a 7a, b correspond t o samples which, i n the 
hydrated s t a t e , c o ntained hydrated and presumably 
i s o l a t e d i o n s , whereas spectrum 7c corresponds t o the 
case where wet sampl
these dealuminated
exceeding the exchange c a p a c i t y may be a chieved by 
treatment wi t h a hot s o l u t i o n , but upon h e a t i n g , the 
n i c k e l ions form a new phase which has the 
c h a r a c t e r i s t i c s of a d i s p e r s e n i c k e l oxide w i t h many 
c o o r d i n a t i v e l y unsaturated n i c k e l ions a t the s u r f a c e . 

D i s c u s s i o n 

S p e c t r o s c o p i c r e s u l t s show t h a t n i c k e l i s l o c a t e d i n 
the c a t i o n i c s i t e s of the z e o l i t e o n l y i f the exchange 
c a p a c i t y of the s t a r t i n g m a t e r i a l i s h i g h enough. In 
o t h e r cases i t forms a separate phase mostly l o c a t e d 
o u t s i d e of the g r a i n s . In any case, the s u l f i d a t i o n 
procedure i s e f f i c i e n t , as shown by s u l f u r a n a l y s i s : the 
s u l f u r over n i c k e l r a t i o i s c l o s e t o 1. In t h e i r s u l f i d e d 
forms, the z e o l i t e s do not d i f f e r much i n hydrogénation 
a b i l i t y , as the r a t e s of benzene hydrogénation do not 
v a r y g r e a t l y , when secondary processes are taken i n t o 
account. Hence, the hydrogénation f u n c t i o n i s n e a r l y 
i n s e n s i t i v e t o the S i / A l r a t i o ; moreover, i t i n c r e a s e s 
o n l y s l i g h t l y a t h i g h n i c k e l l o a d i n g s . We note t h a t a 
remarkably small n i c k e l l o a d i n g (ca 1 %) i n t r o d u c e d i n t o 
the z e o l i t e accounts f o r the major p a r t of the 
hydrogénation a c t i v i t y . T h i s s m a l l n i c k e l amount when 
d i r e c t l y i n c o r p o r a t e d appears more e f f i c i e n t t h a t would 
be a separate N i / A l 2 0 o component mixed w i t h the z e o l i t e . 
However, the f a v o u r a b l e p r o p e r t i e s of n i c k e l loaded onto 
the z e o l i t e s cannot be extended beyond a c e r t a i n amount. 
On the o ther hand the a c i d i t y of the z e o l i t e s t r i k i n g l y 
i n f l u e n c e s the secondary processes, namely r i n g opening 
i n t o hexanes, c r a c k i n g and a l k y l a t i o n i n our case. As 
shown by i n f r a r e d r e s u l t s (17) the s u l f i d a t i o n procedure 
does not a f f e c t the z e o l i t i c OH groups connected wit h 
a c i d i t y . We observed indeed t h a t the secondary a c i d -
c a t a l y z e d processes decreased as S i / A l r a t i o i n c r e a s e d , 
and were n e g l i g i b l e over z e o l i t e Y^g» 
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Reflectance spectroscopy brings evidence for a 
parallel decrease in hydroxyl number. Such a conclusion 
agrees well with the results of IR absorption : the bands 
at 6950 and 7140 cm - 1 are overtones of the fundamental 
bands at 3560 and 3630 cm - 1 . The latter is associated 
with the more acidic OH groups (18) . These bands 
progressively weaken as dealumination increases. In 
highly dealuminated materials, the band at 7325 cm is 
the overtone of the silanol absorption at 3740 cm"1, but 
contrary to the fundamental (18) no splitting of the 
overtone was observed. 

Examination of both harmonic and fundamental OH 
absorptions leads to the same conclusion : the number of 
acid sites decreases upon dealumination. The strongly 
dealuminated zeolites Y 4 5 is likely to be a useful 
hydrocracking component as secondary reactions are absent 
and the hydrogénatio
resistant towards deactivation
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Chapter 39 

Methanol-to-Gasoline Process 

Reaction Mechanism 

Clarence D. Chang 

Central Research Laboratory, Mobil Research and Development 
Corporation, Princeton, NJ 08540 

Mobil's Methanol-to-Gasolin
first new synfuels process to be commercialized since 
the Fischer-Tropsch process of the 1920's. The MTG 
process was chosen by New Zealand to convert natural 
gas from their extensive offshore Maui field into 
gasoline via methanol. Started up in late 1985, the 
plant at Motonui produces 14,500 BPD of premium 
gasoline, which is one third of New Zealand's total 
demand. 

The successful development and scale-up of the MTG 
process [2] was a triumph of modern catalytic and 
reaction engineering. Ironically the detailed 
chemistry of methanol transformation to hydrocarbons 
remains unknown to this date, and is a widely debated 
issue. Indeed, some two dozen more or less distinct 
mechanistic proposals may be found in the current 
literature. This paper presents an overview, focussing 
on several of the more popular concepts, as well as the 
sparse experimental evidence pro and con the various 
schemes. 

GENERAL CHARACTERISTICS AND REACTION PATH 

Hydrocarbon formation from methanol is catalyzed by 
Bronsted acids. The general reaction path for 
hydrocarbon formation from methanol over zeolite ZSM-5 
[3], the catalyst of choice [4], was defined in early 
Mobil studies [lb], and is represented by: 

-nM20 
yl2CH3OĤ CH30CH3 4 H20| * CnH2n *n(CH2) 
where (CH2) » average formula of a paraffin-aromatic mixture. 

0097-6156/88/0368-0596$06.00/0 
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Methanol r a p i d l y e q u i l i b r a t e s t o a dimethyl ether 
(DME) and water mixture. F u r t h e r d e h y d r a t i o n a f f o r d s 
l i g h t o l e f i n s , which undergo subsequent r e a c t i o n t o 
form g a s o l i n e - r a n g e aromatics and p a r a f f i n s . The 
r e a c t i o n i s exothermic [lb] and a u t o c a t a l y t i c [5-7]. 

The mechanisms of e t h e r i f i c a t i o n and o l e f i n 
a r o m a t i z a t i o n are well - u n d e r s t o o d [4,8]. The c o n t r o 
v e r s y c e n t e r s on the mechanism of for m a t i o n of the 
f i r s t C-C bond from a s i n g l e - c a r b o n source. The 
q u e s t i o n whether ethylene i s the " f i r s t " o l e f i n has 
a l s o been debated [4], but w i l l not be c o n s i d e r e d i n 
t h i s paper. 

MECHANISM OF INITIAL C-C BOND FORMATION 

V i r t u a l l y every p o s s i b l e r e a c t i v e i n t e r m e d i a t e has 
been invoked t o e x p l a i
bond f o r m a t i o n fro
can be b r o a d l y c l a s s i f i e d as c a r b e n i c , c a r b o c a t i o n i c , 
y l i d e , and f r e e r a d i c a l . In some p r o p o s a l s s e v e r a l of 
these c a t e g o r i e s are combined. 

Carbenes were the e a r l i e s t proposed C l i n t e r 
mediates. These were c o n s i d e r e d t o be generated v i a a-
e l i m i n a t i o n of water from methanol i t s e l f [9,10], or 
from c a t a l y s t s u r f a c e methoxyls [11]. The r e a c t i o n may 
be a s s i s t e d by c o o p e r a t i v e a c t i o n of a c i d and base 
s i t e s on the c a t a l y s t [10]. O l e f i n s would be formed by 
p o l y m e r i z a t i o n of the ( f r e e ) :CIÎ2. To overcome the 
hi g h e n e r g e t i c requirements of carbene g e n e r a t i o n (vide 
i n f r a ) , and the low p r o b a b i l i t y of :CH2 s e l f - c o n d e n 
s a t i o n , Chang and S i l v e s t r i [lb] proposed a conc e r t e d 
mechanism of carbene g e n e r a t i o n w i t h sp3 i n s e r t i o n i n t o 
the C-H bond of DME t o form MeOEt. 

H 

Ζ Θ 
OR 

VI /J 
C H 2 Η φ -HZ 

CH 3CH 2OR' + ROH 

H i s C H 2 O R ' 

/ ^ - E l i m i n a t i o n a f f o r d s e t h y l e n e . 

I n d i r e c t evidence i n support of carbene i n t e r m e d i a c y 
was o b t a i n e d through i s o t o p e l a b e l l i n g s t u d i e s of the 
i n t e r a c t i o n of MeOH wi t h propane d i l u e n t over HZSM-5 
[11]. MTG hydrocarbons are r i c h i n i s o p a r a f f i n s along 
w i t h the aromatics. F o r example, the r a t i o of i s o - t o 
normal butane ( i / n ) i s t y p i c a l l y g r e a t e r than 2. In 
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the presence of propane d i l u e n t under c o n d i t i o n s where 
propane i t s e l f was u n r e a c t i v e , however, t h i s r a t i o 
drops from 4 (with He d i l u e n t ) t o 1, approaching t h e 
thermodynamic r a t i o , 0.75. When i s o t o p i c a l l y l a b e l l e d 
MeOH (90%13C, 10% 12 C) was used, the product b u t a n e s 
had a nonrandom i s o t o p e d i s t r i b u t i o n h i g h i n s i n g l y -
s u b s t i t u t e d butane ( F i g u r e l a ) . Furthermore, t h e i / n 
r a t i o of s i n g l y - l a b e l l e d butanes was ca. 1, w h i l e t h a t 
of the f u l l y - l a b e l l e d butanes was ca. 3 ( f r o m s e l f 
r e a c t i o n of 13 C MeOH), (Fi g u r e l b ) . The p r e s e n c e o f 
doubly and t r i p l y - l a b e l l e d butanes i n d i c a t e s some 
i s o t o p e scrambling. These o b s e r v a t i o n s were t a k e n a s 
evidence t h a t the propane d i l u e n t served t o i n t e r c e p t 
the r e a c t i v e C^ i n t e r m e d i a t e from MeOH t o f o r m b u t a n e , 
and t h a t t h i s i n t e r m e d i a t e was c a r b e n i c , i n s e r t i n g 
i n t o the C-H bond of propane. Such i n s e r t i o n s a r e 
random because of th
c a r b o c a t i o n i c i n t e r m e d i a t
predominantly, v i a the r e l a t i v e l y s t a b l e t - b u t y l c a t i o n 
[12]. 

: C H 2 + C H 3 C H 2 C H 3 ^ — C H 3 C H 2 C H 2 C H 3 

C H 3 + C H 3 C H 2 C H 3 C H 3 C H C H 3 

A c a r b e n i c mechanism was a l s o f a v o r e d b y L e e and 
Wu [13], who proposed t h a t the carbene i n t e r m e d i a t e 
would be s t a b i l i z e d by the z e o l i t e framework ( F i g u r e 
2 ) . They attempted t o model the r e a c t i o n by s t u d y i n g 
the i n t e r a c t i o n of s i n g l e t methylene (from C H 2 N 2 ) w i t h 
v a r i o u s s u r f a c e s , i n c l u d i n g ZSM-5. Although o l e f i n s 
were observed even i n the presence of " i n e r t " m a t e r i a l s 
such as Vycor, hydrocarbon y i e l d s i n c r e a s e d s u b s t a n 
t i a l l y i n the presence of a c i d i c s u r f a c e s . 

H 

Ο 0 
\ / + \ _ - N 2 

C H 2 N 2 + 0 — S i Al 1 

0 0 

Η 
I 

ο ο 
\ /+\ 

0 — SI A l — 
I r/ I 

+ 0 Η 2 = 0 Η 2 

Ο Ο 

. O—Si Al 

I / \ 
0 0 0 

- N 2 | C H 2 N 2 

C H 2 C H 3 

0 1 
0 — Si Al 

1 / \ 
0 0 ο 
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Figure 1 Butanes from Interaction of 1 3 C H 3 O H with C 3 H 8 over HZSM-5 

Si 
0/ N) 

Si 
0/ 

Figure 2. Surface-Stabilized Singlet Carbene 
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T h e o r e t i c a l j u s t i f i c a t i o n f o r f r a m e w o r k - s t a b i l i 
z a t i o n of carbene was pr o v i d e d by ab i n i t i o (MINDU3) 
c a l c u l a t i o n s of Drenth e t a l . [14]. The z e o l i t e a c i d 
s i t e was si m u l a t e d u s i n g H 0 A 1 0 , HOF, and H as 
e l e c t r o n a c c e p t o r s of i n c r e a s i n g s t r e n g t h , w i t h two 
hyd r o x y l anions as e l e c t r o n donors. The i n t e r a c t i o n of 
C H 2 w i t h t h i s assemblage was examined ( F i g u r e 3 ) . I t 
was found t h a t Î O"*" protonated C H 2 w h i l e the weaker 
a c i d s tended t o r e t a i n t h e i r p roton. C a l c u l a t e d 
s t a b i l i z a t i o n e n e r g i e s were 284-313 kJ/mol. The heat 
of f o r m a t i o n of C H 2 from MeOH i s 349 kJ/mol; thus, 
f r a m e w o r k - s t a b i l i z a t i o n C H 2 i s not unreasonable. 

C a r b o c a t i o n i c mechanisms were proposed by Uno and 
Mori [15] and o t h e r s [16,17]. A c c o r d i n g t o Ono and 
Mori , s u r f a c e methoxyls may behave as i n c i p i e n t methyl 
c a t i o n s , which add t o the C-H of DME  forming a penta-
v a l e n t carbonium t r a n s i t i o
upon p r o t o n l o s s . 

CH 3+ + C H 3 O R ^CHoOR 
CH, 

•CH 3 CH 2 OR + H + 

S i n c e H C 1 a d d i t i o n d i d not poi s o n the r e a c t i o n , 
these workers concluded t h a t b a s i c s i t e s were not 
i n v o l v e d . 

Whether the C-H bond of DME or MeOH i s s u f f i 
c i e n t l y n u c l e o p h i l i c t o undergo s u b s t i t u t i o n by CH3"*" i s 
debatable. The gas phase r e a c t i o n ο f C H ?

+ w i t h MeUII 
was s t u d i e d by Smith and F u t r e l l [18] u s i n g i o n 
c y c l o t r o n resonance techniques. Hydride a b s t r a c t i o n 
forming C H 4 and C H 2 0 H + were seen t o be the predominant 
r e a c t i o n (85-90%). 

CHj + C H 3 O H CH 3 —Ο—Η [CH 20H] + + CH 4 (80%) 
+ 

ΔΗ = -255 kJ/mol 

CHj + C H 3 O H · C H j O H 2 + C H 2 (7%) 

ΔΗ = 84 kJ/mol 

CHj + C H 3 O H |CH2OHJ+ + C H 4 (5-10%) 
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ο — H c; 

ο-
Ι 
Η 

Τ 
R 1 

I 
1 

-R2-

Optimized bonding energy of C H 2 , Δ Ε , and bond lengths (in pm) 

Acid R 3 90 pm Varying R 3 

« 1 R 2 Δ Ε R 3
a 

( k J m o h 1 ) ( k J m o h 1 ) 

HOAIO 190 275 255 105 284 
H O F 190 270 267 115 313 
H 3 0 + 190 240 485 132 c 
aValue of R3 in the C H 2 complex. 
b R 1 and R2 as in this Table; R3 optimized both in the complex and in the 

CH2-free model. 
cVariation of R3 does not yield a meaningful Δ Ε since in the CH2-free 

model, the proton is transferred to one of the O H - groups. 

Fig. 3. Zeolite model for ab initio molecular orbital calculations. 
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I n t e r e s t i n g l y , proton t r a n s f e r from CH3 to MeOH 
forming CH2 occurs t o a s i g n i f i c a n t extent ( 7 % ) , but 
s p e c i e s were not de t e c t e d . 

In s u p e r a c i d systems, m e t h y l a t i o n of DME g i v e s 
trimethyloxonium (TMO) i o n [19]. Mechanisms i n v o k i n g 
h y p e r v a l e n t carbon i n t e r m e d i a t e s t h e r e f o r e seem 
u n l i k e l y . 

The most popular mechanisms a t present invoke 
oxonium y l i d e s as i n t e r m e d i a t e s . van den Berg et a l . 
[20] proposed t h a t DME i s protonated by a Bronsted 
s i t e , and the r e s u l t a n t i o n s u f f e r s n u c l e o p h i l i c a t t a c k 
by a second molecule of DME t o form TMO with r e l e a s e of 
MeOH. The TMO i o n i s then deprotonated by a b a s i c s i t e 
t o form the dimethyloxonium methylide, which undergoes 
a Stevens-type rearrangement t o g i v e m e t h y l e t h y l -
oxonium i o n . MeOEt i s subsequently formed upon β-
e l i m i n a t i o n . No experimenta
support of the scheme

CH3 

Ο 
H ® + C H 3 O C H 3 H3C Η 

CH3 CH3 

ι ι 
+ CH3OCH3 H3C H3C/<?AH 

ν Ο η o% 

Si AI Si 

Ο 0 Ο 
/ ν - / \ 

Si Al Si 

Olah [21] a l s o proposed an y l i d e mechanism, 
mediated by a b i f u n c t i o n a l acid-base c a t a l y s t (e.g., 
W O 3 / A I 9 O 3 ) . However, based on i s o t o p i c l a b e l l i n g , Olah 
concludes t h a t the p u t a t i v e y l i d e would not undergo a 
Stevens rearrangement, but r a t h e r an i n t e r m o l e c u l a r 
m e t h y l a t i o n . 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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- H 2 0 
2 C H 3 O H : C H 3 O C H 3 

C H 3 O C H 3

C H V + ^ C H 3 

cat. 

CH , 

CH,' 

• cat. 

C H 3 

^0 — cat. 
C H 2 

C H 3 O C H 3 

CH3CH2 

I CH30-cat. 
CH, 

CH., 

-H + 

CH, 
CH3Q-cat. 

CH, 

CH 3 OCH 3 

I 
CH, 

, C H 2 C H 3 

C H 2 = C H 2 + .0—-cat. 
CH,' 

At t h i s p o i n t , t h r ee q u e s t i o n s must be addressed. 
Do oxonium y l i d e s indeed e x i s t ? I f so, w i l l they 
undergo a Stevens-type rearrangement? F i n a l l y , w i l l a 
z e o l i t e conjugate base be s u f f i c i e n t l y b a s i c f o r proton 
a b s t r a c t i o n from an oxonium i o n t o generate the y l i d e ? 

Rimmelin e t a l . [22] t r e a t e d T M0 +SbCl 6~ with the 
s t r o n g h i n d e r e d base 2 , 2 , 6 , 6 - t e t r a m e t h y l p i p e r i d y l -
l i t h i u m (TMPLi) and ob t a i n e d MeOBt as w e l l as C2-C4 
hydrocarbons (Table 1). The TMO i o n appears t h e r e f o r e 
a t l e a s t p l a u s i b l e as an i n t e r m e d i a t e i n C-C bond 
f o r m a t i o n . A Stevens rearrangement would a l s o be 
p l a u s i b l e but not proven. When t - b u t y l l i t h i u m was used 
i n p l a c e of TMPLi, isopentane r a t h e r than MeOEt was 
formed, showing the c r i t i c a l i t y of a s t e r i c a l l y 
h i n d e r e d base. 

C H 3 

^ 0 ^ + C 4 H 9 - L i + C 5 H 1 2 + C H 3 - 0 - C H 3 

C H 3 C H 3

 3 

SbCl e -

—Yr* C H 3 - O - C H 2 - C H 3 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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01ah approached the problem by attempting to 
s y n t h e s i z e the y l i d e d i r e c t l y , v i a three r o u t e s : 
d e p r o t o n a t i o n of TMO i o n , d e s i l y l a t i o n of dimethyl 
( ( t r i m e t h y l s i l y l ) m e t h y l ) o x o n i u m i o n , and the r e a c t i o n 
of p h o t o l y t i c a l l y generated methylcarbene w i t h DME 
[23,24]. 

CH3 CH2 

I -H+ I :CH2 

CH3 Ο CH3 - CH3 — Ο CH3 * CH3OCH3 

+ + 

CH3 ÇH 2 

I F  I 
CH30 CH2SI(CH3)3 CH

+ -(CH

In none of these experiments was the y l i d e 
i s o l a t e d , but i t s e x i s t e n c e was i n f e r r e d from product 
and i s o t o p e d i s t r i b u t i o n s . The d e p r o t o n a t i o n of TM0 + 
(130 and D l a b e l l e d ) was attempted by h e a t i n g the BF4~ 
s a l t w i t h NaH u n t i l a v i g o r o u s r e a c t i o n o c c u r r e d . 
Although h y d r i d e m e t h y l a t i o n forming CH4, and TMO 
decomposition t o DME were the major r e a c t i o n s , a n a l y s i s 
of the head gas showed ethylene (0.3-2.5%) and ethane 
(0.3-2.1»), (Table 2 and 3 ) . Based on 13C i s o t o p e 
d i s t r i b u t i o n s (Table 2) i t was concluded t h a t TM0 f was 
deprotonated t o an y l i d e , which i s then methylated 
i n t e r m o l e c u l a r l y by excess ΤΜ0+ t o Me 9EtO +. 

H 3 C H 3 

W NaH I 
, B P 4 - N a B F ^ 
C H , 

•CH3OCH3 + CH 4 

C H , C H , Δ/ 
C H 2 = . C H 2 + C H 3 O C H 3 

(CH3)3OBP, 
C H 3 - C H 3 + C H 3 O C H 3 

I H C H 3 ) 2 0 
C H 2 J C H 2 

7 JL NaHN 
CH 3 OCH 3 + CH 3 F + B F , { C H 3 

J Stevens rearrangement C H 4 + [CHgOCHjCHg]- «- C H 2 = C H 2 + CH 3 0H 

CH 2 OCH 2 CH 3 - - C H 3 0 H + C H 2 r=CH 2 

The d e s i l y l a t i o n of MeoSiCH 20 +(CD3)CH3BF4" was 
c a r r i e d out by r e a c t i o n with CsF. Again s m a l l amounts 
of Co products were observed (Table 4 ) , w h i l e F" 
a l k y l a t i o n was the major r e a c t i o n . I t was p o s t u l a t e d 
t h a t d e s i l y l a t i o n gave the y l i d e , which i s t r a n s -
methylated by CH3 and CD3 t o Me 2EtO +, which i n t u r n was 
c l e a v e d by F " t o l a b e l l e d MeOEt and E t F . 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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Table 3 Reaction of (CD 3) 3Q+BF 4-« with NaH 

. isotopic distribution, % 

products % d 0 4 d2 d3 dA d5 d6 

methane 9.1 -84 -16 
MeF 16.8 b 
ethylene 0.3 5.5 16.4 18.3 26.5 33.3 
ethane 0.3 b 
Me20 73.5 7.0 93.0 
alsotopic purity 99%. 
&Not determined. 

Table 4 Reaction of Me 3SiCH 20+(CD 3)CH 3BF 4-« with CsF 

products yield, % b isotopic distribution, c% 

methane 0.1" e 
MeF 12.1" 60.6 CD 3F 

39.4 CH 3F 
ethylene 1.0" e 
EtF 0.5 48.4CD3CH2F 

Me20 
51.6CH3CH2F 

Me20 55.9 16.8CD3OCD3 

69.2CD3OCH3 

MeOEt 
14.0CH3OCH3 

MeOEt 1.6 29.0CD3CH2OCD3' 
27.0CD3CH2OCH3 

22.7CH3CH2OCD3 

21.3CH3CH2OCH3 

Me3SiF 3.4 noD 
Me2Si(Et)F 4.1 noD 
Me3SiCH2F 9.2 noD 
Me3SiCH2OMe 12.1 9 
a C D 3 group 99% labeled. 
^Three experiments with the unlabeled oxonium salt showed similar product 
distributions. 

cSimilar isotopic distributions were obtained in two other runs. 
"Values obtained from analysis of gas phase and converted under the 
assumption mol % MeF = mol % Me3SiCH2OMe. 

eNot determined. 
'Calculated distribution for Stevens rearrangement: 16.8:34.6:34.6:14.0. 
0MS data did not allow differentiation between Me 3SiCH 2OCD 3 and 
Me 3SiCH 2OCH 3 . 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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CD, CH, 

CH 2 

I 
SiMe, 

CH3F + CD3OCH2SiMe3 

+ 
CD3F + CH3OCH2SIMe3 

+ 
CD3OCH3 + FCH2SIMe3 

+ 
(CH3)2SI(E1)F 

>3SiF ι 
CH 2 

^PCD, 

C D \ y CH 3 Y 
ι 
CH 2 

I 
CD, 

Stevens 
//-^CD3OCH2CH3 + CH3OCH2CD3 rearrangement 

\CH,C-

C D 3 CH, 

V 
ι 
CH 2 

CHj 

CH3F + CD3F + CD3OCH3 CH3F + CD3F + CD3OCH3 

+ + 
CHgCCHgCDg + CD3OCH2CD3 CH3OCH2CH3 + CD3OCH2CH3 

+ + 
CD3CH

The observed deuterium d i s t r i b u t i o n i n MeOEt 
appeared t o r u l e out the i n t e r m o l e c u l a r Stevens-type 
rearrangement. 

The p h o t o l y t i c r e a c t i o n of CH2N2 with d i a l k y l 
e t h e r s was f i r s t d e s c r i b e d by Meerwein e t a l . [25]. 
Ac c o r d i n g t o Huisgen [26] the r e a c t i o n proceeds v i a 
y l i d e f o r m a t i o n f o l l o w e d by a Stevens-type r e a r r a n g e 
ment. T h i s was d i s p u t e d by Franzen and F i k e n t s c h e r 
[27] who found, u s i n g 1 4CH2, t h a t EtOPr from EtOEt was 
l a b e l l e d i n the 7 - p o s i t i o n r a t h e r than the a - p o s i t i o n 
expected from an y l i d e rearrangement. 

C2H50-CH2-CH3 + :"CH2 

α β γ 

Olah [24] reexamined t h i s r e a c t i o n u s i n g CD2N2 
wi t h u n l a b e l l e d e t h e r s (MeOEt, MeO-n-Pr, EtOEt, EtO-n-
Pr, and THF). In a d d i t i o n t o products of C-H 
i n s e r t i o n , evidence was found f o r competing methylene 
a t t a c k on oxygen t o form the y l i d e . The r e a c t i o n of 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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CD2 w i t h MeOEt i s i l l u s t r a t i v e . A side from the 
i n s e r t i o n products MeOPr and EtOEt, small amounts of 
DME are formed. A n a l y s i s of deuterium d i s t r i b u t i o n i n 
DME showed s i g n i f i c a n t amounts of dQ, d2, and d3« 
Small amounts of u n l a b e l l e d ethylene were a l s o 
d e t e c t e d . These r e s u l t s were r a t i o n a l i z e d by the 
scheme below: 

4 'Ί 
C H 3 - O - Et — * » | C H 3-0 - E t J - * X H 2

e CH 2 + CH3OCD2H 

1CD OD 

CH 3 - O - CD 3 -»- EtOCH3 + EtOCD3^- CH3

Ô C D 3 | Ô C D 3 

C H 3-0 - C H 3 + Et -OCH 3 + E t -OCD 3 + 
CH3OCD3 + CD3OCD3 + E t 2 0 

In t h i s i n t e r p r e t a t i o n , a t t a c k of CD2 on the 
oxygen of MeOEt y i e l d s the y l i d e , which can undergo β-
e l i m i n a t i o n t o ethylene and d2~DME, or p r o t o n a t i o n 
( d e u t e r a t i o n ) by i m p u r i t i e s (D2O or d e u t e r a t e d MeOH 
produced d u r i n g CD2 generation) t o form a l a b e l l e d 
oxonium i o n . T h i s undergoes a s e r i e s of r a p i d methyl 
t r a n s f e r s t o g i v e dp, d^ and dg-DME. In c o n t r a d i c t i o n , 
the deuterium d i s t r i b u t i o n s from the THF experiment are 
i n c o n s i s t e n t w i t h the h y p o t h e s i s . In t h i s case the DME 
produced sho u l d be dg (and d5 r e f l e c t i n g i s o t o p i c 
p u r i t y ) e x c l u s i v e l y , w h i l e the observed DME-dg was the 
s m a l l e s t component. Furthermore, some t e t r a h y d r o p y r a n , 
the expected product of a Stevens rearrangement, was 
found. 

These model experiments p r o v i d e new i n s i g h t s i n t o 
the q u e s t i o n of i n i t i a l C-C bond formation i n MTG. 
However, they cannot be c o n s i d e r e d d e f i n i t i v e . 
Assuming, n e v e r t h e l e s s , t h a t oxonium y l i d e s are 
i n t e r m e d i a t e s i n C-C bond formation i n MTG, there 
remains the q u e s t i o n whether the z e o l i t e conjugate base 
can e f f e c t y l i d e g e n e r a t i o n from alkyloxonium p r e c u r 
s o r s . 

Hunter and Hutchings [28] modelled the z e o l i t e 
conjugate base w i t h l i t h i u m t e t r a i s o p r o p o x i d e , and 
s t u d i e d i t s r e a c t i o n w i t h TM0 +SbCl6"". No MeOEt was 
d e t e c t e d , but o n l y products of i s o p r o p o x i d e decompo
s i t i o n or n u c l e o p h i l i c c h l o r i d e or i s o p r o p o x i d e a t t a c k . 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
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(CH 3 ) 3 0 + SbCl i + LiAI(OP()4 ^PrOMe + PrCI + PrOH 
27% 31% 42% 

(7% conversion to PrOMe) 

The A l - 0 bond i s t h e r e f o r e more n u c l e o p h i l i c than 
b a s i c . These same workers then s t u d i e d the decompo
s i t i o n of v a r i o u s m e t h y l a t i n g agents MeX (X = OH, I, 
0S0 3Me) over ZSM-5 [29] (Table 5 ) . The f a c t t h a t 
hydrocarbons were formed from dimethyl s u l f a t e argues 
a g a i n s t TMO i o n as a key i n t e r m e d i a t e , s i n c e the oxygen 
i n d i m e t h y l s u l f a t e i s too weakly n u c l e o p h i l i c t o form 
an oxonium i o n . Hunter and Hutchings propose the 
i n i t i a l f o r m a t i o n of a surface-bound methoxyl, which i s 
deprotonated to a surface-boun
bound y l i d e i s i s o e l e c t r o n i
[13,30], 

C H 2 

C H 2 

° > > > < ° — >cr 0 >< 0 

Surface incorporated ylide Surface carbene 

which i n s e r t s i n t o C-H t o form C-C. The nature of the 
b a s i c s i t e remains u n s p e c i f i e d . 

The q u e s t i o n of z e o l i t e b a s i c i t y was r e c e n t l y 
addressed by H e l l r i n g and co-workers [31], who 
s y n t h e s i z e d TMO-ZSM-5 and monitored i t s decomposition 
by 13C magic angle s p i n n i n g NMR (MASNMR). _TM0-ZSM-5 
was s y n t h e s i z e d by i o n exchange of TM0fBF4 ( i n CH3NO2) 
w i t h HZSM-5 a t T<253 K. F i g u r e 4 shows the 13C MASNMR 
s p e c t r a of TMO-ZSM-5 as i t i s warmed to room tempera
t u r e . I t i s seen t h a t the sample decomposes to methyl 
ZSM-5 and DME, c o n f i r m i n g t h a t the conjugate base of 
HZSM-5 i s n u c l e o p h i l i c r a t h e r than b a s i c toward TMO4". 
T h i s i s f u r t h e r evidence a g a i n s t a Stevens r e a r r a n g e 
ment . 

F o r e s t e r e t a l . [32], u s i n g i n s i t u FTIR, s t u d i e d 
the MTG r e a c t i o n over ZSM-5 a t e l e v a t e d temperature 
(T>473 K) and observed the appearance of s u r f a c e AlOMe, 
c o i n c i d e n t a l w i t h hydrocarbon f o r m a t i o n . 

These two s t u d i e s p r o v i d e a d d i t i o n a l evidence t h a t 
s u r f a c e methoxyls are i m p l i c a t e d i n the mechanism. 

A f r e e r a d i c a l c h a i n mechanism f o r MTG was 
suggested by Z a t o r s k i and Krzyzanowski [33] some time 
ago, but without experimental support. R e c e n t l y , 
C l a r k e e t a l . [34] d e t e c t e d f r e e r a d i c a l s i n DME 
decomposition over ZSM-5, u s i n g a s p i n - t r a p p i n g 
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reagent. These workers p o s t u l a t e t h a t r a d i c a l s are 
generated a t paramagnetic c e n t e r s ( s o l i d - s t a t e d e f e c t s ) 
i n the z e o l i t e , and proposed the f o l l o w i n g schemes f o r 
C-C bond for m a t i o n : 

S- + C H 3 O C H 3 

2 CH2-0-CH3 

S-H · 

**S-H + CH2-0-CH3 

*CH3-0-[CH2]2-0-CH3 

*S- + H 

•CH2-0-CH3 —^:CH2 + 0-CH3 

:CH2 + CH3-O -CH3 *»CH3CH2-0-CH3 

I t must be noted, however, t h a t the proposed 
g l y c o l d i e t h e r from r a d i c a l recombination has never 
been d e t e c t e d i n the products of DME r e a c t i o n . 

The p r o p o s a l of C l a r k e e t a l . e l i m i n a t e s the 
requirement of s t r o n g l
from C-H, a major drawbac
t h a t r a d i c a l s can be generated by t h e r m o l y s i s of 
s u r f a c e methoxyls, and t h a t the r a d i c a l s c i s s i o n of 
C l a r k e e t a l . o c c u r s , the f o l l o w i n g i n i t i a t i o n 
mechanism would seem p l a u s i b l e : 

C H 3 O H + ZOH 
C H 3 O Z 4- R-

CH3OZ + H20 
CH2OZ + RH 

SUMMARY 

•CH2OZ 

RH + OZ 

Ο 
/ \ :CH2 

Ο 
/ \ 

R- + ZOH 

CH? 

Ο 
A \ 

+ OZ 

A survey of c u r r e n t o p i n i o n on the mechanism of i n i t i a l 
C-C bond formation i n MTG has been presented. Pro
p o s a l s f o r the r e a c t i v e Q± i n t e r m e d i a t e range from 
c a r b o c a t i o n i c t o r a d i c a l . However, the v a r i o u s i n t e r 
mediates may be shown t o be r e l a t e d to one another as 
f o l l o w s : 

CH-
1 

® 

CH-
1 

® 

zeolite 
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Definitive evidence in support of any particular 
pathway is lacking at present. 
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bond formation, pentavalent 
carbonium transition-state 
formation, 600,602 

Carbon-13 NMR spectroscopy 
application to reactions on 

zeolites, 24,26-28 
of zeolite 39, 16,18/ 
of zeolite 48, 17,18/ 
of zeolite ZSM-5 and -11, 16 

Carbon molecular sieves 
advantages, 388 
catalytic applications, 337,338 
description, 336 
formation of planar membranes and 

hollow tubes, 337 
pore structure, 336,337 
preparation, 336 
properties, 336 
separation of small gas molecules, 337 

Catalysts, zeolite materials, 66-82 
Catalysts in thin-wall honeycomb form 

advantages, 492 
methanol conversion reaction, 495,497/ 
optical micrographs, 496,498/ 
weight loadings, 495,496 

Catalytic acidity of zeolites, 
discussion, 472 

Catalytic dewaxing, use of borosilicate 
catalysts, 537 

Catalytic testing, experimental 
procedure, 559 

Cation-anion pair formation, influence 
on Si distribution, 229-234 

Cation distribution in zeolites 
energy-minimization process, 193,194 
site population, 195,196 
statistical mechanical model, 193,194 
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Cation-exchanged isotherms of Y zeolites, 
occupancy of cation sites, 43 

Cation-exchanged samples of Y zeolites 
chemical analyses, 35,36/ 
hydration, 35 
NMR line intensity vs. cation 

exchange, 44,45/,46/ 
preparation, 35 

Cation position in ion-exchanged Y 
zeolites 

analytical techniques, 34 
influence on properties, 33,34 
IR spectroscopy, 34 
X-ray diffraction, 34 

Cell dimensions, determination, 165-167 
Cesium-exchanged zeolite A 

angles, 181/ 
deviations of atoms from 

plane, 184/, 186 
distribution of Cs + ions, 183,184
interatomic distances, 181/ 
observed and calculated structure 

factors, 191-193/ 
occupancy parameters, 181,182/ 
positional parameters, 181,182/ 
preparation, 49,178 
stereoview 

of large cavity, 184,185/, 186,188/ 
of sodalite unit, 186,187/, 189/, 190/ 

thermal parameters, 181,182/ 
Cesium ion sieving, discussion, 178 
Ce-Y zeolites, 29Si-NMR spectra, 56,57/ 
Characterization of borosilicate 

molecular sieves 
IR spectroscopy, 534,535 
NMR spectroscopy, 535 
quantum chemical 

characterization, 535,536 
temperature-programmed desorption, 535 

Cobalt zeolite catalysts 
catalysis experiments, 571 
catalysis selectivity, 572,575/ 
characterization, 571 
deactivation, 577 
effect of Na on reactions, 576,577 
electron diffraction pattern, 572,573/ 
energy-dispersive X-ray 

analysis, 572,573/ 
preparation, 571 
turnover number vs. time, 572,574/,575/ 

Coke deposition 
intracrystalline mean 

lifetimes, 391,392/ 
ratio of intracrystalline lifetimes 

to amount of coke 
deposited, 391,393/ 

self-diffusion coefficients of propane 
after different coking 
times, 391,394/,395 

Colloid-clay systems 
characterization, 320 
properties, 320 

Constraint index, definition, 470 
Conventional dealumination 

acid leaching, 100,103-105/ 
poisoning of acid sites, 108 
steaming, 100,103/ 

Conversion of propene to aromatics, use 
of borosilicate catalysts, 538 

Coordination sites of zeolites, 
characterization techniques, 203,204 

Copper coordination to oxygen six-rings 
of zeolites 

bond angles, 205/ 
bond distances, 205/ 
d-d transition energies, 204/ 

location, 151,152,153/, 154/ 
Cordierite honeycomb 
percentage weight loss of pieces after 

acid leaching, 493/ 
preparation, 493 
silicalite concentration, 494/ 

Cracking activity, influencing 
factors, 542,543 

Cracking selectivity, influencing 
factors, 542,543 

Cross-polarization carbon-13 NMR 
spectroscopy (CP 1 3C-NMR) 

of oligomerized ethylene on 
zeolites, 27,29/ 

parameters, 3,4 
Crush strengths, measurement for X 

zeolites, 481 
CuO s complex in angular overlap model 
energy level diagram, 212 
ligand field and Jahn-Teller 

stabilization 
energies, 212,214/,215 

O-donor strength of lattice 
oxygens, 210-212 

ordering of energy levels, 212,213/ 
parameters of AOM calculation, 210/ 

CuOg complex in ligand field theory 
angular overlap model 

parameters, 216,217/ 
parameters of calculations, 215/,216 

Cu0 6 unit, geometrical model, 205,206/ 
Cyclohexane diffusion 

Arrhenius parameters, 369,370/ 
comparison of ZLC and NMR 

diffusivities, 369,371/ 

D 

Dealkylation of cumene, use of 
borosilicate catalysts, 537 
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Dealuminated H-faujasites 
acidity vs. framework aluminums, 556 
aluminum T-atom fraction, 558/ 
catalytic activity for m-xylcne 

conversion, 561,563-565 
catalytic testing, 559 
degree of dealumination, 561,563-565 
degree of crystallinity, 558/ 
effect of aluminum framework on 

/w-xylene disproportionation 
selectivity, 567/ 

hidden-site concept, 559-562 
IR spectroscopy, 559 
isomerization/disproportionation 

selectivity of m-xylene 
conversion, 565 

lattice constant, 558/ 
para/ortho selectivity of m-xylen

conversion, 565,566/ 
turnover frequency vs. framewor

aluminums, 556,557/ 
Dealuminated HY zeolites, Bronsted acid 

sites, 117-133 
Dealumination of faujasite, 558 
Dealumination of HY zeolites, 
activity for gas-oil 

cracking, 548,549/ 
27A1-NMR spectra, 543,545,546/,547 
Bronsted acidity, 547,549/ 
catalytic activity for cracking 

H-hexane, 545,546/ 
factors influencing 

reactivity, 553,554 
gas-oil cracking procedures, 545 
gas-oil cracking selectivity, 551-554 
Ai-heptane cracking procedure, 545 
IR spectroscopy, 543,545 
pore volume, 548,550/ 
preparation, 543 
textural and structural 

characteristics, 543,544/ 
turnover for w-heptane 

cracking, 548,550/ 
turnover frequency for gas-oil 

cracking, 548,549/ 
unit cell constant, 543 

Dealumination of Y zeolites 
acid strength distribution, 99-114 
catalyst compositions, 580/ 
catalytic measurements, 581/ 
conversion of benzene, 581,586 
effect of nickel loadings on 

hydrogénation activity, 593 
introduction of nickel, 580 
number of acid sites vs. 

dealumination, 594 
preparation, 99,580 
spectroscopic 

characterization, 581,586-593 

Dealumination of zeolites 
acid-leaching mechanism, 24 
conventional 

dealumination, 100,103-105/ 
generation of SiOH defect groups, 21 
isomorphic 

substitution, 100,106/, 107/, 108 
SiCl treatment, 23 

Dehydrated, fully Cs+-exchanged zeolite 
A, properties, 179 

Dehydrocyclization of paraffins, 519 
Desorption curve, equation, 364 
Diffraction intensities 
measurement, 179 
standard deviation 

calculation, 179,180 
Diffraction profiles, measurement, 197 

 occupancy  organi
fragment structure with 
reaction, 91,92/,93 

advantages, 85 
apparatus, 86,88 
application of spectral subtraction 

procedures, 93,94/ 
applications, 85,86 
characterization of O-H stretching 

vibration, 89,90/,91 
experimental materials, 86 
experimental procedures, 85 
factors influencing O-H 

vibrations, 93,95/,96 
schematic of diffuse reflectance 

cell, 86,87/,88 
spectral features, 88-90/ 

Diffusion coefficient, calculation, 377 
Diffusion-constrained systems, 

design, 471 
Diffusional time constant, 

determination, 364 
Direct characterization method for 

localization of adsorbed molecules, 
objective, 75 

Dynamic adsorption of S0 2 on annular 
bed of molecular sieve 

concentration vs. time curves, 424,425/ 
definition of efficiency, 424,432 
disadvantages, 421,422 
effect of feed flow rate on 

capacity, 424,428/ 
effect of flow rate on adsorption 

rate, 424,431/ 
effect of S0 2 concentration 

on capacity, 424,425/ 
effect of S0 2 partial pressure 

on adsorption rate, 424,430/,432 
on capacity, 424,427/ 
on efficiency, 432,433/,434 
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Dynamic adsorption of S0 2 on annular bed 
of molecular sieve—Continued 

effect of temperature on 
capacity, 424,429/,432 

experimental procedures, 422,424 
Kehat-Abrahami model, 437/,438 
schematic experimental 

system, 422,423/ 
spherical diffusion 

model, 434,435/,436/,438 
Dynamic equilibrium, definition, 424 

Equilibrium capacities of nitrogen and 
oxygen, determination, 481 

Equilibrium constants, values, 407/ 
Extraframework Al-OH groups 

interpretation of IR bands, 131,132 
occurrence, 131 

Extruded silicalite zeolite honeycombs, 
preparation, 495 

Echo attenuation, calculation, 378,379 
Edingtonite, 168 
Efficiency of dynamic adsorptio

process, definition, 424,432
Electron diffraction 
linear faults in mordenites, 259,260/ 
patterns for trioctylamine-containing 

mordenites, 249,250/,251/ 
Electron diffraction patterns of 

mordenite crystals, 248 
Electron spin echo modulation 

(ESEM) spectroscopy 
description, 151 
spectrum of C u 2 + 

in zeolite 
NaH-ZSM-5, 156,158/, 159 

in zeolite rho, 156,157/ 
in zeolite theta-1, 152,154/ 

Equilibrium adsorption diagram of 
0 2 - N 2 mixtures on clinoptilolite 

adsorption isotherms 
for N 2 from Ο - N 

mixtures, 400,403/ 
for 0 2 from Ο - Ν 

mixtures, 400,404/ 
of N 2 and Ο 400,401/ 

change in Gibos free energy, 407/ 
equilibrium constant, 407/ 
experimental equipment, 398,399/ 
experimental materials, 398,400 
Freundlich constants, 400,406/ 
Freundlich-type isotherms for N 2 from 

0 2 - N 2 mixtures, 400,404/ 
Henry constants, 406/,407 
Henry-type isotherms for Ο from 

0 2 - N 2 mixtures, 400,405/ 
isobaric cuts from three-dimensional 

diagram, 400,403/ 
parameters of gas chromatographer 

column, 398/ 
sorbates and sorbent 

characteristics, 398 
three-dimensional diagram, 400,402/ 
virial coefficients, 400,406/ 

Far IR spectroscopy of A zeolites 
for calcium-exchanged 

species, 144,146,147/ 
for potassium-exchanged 

species, 144,145/ 
for sodium-exchanged 

species, 137-142 
Faujasite, dealumination procedure, 558 
Faujasite topology 
derivation, 175,176 
description of asymmetric unit, 175 
idealized, results, 176 

Faulted mordenites, mid IR 
spectra, 249,257/,259 

Framework dealumination of rare-carth-
exchanged Y zeolites, 48-63 

Free-radical chain mechanism for initial 
C-C bond formation, experimental 
support, 609,612 

Freundlich constants, values, 400,406/ 
Full-matrix least-squares refinement 
Cs+occupancies, 180,181 
structure determination, 180-183 

Gas-oil cracking 
activity, 548,549/ 
apparent turnover frequency, 548,550/ 
experimental procedure, 545 
selectivity 
effect of hydrogen transfer 

ability, 551,553 
effect of number of aluminum per 

cell, 551,552/ 
vs. total conversion, 551,552/ 

Generalized random with some constraint 
model 

Al distribution in offretite and omega 
zeolites, 7,8 

hypotheses, 7 
Gibbs free energy, values, 407/ 

In Perspectives in Molecular Sieve Science; Flank, W., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1988. 



622 PERSPECTIVES IN MOLECULAR SIEVE SCIENCE 

H 

Henry constants, values, 406/,407 
//-Heptane cracking 

catalytic activity, 545,546/ 
turnover, 548,550/ 

1-Hexene reactions, 
chemistry, 516,517/,518 

Hidden-site concept in faujasite, 
description, 559,560 

High Al content zeolites, dealumination 
and realumination, 17-25 

High-pressure liquid chromatography 
adsorption isotherm data, 458-463 
batch measurement for equilibrium 

adsorption, 455 
column parameter, 455/ 
dead volume, 453,455 
experimental apparatus, 453,454/ 
experimental procedure, 453 
liquid diffusivities, 461,464 
mathematical model for mass transfer 

of an adsorbate, 455-458 
response peaks, 453,454/ 

High-resolution magic-angle spinning-
9Si NMR spectroscopy, line 

intensities vs. degree 
of dealumination, 20/,21 

High-resolution powder technique 
cell dimension and space group 

determination, 165-167 
collection of data, 163,164/, 165 
refinement of data and structure 

determination, 172,173 
trial model determination, 167-172 

High-resolution solid-state NMR 
spectroscopy, analysis of 
cations in zeolites, 33-46 

High-resolution solid-state NMR 
spectroscopy-magic-angle spinning, 
application to silicates and 
silicoaluminates, 4-17 

Hydrated Ca,Na-Y zeolites, 23Na-NMR 
spectra, 39,42/ 

Hydrated NH Na-Y zeolites 
Na-NMR spectra, 39,40/ 

spectral simulation, 39,41/ 
Hydrocarbon formation from methanol 
mechanism of initial C-C bond 

formation, 597-612 
reaction path, 596,597 

Hydrocracking catalyst, use of 
borosilicate catalyst, 537 

Hydrogen sulfide, effect on OH IR bands 
of dealuminated solids, 123,127/, 128 

Hydrogen transfer ability, 
mechanism, 551,553 

Hydrotalcitelike materials 
characterization, 325 
reaction studies, 326 
synthesis, 325 

Hydrothermal synthesis of borosilicate 
sieves, description, 533 

Hydrothcrmal treatment of dealumination 
solids 

effect of hydrogen sulfide, 123,127/, 128 
effect of pyridine, 120,122/, 123,124/ 
IR spectra of OH bands, 120,121/ 
occurrence of extraframework Al-OH 

groups, 131,132 
occurrence of silanol groups, 132,133/ 

Hydrothermally dealuminated 
faujasite, 27A1-NMR spectra, 24 

HY zeolites, preparation, 543 

Illites 
catalytic activity, 318,319/ 
structural features, 316,317/,318 

Industrial applications of zeolites, 
examples, 472,473/ 

Initial C-C bond formation for 
methanol-to-gasoline process, 
mechanisms, 597-612 

Inorganic oxide-modified carbon 
molecular sieve 

characterization by molecular probe 
adsorption, 338,339,342/ 

preparation of materials. 339,340 
Interaction angles, for Cs -exchanged 

zeolite A, 181/ 
Interaction distances, for Cs+-exchanged 

zeolite A, 181/ 
Intracrystalline diffusion in zeolites 

analytical techniques, 362,363 
zero-length column chromatographic 

technique, 363-373 
Intracrystalline diffusivity 

calculation, 457 
for liquid alcohols in 

silicalite, 458/,461 
Ion-pairing equilibrium coefficient 
effect of cation size, 233,234 
vs. distance between charge centers in 

ion pair, 233 
Iron carbon molecular sieves, catalytic 

application, 337,338 
Iron zeolite catalysts 
assignments of oxidized species, 576 
catalysis selectivity, 572,575/ 
effect of Na on reactions, 576,577 
Mossbauer spectrum, 572,574/,576 
particle size, 572,575/,576 
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IR spectroscopy 
analysis of cation positions of 

zeolites, 34 
of A1PO -5, 241,243/ 
of borosilicate molecular 

sieves, 534,535 
of dealuminated H-faujasites, 559 
of layered double metal 

hydroxides, 332,333/ 
of SAPO, 241,243/,244/ 
ofSSZ-24, 241,243/ 
procedures for characterization of 

Bronsted acid sites, 118,119 
Isomorphic substitution 
description, 100,106/, 107/ 
effect on acid strength 

distribution, 100,108 
Isomorphic substitution solid
amount of chemisorbed ammonia
dealumination level, 108 
effect of acid leaching, 113,114/ 
physicochemical and acidity 

characteristics, 100,102/ 
Isomorphous dealumination solids 
effect of ethylene, 123,125/,126/ 
effect of hydrogen sulfide, 123,127/, 128 
effect of pyridine, 123 
IR spectra of OH bands, 120,121/ 
occurrence of extraframework Al-OH 

groups, 131,132 
occurrence of silanol groups, 132,133/ 
physicochemical characteristics, 119/ 

[2- Qlsopropyl alcohol, 1 3C-NMR 
spectra, 27,28/ 

Isotherms 
binary, 411,412/ 
pure component, 411 

Jahn-Teller effect of CuO s model, 212 
Jahn-Teller stabilization energies of 

Cu0 3 model, 212,214/,215 

Κ 

Kehat-Abrahami diffusion model 
discussion, 438 
parameters, 438 
test, 437/,438 

Kenyaite, intercalation, 318 

L 

La,a-Y zeolite, 29Si-NMR 
spectra, 52,53/,54 

La,e-Y zeolites 
Al-NMR spectra, 59,60/ 

hydrothermal stability vs. degree of 
dealumination, 59,63 

29Si-NMR 
spectra, 56,58/,59,60/ 

variation of crystallinity and unit 
cell size, 59,61/ 

XPS data, 62/,63 
LaH 4 -Y zeolite, 29Si-NMR 

spectra, 52,53/,54 
Lanthanum-7 NMR spectroscopy 

of zeolite ZSM-5, 13,15/, 15/, 16 
Lanthanum-cerium-exchanged zeolites, 

preparation, 49 
Lattice vibrations of pentasils and 

mordenites, 249,254-260 

decomposition, 328/ 
27A1-NMR spectra, 332,333/ 
catalytic activity, 325 
chemical formula, 326/ 
conversion activity, 328,329/ 
conversion and selectivity toward 

ketone formation, 328,331/ 
crystal phases, 326/ 
description, 324,325 
effect of calcination temperature on 

catalytic activity, 326,327/ 
features during calcination, 326 
IR spectra, 332,333/ 
physical and structural 

characteristics after 
calcination, 327/,328 

selectivity toward ketone 
formation, 328,329/ 

thermal stability, 325 
La-Y zeolites 

29Si-NMR spectra, 52,53/,54 
thermal stability, 54 

Leached cordierite honeycomb pieces, 
preparation, 494,495 

Lead, removal from wastewaters by 
chabazite tuff, 501-508 

LiCl addition, effect on Si distribution 
in alkali metal silicate 
solutions, 229,231/ 

Ligand field stabilization energies of 
CuO model, 212,214/,215 

Ligand field theory, 
description, 208-210 

Linde type A zeolites 
far IR spectra, 137 
framework structure surrounding a 

large cage, 136,137,138/ 
Linear paraffin diffusion 
activation energy vs. carbon 

number, 372,373/ 
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Linear paraffin diffusion—Continued 
Arrhenius parameters, 369,370/,372 
Arrhenius plots, 372,373/ 

Liquid adsorption equilibrium, 
measurement by LC, 453 

Liquid alcohols in silicalite 
adsorption isotherm data by batch 

method, 461,462/ 
adsorption isotherm 

parameters, 458/,461 
comparison of isotherm results of 

batch vs. HPLC methods, 461,463/ 
HPLC response peaks 

for ethanol, 458,459/ 
for propanol, 458,459/ 

intracrystalline 
diffusivity, 458/,461,464 

Liquid chromatography (LC)
measurement of liquid adsorptio
equilibrium, 453 

Low-silica X zeolites 
air separation properties of 

self-bound pellet, 488-490 
characteristics, 479 
characterization of self-bound 

pellet, 485-488 
comparison of synthesis to that of X 

zeolites, 482 
effect of precrystallization aging 

conditions on synthesis, 482 
pelleted form, 479 
preparation, 479,480 
overall scheme for preparation of 

self-bound adsorbent, 482-487 

M 

Magadiite intercalation, 318 
Magic-angle spinning, parameters, 3 
Mass transfer of an adsorbate, 

mathematical model, 455 
adsorption equilibrium parameters, 457 
assumptions, 455 
boundary conditions, 456,457 
initial conditions, 456 
intracrystalline diffusivity, 457 
partial differential 

equations, 455,456 
spherical symmetrical condition, 456 

Metakaolin 
aging studies, 483,484/ 
crystallization of low-silica X 

zeolite with agitation, 483 
factors influencing low-silica X 

zeolite formation, 483 
formation of self-bound low-silica X 

zeolite with agitation, 485,487/ 
pellets, preparation, 480 

Metal oxide pillars, synthesis, 316 
Metal particles in zeolites 
effect on reactions, 570 
introduction techniques, 569 
preparation, 570 
use as catalysts, 569,570 

Methanol conversion, use of borosilicate 
catalysts, 537 

Methanol conversion on ceramic 
honeycombs 

methanol conversion, 495,497/ 
reaction setup, 495,497/ 

Methanol-to-gasoline process, 
commercialization, 596 

3-Methylpentane 
effect on adsorption kinetics of 

zeolites, 68,69,70/ 

 strength, 69,7
adsorption experimental procedures, 67 
adsorption kinetics, 68,69,70/ 
crystallite sizes and adsorption 

capacities, 67,68/ 
formulas, 67,68/ 
para selectivity, 69 
sorbate localization, 72,75,76/,77/ 
techniques for structural 

determination, 71 
unit cell parameters, 72,74/ 
X-ray powder diffraction, 71-73/ 
p-xylene location, 75,78/ 

Microcalorimetry, experimental 
procedures, 99 

Microporous silica beads, 
preparation, 340 

Microwave plasma technique, preparation 
of metal zeolites, 572 

Mid IR spectroscopy 
experimental procedure, 248 
of pentasils and 

mordenites, 249,254-260 
Modified zeolites, characterization of 

Bronsted acidity, 117-133 
Molecular intracrystalline lifetime, 

determination, 379,381 
Molecular probe adsorption 

apparatus, 339,342/ 
characterization of inorganic oxide-

modified carbon molecular 
sieve, 338,339 

Molecular sieve compounds 
definition, 162 
structure determination using 

high-resolution powder 
data, 162-173 

Molecular sieve materials, 
properties, 66 
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Molecular transport in zeolites 
NMR pulsed field gradient 

technique, 377 
traditional sorption 

experiments, 376,377 
Mordenite 

dealuminated, 29A1-NMR 
spectra, 8,12/, 13 

dealumination acid leaching, 17/ 
high-resolution magic-angle spinning 

29Si-NMR spectra, 20,22/ 
NMR line intensities vs. degree of 

dealumination, 20/,21 
Si-Al ratio determination, 17,20/ 
29Si-NMR spectra, 8,10/ 

Mordenite crystals 
effect of pyridine sorption on OH 

stretching bands, 262,266,267/,268
IR lattice vibrations, 249,254-26
linear faults, 259,260/ 
mid IR spectral 

frequencies, 249,255/,259 
Si-Al ratios, 262,272/,273,274 
29Si-NMR 

spectroscopy, 266,269-270/,272/ 
stretching vibrations, 260,261/ 
See also Siliceous mordenite crystals 

Mordenite dealumination 
acid-leaching mechanism, 24 
number of defect groups, 21,22/ 
Si configurations and defects 

groups, 21/ 
Multiple atom solutions of molecular 

sieve structure, description, 176 

NMR self-diffusion measurements 
analysis of primary data, 380/,381,382 
experimental procedures, 381 
intracrystalline mean lifetimes 

for aromatic compounds, 384,385/ 
for rt-paraffins, 382,383/ 

of molecules adsorbed on zeolites, 378 
NMR spectroscopy 

of borosilicate molecular sieves, 535 
parameters for various nuclei, 3 

NMR tracer desorption technique 
determination of molecular 

intracrystalline 
lifetimes, 379,381,382,383/ 

echo attenuation vs. gradient pulse 
width, 379 

Nonacid zeolite catalysis, ESR 

adsorption isotherms, 400,404/ 
Henry-type isotherms, 400,405/ 

Occupancy parameters, for Cs+-exchanged 
zeolite A, 181,182/ 

Olefins, reactions, 515/,516,517/,518 
Oligomerized ethylene, CP 1 3C-NMR 

spectra, 27,29/ 
Oxygen-17 NMR spectroscopy 

of zeolites A and Y, 13,14/ 
Si-Al ratio determination, 13 

N 2 

adsorption isotherms, 400,403/ 
Freundlich-type isotherms, 400,400/ 

Na-Y zeolite, occupancy of cation 
sites, 43 

Nd-Y zeolites 
27A1-NMR spectra, 54,55/,56 
dealumination, 54,56 
29Si-NMR spectra, 54,56 

Nitrogen capacity, 
determination, 481,482 

Nitrogen selectivity, 
calculation, 481,482 

NMR pulsed field gradient self-diffusion 
measurement technique, discussion, 362 

NMR pulsed field gradient technique 
diffusion coefficient, 377 
self-diffusion coefficient, 377 
use in intracrystalline molecular 

lifetime determination, 377,378 
use in self-diffusion studies, 377 

Paraffin reactions 
applications, 518,519 
dehydrocyclization-cracking 

selectivity ratio, 519,520/,521 
description, 519 
isomerization-cracking selectivity 

ratio, 519,520/,521 
M-Paraffins in NaX, intracrystalline 

mean lifetimes, 382,383/,384 
Partially Si-substituted AlPO^-5 

molecular sieve (SAPO), size-
exclusion micrograph, 241,242/ 

Pentasils, transport 
properties, 388,390-395 

PH 
measurement for silicate 

solutions, 223 
values for silicate 

solutions, 229,230/ 
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Pillared interlayered clays 
effect of clay type on reactivity and 

connectivity, 313 
improvements for use as fluid cracking 

catalysts, 308,309 
new materials, 320/ 
new pillar compositions, 313-316 
new sheet compositions, 316-320 
pore size distribution 

analysis, 310,312/,313 
solution chemistry, 309,310 
use in catalytic processing, 308,309 

Pillared sheet hydroxides, 
properties, 321 

Population parameters, for K-exchanged 
hydrated zeolites, 198,199/ 

Pore structure of carbon molecular 
sieves, 336,337 

Positional parameters 
for Cs+-exchanged zeolite 

A, 181,182/ 
for K-exchanged hydrated 

zeolites, 198,199/ 
Potassium-exchanged hydrated zeolites 
agreement factors, 198,199/ 
bond angles, 198,200/ 
interatomic distances, 198,200/ 
Κ ion populations, 198,200/,201/,202 
Na ion populations, 198,201/,202 
population parameters, 198,199/ 
positional parameters, 198,199/ 
preparation, 179,196,197 
temperature factors, 198,199/ 
unit cell parameters, 198,200/ 

Potassium-exchanged Linde type A 
zeolites 

crystallographically identified 
sites and populations, 139,143/ 

far IR spectra, 139,142/, 143,145/ 
Propylene oligomerization, conversion 

and selectivity data, 515/,516 
Protonated from molecular sieve 

catalysts, characterization of O-H 
stretching vibrations, 89,90/,91 

Pr-Y zeolites, 29Si-NMR spectra, 56,57/ 
Pulse chromatography 
binary isotherms, 411-419 
experimental system, 412/,413 
pure-component 

isotherms, 411,413,414/,417/ 
shortcomings for binary systems, 419 
theory, 410-412 

Pure-component isotherms, 
examples, 413-417 

Pyridine, effect on OH IR bands of 
dealuminated solids, 120,122/, 123,124 

Pyridine sorption, effect on OH 
stretching bands, 262,266,267/,268/ 

Quantum chemical characterization of 
borosilicate molecular 
sieves, 535,536 

Rare-earth-exchanged Y zeolites 
27A1-NMR spectra, 52 
chemical composition and selected 

properties, 50,51/ 
framework dealumination, 48 
preparation, 49 
29Si-NMR spectra, 52 
structural characteristics, 48,49 

Rho zeolite topology, idealized, 
description, 176 

Rubidium-exchanged Linde type A 
zeolites, 144 

Saturation capacity 
of zeolite theta-1, 442,443/ 
of zeolite ZSM-5, 446/,447 
of zeolite ZSM-11, 446/,447 

Sedimentary zeolites 
applications, 292 
chemical analysis, 293,296,297/ 
composition, 293,294/ 
C u 2 + breakthrough curves, 300,301/ 
Cu2+exchange capacity, 300/ 
Cu2+selectivity properties in acidic 

solutions, 296,297/ 
destruction studies, 293 
effect of atmosphere pretreatment on 

Cu2+exchange, 300,302,303/ 
effect of elutant on regeneration, 300,303/ 
examples, 292 
radii and hydration data for 

ions, 302,303/ 
regeneration data, 300/ 
removal of adsorbed or structural 

cations, 298,299/ 
stability in acidic 

solutions, 294,295/ 
Self-bound low-silica zeolite X 

pellets 
air separation 

properties, 488,489/,490/ 
amount present in adsorbent, 480 
characterization, 485-488 
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Self-bound low-silica zeolite X 
pellets—Continued 

conversion to ion forms, 481 
crush strengths, 488 
crystallization with 

agitation, 485,487/ 
effect of accessible calcium on N 2 

adsorption, 488,489/ 
nitrogen capacity and 

selectivity, 488,490/ 
overall scheme for 

preparation, 482,483,484/ 
physical 

characteristics, 486/,488,489/ 
pore properties, 486/ 
pore volume distributions, 486,487/ 
preparation, 480 
scanning electron 

micrograph, 486,487/ 
Si-Al ratio, 485,486 
29Si-NMR spectra, 485,487/ 

Self-diffusion coefficient, 
calculation, 377 

Shape-selective catalysis, 
development, 468 

Shape-selective catalyst design 
description, 470 
influencing factors, 470 

Si(rtAl) configurations, Al 
distributions, 23,24,25/ 

Si-Al ratios 
aluminum site location, 7,8 
calculation, 248 
determination, 4,13 
effect on alkylation, 585 
effect on ring-opening and cracking 

reactions, 585 
for mordenites, 266,272/,273,274 
for pentasils, 266,272/,273,274 
for sodium- and acid-treated 

mordenite, 17,20/ 
for zeolite Y, 4,7 
for zeolite ZSM-20, 4,7 

SiCl4 dealumination method 
intensities of OH bands vs. aluminum 

T-atom fraction, 561,562/ 
OH spectra of dealuminated 

faujasite, 560,562/ 
Silanol groups, interpretation of IR 

bands, 132,133/ 
Silhydrite, intercalation, 318 
Silicalite 

batch compositions, 278,279/ 
crystallization curves, 280,281/ 
crystallization rates, 280/,286 
description, 452 
effect of reactant concentration on 

product dimension, 282/,283/-285/ 

Silicalite—Continued 
induction rates, 280/ 
liquid-phase adsorption studies, 452 
model of formation, 286,287/ 
particle size distribution, 455/ 
oowder X-ray diffraction analysis, 279 
29Si-NMR chemical shifts, 4,5/ 
sodium analysis by atomic 

absorption, 279,280 
synthesis, 278,279 
thermal analysis, 279 
thermal analysis curves, 286,288/,289 

Silicalite honeycombs, preparation, 493 
Siliceous mordenite crystals 

electron diffraction 
patterns, 246, 249,250/,251/ 

size-exclusion 

Silicoaluminates, Si-NMR chemical 
shifts, 4,5/ 

Silicon-29 NMR spectroscopy 
chemical shifts of 

silicoaluminates, 4,5/ 
data for mordenite, 266,269/,270/ 
experimental procedures, 233,248 
of alkali metal silicate 

solutions, 223,224/-226/,227 
of dealuminated mordenite, 8,10/ 
of La-Y zeolites, 52,53/ 
of Nd,Na-Y zeolites, 54,56 
of zeolite ZSM-5, 8,9/ 
of zeolites Y and ZSM-20, 4,6/,7 

Single hydroxides, product distribution 
for 2-propanol 
decomposition, 328,330/ 

Si02 pillared interlayered clays 
properties, 314/ 
structural unit, 314,315/ 

SiOR defect groups, variation with 
aluminum content, 8,11/ 

Site populations 
calculation, 195,196 
for K-exchanged 

hydrated zeolites, 198,199/ 
Size-exclusion microscopy 

for A1PO -5, 241,242/ 
for SAPO, 241,242/ 
for SSZ-24, 241,242/ 
for trioctylamine-containing 

mordenites, 249,252-253/ 
SO coupling of CuO s model, 212 
Sodium-23 NMR spectroscopy 

acquisition, processing, and 
simulation, 36 

of hydrated Ca,Na-Y zeolites, 39,42/ 
of hydrated NH Na-Y, 39,40/ 
of sodium-Y zeolite, 36,37/,38/,39 
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Sodium Linde type A zeolites 
crystallographically identified cation 

sites, populations, 137/ 
curve-resolved spectrum, 139/, 140/ 
far IR spectra, 137,138/ 
far IR spectra of dehydrated 

species, 139,141/ 
geometry of cation. 139,142/ 

Sodium mordenite, Al-NMR 
spectra, 17,19/ 

Sodium-Y zeolite, 23Na-NMR 
spectra, 36,37/,38/,39 

Sorption rate, study of zeolite 
diffusion, 363 

Space groups, determination, 165-167 
Spatioselectivity, definition, 470 
Spectroscopic characterization of 

dealuminated Y zeolites 
effect of nickel 

treatment, 586,588/,589 
transitions due to nickel 

ions, 489,591/,592/,593 
Spherical diffusion model 
effect of SOj partial pressure on 

diffusion coefficients, 434,436/,438 
test, 434,435/ 

Spin echo method, description, 378 
Steam-dealuminated omega and offretite 

samples, Si-NMR spectra, 8,9/ 
Steaming, description, 100,103/ 
Stretching vibrations of pentasils and 

mordenites, 260-265 
Strontium-exchanged Linde type A 

zeolites, far IR spectra, 146,148/ 
Surface acidity, measurement, 248 
Synthetic zeolite catalysts, probing 

of active sites with DRIFT, 86-96 

Τ 

Temperature factors for K-exchanged 
hydrated zeolites, 198,199/ 

Temperature-programmed desorption 
of borosilicate molecular sieves, 535 
of hydrocarbons 
effect of Na + ions on peak 

temperatures and widths and rate 
of desorption, 443, 445/,447/ 

experimental procedures, 440 
profiles for zeolite theta-1, 442,443/ 
profiles for zeolite ZSM-5, 447,448/ 
profiles for zeolite ZSM-11,447,449/ 

Tetrasilicic micas, properties, 318 
Thermal parameters for Cs+-exchangcd 

zeolite A, 181,182/ 
Thermal stability of layered double 

metal hydroxides, 325 

Ti0 2 pillared interlayered clays 
properties, 314/ 
structural unit, 314,315/ 

Titania, preparation, 340 
Titania-modified carbon beads, 

preparation, 340 
Titanium(IV) butoxide, preparation, 340 
Toluene alkylation by methanol, use of 

borosilicate catalysts, 538 
Tracer exchange, study of zeolite 

diffusion, 363 
Transition-state selectivity, 

definition, 470 
Transport properties of pentasils 

influence of coke depositions, 391-395 
influence of the crystal 

morphology, 388,390/,391 

pretreatment
influence of zeolite texture, 385/,386 
parameters of molecular 

transport, 386,388/,389/ 
Trial model determination of molecular 

sieve structure 
ab initio techniques, 167,168 
miscellaneous techniques, 172 
modeling techniques, 168-172 

Trioctylamine, effect on Si-Al ratio in 
zeolite crystallization, 247-274 

Type I inorganic oxide-modified carbon 
molecular sieve materials 

carbon content, 341,343/,344/,345 
carbon content vs. coating cycle 

number, 345,346/ 
factors influencing carbon 

content, 345-348 
preparation, 340 
preparation of carbon overlay, 341 
specific adsorptions, 341,343/,344/,345 
specific adsorption vs. carbon 

content, 345,347/ 
structures, 341,342/ 
water adsorption, 352,355/,356 

Type II inorganic oxide-modified carbon 
molecular sieve materials 

carbon burnoff experiments, 352 
carbon content 

for type Ha, 348,349/ 
for type lib, 348,352,353/ 

preparation, 341,348,352 
specific adsorption 

for type Ha, 348,349/,350-351/ 
for type lib, 348,352-355 

structure, 342,348 
water adsorption, 352,355/356 

Type III inorganic oxide-modified carbon 
molecular sieve materials, carbon 
content, 356,357/ 
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V 

Virial coefficients, values, 400,406/ 

X 

X-ray diffraction 
analysis of cation positions in 

zeolites, 34 
measurements, 50 
of borosilicate molecular sieves, 534 

X-ray diffraction patterns 
for AEL-type materials, 79,80/ 
for AlP04-5, 28,239/,240/ 
for MFI-type materials, 71,72,73

p-Xylene, adsorption in zeolites
m-Xylene conversion 
effect of aluminum framework on 

disproportionation selectivity, 567/ 
effect of aluminum T-atom fraction on 

reactant concentration, 564,565 
initial rates of formation vs. 

aluminum T-atom fraction, 561,563/ 
isomerization selectivity, 565 
para/ortho selectivity vs. aluminum 

T-atom fraction, 565,566/ 
turnover frequency vs. aluminum T-atom 

fraction, 561,563/,564 
o-Xylene diffusion 

comparison of NMR and sorption 
diffusivities, 365,368/,369 

diffusivity parameters, 365,367/ 
Xylene isomerization, use of 

borosilicate catalysts, 536 
X zeolites, Si-Al ratio, 478,479 

Y 

Ylide mechanism for initial C-C bond 
formation 

effect of zeolite basicity, 609,611/ 
effect of zeolite conjugate base on 

ylide generation, 608,609 
oxonium ylide formation, 602,603 
photolytic reaction of CH products of 

reactions, 603,605/,606/,607 
Y zeolites 
cation-exchange isotherms, 43 
exchange isotherms, 34 
preparation of cation-exchanged 

samples, 35 

Zeolite(s) 
acidity, 469,470 
applications, 500 
catalytic acidity, 471 
catalytic importance, 150 
characterization of adsorbed 

species, 24-28 
constraint index, 470 
dealumination and realumination, 17-25 
definition, 3 
design for diffusion-constrained 

systems, 471 
industrial applications, 472,473/ 
intracrystalline diffusion, 362-373 
modification, 66,67 

NMR parameters for nuclei, 3/ 
pore/channel, 470 
pore diameter, 469 
properties, 66 
spatioselectivity, 470 
synthesis of cation-substituted crystals, 469 
synthesis of materials with optimal 

properties, 3 
topologically well-defined 

crystals, 469 
See also As-synthesized zeolites 

Zeolite A 
crystal structure showing cation 

positions, 151,152,153/ 
dehydration sequences, 152 
distribution of Cs + cations, 152,153/ 
ESEM spectrum ofCu 2 +, 152,154/ 
formation of Cs+-exchanged 

species, 178-193 
Zeolite catalysts, preparation of 

honeycomb form, 492,493 
Zeolite-catalyzed organic conversion 
reactivity, 24,25/,27,28/ 
selectivity, 27 

Zeolite conjugate base, effect on ylide 
generation, 608,609 

Zeolite crystallization with 
triocytlamine 

crystal composition, 247/ 
surface area, 247/ 

Zeolite F, diffractometer 
pattern, 168,169/ 

Zeolite materials, use as catalysts, 71 
Zeolite NaCaA, factors influencing 

transport properties, 385-389 
Zeolite NaH-ZSM-5, ESEM 

spectra, 156,158/, 159 
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Zeolite NaX molecular transport 
of aromatic compounds, 384,385/ 
of w-paraffins, 382,383/,384 

Zeolite rho 
crystal structure, 152,154/ 
Cu2+coordination number to various 

adsorbates, 155/ 
ESEM spectra, 156,157/ 

Zeolite synthesis, factors influencing 
selectivity, 222-225 

Zeolite theta-1 
hydrogen form 
activation energy of desorption of 

/z-hexane, 445,448/ 
saturation capacities, 442,443/ 
temperature-programmed desorption 

profiles of w-hexane, 443,444/ 
unit cell composition, 440,44

sodium form 
activation energy of desorptio

/i-hexane, 445,448/ 
saturation capacities, 442,443/ 
temperature-programmed desorption 

profiles of w-hexane, 443,444/ 
unit cell composition, 440,441 

Zeolite Y 
Si-Al ratio, 4,7 
29Si-NMR spectra, 4,6/,7 

Zeolite ZSM-5 
advantages of honeycomb form, 493 
catalytic activity for «-hexane 

cracking vs. framework 
aluminum, 555,556 

1 3C-NMR spectroscopy, 16 
decomposition of methylating 

agents, 609,610/ 
7L-NMR spectra, 13,15/, 16 
protonated, characterization of O-H 

stretching vibrations, 89,90/,91 
29Si-NMR spectra, 8,9/ 

Zeolite ZSM-5—Continued 
sodium form 

activation energy of desorption of 
/i-hexane, 447,449/,451 

preparation, 441 
saturation capacities, 446/,447 
temperature-programmed desorption 

profile of w-hexane, 447,448/ 
synthesis, 277 
variation of defect groups with 

aluminum content, 8,11/ 
Zeolite ZSM-11 
activation energy of desorption of 

w-hexane, 447,450/,451 
1 3C-NMR spectroscopy, 16 
sodium form 

preparation, 441 

profile o  w-hexane, 447,449/ 
Zeolite ZSM-20, Si-Al ratio, 4,7 
Zeolite ZSM-48 

1 3C-NMR spectra, 17,18/ 
formation, 16 

Zero-length column chromatographic 
technique 

benzene diffusion, 367/,368/,369 
cyclohexane diffusion, 369-373 
desorption curve equation, 364 
diffusional time constant, 364,365 
experimental procedure, 363,364 
linear paraffin diffusion, 369-373 
0-xylene diffusion, 365-369 

Zirconia-modified carbon beads, 
preparation, 340 

Zirconium phosphates, catalytic 
properties, 320 

Zr0 2 pillared interlayered clays 
properties, 314/ 
structural unit, 314/ 
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