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F O R E W O R D 

A D V A N C E S IN C H E M I S T R Y SERIES was f ounded i n 1949 b y the 

A m e r i c a n C h e m i c a l Society as a n outlet for symposia a n d c o l 
lections of data i n spec ia l areas of t op i ca l interest that c o u l d 
not be accommodated i n the Society's journals. I t provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are re ferred c r i t i ca l l y accord ing to A C S 
ed i tor ia l standards a n d receive the care fu l attent ion a n d proc 
essing characterist ic of A C S publ i cat ions . Papers p u b l i s h e d 
i n A D V A N C E S IN C H E M I S T R Y SERIES are o r ig ina l contr ibut ions 

not p u b l i s h e d elsewhere i n w h o l e or major par t a n d i n c l u d e 
reports of research as w e l l as reviews since symposia m a y e m 
brace b o t h types of presentation. 
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PREFACE 

ATolecular sieves are enjoying tremendous interest from both the scien-
A tific and industrial world. They are used on a large industrial 

scale for a great variety of processes, from simple drying to complicated 
catalysis reactions in sophisticated combinations with other compounds. 
The scientific interest in these sieves is still increasing, and so are the 
number of industrial applications. 

At the earlier conferences on molecular sieves, in London in 1967 
and in Worcester, Mass. (U.S.) in 1970, attention was focused exclusively 
on the zeolites. In an etymological sense (separation of molecules ac
cording to size by selective diffusion through pores of appropriate diameter) 
the field of molecular sieves must not be restricted to the tectosilicates 
with porous framework. This point is developed by R. M . Barrer in 
Chapter 1, where he gives a broad review of those compounds which can 
exhibit molecular sieve properties. 

Zeolites, however, remain a unique category of compounds. Not only 
can they separate uncharged organic molecules on the basis of the relative 
size of the pores and of the molecules, but they also can exchange ionic 
species with variable and adaptable selectivities. They have properties 
which are related to the particular structure of their framework. Their 
sorptive and catalytic properties can be modified by ion exchange and by 
appropriate activation procedures, and they can be synthesized in variable 
compositions. Zeolites can thus be tailored to many different purposes 
and applications. For these reasons the program of the third international 
conference on molecular sieves has been restricted to zeolites. Papers were 
therefore classified into the following five sections: crystallization, ion ex
change and modification, sorption, and catalysis. 

The field of zeolite structure today covers a wide area which includes 
the structural characterization of new zeolites, the location of exchangeable 
cations and sorbed molecules, studies of the Si-Al distribution, positional 
disorder, charge distribution, thermal vibrations, crystal defects, and 
twinning (frequently submicroscopic). The structural papers in this volume 
cover all these aspects and truly reflect the recent progress in the field of 
zeolite structures. It is evident that zeolites offer a number of structural 
problems which can only be resolved by applying the right combination of 
different methods including single crystal and powder diffraction, electron 
microscopy, IR spectroscopy, N M R , E S R , and dielectric measurements. 
Much of our detailed present-day understanding of zeolite structures is 
based on structure refinement. The review article by K . F . Fischer out-

xi 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
pr

00
1

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



lines the specific problems and the present limits of this particularly 
important line of investigation. 

The section on crystallization comprises zeolite synthesis, kinetics 
and mechanism of formation, stability relationships, recrystallization pro
cesses as well as the genesis of natural zeolites. Recent advances in this 
field have been surveyed, and some new perspectives have been outlined 
in the review by E . M . Flanigen. Most of the studies in this field are still 
empirical because of the complexity of the systems involved. Con
siderable progress has been made, however, towards a better under
standing of the processes and mechanisms governing zeolite crystallization. 
It is not unreasonable to expect that conditions for synthesizing new 
zeolite structure types can eventually be predicted. 

The adaptation of zeolites to a particular purpose can be done by ion 
exchange and by different chemical and physical treatments. Physico-
chemical characteristics of zeolites often reflect the modifications intro
duced in the structure. Different methods are used to study the modifica
tions and their correlations with sorption properties and catalytic activity. 
In this section G . T . Kerr reviews the chemistry involved in the thermal 
activation of N H 4 Y zeolites. 

Sorption capacity is one of the major properties used for industrial 
applications of zeolites. H . Lee reviews the aspects of zeolites used as 
adsorbents. The other papers in the section deal with the theory of 
sorption and diffusion in porous systems, the variation of sorption be
havior upon modification, and the variation of crystal parameters upon 
adsorption. N M R and E S R studies of sorption complexes are reported. 
H . Resing reviews the mobility of adsorbed species in zeolites studied by 
N M R . 

As in previous conferences, the section on catalysis contains the most 
papers. A general review of the different reactions which can be catalyzed 
by zeolites is presented by K h . M . Minachev. H . W. Kouwenhoven dis
cusses the isomerization of paraffins on zeolites. Cracking, isomerization, 
and electron transfer reactions are discussed in several papers. Corre
lations between particular activities and physicochemical properties are 
covered. Selectivities related to crystal size and molecular shapes are also 
studied. Most of the work is still done on modified Y zeolites, but mor-
denite and erionite also receive attention. 

The organizing committee of the conference included W. M . Meier, 
general chairman; J . B . Uytterhoeven, program chairman; H . Sticher, P. 
K . Maher, and R. Peest. M r . Peest resigned from the committee for pro
fessional reasons and was replaced by H . Berti. A committee of advisors 
assisted the program chairman and was composed of R. M . Barrer, V . 
Bos&cek, D . W . Breck, L . Moscou, C. Naccache, L . V . C. Rees, J . V . Smith, 
P. B . Venuto, H . Villiger, and S. P. Zhdanov. The Swiss Federal Institute 
of Technology ( E T H ) in Zurich and the Swiss Chemical Society sponsored 

xii 
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the conference. Support was obtained from several chemical companies 
which are listed in the Proceedings of the Conference. 

The present volume contains the text of the preprinted conference 
papers. The actual proceedings of the conference will be published as a 
separate volume and will contain recent progress reports presented at the 
meeting, discussions of the papers included in this volume, a report on 
nomenclature, and reports of ad-hoc meetings. The proceedings volume 
can be ordered from the program chairman: Prof. J. B. Uytterhoeven, 
De Croylaan 42, B-3030 Heverlee, Belgium, but the supply is limited. 

The members of the organizing committee express their thanks to 
all those involved in the preparation of this volume and to the editorial staff 
of the ADVANCES IN CHEMISTRY Series. 

Zurich, Switzerland W. M. MEIER 
Heverlee, Belgium J. B. UYTTERHOEVEN 
May 1973 
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1 

Porous Crystals 

Clathration, Trapping, and Zeolitic Sorption 

R. M. BARRER 

Physical Chemistry Laboratories, Chemistry Department, Imperial College, 
London SW7 2AY, England 

Many crystalline host lattices are known which form porous 
crystals stabilized by the presence of entrained guest species but 
which sometimes (e.g., zeolites) exist as porous structures in the 
absence of guest molecules. Porous crystals form a large 
physically and chemically diverse group frequently augmented 
by new discoveries. Many show the same "lock and key" selec
tivity as zeolites. Accordingly, it has been of interest to discuss 
structural and other aspects of a number of kinds of porous crys
tal, including zeolites and to compare them. In potential appli
cations as in basic science this could be an interesting area for 
development. Guest species entrained include inorganic and 
organic molecules, metallic atoms, relatively nonvolatile acidi
genic elements, acids, inorganic covalent halides, some oxides 
and sulfides, and inorganic salts. 

'here are so many known or possible zeolite structures and therefore so 
A many different patterns of intracrystalline channels and voids that one 

may overlook many other crystals which are either porous or may develop 
porosity. It is therefore appropriate to look more broadly at crystals, in
cluding zeolites, which can exhibit this property in order to give perspective 
to the chemistry of crystalline porous materials. 

Such crystals occur in great variety with all degrees of openness or 
tightness of crystal mesh, interstice, and channel. Guest molecules are 
distributed in a continuous host lattice. These systems may be treated 
thermodynamically (cf. below) and in a restricted number of idealized situa
tions by statistical mechanics. Complications in statistical treatments 
arise because of energetic heterogeneity among the positions which guest 
molecules may occupy, because in many situations the cavities may contain 
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2 MOLECULAR SIEVES 

clusters of molecules with molecule-molecule interaction, or because the 
guest may perturb the host structure. 

Within porous crystals there are all degrees of mobility of the guest 
molecules. This is illustrated in Table I which gives for rare gases the 
energy of activation E and preexponential constant D0 in the Arrhenius 
equation D = D0 exp—E/RT for the diffusion coefficient D. When the 
energy barriers E are low (<15 kcal mole - 1 ) , crystals charged with the gas 
tend to be " leaky" at normal temperatures. If the energy barriers are high 
(e.g., AT and K r in previously outgassed sodalite and cancrinite hydrates), 
the guest molecules are trapped or encapsulated at room temperature but 
are released at higher temperatures. Thus, the crystals could store these 
rare gases. 

The guest molecules in some host lattices play a fundamental role in 
stabilizing these lattices, and certain host lattices break down if the guest 

Table L Diffusion Coefficients0 D = D0 exp-E/RT for Rare Gases 
in Some Crystals 

E, kcal 
Gas Crystal Do, cm2 see'1 mole*1 

He Silicon (1) 1.05 X 10- 1 29 
Germanium (1) 6.2 X 10-3 16 
a-Cristobalite (0) 2 X 10~2 13.8 
oj-Tridymite (2) 7.7 X 10"4 12.0 
Ice (_Lc) (3) 1.1 X 10" 3 3.0 
Ice (||c) 3.4 X 10~3 2.7 

Ne a-Tridymite (2) 6.7 X 10" 2 22.5 
Cancrinite Hydrate (4) 1.0 X io~ 6 14 

(sample CI) 
Ice (_Lc) 2.9 X 10"3 6.1 
Ice (||c) 1.2 X 10~3 5.7 
Heulandite (5) 1.66 X 10"8 2.9 

Ar Cancrinite hydrate (4) 1.6 X 1012 71 
(sample C2) 

Sodalite hydrate (4) 3.3 X 10" 4 30 
(sample SI) 
(sample S2) 6.6 X 10-5 27 

Heulandite (5) 3.4 X 10"5 15.5 
Rb-zeolite M (6) 2.4 X 10~5 11 
Stilbite (5) 5.6 X 10"8 8.2 

Kr Sodalite hydrate (4) 1.1 52 
(sample SI) 
(sample S2) 1.1 X 10~5 38 

Stilbite (5) 1 x i o - 6 12 
° Determined from rates of evolution of the gases from the crystals, suitably charged 

with the rare gas, as a function of temperature. For Si and Ge permeation and diffusion 
through and in single-crystal membranes were studied. 
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1. BARKER Porous Crystals 3 

is r e m o v e d ; conversely, the porous host c rys ta l grows o n l y i f there is a 
sufficient propor t i on of the cavit ies occupied b y the guest. T h i s react ion 
is t ermed c la thrat ion . T h e fo l lowing three s i tuations occur i n the sorpt ion 
of guest molecules b y porous host c rysta ls : 

(1) Zeol i t ic sorpt ion, whereby guest molecules move freely i n a n d 
out of permanent host crystals . T h u s " w i n d o w s " a n d in t racrys ta l l ine 
cavities are re la t ive ly large. T h i s is exhib i ted b y zeolites, expanded 
(a lky lammonium) layer silicates, a n d N i ( 4 - m e t h y l p y r i d y l ) 4 ( N C S ) 2 . 

(2) T r a p p i n g or encapsulation represents a second s i tuat ion wherein 
guests are introduced at h igh temperature a n d at h igh pressure of the guest. 
C r y s t a l s are chi l led , a n d then the pressure is released. T h e host lat t i ce is 
permanent, a n d the windows are smal l . E x a m p l e s are sodalite hydrate , 
cancr inite hydrate , a n d analcite. 

(3) C l a t h r a t i o n is the t h i r d sorpt ion s i tuat ion . Guests are i n 
corporated dur ing the growth of the host lat t i ce . T h e i r l iberat ion occurs 
on heat ing or lower ing the pressure w i t h lat t i ce breakdown. T h i s s i t u a 
t i o n is f ound for water , phenol , q u i n o l , cresol, urea , a n d D i a n i n ' s compound . 

I l lus t ra t ive examples of substances w h i c h can behave as porous hosts 
i n one of the above ways are also g iven . F o r instance, water read i ly forms 
" open i c e " latt ices w h i c h incorporate guests i n c lathrate hydrates of types 
I a n d I I (see la ter text ) . O r d i n a r y ice also possesses considerable poros i ty 
so tha t , as shown i n T a b l e I , H e a n d N e can read i ly diffuse t h r o u g h i t . 
Ice below 0 °C is zeol i te- l ike i n t h a t i t has a permanent , somewhat porous 
structure w h i c h (unl ike the " open- i ce " frameworks of the c lathrate h y 
drates) does not require guest molecules for s tab i l i za t i on . 

Lattice Stabilization 

T h e host latt ices can be regarded as be ing composed of la t t i ce - f o rming 
units . These uni ts m a y be molecules as i n c lathrates. F o r example, i n 
c lathrates of q u i n o l the u n i t of w h i c h the host la t t i ce is composed is the 
q u i n o l molecule. F o r zeolites a convenient u n i t is M s A l s S i i - ^ where M 
is a n equivalent of cations. W h e n x = 0, the u n i t is S i 0 2 as i n the c r y s t a l 
l ine sil icas. T h e phase formed b y zeolit ic inc lus ion , t rapp ing , or c l a t h r a 
t i o n is then treated as a so lut ion of la t t i ce un i t s a n d guest molecules. I f 
At0 is the chemical potent ia l of la t t i ce uni ts of the e m p t y host lat t i ce a n d /x 
is the ir chemical potent ia l when the host la t t i ce is charged w i t h guest mole
cules, then integrat ion of the G i b b s - D u h e m re lat ion gives near ly (7a): 

M = M° ~ — 2^ I — ddi (1) 
N i Jo ai 

where temperature T a n d t o t a l pressure P are kept constant as is N, the 
number of moles of lat t i ce f o rming uni ts . I n E q u a t i o n 1 Nt a n d at are 
the numbers of moles a n d the a c t i v i t y of guest species i. W h e n the guest 
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4 MOLECULAR SIEVES 

molecules are vo lat i le , at m a y be replaced b y p a r t i a l pressure pt. T h e i n 
tegrals on the r ight side of E q u a t i o n 1 can then be evaluated graphica l ly 
f r o m the sorpt ion isotherms p lo t ted as Nt/pi against pt. 

W h e n zeolites crystal l ize , the water incorporated d u r i n g g r o w t h is 
essential for s tab i l i z ing the porous structure . I n the absence of stabil izers 
such as water or salts, porous aluminosi l icates w i t h large cavit ies a n d 
channels do not f o rm. W a t e r is thus a n essential minera l i z ing catalyst 
for zeolite f o rmat i on as are salts i n the synthesis of salt - f i l led felspathoids 
(sodalite-nosean minerals , cancrinites, a n d scapolites.) I n zeolites, once 
formed, one m a y , however, remove the water usua l ly w i thout lat t i ce break
d o w n (although often w i t h smal l consequential adjustments) because of 
the strength of the framework bonds. Nevertheless , the empty latt ice can 
be h i g h l y metastable i n the thermodynamic sense. 

L-J 1 i 
O 10 20 30 40 50 60 

pressure in cm of mercury 

Figure 1. Sorption isotherms of Kr in ^-phenol 
(7b): (1) 195°K, (2) 212°K, (3) 222.2°K, U) 

228°K 

I n c lathrate solutions the bonds ho ld ing together the uni ts of the host 
lat t i ce are weaker, a n d the resistance to collapse, even of on ly p a r t i a l l y 
guest-free host latt ices , is m u c h less. T h u s i t m a y not be possible to realize 
the whole i so therm as i l lus t ra ted i n F i g u r e 1 (76) for K r i n the porous 0-
phenol lat t i ce at 195, 212, 222.2, a n d 228°K. A c r i t i ca l pressure pc of K r 
a n d l oad ing of 0-phenol b y K r are essential before 0-phenol forms f r om or
d i n a r y nonporous a -phenol . I f fia a n d /zp are the chemical potentials of 
phenol i n these two forms, the c r i t i ca l condi t ion can be expressed as : 
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1. BARKER Porous Crystals 5 

where NKr denotes the number of moles of c la thrated k r y p t o n . T h e i n 
tegral cannot be evaluated now because the sorpt ion i so therm cannot be 
be real ized over the pressure range i n v o l v e d . T h u s eva luat ion of (nfi° — 
fia) a n d comparison of np° a n d na are no t d i rec t ly possible. 

I n m a n y layer structures, such as c lay minerals , the extent of la t t i ce 
ad justment o n entry of guest molecules is intermediate between the be
haviors of zeolites a n d of c lathrates. T h e layers r e m a i n in tac t , b u t the 
distance between t h e m changes substant ia l ly (8). F o r water-free smectite 
crystals the d(001) distance is ~ 9 . 4 A . T h e v a n der W a a l s diameter of a 
water molecule is 2.8 A so that , i n batav i te , for example, the water layer i n 
the N a f o rm is about 14.8 — 9.4 = 5.4 A th i ck , corresponding w i t h two 
monolayers . 

Inclusion Isotherm 

W h e r e reversible uptake is established, the e q u i l i b r i u m constant K 
for d i s t r i b u t i o n of guest between c rys ta l a n d external phase is g iven b y 

F o r guest molecules i n the gas phase i t is usua l ly sufficient to make ag = p. 
A l l s tat is t i ca l thermodynamic treatments a t tempt to evaluate a s according 4 

to models such as those on w h i c h L a n g m u i r ' s i so therm is based. T h i s mode l 
gives as = 6/(1 — 6) a n d K = 6/(1 — 6)p. Because a l l such models are too 
ideal ized for extensive quant i ta t i ve use, a n a l ternat ive t reatment is re 
qu i red h a v i n g general ity even for energetically heterogeneous sorbents b u t 
convenient for thermodynamic analysis a n d hence for subsequent theo
ret i ca l interpretat ion . 

I t has therefore been assumed t h a t a v i r i a l t ype of equat ion can relate 
the concentrat ion C of the in t racrys ta l l ine guest to the osmotic pressure 
(solution thermodynamics ) or mean hydrostat i c stress in tens i ty (volume 
filling of pores) (9) 

where the A's are coefficients depending on T b u t not o n C. T h i s re la t i on 
gives b y thermodynamic reasoning 

= 1 + AiC + A 2 C 2 + AzC3 + ... 

aB C / 3 4 
K = - - - exp( 2A1C + - A2C* + - A 3 C 8 + . . . 

V V \ 2 3 
(5) 
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6 MOLECULAR SIEVES 

w h i c h reduces to H e n r y ' s law as C 0. I n this l i m i t aB C, a n d so a 
p lot of C/p vs. C extrapolated to zero C gives K. F r o m K one has 

AH° = RT*(d In K/dT) 
(6) 

AS° = RlnK + RT (d In K/dT) 

T h e s tandard heat of sorpt ion , AH°, can then be interpreted i n terms of 
appropriate energy contr ibut ions a n d the corresponding entropy, AAS°, 
i n terms of var ious degrees of freedom of the guest molecules re lat ive to the 
host la t t i ce (Table I I ) (10). A n example of the use of the above method is 
g iven elsewhere i n this v o l u m e (11). I n compar ing observed s tandard 
entropies w i t h those based o n the models of T a b l e I I , on ly empir i ca l 
methods (12) are avai lab le for a priori estimates of the frequencies v. 
Nevertheless , comparisons have been of considerable interest (10). 

Table II. 
Degrees of freedom of guest* 

Expressions for AS° 
AS0 

3t, 3r Rln 

2t, lv, 3r Rln 

It, 2v, 3r R\n 

3v, 3r Rln 

4v, 2r Rln 

5v, lr Rln 

6v Rln 

_N.'kT] 
R 

~ 1 fkT^ 
N; 'kT\irm) P 2 ] 

1 1 }kT\'/'*d/kT\/ 1 \V.-| 

° Relative to the cavity walls. Also NB'" = reciprocal colength, Na" = reciprocal 
coarea, NB' = reciprocal covolume, 5 = symmetry number, Iu Ii, h = principal mo
ments of inert?a, and v = mean vibration frequency; t, r, and v denote translation, ro
tation, and vibration, respectively. 

Classification of Some Porous Crystals 

T h e r e are several ways to classify porous crystals . One of these sub
div ides t h e m according to the strength of bond ing as follows. 

Porous Lattices Strongly Bonded in Al l Three Dimensions. T h i s 
group forms re la t ive ly r i g i d , nonswel l ing frameworks (Table I I I ) . T h e 
interstices i n c rysta l l ine G e a n d S i are s m a l l , a n d h e l i u m can diffuse i n 
these crystals less read i ly t h a n i n the crysta l l ine silicas t r i d y m i t e a n d cr isto -
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1. BARKER Porous Crystals 7 

Table III. Porous Lattices Strongly Bonded in Three Dimensions 
Framework Guest Molecules 

Adamantine Ge and Si 
Tridymite and cristobalite (Si02) 
Melanophlogite (Si02) 
Clathrate silicides and germanides 
Nosean-sodalite felspathoids 

Cancrinite felspathoids 
Scapolites 
Many zeolites 

He 
He, Ne 
Organic matter? 
Na, K, Rb, Cs 
H 2 0, N H 3 , Ar, Kr, salts, 

metals 
H 2 0, Ar, Kr, salts 
Salts 
Neutral molecules, salts, 

metals 

Table IV. Host Lai 
Frameworks 

Possessing Intrinsic Porosity 
Some zeolites (heulandite, clinop-

tilolite, stilbite) 
Modified smectites (small alkyl-

ammonium ions in montmorillonites, 
hectorites and fluorhectorites) 

Developing Porosity by Swelling 
Kandites (e.g., kaolinite) (13) 

Smectites (e.g., Na-and Ca-montmoril-
lonites, hectorites, fluorhectorites) 

Siloxenes (SieOsjHe) 

Alkylammonium forms of uranium, 
Mica (H, (H 20 4)[U0 2(P, V, As)04]) 
(W 

Alkylammonium forms of sodium tri-
titanate (Na 2Ti 30 7) (15) 

Transition metal chalcogenides (TaS2, 
NbS 2, TaSe2, NbSe2, TiS 2 , CrS 2, 
MoS 2, WS2) (16) 

Graphite oxide (CrO^) (17) 

Graphite (18) 

Ni(CN) 2 

Ni(CN) 2 .NH 3 

Mg[Mg((CH 2 ) 6 N 4 ) 2 A I I I (CN) 6 ] 
( A 1 1 1 = F e " 1 , C o 1 1 1 , 
C r 1 1 1 , M n 1 1 1 , ^ 1 1 1 ) 

tices of Layer Type 
Sample Guest Molecules 

H 2 0, N H 3 , Ar, Kr, and other 
molecules 

permanent and inert gases, 
n-paraffins, simple aromatics 

urea, thiourea, formamide, and other 
amides; K, Rb, and Cs salts of 
lower fatty acids 

H 2 0, N H 3 , glycol, glycerol, amines, etc. 

permanent and inert gases, 
hydrocarbons 

H 2 0, alcohols, amines, nitriles, 
simple heterocyclics and aromatics 

H 2 0, alcohols, ethers, aldehydes, 
ketones, acids, nitriles, nitro
compounds, and hydrocarbons 

alkali metals (MoS2, WS 2, TiS 2 , VS 2 , 
CrS2) w-amines, pyridine, anihne 
(NbS2, TaS 2, TaSe2, NbSe2) 

H 2 0, alcohols, glycol, glycerol, amines, 
diamines 

alkali metals, halogens and inter-
halogen compounds, oxyhalides, 
many metal halides, some mineral 
acids, some oxides and sulfides 

7&-alkylamines 
benzene, simple heterocyclics, phenol, 

anihne, biphenyl 
H 2 0, acetone, anihne, glycol, glycerol 
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8 MOLECULAR SIEVES 

(a) 

Figure 2. (a) Section through ac plane of Mg [Mg((CH^)^N^2Fe-
(CN)*]24H20. (b) Comparison of layers in Mg [Mg((CH 2)^4)2-

Fe(CN)s-24H20 and in Ni(CN)2 or Ni(CN)2NH, (22). 
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1. BARKER Porous Crystals 9 

bal i te (Table I ) . F u r t h e r consideration is g iven later to some s t r u c t u r a l 
aspects of th is group of porous crysta ls . 

Host Lattices More Strongly Bonded in Two Dimensions Than in the 
Third. H o s t latt ices i n th is group are numerous a n d v a r i e d i n chemica l 
nature . T h e y m a y be placed i n two subdiv is ions : those layer structures 
w h i c h possess intr ins i c poros i ty a n d those w h i c h must swel l d u r i n g u p t a k e 
of guest molecules to accommodate t h e m (Table I V ) . T h e l i s t of guest 
molecules i n T a b l e I V is i l lus t ra t i ve o n l y ; guest molecules not referred to 
m a y be interca lated i n var ious instances. 

T h e layers i n N i ( C N ) 2 (19) or N i ( C N ) 2 N H 3 (20) a n d M g [ M g ( ( C H 2 ) 6 -
N 4 ) 2 F e ( C N ) 2 ] . 2 4 H 2 0 (21) are shown a n d compared i n F i g u r e 2b whi le 
F i g u r e 2a shows a cross section of the layers i n the M g compound i n d i c a t i n g 
t h a t the hexamethylenetetramine l igands are at tached to M g i n the layers 
a n d showing exchangeable M g 2 + a n d also the water between the lamel lae 
(22). I n N i ( C N ) 2 N H 3 two N H 3 molecules are s i m i l a r l y a t tached to every 
second N i a t o m i n the layer again at r ight angles to this layer . 

Siloxene is the remarkable product obta ined f r o m C a S i 2 b y the ac t i on 
of alcoholic H C 1 (23). I t has the empir i ca l composi t ion S i 6 0 3 H 6 a n d is 
thought to comprise the puckered sheets shown i n F i g u r e 3a i n w h i c h there 
are S i - S i as we l l as S i - O - S i l inkages (24, 25). A n H a t o m , po in t ing a l 
t e rnat ive ly up arid down, is a t tached to each S i a n d m a y be replaced 
chemica l ly b y B r , I , or ace ty l groups. T h e sheets are s tacked loosely, 
a n d gases a n d hydrocarbons can penetrate between t h e m . Siloxenes are 
therefore hydrophobic high-area adsorbents (25). K a u t s k y has termed 

a b 

Figure 3. (a)Suggested six-ring layers of siloxene. H atoms, which are not 
shown, extend alternately above and below each Si atom: (o) 0 atoms, (O, <8>) 
Si atoms alternately above and below the plane of the layer, (b) Suggested 
six-ring layers of the lepidoid basic copper silicate [(ShO^OS^OCUOH)^-

(o) Si atom, (O) atom (25). 
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10 MOLECULAR SIEVES 

such mater ia l " l e p i d o i d " (lepis = scale) (26). A n o t h e r l ep ido id can be 
made f rom s i l i ca gel a n d aqueous K O H , a n d is of composi t ion K H S i 2 0 5 . 
T h e possible sheet s tructure is shown i n F i g u r e 3b (25). F u r t h e r in format ion 
on layer structures referred to i n T a b l e I V is g iven later a n d has also been 
discussed prev ious ly (22). 

H o s t Lat t i ces M o r e Strongly B o n d e d i n O n e D i m e n s i o n T h a n i n the 
R e m a i n i n g T w o . T h i s group is exemplif ied i n T a b l e V . T h e fibrous 
c lay minerals have complex chains i n the f o rm of s tr ips r u n n i n g p a r a l l e l 
to the c axis , a g iven s t r ip be ing cross l inked to each of four other str ips (29). 
Sections n o r m a l to the c axis look l i k e the surface of a b r i c k w a l l w i t h each 
alternate b r i c k removed. T h u s tunnels r u n para l l e l to c w h i c h conta in 
M g 2 + , - O H groups, a n d zeol i t ic water . T h e ions a n d - O H groups ob
s truct the tunnels a n d i n h i b i t m u c h i n t r a c r y s t a l l i n e sorpt ion. T h e ex
t e r n a l surfaces are, however, large, a n d the fibrous crysta ls are selec
t i v e sorbents for n-paraffins vs. isoparaffins (30). 

T a b l e V . H o s t Latt i ces M o r e Strongly B o n d e d i n O n e D i m e n s i o n 
T h a n the R e m a i n i n g T w o 

Framework Sample Guest Molecules 

Fibrous zeolites (natrolite, 
scolecite, thomsonite, edingtonite) 

Fibrous clay minerals (attapulgite 
sepiolite) 

Long-chain quaternary alkyl
ammonium phosphates (27) 

Quaternary alkylammonium and 
alkylpyridinium mercury amido-
sulfonates (28) 

H 2 0, N H 3 

H 2 0, N H 3 

H 2 0, alcohols, ethers, esters, ketones, 
nitriles, benzene, toluene 

H 2 0 , alcohols, nitriles, decane, 
toluene, butyl acetate, nitrobenzene 

T h e cha in i n mercury amidosul fonic ac id is shown below (I), a n d the 

so 3- so3-
I I 

N N 
/ \ / \ 

Hg Hg Hg Hg 
\ / \ / \ / 

N N N 
I I I 
so3- so 3- so 3-

I 
metal l ic ions i n its salts are exchangeable for organic ions (28). I m b i b i t i o n 
i n the a l k y l a m m o n i u m forms m a y be related to the re lat ive cohesive 
energy density of the penetrants a n d of the host structure . X - r a y s tudy 
showed the m a x i m u m swel l ing to have occurred w i t h n-decane, ind i ca t 
i n g the organophil ic nature of the host c rys ta l . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

00
1

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



1. BARBER Porous Crystals 11 

Host Lattices Relatively Weakly Bonded in Al l Three Dimensions. 
This large group comprises many host crystals which are stabilized only 
in presence of an adequate number of guest molecules (Table VI) . H y 
drogen bonding can sometimes be important in determining the nature 
of the porous host lattice (e.g., H 2 0 , phenol, quinol, urea, thiourea, and 
Dianin's compound). In other cases (e.g., perhydrotriphenylene, tr i -
phenylmethane, 4,4'-dinitrodiphenyl, potassium benzene sulfonate, or 
some Werner complexes), hydrogen bonding can play no significant part. 
The weaker the bonds holding the host lattice together, the greater the 
tendency of this lattice to be altered according to the shape and size of the 
guest molecules. This is evident, for example, in perhydrotriphenylene 
clathrates and also in tri-o-thymotide which can give structures of more 
than one kind. Thus, tri-o-thymotide appears to give cage structures 
with six host molecules and about three guest molecules per hexagonal unit 
cell (a ~ 13.6 A and c ~ 30.5 A) for guests not longer than about 9.4 A 
( C 2 H 5 O H , C 2 H 6 B r , rc-C3H7OH, C H 2 B r 2 , C 2 H 5 I , C H 2 I 2 , n - C 4 H 9 O H , C 2 H 5 O C 2 -
H 5 , and n-CsHnOH). For still longer guest molecules it forms a channel 
structure in which the greater the length of the guest the smaller the number 
per unit cell (88). This type of nonstoichiometry is characteristic of tunnel 
structures, whether zeolite or clathrate (e.g., mordenite, offretite, zeolite L , 
zeolite ft, urea, thiourea, deoxycholic acid, amylose, and perhydrotri
phenylene) . 

Channel Structures 

Many porous crystals have parallel channels running throughout the 
structure of the host lattice along which the guest molecules lie. In 

Table VI. Host Structures Weakly Bonded in Al l Three Dimensions 

Water (31) 
Phenol, quinol (33), p-cresol (34) 
Urea (35, 36), thiourea (35, 36) 
Deoxycholic acid (36) 
Tri-o-thymotide (37, 38) 
Triphenylmethane (36, 39) 4,4'-dihydroxytriphenylmethane (40) 
2,2,6,6-Tetramethylpiperid-4-one-l-oxyl (41) 
Spirochromans (36, 42) 
4,4/-Dinitrodiphenyl (43) 
Perhydrotriphenylene (44) 
Tris(o-phenylenedioxy)phosphonitrile trimer (45) 
Dianin's compound (38, 46) and its thio analog (47) 
a-, j8-, and 7-cyclodextrins (48) 
Potassium benzene sulfonate (49) 
Werner compounds AL 4 (NCS) 2 (50) 

(A = N i 1 1 , C o 1 1 , M n 1 1 , F e 1 1 , C u 1 1 ; 
L = 4-methylpyridine, pyridine, and many substituted 

benzylamines) 
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12 MOLECULAR SIEVES 

Table VII. Estimates of Free Diameters (A) of Channels in Host Lattices 
Channel or 

Host Cage Diameter Sample Guest Molecules 

Nonzeolites 
Urea 

Thiourea 

Deoxycholic acid 

4,4'-Dinitrophenyl 
Tri-o-thymotide 

a-Cyclodextrin 
/3-Cyclodextrin 

7-Cyclodextrin 
Amylose 
4,4'-dihydroxytriphenyl-

methane 
Triphenylmethane 
Spirochromans 

Tris (o-phenylenedioxy)-
phosphonitrile trimer 

2,2,6,6-Tetramethyl-
piperid-4-one-l-oxyl 

Perhydrotriphenylene 

Zeolites 
Mordenite (H form) 

Offretite 

Zeolite L 

Zeolite Q 

5.25 

6.1 

5-6 

^ 5 
4.8-6.9 

(channels and 
cages) 

6.0 
7-8 

9-10 
^ 6 
6.0-6.5 

^ 6 
~5.5 

(channels and 
cages) 

^ 6 

6̂ but varies 
somewhat with 
guest 

6.7 X 7 

-6.3 

7.1 X 7.8 
(narrowest 
section) 

~7.5 

n-paraffins and fatty acids, 
n-derivatives 

isoparaffins, naphthalene, 
n-paraffins above Ge 

n-paraffins and fatty acids, 
aromatic molecules 

n-paraffins, diphenyls 
n- and isoparaffins, naphthalene 

n-paraffins and fatty acids 
n-paraffins and fatty acids, 

benzoic acid 
aromatic molecules 
n-fatty acids, I2 
n- and isoparaffins 

rir and isoparaffins 
rir and isoparaffins 

cyclohexane, ether, alcohols, 
esters, CCI4, CHC1 3 

n-paraffins 

n-paraffins, linear ethers, esters 
and acids, isooctane, cyclo
hexane, simple aromatics, 
CCI4, CHCI3 

n-paraffins, isoparaffins, 
simple aromatics and cyclo-
paraffins 

n-paraffins, isoparaffins, 
simple aromatics and cyclo-
paraffins 

n-paraffins, isoparaffins, 
simple aromatics and cyclo-
paraffins 

n-paraffins, isoparaffins, 
simple aromatics and cyclo-
paraffins 

channel structures the free diameter of the channel (for a zeolite, at its 
narrowest parts if the channel is not of constant cross section along its 
length) determines whether a guest can be sorbed (zeolite) or clathrated 
(urea, thiourea). Free dimensions are estimated for some host lattices in 
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1. BARKER Porous Crystals 13 

T a b l e V I I (51). T h e relevant free dimensions are often s imi lar for zeolite 
a n d nonzeolite . U r e a (free diameter ^ 5 . 2 A ) is l i k e Sieve A (free diameter 
of windows ~ 4 . 3 A ) i n accommodat ing n- b u t not isoparaffins. T h i o u r e a 
(6.1 A ) a n d offretite (6.3 A ) have channels w i t h s imi lar free diameters as do 
/3-cyclodextrin (7-8 A ) a n d zeolite L (7.1 X 7.8 A ) . I n th iourea the loose 
fit of n-paraffins i n the t u n n e l appears to destabil ize the adducts (85, 86). 
T h e same is t rue of disc-shaped molecules compr is ing on ly benzenoid r ings. 
However , i f su i tab ly b u l k y saturated side chains are at tached (cyc lohexyl -
benzene or tertf-butylbenzene), then adduct i on read i ly occurs. H e t e r o c y 
clics, l i k e unsubst i tuted aromatics , do not read i l y f o rm adducts . T h u s 
flat molecules also exert a destabi l i z ing effect u p o n the tunnels of a c i rcular 
cross section. S u c h s tab i l i t y problems do not arise w i t h the robust , p e r m a 
nent zeolite structures, a n d this constitutes an interest ing d i s t inc t i on . 
Offretite, for example, read i ly sorbs benzene or heterocyclics w i t h or w i t h o u t 
a l k y l side chains, p rov ided on ly t h a t they are not too large to permeate 
the structure . 

a-, a n d 7 - C y c l o d e x t r i n are of par t i cu lar interest because the i n d i 
v i d u a l molecules f o rm short, ho l low open-ended cyl inders , w i t h the free 
dimensions quoted i n T a b l e V I I . T h e y are formed respectively b y l i n k i n g 
six, seven, a n d eight glucose residues, a react ion w h i c h can be effected 
through the ac t ion of Bacillus macerans amylase on starch . T h e hol low 

Figure 4- Projection of structure of the a-dex-
trin-h complex, (C&R\o06)l\,14HiO. Cage 
structure formed by the noncoaxial packing of 
cyclodextrin molecules, h molecules lie on the 

axis of the dextrin rings (52). 
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14 MOLECULAR SIEVES 

cyl inders themselves have channel lengths of 7-8 A . 7 - C y c l o d e x t r i n a p 
pears too open to f o rm stable complexes w i t h s m a l l molecules whi le a-
cyc lodextr in excludes b u l k y ones. I n the crystal l ine complexes the host 
molecules are arranged n o n coaxia l ly so tha t the open ends of the c y l i n d r i c a l 
host molecules are b locked b y others, as shown for (C6Hi 0 O 5 )6 , l2 ,14H 2 O i n 
F i g u r e 4 (52). T h u s the crystals m a y be considered to have the charac
teristics of closed-cage structures rather t h a n those of channel structures. 
I t is the i n d i v i d u a l molecules w h i c h possess permanent porosity , a n d be
cause of th is , complexes are possible even whi le the cyc lodextr in molecules 
are i n so lut ion. 

Figure 5. End-view cross section of urea-n-paraffin complexes (53) 

Adequate x - r a y crystal lographic studies have been made of some of 
the structures i n T a b l e V I I . T h e end-view cross section of channels i n 
urea-n-paraf f in complexes is shown i n F i g u r e 5 (53). T h e urea (and t h i o 
urea) molecules are hydrogen bonded to create ho l low c y l i n d r i c a l channels 
whose wal ls are helices of l i n k e d urea or thiourea . These helices can be 
r ight or left handed i n a g iven c rys ta l (but not both) . I n the orthorhombic 
structure of the deoxychol ic ac id complex w i t h acetic ac id h a v i n g a = 
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1. BARRER Porous Crystals 15 

25.55, 6 = 13.81, and c = 7.109 A , the deoxycholic acid molecules hydrogen 
bond only with each other to form pleated sheets in the yz planes (54) • 
The tunnels, occupied by acetic acid molecules, run parallel with these 
planes. In them the acetic acid molecules could be replaced-by one and 
possibly even two parallel n-paraffin chains while, as in the tunnels in 
mordenite, there are side pockets which could hold methyl side groups. 
Also, the tunnels are large enough to contain anthracene or camphor as 
guests. The unit cell dimensions of the complexes of choleic acids con
taining butyric, lauric, palmitic, stearic, and a-bromostearic acid are 
similar to those of the acetic acid complex. 

The channels in the complex of benzene with tris(o-phenylenedioxy)-
phosphonitrile trimer run parallel with the c axis of the hexagonal unit cell 
(a = 11.68, c = 10.077 A) . The planes of the central 

\ / 
N—P 

\ / \ 
P N 

/ \ / 
N=P 

rings of each molecule are normal to the c direction, and so with tetrahe-
dral bond angles around the P atoms the planes of the "wings" of the 
molecule, including the benzene rings, are at right angles to the plane of the 
central ring. A projection showing the arrangement of the molecules 
normal to c is then given in Figure 6 (55) which also shows the tunnels. The 
examples in Figures 5 and 6 illustrate nonzeolite channel structures. Other 

Figure 6. (001) projection showing channels in tris(o-phenylenedioxy)phos-
phonitrile clathrates which run parallel to the six-fold axis (55) 
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16 MOLECULAR SIEVES 

channel structures w h i c h have received considerable a t tent ion f r o m c r y s t a l -
lographers inc lude complexes of amylose (48), t r i - o - thymot ide (38), a n d 
perhydrotr iphenylene (44)-

Cavity Structures 

I n m a n y host latt ices well -defined po lyhedra l cavit ies occur. I n cer
t a i n examples the cavit ies are v i r t u a l l y isolated f r o m other cavit ies (e.g., 
c lathrate hydrates , c lathrate germanides a n d sil icides, melanophlogite , 
phenol , qu ino l , D i a n h V s compound, or the cage f o r m of t r i - o - thymot ide ) . 
I n other instances the cavit ies are l i n k e d through shared faces w h i c h have 
free diameters large enough to permi t diffusion of guest molecules, so t h a t 
channel patterns are formed i n two dimensions (e.g., l evynite ) or i n three 
dimensions (e.g., chabazite , erionite, L i n d e A , or faujasite (56,57). 

Table VIII. Some Polyhedra in Porous Crystals (58) 
Approximate 

Free 
Polyhedron Faces Vertices Dimensions, A Examples 

6-Hedron (cube) 6 4-rings 8 
8-Hedron (hexag- 2 6-rings 12 

onal prism) 
6 4-rings 

10- Hedron (octag- 2 8-rings 16 
onal prism) 8 4rrings 

11- Hedron 5 6-rings 18 
6 4rrings 

12- Hedron 12 5-rings 20 

14rHedron type I 8 6-rings 24 
(truncated octa- 6 4-rings 
hedron) 

14-Hedron type 3 8-rings 24 
II 2 6-rings 

9 4-rings 
14rHedron type 2 6-rings 24 

III 12 5-rings 

15- Hedron 3 6-rings 26 
12 5-rings 

16- Hedron 4 6-rings 28 
12 5-rings 

— Linde sieve A 
2.3 in plane of faujasite, ZK-5, 

6-rings chabazite 
erionite, offretite, 

levynite 
4.5 in plane of paulingite 

8-rings 
4.7 along c axis cancrinite, zeolite L 
3.5 normal to 

c 
4.9 by 5.1 clathrate hydrates (31), 

(hydrates silicides and germa-
only) nides, (59, 60) and 

melanophlogite (61) 
6.6 for sodalite, faujasite, 

inscribed Linde A, HPF6 • 
sphere 6H 20 (SI) 

6.0 along c gmelinite, offretite 
7.4 normal to 

c 

5.3 X 6.4 clathrate hydrate (31), 
(hydrates silicide and germa-
only) nide of type I (59) and 

melanophlogite (60) 
6.1 X 7.0 some clathrate hydrates 

(31) 
6.5 X 6.7 clathrate hydrate (31), 

(hydrates silicide and germa-
only) nide of type II (59) 
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X • BARKER Porous Crystals 17 

Table VIII. Continued 
Approximate 

Free 
Polyhedron Faces Vertices Dimensions, A Examples 

17-Hedron 3 8-rings 30 9.0 along c levynite 
5 6-rings 7-7.3 normal 
9 brings to c 

18-Hedron (oblate 6 8-rings 32 10.8 X 6.6 paulingite, ZK-5 
spheroidal 12 4-rings (6.6 A mea
form) sured between 

center planes 
of opposite 
8-rings) 

20-Hedron 6 8-rings 36 11 along c chabazite 
2 6-rings 6.5 normal to c 

12 4-rings 
23-Hedron 6 8-rings 42 15 along c erionite 

5 6-rings 6.3 normal to c 
12 brings 

26-Hedron type I 6 8-rings 48 11.4 for paulingite, ZK-5, 
(truncated 8 6-rings inscribed Linde sieve A 
cub-octa 12 4-rings sphere 
hedron) 

26-Hedron type 4 12-rings 48 11.8 for faujasite 
II 8 6-rings inscribed 

12 brings sphere 

D T P H 
Pentagonal dodecahedron Tetrakaidecahedron Pentakaidecahedron Hexakaidecahedron 

12(F) + 20(7) - 30(5) + 2 14-hedron 15-hedron 16-hedron 
14(F) + 24(7) - WE) + 2 15(F) + 26(7) - 39(J5) + 2 16(F) + 28(7) - 42(5) + 2 

4T 3T-1P 2T-2P 
Four tetrakaidecahedra Three tetrakaidecahedra-one pentakaidecahedron Two tetrakaidecahedra-

4(14-hedra) 3(14-hedra) l(15-hedra) two pentakaidecahedra 
2(14-hedra) 2(15-hedra) 

44(F) -* 70(7) = 112(5) + 2 45(F) + 72(7) - 115(5) + 2 46(F) + 74(7) - 118(5) + 2 

Figure 7. Basic and some composite polyhedra in clathrate hydrates (62). F = face; 
V = vertex; E = edge. 
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18 MOLECULAR SIEVES 

I n T a b l e V I I I in format ion is g iven regarding a number of p o l y h e d r a l 
uni ts (58) k n o w n to occur i n porous crystals . Some of these are i l l u s t r a t e d 
i n F i g u r e 7 (62). T h e 12-hedron is a n essential par t of most c la thrate 
hydra tes : i n par t i cu lar i n hydrates of type I each u n i t cel l contains t w o 
12-hedra a n d six 14-hedra of the t h i r d type (Table V I I I ) . T h e guest 
molecules are often found i n b o t h cavit ies , a n d since there are 46 water 
molecules i n the cubic u n i t cel l , the l i m i t i n g composit ion is 8 G - 4 6 H 2 0 
where G deonotes the guest. I n hydrates of type I I there are 16 12-hedra 
a n d 8 16-hedra i n each cubic u n i t cel l , conta in ing 136 water molecules. 
Of ten on ly the largest cavit ies have guests whi le larger molecules m a y 
occupy the 16-hedra a n d smaller ones the 12-hedra (double hydrates ) . 
T h e hydrate w h i c h forms is determined b y the size of the guest re lat ive to 
t h a t of the host (Figure 8) (63). N u m b e r s I a n d I I i n co lumn I mean i n 

J - C C I 2 = CHCi 

Large -
Cavity H 
Large -
Cavity H 

-
I 
1 
1 
1 

— (CH,).CH 

^ C H C I . 

CBrCI. 
n-CH.Br 

~ ( C H » ) » S 

N C C I 4 

C.H.Br 

^ C H C I , 

Large -
Cavity I 

6— 

l 
C.H.CI 

/ C H . C r , 

M C H J . O 

C . H , 
C.H.CI.CS, 
CH.CI, 

Large -
Cavity I 1 

1 
i Br, 
| / C H . S H 

l = \ c o s 
1 CH.Br 

CH,| 

COS 

CH.Br 

Small -
Cavity I 

1 Small -
Cavity I 1 CI, 

"| CH.CI 

l - ^ s o , 
1 N N , 0 Small -

Cavity II 

4-

! - c o , 

J H.Se, X . 

L H , 
1 
f 

H.Se 

H tS 

A 
Gas 

hydrate 
Liquid 

hydrate 
Double 
hydrate 

No 
Hydrate 

Figure 8. Comparison of molecular diameters of 
hydrate formers with the free diameters of the cavities 

(63) 
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1. BARKER Porous Crystals 19 

hydrates of t ype I or i n hydrates of type I I . A s i n zeolites, not a l l cavit ies 
need be f i l led w i t h guests, b u t u n l i k e zeolites the "porous i c e " f rameworks 
must have a c r i t i c a l content of guests to r e m a i n stable re lat ive to o rd inary 
ice or l i q u i d water (see E q u a t i o n 2). 

I n some of the c lathrate hydrates s tudied b y Jeffrey a n d colleagues, 
complex po lyhedra are present, formed b y the u n i o n of parts of other 
s impler po lyhedra a n d supported f r o m w i t h i n b y large organic cations. 
A number of these are i l lus t ra ted also i n F i g u r e 7. T h e c lathrate hydra te 
of t e t ra i soamyl fluoride ( i - C 5 H u ) 4 N + F - - 3 8 H 2 0 , for example, has the 2 P , -
2 T vo ids of the figure w i t h i n w h i c h are the organic ions ; i n the hydra te 
5 [ ( n - b u t y l ) 4 N + F - ] • 1 6 4 H 2 0 there are vo ids 3 T , 1 P a n d 4 T i n the ra t i o 3 :2 . 
These also serve to conta in the organic cations. A considerable number 
a n d v a r i e t y of such structures have now been invest igated. B r o m i n e h y 
drate unexpectedly differs f r o m hydrates of types I or I I w h i c h f o r m w i t h 
guests of size comparable w i t h B r 2 . I t has 10 12-hedra, 16 14-hedra, a n d 
4 15-hedra i n a u n i t cel l of 172 water molecules, a n d the bromine is present 
i n the two largest po lyhedra . 

T h e structure of t ype I hydrates is repeated i n melanophlogite (61), a n d 
t h a t of hydrates of types I a n d I I is repeated i n c lathrate sil icides or germa-
nides of N a , K , R b , or C s (59, 60). T h e a l k a l i m e t a l atoms are enclosed i n 
cages of S i or G e atoms a n d are thereby protected f rom at tack b y a t m o 
spheric oxygen. T h e l i m i t i n g composi t ion is 8 G - 4 6 S i or 2 4 G 1 3 6 S i , or 
the same w i t h S i replaced b y G e ; however, neither of these composit ions is 
reached since some voids do not conta in a n a l k a l i meta l a t o m . T h e u n i t 
cells v a r y as follows w i t h the b o n d distances between pairs of vertices i n 
the po lyhedra . 

Cubic CeU Edge, A 

Type I Type II 

Silicide Si—Si (2.34 A) 10.3 14.6 
Germanide Ge—Ge (2.44 A) 10.7 15.4 
Hydrates 0. • • 0 (~2.8 A) ~12.06 ~17.4 
Melanophlogite 0 • • • 0 13.4 — 

T h e c rys ta l chemistry of the c lathrate hydrates is based u p o n 4-
(rarely) a n d 5- a n d 6-membered-rings of l i n k e d 

H H 
\ / 

O 
/ \ 

H H 

t e t rahedra ; t h a t of the zeolites is based u p o n 4-, 5-, 6-, 8-, 10- a n d 12-
membered-rings of l i n k e d ( A l , S i ) 0 4 te trahedra . F " or O H ~ ions can proxy 
for H 2 0 i n water frameworks, so t h a t these can be negat ive ly charged just 
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20 MOLECULAR SIEVES 

as in aluminosilicates, and the 0 • • • O distance is similar in hydrate and 
aluminosilicate frameworks. 

As Table VIII indicates, more than one kind of polyhedron may be 
present in a given crystal. For example, erionite is composed of 23-hedra, 
11-hedra, and hexagonal prisms while zeolite Z K - 5 can be assembled from 

Figure 9. (a) Hydrogen bonding of OH 
groups in six quinol molecules forming 
sets of six-member edrrings. The quinol 
molecules are not shown in detail but lie 
along the sloping lines (65). (6) Rhom-
bohedral unit cell of 0-phenol. The 
cavities are outlined. Six phenol 
molecules are H-bonded to give six-mem-
beredrrings of OH groups. The C&H6 

groups slant alternately up and down in 
each such unit (32). 
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1. BARRER Porous Crystals 21 

b 

Figure 10. (a) Structure of Dianin's compound projected 
along the a axis, showing a guest molecule of 2,5,5-trimethylhex-
3-yn-2-ol in a cage (66). (6) A formal representation of the 
free dimensions and contour of a cage, showing the waist (66). 

The scales of (a) & (b) are different 

hexagonal pr isms, 18-hedra, a n d 26-hedra of T y p e I (64)- I n some zeolites 
b o t h channels a n d vo ids occur: for instance, i n offretite there are columns 
of 14-hedra of type I I alongside columns of 11-hedra a l ternat ing w i t h 
hexagonal prisms. These columns are l i n k e d together to define the wide 
para l l e l tunnels a long the c d i rect ion . B o t h channels a n d vo ids occur i n 
gmel inite , mordenite , zeolite L , zeolite 12, a n d cancr inite . I n other cases, 
completed s imple po lyhedra are not c learly definable, b u t channel net 
works i n three dimensions can be seen (e.g., zeolites of the natro l i te a n d 
phi l l ips i te groups) . 

T h e voids i n c la thrat ing frameworks of qu ino l , phenol , a n d D i a n i n ' s 
compound are also among those defined b y x - r a y crysta l lographic studies. 
I n qu ino l , the - O H groups are H - b o n d e d i n rings of six to give the f rame
work shown i n F i g u r e 9a (65) w i t h the flat C 6 H 4 groups l y i n g a long each 
s loping edge. T h i s f ramework is so open t h a t a second ident i ca l network 
interpenetrates the first. T h e structure then contains cavit ies w h i c h are 
roughly spherical w i t h 12 0 atoms at ~ 3 . 9 A f r o m the cage center a n d 6 
C atoms at ~ 3 . 8 A a n d 6 at ^ 4 . 2 A f r o m the center. T h u s , the free 
diameter is about 5 A , a n d guests such as A r , K r , X e , S 0 2 , C 0 2 , C H 3 O H , 
H C 1 , H B r , H 2 S , H C O O H , a n d C H 3 C N are c lathrated . T h e l i m i t i n g c o m 
posi t ion is 1G,3Q where Q denotes qu ino l . I t is to be noted that the 
c lathrate hydrate of hexamethylenetetramine, ( C H 2 ) 6 N 4 - 6 H 2 0 , is based 
upon the q u i n o l t ype of f ramework w i t h water molecules f o rming the host 
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22 MOLECULAR SIEVES 

la t t i ce (31). I n this hydra te there is, however, on ly the single, not the 
interpenetrat ing pa i r of i dent i ca l f rameworks found i n qu ino l . 

T h e mot i f of the H - b o n d e d r i n g of six O H groups is repeated i n the 
host latt ices of phenol a n d of D i a n i n ' s compound. T h e rhombohedra l 
u n i t cel l of phenol is shown i n F i g u r e 9b (32). F r o m each s ix -membered-
r i n g six p h e n y l groups fan out , three po in t ing up a n d three po in t ing down. 
T h e resultant double-cup uni ts are stacked on top of one another to enclose 
s m a l l cages about 4.5 A i n free diameter. I n add i t i on this superposit ion 
of double cups produces a c y l i n d r i c a l c a v i t y about 15 A l ong a n d 4.5 A i n 
free diameter r u n n i n g along the d iagonal of the rhombohedra l ce l l . I t can 
conta in several s m a l l molecules at once. 

T h e cavit ies i n the host lat t i ce of D i a n i n ' s compound comprise longer 
double cups t h a n those i n phenol since the molecule is considerably larger. 
T h e s tack ing of pairs of double cups is shown i n F i g u r e 10a, a n d the free 
dimensions of the resultant cavit ies i n F i g u r e 10b (66). T h e c a v i t y l ength 
is about 11 A . T h i s c a v i t y , w i t h i ts substant ia l dimensions a n d m a r k e d 
waist , can c lathrate even large molecules, b u t the c a v i t y shape makes the 
c la thra t i on v e r y sensitive to the shape of the guest (67). 

Nonzeolite Crystals Having Permanent Porosity 

A number of crystals other t h a n zeolites possess permanent i n t r a -
crysta l l ine poros i ty o n a molecular scale. These inc lude D i a n i n ' s c o m 
pound , 0 - N i ( o r C o ) ( 4 - m e t h y l p y r i d i n e ) 4 ( N C S ) 2 , a n d smectites i n w h i c h the 

+ 
layers are propped apart b y s m a l l g lobular organic cations such as C H 3 N H 3 , 
( C H 3 ) 4 N , a n d N H 3 , C H 2 C H 2 N H 3 . 

Dianin's Compound. T h e u n i t cells of inc lus ion complexes i n D i a n i n ' s 
compound a n d of the guest-free compound are a lmost the same, a n d there is 
no doubt t h a t the guest-free la t t i ce contains the same vo ids as those i n 
w h i c h guests are present. 

0 -Ni (4 -MePy) 4 (NCS) 2 . P r o v i d e d the i n t r a c r y s t a l l i n e vo ids are ac
cessible to guest molecules, porous nonzeolite crysta ls should behave s i m 
i l a r l y to zeolites. L i t t l e can be sa id regarding th is aspect for D i a n i n ' s 
compound even for s m a l l molecules such as methane. However , zeol i t ic 
properties have been w e l l proved for the W e r n e r compound a n d for the 
modif ied smectites. T h e 0 phase of N i ( 4 - M e P y ) 4 ( N C S ) 2 w i t h benzene 
was first c rys ta l l i zed , a n d the benzene was removed b y evacuat ing the 
crysta ls . T h e porous 0-phase then sorbed m a n y guest molecules rever -
s i b l y ; some m a x i m u m uptakes are g iven i n T a b l e I X (68). T h e reversible 
sorpt ion is i l l u s t r a t e d i n the isotherms of F i g u r e 11. T h e step i n the 
isotherms for X e sorpt ion is w e l l defined; i n other instances the isotherms 
are of T y p e I i n B r u n a u e r ' s classif ication. T h e structure of the 0-
phase-benzene complex has been determined ; i n sp i ra l channels there are 
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1. BARBER Porous Crystals 23 

Table IX. Complexes of £-Ni (or Co) (4-Methylpyridyl) 4(NCS) 2 

Volume Occupied 
Molar Ratios Guest:Host by Guest, cm3 cm~z 

Guest (Temp, °C) of Empty j8 Phase 

N 2 I.82 (-195.8) 0.13 
o 2 2.0 (-183) 0.12 
A r 2.06 (-183) 0.12 
K r 1.35 (-93) 0.11 
X e 1.6 6 (-78) 0.13 
CH3CI I.83 (-36) 0.20 
CH 2 C1 2 1.0 (23) 0.13 
CHCI3 0.46 (23) 0.076 

CCI4 0.32 (23) O.O64 
C H 4 1.9o (-123.4) 0.16 
C 2 He I.84 (-114.4) 0.21 
C3H8 0.44 (23) 0.06g 
n - C 4 H i 0 0.44 (23) 0.08s 
n - C s H i 2 0.49 (23) 0.12 
n-CeHn 0.46 (23) 0.12 

0.42 (23) 0.13 
0.33 (23) 0.11 

7l-CgH2o 0.21 (23) 0.078 

CeHe 1.0 (23) 0.19 
CH3C6H5 0.9 (23) 0.20 
c - C 6 H i 2 0.24 (23) 0.054 
t - C 5 H 1 2 0.3 (23) 0.072 

two k i n d s of c a v i t y connected through openings of ^ 4 A free diameter , 
a n d spirals meet i n the larger cavit ies (69). T h u s , a three-dimensional 
channel system exists. T h e benzene molecules were present i n the smal ler 
cavit ies . T o exhib i t th is zeol i t ic behavior the l i gand must be 4 - m e t h y l -
p y r i d i n e . So far i t has not been found w i t h any other of the numerous 
l igands w h i c h m a y replace 4 -methy lpyr id ine (see T a b l e V I ) to give c om
pounds i n w h i c h c l a t h r a t i o n occurs. 

Modified Smectites. I n the modif ied smectites (montmor i l lon i te , 
hectorite , a n d fluorhectorite), zeol i t ic sorpt ion also occurred read i l y for 
permanent gases, n-paraffins, a n d s impler aromatics (70-72). T h e open
ings between the layers tend to be s l i t shaped w i t h dimensions determined 
b y the free distance between layers a n d the l a t e r a l distance between a d 
jacent support ing cations. T h e height of the s l i t i n the outgassed smectite 
depends upon the size of the cat ion ho ld ing the siliceous layers apart , a n d 
the w i d t h depends not o n l y on the size of the cat ion b u t also o n the dens i ty 
of the framework charge and the va lency of the cat ion. T h e influences of 
these factors have been demonstrated, a n d the modif ied smectites have 
proved to be interest ing selective sorbents w i t h s imi lar i t ies to a n d d i f 
ferences f rom the molecular sieve zeolites. T w o k i n d s of synthet ic fluor-
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24 MOLECULAR SIEVES 

O 
.0 

IO 2p 30 40 SO 

15 

10 
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r 
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4 6 8 JO 

Pressure (cm Hg) 
Figure, 11. (a) Isotherms of Xe in p-Co&-
MePy)A(NCS)2. Isotherms at: (1) -78°C, 
(2) -62.5°C, (3) -57.3° C, (4) ~51°C, (5) 
-47.5°C, and (6) -41J°C (62). (b) Iso
therms of CS2 in 0-CoUMePy)i(NCS)2: (1) 

0°C. (2) 22° C (68). 

hectorite were recently synthesized—one h a v i n g a cat ion exchange ca 
p a c i t y of 90 mi l l i equiva lents per 100 grams (s imilar to t h a t i n m o n t m o r i l -
lonite and hectorite) a n d the other of 150 mi l l i equ iva lents per 100 grams 
(73). 

I n the e thy lened iammonium forms of these two preparations there was 
a sensitive dependence of up take upon molecular dimensions under the 
exper imenta l condit ions used (72) a n d dist inct ions between the crystals 
of the two exchange capacities. T h e free distance between pairs of siliceous 
layers of the sorbate free fluorhectorites was 2.8 A . W h e n guest molecules 
are t a k e n up , th is distance w i t h i n l i m i t s increases enough to accommodate 
the guest. T h u s , among the paraffins isobutane a n d 2 ,3 -d imethylbutane 
were t a k e n up . However , paraffins w i t h quaternary carbons (neo-C 5 , 
2 , 2 - d i - C H 3 - C 4 , 2 , 2 , 4 - t r i - C H 3 - C 5 ) were not . T h e i m p o r t a n t d imension is the 
difference i n height of these species (4.65 a n d 5.9 A ) . T h e sorpt ion of n-
paraffins ( m i n i m u m thickness 4.0 A ) occurred more r a p i d l y t h a n t h a t of 
isoparaffins. Isotherms a n d kinet ics of uptake are i l lus t rated for n-octane 
i n F i g u r e 12 (72). 
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1 • BARKER Porous Crystals 25 

T h e differences i n sorpt ion behavior shown b y the fluorhectorites of 
90- a n d 150-mil l iequivalent exchange capac i ty per 100 grams are thought to 
depend m a i n l y upon different la tera l free distances between e thy lened iam-
m o n i u m ions. W h e n these ions were envisaged as l y i n g flat between 
lamellae a n d as be ing d i s t r ibuted as regular ly as possible, la tera l free d i s 
tances were est imated w h i c h could v a r y f rom ~ 4 . 9 to ^ 7 . 5 A for the 
fluorhectorite-90, a n d ~ 3 . 8 to ~ 5 . 3 A for the fluorhectorite-150, according 
to the m u t u a l orientations of adjacent pairs of ions. 
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Figure 12. Isotherms and kinetics of sorption for n-octane in 
ethylenediammonium forms of synthetic fluorhectorites of ex
change capacities 90 (a and c) and 150 (6 and d) milliequivalents 
per 100 grams: (•) sorption points, (O) desorption points (73). 
Qt, Q« are amounts sorbed at time t and at equilibrium, 

respectively. 

Selectivity in Clathration and Zeolitic Sorption 

M o l e c u l e s ieving as exhib i ted b y zeolites depends u p o n the free d i m e n 
sions of the meshes g iv ing access to the inter ior of the crystals re lat ive to 
those of the potent ia l guest molecule presented to the mesh. L i k e garden 
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26 MOLECULAR SIEVES 

sieves such surfaces reject the large pebbles (molecules) whi le a l l owing the 
s m a l l ones to pass a n d be sorbed w i t h i n the c rys ta l . T h e extreme sensi
t i v i t y of th is method of separation to molecular dimensions a n d shape has 
been demonstrated often. T h e ease of passage of guests into the crystals 
can also be great ly modif ied b y the presence of exchangeable cations i n or 
adjacent to the meshes of the sieve a n d i n add i t i on b y the presence near 
meshes of regulated amounts of foreign molecules (e.g., H 2 0 or N H 3 ) i m m o 
bi le at the temperature of the subsequent sorpt ion of the guest. 

I n c la thrat ion , direct molecule s ieving is not i n v o l v e d , b u t there is a lock 
a n d k e y re lat ion between the cavit ies or channels of the host c rys ta l a n d the 
guest w h i c h is b u i l t in to i t d u r i n g c lathrate phase growth . T h e guest must 
be s m a l l enough to fit i n the channels or cavit ies. T h u s , i n q u i n o l c l a t h 
rates or c lathrate hydrates of types I a n d I I on ly rather s m a l l mole
cules can be encaged. I n D i a n i n ' s compound the shape of the c a v i t y 
(F igure 10b) imposes l i m i t s on the shape of the guest. I n par t i cu lar , the 
waist i n the c a v i t y makes i t diff icult for l ong molecules w i t h side chains 
near the ir mid -po ints to c lathrate . O n the basis of the work of G o l d u p 
a n d S m i t h (67) on selective separations w i t h D i a n i n ' s compound, one has 
the fo l lowing examples of f i t t ing a n d mis f i t t ing guests 

These data i l lustrate how sensitive lock a n d k e y c la thrat i on can become. 

Conclusion 

M o l e c u l e s ieving a n d c la thrat i on are separation procedures w h i c h de
pend upon differences i n shape a n d size of the var ious components of molec
u lar mixtures . O f the two versions of th is separation technique, molecule 
s ieving has so far found i n d u s t r i a l app l i ca t i on more readi ly especially i n 
r e m o v a l of n-paraffins f r om isoparaffins, naphthenes, a n d a r o m a t i c s — a 
process w h i c h was the subject of the or ig ina l patents on separations wdth 
zeolites (74~76). T h e var i e ty of crystals k n o w n to be in t r ins i ca l l y porous 
or w h i c h m a y develop poros i ty d u r i n g i m b i b i t i o n of guests is considerable, 
a n d more examples are constant ly being reported b o t h among inorganic 
a n d organic species, b y no means a l l of w h i c h have been referred to i n this 
paper. A n a l y t i c a l a n d i n d u s t r i a l procedures w i l l eventual ly benefit f rom 
a technology of porous crystals i n considerably more wTays t h a n now exist. 
F o r th is reason the short account i n this paper of the s t ruc tura l background 
of some porous crystals emphasises nonzeolites as m u c h as zeolites. 

Fits Misfits 

2-CH3-C6, 2-CH3-C5 

2,5-di-CHrCe 

n-Ca etc. (too long for cavity) 
3-CH3-C6J 3-CH3-C5 

2,2-di-CH rC 4 , 2,3-di-CH r C 5 

2,2,3-tri-CH rC 4, 3-C 2 H 5 -CB 
2,4-di-CHrCe, 2,2,4-tri-CH rCB. 
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Zeolite Structure Refinement 

KARL F. FISCHER 

Institut fuer Kristallographie, Universitaet des Saarlandes, Saarbruecken, Germany 

Zeolite structures pose unconventional problems for crystal struc
ture refinement. These problems arise from positional disorder, 
pseudo-symmetry, twinning, high mobility of some atoms, and 
(sometimes) the inaccessibility of single-crystal data. Methods 
are discussed for investigating split atoms, Si-Al distribution, 
pseudo-symmetry, and for dealing with parameter correlation and 
limited data sets. Some additional techniques which have 
not been applied to zeolite structures are mentioned. 

Touring the last 15 or so years, the m a j o r i t y of zeolite c r y s t a l structures 
(almost a l l zeolite minerals as we l l as a number of synthet ic zeolites) 

have been determined b y x - r a y analysis , a n d most of t h e m have been 
refined us ing F o u r i e r a n d / o r least-squares techniques. T o ob ta in a clear 
p i c ture of the va lue a n d v a l i d i t y of these results, one has to remember t h a t 
c r y s t a l de terminat ion b y n o r m a l x - ray (or neutron) di f fract ion leads, 
after the so lut ion of the so-called "phase p r o b l e m , " to the electron (or 
nuclear) densi ty d i s t r i b u t i o n p(x,y,z) i n the e lementary ce l l , averaged 
over t i m e a n d space. I t is computed b y " F o u r i e r synthes i s " f r o m the 
s tructure factors FQba(hkl), whose magni tude (but not phase) is obta ined 
d i r e c t l y f r om dif fract ion in tens i ty measurements. T i m e average essen
t i a l l y means t h a t the computed densi ty d i s t r i b u t i o n is der ived f r o m the 
d i s t r i b u t i o n funct ion of the electron (or nuclear) density of a l l the atoms of 
the ce l l (which are kept fixed i n the i r places, thus g i v i n g a po int func t i on 
for the nucleus) . T h i s funct ion is then modi f ied b y i n d i v i d u a l " s m e a r i n g " 
funct ions resul t ing f r o m the t h e r m a l v ibrat ions . G e n e r a l l y , a Ga uss ia n 
d i s t r i b u t i o n is used for th is purpose. Space average means the super
pos i t ion of a l l e lementary cells of the c r y s t a l under invest igat ion (or more 
exact ly of one mosaic b lock of th is c r y s t a l , assuming t h a t a l l b locks are 
ident i ca l other t h a n minor or ientat ional disorder) . 

F o r c rysta l - chemica l discussion of th is densi ty d i s t r i b u t i o n , each 
densi ty peak must be interpreted as a n a t o m of d is t inct chemica l species, 
associated w i t h parameters descr ibing i ts pos i t ion, v i b r a t i o n a l character 
istics, a n d the l ike . F o r a n o r m a l c r y s t a l s tructure of a w^ell-defined 

31 
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32 MOLECULAR SIEVES 

compound w i t h unambiguous s y m m e t r y , th is assignment of a n atomic 
species to a peak is no prob lem. Zeolites, unfortunate ly , are i n most 
cases not n o r m a l b u t " p a t h o l o g i c a l " crystals i n m a n y respects; equipoints 
for H 2 0 a n d cations m a y not be f u l l y occupied, a n d the correspondingly 
s m a l l electron dens i ty peaks cannot a lways be c lear ly labeled for a specified 
a t o m . T h e p-peaks m a y be unusual (e.g., elongated ell ipsoidal) i n shape, 
i n d i c a t i n g h i g h l y anisotropic v i b r a t i o n ampl i tudes a n d / o r pos i t ional d is 
order. T h e disorder of S i a n d A l appear ing i n the te t rahedra l (T-) sites 
a n d the correspondingly smeared p-peaks of T - a t o m s (as we l l as of the 
d i rec t ly bonded O-atoms) m a y be caused b y t w i n n i n g , w h i c h also can lead 
to the assumpt ion of a w r o n g s y m m e t r y of the structure . T w i n n i n g is i n 
t u r n favored b y the pseudo-symmetry of m a n y frameworks. 

Justification of Refinement 

Is extensive zeolite s tructure refinement justi f ied beyond mere sc ien
tific cur ios i ty? A n answer can read i ly be g i v e n : a n o r m a l , unrefined 
zeolite s tructure m a y prov ide sufficient knowledge about the f ramework b y 
defining m a x i m u m channel aperture a n d cage size. I t w i l l not , however , 
prov ide a clear p i c ture of the d i s t r i b u t i o n of atoms inside the pores, nor 
w i l l the S i - A l d i s t r i b u t i o n i n the f ramework be k n o w n i n most cases; th is 
f ramework strongly influences the cat ion d i s t r i b u t i o n as we l l as the v a r i 
a t i on of the (electric) po tent ia l i n the cavit ies . T h e inadequate knowledge 
obta ined b y convent ional methods of about 15 years ago is i l l u s t r a t e d b y 
the contrast between refinements presented i n this vo lume a n d the content 
of a paper b y the author on gmel inite w h i c h describes an average structure 
(or symmetr i zed structure , see below). S i - A l d i s t r ibut i on appears to be 
r a n d o m ; unusua l l y h i g h temperature factors indicate the superposit ion of 
structures w i t h probab ly higher order ing a n d lower s y m m e t r y ; l ow electron 
densi ty peaks, often w i t h poor shape a n d impossible distances, prevent a 
discussion of cage a n d channel filling as l o n g as the t rue s y m m e t r y is u n 
k n o w n . U n c o n v e n t i o n a l refinement methods give detai led results of 
present day zeolite s tructure . 

T h e two m a i n refinement methods are F o u r i e r synthesis of p(x,y,z) (or 
modif ications thereof) a n d least-squares computat ions w h i c h determine 
the best numer i ca l parameters to describe p. T h e y are obtained b y 
m i n i m i z i n g 

£ w(hkl)-(\FohB(hkl)\ - \Foai(hkl\)* = Z w A 2 

hkl 

where \/w(hkl) is the square of the s tandard dev ia t i on of each observed 
B o t h methods are theoret ica l ly equivalent a n d related b y a w e l l -

k n o w n mathemat i ca l expression (1). T h e s tandard procedures of c rys ta l 
s tructure refinement are t reated i n numerous books. Therefore, we con-
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2. FISCHER Structure Refinement 33 

sider on ly a few add i t i ona l points , w h i c h m a y be he lp fu l i n s t u d y i n g 
structure detai ls . 

Positional Disorder vs. Temperature Vibration 

I n a single c rys ta l i t is easy to decide whether a n elongated electron 
density peak is best described b y one f u l l y occupied posi t ion w i t h one h i g h 
v i b r a t i o n ampl i tude or b y two roughly hal f -occupied equipoints w h i c h are 
not v e r y close [e.g., 1 A , (2)]. T h i s is because the convo lut ion of the 
electron density of one a t o m w i t h a wide Gauss ian d i s t r ibut i on (corre
sponding to a large root mean square v i b r a t i o n ampl i tude) gives a different 
d i s t r ibut i on of electron density i n space (p-peak shape) compared w i t h the 
overlap (addition) of two separate atoms w i t h hal f occupancy a n d a narrow 
Gauss ian smearing funct ion . C l e a r l y , the peak shape is w e l l defined for 
converged F o u r i e r series only , w h i c h means t h a t a l l avai lab le F o b s d a t a 
must be inc luded . I n general, the reflections obta ined i n the M o - K a 
range of rec iprocal space are sufficient. D a t a l i m i t e d b y C u - K a fre
quent ly are not enough for close spl i t atoms because of series t e r m i n a t i o n 
errors. T h e closer the distance between the sp l i t atoms, the higher are the 
requirements for the data . W i t h present-day accuracy of intensit ies, i t 
seems unsafe to recognize spl i t H 2 0 w Tith distances m u c h below 0.5 A . 
F o r peaks elongated f rom t w i n n i n g , see M e i e r ' s chapter (3). 

I f different structure models—e.g., different arrangements of cations 
a n d / o r H 2 0 molecules—have to be considered, each should be refined 
u n t i l convergence. T h e n , the models can be compared on the basis of the i r 
weighted R factors : 

us ing a s tat is t i ca l test devised b y H a m i l t o n (4). T h e result indicates not 
on ly w h i c h model is to be preferred, b u t i t also provides a p r o b a b i l i t y 
measure (significance level) for r a n k i n g one model over another. 

Si-Al Distribution 

Sometimes i t is dangerous to estimate the s tat is t i ca l A l content of a 
te trahedra l (T—) site on the basis of the averaged T - 0 distance for t h i s 
tetrahedron. T - 0 varies w i t h T - O - T angle a n d the cat ion coordinat ion 
(5) a n d possibly other factors such as hydrogen bonds. F o r b o n d lengths 
w h i c h are systemat ica l ly shortened b y ideal ized h i g h symmetr ies see 
M e i e r ' s discussion (3). 

Desp i te the s i m i l a r i t y of the electron densities of S i a n d A l atoms, 
the i r scatter ing factor curves / are s t i l l different enough to a l l ow a refine
ment of the S i - A l d i s t r ibut i on of a T - s i t e according t o : 

/ T = w-/si + (1 - m)-/Ai 
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34 MOLECULAR SIEVES 

m be ing refined as add i t i ona l parameter for each T - s i t e . T h e procedure 
(6) is successful for essential ly ordered structures (m ^ 0.2 or m ^ 0.8) i f 
the fo l lowing condit ions are met . Intens i ty measurements must be done 
w e l l beyond s in 0/A = 0.9 ( M O - K a d a t a required ) ; one scale factor for 
a l l d a t a (or a t least no layer - l ine or s in 0/X dependence of scale factors ) ; 
q u a l i t y of d a t a sufficient to determine anisotropic temperature p a r a m 
eters; t rue single c r y s t a l (see below). P r o g r a m s exist for ref ining i n 
dependent m parameters as w e l l as for m's constrained b y the chemica l 
analys is of the sample. T h e y can also be appl ied t o other m i x e d p o p u 
lat ions (e.g., cations) w i t h a larger difference of the atomic scatter ing 
powers under less rigorous condit ions (e.g., 7, 8). I n a l l cases, however, 
the corre lat ion effects between m a n d the temperature parameters (and 
sometimes also the scale factor) must be considered careful ly . F o r solutions 
to this prob lem for S i - A l d i s t r ibut i on , where i t is serious, see Refs . 6,9. 

Neutron Diffraction 

T h e s m a l l re lat ive difference i n x - ray scatter ing power of S i a n d A l is 
rough ly doubled for ne i i t r on di f fract ion (b = 0.42 a n d 0.35 respect ively) , 
w h i c h thus shou ld be preferred for invest igat ing S i - A l d istr ibut ions . I t also 
offers the poss ib i l i ty of locat ing H (or D ) atoms, thus p r o v i d i n g i n f o r m a t i o n 
on H bridges, etc. T h e l i m i t e d number of neutron dif fraction studies on 
zeolite structures u n t i l now (owing to the l ow flux of the neutron sources 
a n d consequently the necessity of l ong measurements on large crystals) 
w i l l certa in ly be increased since h igh flux reactors are now being used (e.g., 
i n Grenoble , France , where also the new diffractometer type "hedgehog" 
(10) w i l l a l low us to measure several dozen scatter ing intensities f r o m a 
s m a l l c rys ta l at the same t ime) . 

One sl ight disadvantage of neutron dif fraction comes f r o m the i n 
dependence of scattering power of s in 6 (which is otherwise qui te useful) . 
D is regard ing posi t ional disorder, a l l nuclear density peaks are shaped b y 
t h e r m a l v i b r a t i o n on ly a n d therefore conta in no in fo rmat i on about the 
nature of the a t o m (besides the t r i v i a l fact tha t the peak cannot be a t t r i b 
u ted to a nucleus of lower scatter ing cross section). 

Pseudosymmetry-Twinning 

Pseudosymmetry creates some of the most difficult problems i n 
crys ta l structure work . T h e pseudo-symmetric c rys ta l m a y be a t rue 
single c rys ta l w i t h smal l deviations f r o m a higher s y m m e t r y (case 1) or 
(case 2) a t w i n produc ing a " s y m m e t r i z e d s t r u c t u r e " (3) w i t h a s imulated 
higher s y m m e t r y . I n b o t h cases, the true structure of l ow s y m m e t r y 
[H-structure (3, 11)] m a y give the same reflections w i t h on ly sl ight i n 
tensi ty var iat ions (a), or addi t iona l reflections (b) exist w h i c h are weak, so 
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2. FISCHER Structure Refinement 35 

that a rout ine so lut ion of the ir phase prob lem is near ly hopeless for zeolite 
structures. ( In contrast the pseudo-structure of h i g h s y m m e t r y [A-
structure (3,11)] can normal ly be solved b y the usua l techniques.) 

A method for invest igat ing a l l four types of problems (of w h i c h 2 a is 
the most compl icated a n d l b is the least complicated) has been der ived 
b y M e i e r a n d V i l l i g e r (12). T h e distance least squares ( D L S ) procedure 
uses the w e l l - k n o w n distances D for S i - O , A l - O , 0 - 0 (and eventual ly 
others) of the framework a n d refines atomic parameters b y a least-squares 
procedure m i n i m i z i n g 

MD = 2 w ( D , a l - Dknown) 2 

where w corresponds to w2j i n Ref . 12 (p. 413). T h e s u m m a t i o n is done 
over a l l the independent distances of the structure under the s y m m e t r y 
restr ic t ion of the assumed space group. T h e pos i t ional i n p u t parameters 
for the first c omputat i on of Z> c ai are t a k e n f r o m the A - s t r u c t u r e . A f t e r 
convergence of the D L S refinement, the final a tomic posit ions prov ide a 
s tar t ing set for the usual structure factor least-squares or F o u r i e r refine
ment. I n the case of more t h a n one possible space group for the H -
structure, a n d therefore different s y m m e t r y restrict ions, the best fit 
(lowest MD) indicates the most probable s y m m e t r y . ( In doubt fu l cases, 
the H a m i l t o n test (4) can also be appl ied to the D L S results.) T h e 
method has been successfully used i n the detai led invest igat ion of zeolites 
of type a a n d b, on the basis of single c rys ta l a n d powder di f fract ion 
d a t a : (13, H, 15, 16, 17). A more detai led treatment of pseudo-sym
m e t r y a n d t w i n n i n g inc lud ing new applications of the D L S m e t h o d is 
g iven i n another chapter (3). T h e D L S p r o g r a m (18) exists also i n a 
vers ion us ing add i t i ona l restr ic t ions : D L S R (14) • 

Parameter Correlation 

Pseudo-symmetr ic structures are k n o w n to cause h igh corre lat ion 
coefficients rtj between parameters (28)—e.g., p* a n d pjf i n par t i cu lar (but 
not necessarily only) between those re lated b y pseudo-symmetry opera
t ions ; rtj is l i m i t e d to 

- 1 ^ Tit $ 1 

a n d is approx imate ly zero for a l l ij pairs i n n o r m a l least-squares refinements. 
T h e rtj can be computed d u r i n g f u l l - m a t r i x least-squares runs . I f one or 
more rtj are near —1 or + 1 , they lead at best to serious underest imat ion 
of the s tandard deviations for the parameters i n quest ion ; i n other cases 
the least-squares computat ion fails to work at a l l . These h igh corre la 
tions are caused b y the close propor t i ona l i ty of 
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36 MOLECULAR SIEVES 

for the majority of the F(hkl), producing an unusually high off-diagonal 
element 

E dFhki dFhu 
whkr— — 

hkl Opi Opj 

of the least-squares matrix. (This proportionality is sometimes exact for 
all F's of a symmetrized structure. Thus, it is impossible to find the devia
tions from the symmetrized A-structure (which lead to the true H-struc-
ture) by structure-factor least-squares techniques. A n rtj of +1 or —1 
corresponds to a dependence between the two parameters pt and pj which 
does not change the quantity 2w • A 2 and causes a singularity in the least-
squares matrix.) Therefore, one should compute a least-squares cycle 
with a full matrix program to detect possible correlations. (If diagonal 
or block-diagonal programs must be used because of many parameters 
and/or unsufficient storage space in the computer, at least all the positional 
parameters should be combined in one full matrix block for this test run.) 

Serious correlations can sometimes be reduced by a careful investiga
tion of the corresponding dF/dpitj and their dependence on different classes 
of hkl, regions in reciprocal space, etc. and a critical elimination of those 
reflections for which both derivatives are nearly proportional to one an
other. This method was successful for a highly pseudo-symmetric struc
ture of type l a with several |r y| ranging between 0.80 and 0.98 (19). Re
ducing the numbers of observations increases the estimated standard 
deviations of the parameters. Values of \rtj\ < 0.4 or 0.5 are not serious. 

Powder Diffraction Data 

One serious disadvantage of powder data is accidental peak overlap. 
It can be partially overcome by careful measurement of the peak profiles— 
e.g., by step scanning. The experimental profile is then analyzed in terms 
of parameters for a normal profile. It is defined by a function, generally 
consisting of symmetric and asymmetric parts, and parameters vary sys
tematically with 6. The gross intensity of a multiple peak can thus be 
split into its components. Of course, the higher the difference in 0 is, 
the better defined will be the individual intensity of the components; this 
has to be taken into account in weighting the data (see e.g., Ref. 17). A 
versatile program for analyzing powder diffraction profiles has been written 
by Thoni (20). For the analytical representation of peak profiles for cubic 
powder data see Ref. 21. 

One advantage of powder data compared with single crystal intensities 
is that secondary extinction is greatly reduced for powder diffraction. 
Since secondary extinction is worse for reflections of high intensities and 
low glancing angles (where peak overlap in the powder diagram is less 
frequent), it is sometimes worthwhile to supplement single crystal data 
with these few structure factors derived from powder measurements. 
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2. FISCHER Structure Refinement 37 

Additional Remarks 

N e a r l y l i qu id - l ike behavior of exchangeable cations a n d sorbed mole
cules i n a zeolite can be invest igated. S impson a n d Steinf ink (22) f o r m u 
lated l i q u i d scattering functions for r a n d o m or ientat ion of molecules a n d 
different types of un i f o rm d i s t r ibut i on of bo th molecules a n d cations inside a 
large cage. T h e y have been successfully appl ied to various faujasite-type 
structures (21, 22, 23, 24). L i q u i d scattering (like scattering f r om other 
deviations f rom a normal c rysta l structure) also appears i n the background 
(see below). 

N e u t r o n a n d x - ray dif fraction d a t a can be combined for least-squares 
refinement (25) instead of ref ining bo th data separately a n d compar ing the 
results. T h i s jo int refinement has some advantages: T h e increased 
amount of data w i l l a l low refinement to lower s tandard deviations 
of the parameters. Because of the difference i n scattering mechanism, the 
hyperplane representing 2 w . A 2 above the parameter space apparent ly has 
a different topology. T h u s , no h igh correlations exist between x - r a y a n d 
neutron posi t ional parameters despite the i r close s i m i l a r i t y (25). T h e r e 
fore, one should check whether a jo int refinement w o u l d reduce some of the 
severe correlat ion effects ar is ing f rom pseudo-symmetry. A l s o , spl i t 
atoms should be more easily detected t h a n b y neutron or x - ray measure
ment alone. F i n a l l y , j o int refinement can help ident i fy atoms w i t h l o w 
stat is t i ca l occupancy. W i t h present-day neutron dif fraction equipment, 
i t w i l l be no prob lem to measure bo th x - ray a n d neutron d a t a f r o m the 
same crys ta l . 

T h e opposite signs for the neutron scattering power of hydrogen a n d 
deuter ium (—0.38 a n d +0.65) offers the poss ib i l i ty for invest igat ing (slow) 
self-diffusion between different water sites a n d / o r l oca l i zat ion of water 
molecules w i t h different m o b i l i t y i f di f fraction experiments are carr ied 
out for a sample where D 2 0 is exchanged i n steps vs. H 2 0 . 

I n D L S computations, constant atomic distances are used a n d have 
been very useful. Therefore, i t appears worthwhi le to constrain the 
posit ional parameters of the framework w i t h respect to the k n o w n distances 
for S i - O , A l - O , a n d 0 - 0 for n o r m a l structure factor least-squares c o m p u t a 
tions. Constra ined refinement essentially reduces the number a n d / o r 
v a r i a b i l i t y of the parameters a n d can be he lpful for w o r k w i t h l i m i t e d data 
sets (e.g., for powder dif fraction). Constra ined refinement has been d is 
cussed b y P a w l e y (26, 27). 

So far, only n o r m a l di f fraction (with sharp m a x i m a at the points of 
reciprocal lattice) has been mentioned. Invest igat ion of background scat 
ter ing can prov ide extended in fo rmat i on on var ious k inds of c rys ta l defects 
(well beyond stacking faults a n d the l ike) as has been demonstrated e.g. 
on metal a n d feldspar structures. 
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Symmetry Aspects of Zeolite Frameworks 

W. M. MEIER 

Institut für Kristallographie und Petrographie der ETH, Zurich, Switzerland 

Zeolite frameworks are variously pseudosymmetric. Reported 
structure determinations and refinements of most zeolites pertain 
to symmetrized structures in which bond distances tend to be too 
short, and structural details such as Si, Al order and cation 
distribution are more or less obscured. Distance least squares 
(DLS), a method for generating model structures (DLS models) 
with optimum interatomic distances, is useful for studying sym
metry-dependent geometrical constraints in zeolite frameworks, 
determining probable space groups of desymmetrized structures, 
and for interpreting symmetrized structures. Using analcime 
and faujasite-type structures as examples, it is shown how evi
dence for (local) Si, Al order can be obtained from sufficiently 
refined symmetrized structures using DLS models. T-O dis
tances should not be used directly for determining the amount of 
Al in T sites in these high-symmetry structures. 

notable feature of most zeolite structures is the apparent ly h i g h s y m -
x metry of the a luminosi l i cate framework. Inev i tab le deviat ions f r om 
the ideal ized structures a n d their apparent s y m m e t r y are frequent ly not 
readi ly observable. A l l zeolites are i n fact m a r k e d l y pseudosymmetric . 
T h e pseudosymmetry can arise for var ious reasons i n c l u d i n g S i , A l or 
der ing, bond ing requirements, a n d geometrical constraints . 

T h e ideal ized h igh - symmetry structure (A structure) a n d the pseudo-
symmetr i c a c tua l structure ( H structure) must be c lear ly dist inguished. 
T h e A structure can be der ived f r om the H structure b y sy mmetr i za t i on , 
i.e., b y a p p l y i n g the pseudosymmetry operation(s) . T h i s is i l lus t ra ted i n 
F i g u r e 1. T h e H structure i n this s imple example contains a fourfo ld 
pseudorotat ion. T h e s y m m e t r i z a t i o n is carr ied out b y a p p l y i n g the opera
t i o n of th is fourfold ro ta t i on to the H structure , a n d symmetr i zed posit ions 
( located at the centers of the shaded areas i n F i g u r e 1) are thereby ob
ta ined . T h e atoms i n the H structure are thus displaced to some extent 
w i t h respect to the symmetr i zed positions. U n l i k e H structures, A s t ruc 
tures can i n general be determined rout ine ly b y convent ional methods of 

39 
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40 MOLECULAR SIEVES 

structure analysis . T h e basic prob lem i n the analysis of pseudosymmetric 
H structures is f inding the displacement vector for each a t o m of the H 
structure . F o u r i e r peaks of symmetr i zed structures can at best reveal 
the magnitude b u t not the d irect ion of the displacement vectors. T h e 
prob lem of determining these vectors is p a r t i c u l a r l y difficult when the 
symmetr i zed peaks comprise more t h a n two component peaks a n d when 
the displacements are smal l . F u r t h e r difficulties are encountered i n the 
absence of t rans la t iona l pseudosymmetry operations. These give rise to 
extra reflections w h i c h depend on the displacements a n d are thus very 
useful . 

Figure 1. Simple example of symmetrization 

T h e space-group s y m m e t r y of the A structure of a zeolite can be 
defined as the m a x i m u m topological s y m m e t r y of the framework. T h e 
space group of the H s tructure must then be a subgroup thereof. T h e 
m a x i m u m s y m m e t r y of a representative number of zeolites is g iven i n 
T a b l e I together w i t h the est imated degree of pseudosymmetry for each 
of these zeolites. T h e degree of pseudosymmetry , w h i c h varies consider
ab ly , should indicate the magnitude of the recognizable deviations f rom 
the ideal ized h igh - symmetry structure . F o r the m a j o r i t y of zeolites the 
generally adopted space group is ident i ca l w i t h the m a x i m u m topological 
s y m m e t r y . I n m a n y cases this brings about an unreasonably h i g h degree 
of idea l izat ion a n d false deta i l i n s t ruc tura l studies. U n u s u a l or even 
u n l i k e l y s t ruc tura l part i cu lar i t ies , such as p lanar 6-rings or S i - 0 - ( S i , A l ) 
b o n d angles approaching 180°, are near ly a lways caused b y s y m m e t r y 
assumptions. Moreover , i n A structures S i a n d A l atoms (collectively 
cal led T atoms) are as a rule not dist inguishable, a n d S i , A l order is pre
c luded i n these symmetr i zed structures. 

A t least p a r t i a l S i , A l order appears h i g h l y probable i n zeolites, a n d 
S i , A l d is tr ibut ions can be best determined on the basis of observed T - 0 
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3. MEIER Zeolite Frameworks 41 

Table I. Maximum Topological Symmetry of Some Zeolite Frameworks" 
Framework Maximum Framework Maximum 

Type Symmetry1 Type Symmetry^ 

Analcime IaSd (c) Erionite P6z/mmc (c) 
Natrolite I4i/amd (a) Gismondine I^i/amd (b or c) 
Socialite /43m (b) Mordenite Cmcm (d) 
Cancrinite P6z/mmc (b) Ferrierite Immm (c or d) 
Gmelinite P6z/mmc (c) Faujasite Fd3m (mostly d) 
Chabazite RSm (c or d) Linde A Pm3m (c) 

° See Ref. 17 for references. 
b Degree of pseudosymmetry is given in parentheses, (a) Deviation from maximum 

symmetry readily observable (even by powder methods), (b) Deviation not so pro
nounced but in any case detectable by conventional single-crystal techniques, (c) De
viation only observable when suitable samples and special techniques are used, (d) 
Extreme cases of suspected pseudosymmetry based on slight indications only. 

b o n d distances. Y e t because of the considerable difficulties caused b y 
pseudosymmetry , almost a l l the reported structure determinations of 
zeolites per ta in to symmetr i zed structures. One should therefore k n o w 
i n what w a y bond distances (i.e., specif ical ly T - 0 distances) are affected 
b y symmetr i za t i on . A re lated question is whether symmetr i zed s t ruc 
tures can y i e l d a n y in fo rmat ion at a l l on possible S i , A l order a n d other 
s t r u c t u r a l details w h i c h are more or less obscured b y symmetr i za t i on . 
Computer - s imula ted model structures are of considerable interest i n th is 
respect. T w o structure types, analc ime a n d faujasite, have been chosen 
i n this paper to demonstrate how this model-oriented approach can be used 
to investigate these symmetry - re la ted problems. 

Computer Optimized Model Structures 

D i s t a n c e least squares ( D L S ) , a method developed b y M e i e r a n d V i l l -
iger (1) for generating model structures ( D L S models) of prescribed s y m 
m e t r y a n d o p t i m u m interatomic distances, can supp ly atomic coordinates 
w h i c h closely approach the values obtained b y extensive structure refine
ment. D L S makes use of the avai lable in fo rmat ion on interatomic d is 
tances, bond angles, a n d other geometric features. I t is p r i m a r i l y based 
on the fact that the number of c rysta l lographica l ly non-equivalent i n 
teratomic distances exceeds the number of coordinates i n f ramework- type 
structures. A general D L S program is avai lab le (2) w h i c h allows a n y 
combinat ion of prescribed parameters ( interatomic distances, rat ios of 
distances, un i t cell constants etc). I n add i t i on , subs id iary condit ions (as 
discussed i n Refs . 1 a n d 8) can also be prescribed. 

I n i ts simplest f o rm D L S minimizes the res idual funct ion 

P« = E Z W / ' U W j ) - Do(j)V 
j m,n 
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where Dmn(j) is the interatomic distance of t y p e , / between atoms m a n d n, 
a n d D0(j) is the prescribed interatomic distance of t ype j. A l l prescribed 
parameters a n d condit ions can be i n d i v i d u a l l y weighted. T h e weights 
Wj are n o r m a l l y based on bond ing considerations or recorded var ia t ions i n 
b o n d l ength values. T h e prescribed distances a n d weights used i n this 
w o r k are essentially based on the reference values b y R i b b e a n d G i b b s (4) 
a n d are g iven i n T a b l e I I . 

Table II. Prescribed Interatomic Distances 0 

T = Si T = Al 

Z)o(T-O) 1.605 (2.0) 1.757 (2.0) 
Do(O-O) 2.621 (1.0) 2.869 (0.8) 
Z)o(T-Si) 3.10 (0.1) 3.25 (0.1) 

° Distances in Angstroms. Weights are given in parentheses. 

D L S is a n effective t oo l for s t u d y i n g symmetry-dependent geometrical 
constraints i n complex structures such as zeolite frameworks. T h i s is of 
par t i cu lar significance i n the determinat ion of the a c t u a l space group of 
zeolite structures w i t h ordered S i , A l d i s t r ibut i on . M o d e l s connot ing 
possible subgroups of the m a x i m u m topological s y m m e t r y are thereby 
systemat i ca l ly tested b y D L S . A s a rule a n acceptable model should re 
fine to a weighted mean res idual of d i s t inc t l y less t h a n 0.02 A i f the as
sumed s y m m e t r y , cell parameters, a n d stereochemical requirements are 
f u l l y compatib le . 

Analcime Framework 

A n a l c i m e is n o r m a l l y described as cubic w i t h space group IaSd a n d 
a = 13.73 A . O n the other h a n d , crystals of analc ime are f requent ly 
opt i ca l ly anisotropic ( indicat ing noncubic s y m m e t r y ) , a n d several var iants 
have been dist inguished on this basis. T h e S i / A l ra t i o of n a t u r a l a n a l -
cimes is r e m a r k a b l y constant, a n d there are on ly sl ight var iat ions f r om 
the ideal composit ion Nai6Ali6Si32096- 1 6 H 2 0 representing the u n i t cel l 
contents. T h e rather compl i cated structure of analc ime was first de
t e rmined b y T a y l o r (5) a n d more recent ly refined b y several invest igators 
(6, 7) a l l assuming cubic s y m m e t r y Ia3d. D e t a i l s a n d further references 
can be found i n ref. 7. 

T h e constancy of the S i / A l rat io cannot be explained on the basis of 
the cubic structure . M o r e o v e r , S i , A l order of a n y k i n d is incompat ib le 
w i t h space group J a 3 d , the m a x i m u m topological s y m m e t r y . These a n d 
other observations, i n c l u d i n g the opt i ca l findings, indicate that the true 
s y m m e t r y is probab ly tetragonal as was a lready suspected b y T a y l o r (5) 
i n 1930. T h e highest r a n k i n g subgroup of IaSd p e r m i t t i n g S i , A l order is 
tei/acd. T h i s can be assumed to be the space group of the H structure 
whi le the A structure has IaSd s y m m e t r y . 
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3. MEIER Zeolite Frameworks 43 

D L S of the A structure was based on a prescribed average T - 0 d i s 
tance of 1.656 A (corresponding to S i / A l = 2) a n d proceeded to a weighted 
mean res idual p w of 0.030 A . T - 0 distances i n the resultant D L S model 
A are a l l somewhat too smal l . A c c o r d i n g to D L S computat ions the cel l 
constant a of the f u l l y disordered structure should be a r o u n d 13.95, instead 
of the observed 13.73 A (or less). D L S refinement of the H structure p r o 
ceeded to a r e m a r k a b l y l ow p w of less t h a n 0.001 A , on the other h a n d . 
T h e resul tant D L S model B is indeed near perfect w i t h respect to b o n d 
distances a n d angles. T h e atomic coordinates of the two D L S models are 
g iven i n T a b l e III. 

Table III. Analcime. Atomic Coordinates for the Framework 
Atoms Derived by D L S 

H Structure, I4i/acd (origin at 1), 
a = c = 13.73 A 

A Structure. IaSd. a = 13.73 A Displace= 13.73 A 
ments from 

Symmetrized Symme
DLS DLS DLS trized Posi

Atoms Model A Model B Atoms Model B tion, A 

T x 0.66109 0.66190 Al x 0.17076 0.172 
y 0.58891 0.58810 y 0.07924 
z 1/8 1/8 z 1/8 

Si X 0.09229 0.088 
y 0.12618 
z 0.34276 

O x 0.10649 0.10795 0(1) X 0.10165 0.292 
y 0.13456 0.13200 y 0.11265 
z 0.72105 0.72102 z 0.22726 

0(2) X 0.15329 0.366 
y 0.04492 
z 0.40016 

0(3) X 0.13320 0.276 
y 0.23071 
z 0.37451 

There is on ly one possible S i , A l order ing scheme i n the structure when 
the s y m m e t r y is t a k e n to be I^i/acd. T h e ordered a luminos i l i cate f rame
work consists of (near parallel ) 4-rings conta in ing S i on ly w h i c h are i n 
terconnected through single A l tetrahedra as shown schematica l ly i n F i g u r e 
2b. T h i s structure is obv ious ly tetragonal , a n d i n order to account for 
the frequently observed isotropic properties one has to assume submicro -
scopic t w i n n i n g . I n a n y one d o m a i n the four-membered S i rings m a y be 
oriented i n one of three possible directions. T h e cubic A structure , w h i c h 
is i l lus t ra ted i n F i g u r e 2a, demonstrates that the three possible orientations 
of the 4-rings of S i are equal ly probable. T r u e long-range S i , A l order 
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44 MOLECULAR SIEVES 

appears rather u n l i k e l y under these circumstances. T h e observed v a r i a 
t ions of the opt i ca l properties could be read i ly explained i n terms of sub-
microscopic t w i n n i n g due to l oca l S i , A l order. 

T h e postulated l oca l S i , A l ordering i n analc ime resembles the observed 
S i , A l d i s t r ibut i on i n the structure of laumont i te (8, 9) w h i c h is also c om
posed of four-membered Si -r ings l i n k e d to each other through A l t e t r a -
hedra. A n a l c i m e pseudomorphs after laumont i te have been recorded 
(10). A l l 4-rings i n l aumont i t e are near para l le l , a n d t w i n n i n g of the type 
just described is not possible. 

Figure 2. Framework topology of analcime: (a) Diagrammatic rep
resentation of the 4-rings in the symmetrized framework structure with T 
atoms occupying the corners of the squares, (b) Proposed Si, Al ordering 
scheme using the same diagrammatic representation. 4-Rings containing 
Si are linked to each other through single tetrahedra containing Al (marked 

by circles) 

T h e displacements of the f ramework atoms i n the H structure of 
analc ime f r o m the symmetr i zed positions are l i s ted i n T a b l e I I I . T h e y 
are considerably larger t h a n the displacements of 0.02-0.07 A found i n 
synthet ic zeolite N a A (3) w h i c h are the smallest displacements recorded 
so far i n a pseudosymmetric structure . T h e displacement vectors i n 
analc ime can be re lated to the apparent temperature parameters of the 
A s tructure . F i g u r e 3 shows the exper imental ly determined " v i b r a t i o n " 
ell ipsoids of op t i ca l l y isotropic analc ime (7). T h e strongly anisotropic 
ell ipsoids are i n reasonably good accord w i t h the displacement vectors 
obta ined independent ly b y D L S . 

T h e atomic coordinates of D L S model A a n d of the symmetr i zed 
D L S model B (l isted i n T a b l e I I I ) differ i n some measure. T h e exper i 
m e n t a l l y determined atomic posit ions i n opt i ca l ly isotropic analc ime (7) 
deviate on ly b y 0.025 A (T) a n d 0.027 A (O) f rom the positions i n the s y m -
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3. MEIER Zeolite Frameworks 45 

Figure 3. Analcime. Apparent thermal-motion probability ellipsoids of 
the T and 0 atoms in the A structure and the displacements from the symme
trized position obtained by DLS. Ellipsoids are based on thermal param
eters reported by Knowles, Rinaldi, and Smith (7) and are scaled to enclose 
50% probability. The diagrams were generated with the aid of computer 

program ORTEP by C.K. Johnson 

metr ized D L S model B . Of par t i cu lar interest are the interatomic d is 
tances i n the symmetr i zed D L S model B w h i c h are l i s ted i n T a b l e I V . 

Table IV. Analcime. Interatomic Distances in Symmetrized D L S 
Model and Expected Average Values Corresponding to S i / A l = 2 

Expected Expected 
D(T-0),A Value D(0-0)> A Value 

1.628 (2) 1.656 2.644 2.704 
1.633 (2) 2.666 (2) 

2.666 
2.668 (2) 

These distances are a l l considerably below the average T - 0 a n d 0 - 0 d is 
tances based on the S i / A l ra t io . T h i s exemplifies the fact tha t interatomic 
distances are i n v a r i a b l y shortened on symmetr i za t i on . A l l exper imental ly 
determined T - 0 distances i n analc ime (6, 7) are also s igni f icant ly shorter 
t h a n 1.656 A . T h i s must be because of symmetr i za t i on , a n d this f inding 
represents i n itself evidence of pseudosymmetry . 
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46 MOLECULAR SIEVES 

Faujasite Framework 

Fau jas i t e - type zeolite structures have m a x i m u m s y m m e t r y Fd3m, 
a n d a l l the 192 T atoms per u n i t cel l of the A structure are s y m m e t r i c a l l y 
equivalent . T h e observed S i / A l ratios of synthet ic faujasite-type species 
v a r y w i t h i n a range f rom s l i ght ly over 1 up to 2.5 (and occasionally above). 
U n m o d i f i e d species thus n o r m a l l y conta in between 48 a n d almost 96 A l 
atoms per u n i t cel l . T h e almost continuous range i n A l content does not 
b y itself ru le out a n y k i n d of S i , A l order. D iscont inu i t i es i n the p lot of 
the cel l dimensions against the number of A l atoms per u n i t cel l have been 
reported b y several invest igators (11, 12). T h e observed d i s cont inu i ty 
at a round 64 A l , i n par t i cu lar , has been related to S i , A l order ing (12). 
F u l l details a n d references on faujasite-type zeolite structures can be found 
i n the comprehensive a n d c r i t i c a l review b y S m i t h (13). 

Figure 4- Probable Si, Al ordering schemes in double 6-ring unit of faujasite-
type structures. Al positions are marked by circles. B requires 96 AVs and 
C and D require 64 AVs per unit cell. The space group symmetry of the frame
work is given for each arrangement of the Al atoms. Numbering refers to the 

nonequivalent T atoms in the common subgroup F222 

T h e present s tudy is restr ic ted to l i k e l y S i , A l order ing schemes of 
re la t ive ly h i g h s y m m e t r y . O n l y frameworks conta in ing either 96 or 64 
A P s per u n i t cel l have been considered. T h e par t i cu lar arrangements of 
S i a n d A l dealt w i t h i n th is paper are shown i n F i g u r e 4. T h e r e is on ly 
one possible order ing scheme i n a f ramework conta in ing 96 A P s per u n i t 
cel l i f arrangements w i t h 2 A P s shar ing the same oxygen a t o m are ru led 
out . T h i s possible f ramework w i t h alternate S i a n d A l te trahedra has 
been found to exist (14) a n d w i l l be denoted model B . Several order ing 
schemes are possible i n case of 64 A l ' s per u n i t cel l . These were first d i s 
cussed to some extent b y D e m p s e y (15). M o d e l C represents the on ly 
possible s tructure conta in ing 6-rings w i t h two A P s para . Other arrange
ments of such 6-rings are incompat ib le either w i t h the A l - O - A l avoidance 
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3. MEIER Zeolite Frameworks 47 

rule or w i t h a face-centered lat t i ce (which is c learly observed). M o d e l D 
represents the most l i k e l y arrangement w i t h a l l 6-rings conta in ing two 
A P s i n meta posit ions. 

T h e m a x i m u m s y m m e t r y of these ordered frameworks is Fd3 (model 
B ) , F 4 X 2 2 (model C ) , a n d Fddd (model D ) . T h e common subgroup of 
these space groups is F222. T h e double 6-r ing u n i t shown i n F i g u r e 4 
represents the asymmetr i c u n i t of the structure for F 2 2 2 a n d has been found 
to be the most convenient u n i t for discussing S i , A l order ing schemes. T h e 
T atoms have consequently been assigned numbers corresponding to the 
positions i n this double 6-r ing u n i t . 

A l l these models representing possible H structures have been refined 
b y D L S . F o r comparison, the averaged disordered structure w i t h m a x 
i m u m s y m m e t r y FdSm (model A ) has also been opt imized b y D L S . T h e 
adopted u n i t cel l constants were 25.132 A for models w i t h 96 A P s a n d 
24.808 A for 64 A P s {12). T h e D L S refinements proceeded to weighted 
mean residuals p w ( in angstroms) of 0.006 for A , 0.010 for B , 0.005 for C , 
a n d 0.011 for D . T h e mean residuals for the T - 0 distances alone were a l l 
less t h a n 0.001 A except for model D (0.003 A ) . Ref inements i n the lower 
s y m m e t r y F222 gave essentially the same results, a n d i t was thus con
firmed b y D L S that the assigned space group of each model is compatib le 
w i t h geometrical requirements. T h e atomic coordinates of the resultant 
D L S models, B , C , a n d D are l i s ted i n T a b l e V , a n d those of D L S model A 
are l i s ted i n T a b l e V I . 

T h e interatomic distances i n D L S model D are a l l s l i ght ly too large 
w h i c h indicates a l i k e l y decrease i n the cel l constant. I n fact, D L S yie lds 
a n o p t i m u m cel l constant for model D of 24.781 A instead of 24.808 A 
whi le model C is f u l l y compatib le w i t h the prescribed va lue of 24.808 A . 
T h e difference of 0.027 A is i n r e m a r k a b l y good agreement w i t h the m a g n i 
tude of the observed d i s cont inu i ty at 64 A P s (12). These findings indicate 
that Y - t y p e species conta in ing u p to 64 A P s perta in to model C (para 
form) whereas the t rans i t i on - type species conta in ing at least 64 A P s must 
be re lated to model D (meta form) . T h i s agrees w i t h the fact t h a t further 
subs t i tu t i on of S i b y A l is on ly possible i n model D . M o d e l s B a n d D are 
the two end members of a continuous subst i tut iona l series. 

T h e atomic coordinates of D L S models B , C , a n d D have been s y m 
metr ized to FdSm (Table V I ) for comparison w i t h exper imental ly de
termined coordinates based on FdSm s y m m e t r y a n d for determining the 
displacements ( l isted i n T a b l e V ) . Coordinates of the symmetr i zed s t ruc 
tures differ s igni f icantly . T h i s suggests t h a t even short-range order ing 
schemes can possibly be detected i f d i s tor t i on of the f ramework f rom cations 
or sorbate can be neglected. T h i s is done b y compar ing the convent ional ly 
refined A structure w i t h symmetr i zed D L S models. A s a n example, the 
fo l lowing mean deviat ions f rom the symmetr i zed D L S models of T a b l e V I 
have been obta ined for the A structure of n a t u r a l faujasite determined b y 
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48 MOLECULAR SIEVES 

B a u r (16): 0.129 A (A ) , 0.144 A (sym B ) , 0.096 A (sym C ) , a n d 0.036 A 
(sym D ) . T h i s a n d more detai led comparisons show c learly t h a t B a u r ' s 
results obta ined for n a t u r a l faujasite could be interpreted i n terms of 
model D , a n d short-range disorder, i n part i cu lar , appears most u n l i k e l y 
on th is basis. O f considerable interest, furthermore, are the interatomic 

Table V . Faujasite. Atomic Coordinates of D L S Models with Ordered 
S i / A l Distributions and Displacements 0 (A) from the Symmetrized Positions 

DLS Model B, 
Al Alternating with Si, 

FdS (Origin at 3), 
a = 25.132 A 

T(1)A1 x -

T(2)Si x 

DLS Model C, 
Al in Para Positions, 
F4i22 (Origin at 222), 

a = 2A.808 A 

DLS Model D, 
Al in Meta Positions, 
Fddd (Origin at 222), 

a = 24-808 A 

0(1) 

X -0.05034 T(l)Si 
(7)6 

X 0.17879 T(l)Si X 0.18795 T(l)Si 
(7)6 (10)6 

y 0.03763 y -0.00025 y -0.00718 
z 0.12330 

(0.021) 
z 0.09147 

(0.089) 
z 0.08948 

(0.309) 
X 0.03679 T(2)A1 

(12)& 

X 0.17518 T(2)A1 
(l l ) 6 

X 0.17950 T(2)A1 
(12)& 

T(2)A1 
(l l ) 6 

y -0.05033 y 0.08957 y 0.08724 
z 0.12471 

(0.021) 
z 0.00201 

(0.058) 
z -0.00118 

(0.058) 
T(3)Si X 0.08667 T(3)Si X 0.08795 

(H) 6 

y 
z 

0.18192 
-0.00025 

(0.133) 

(12)6 

y 
z 

0.17759 
0.00092 

(0.027) 
T(4)Si 

(10)6 

X -0.00161 T(4)Si 
(7)6 

X -0.00286 T(4)Si 
(10)6 

y 
z 

0.18402 
0.08688 

(0.190) 

T(4)Si 
(7)6 

y 
z 

0.18178 
0.08807 

(0.121) 
T(5)A1 X 0.00542 T(5)Si X 0.00460 

(9)& 

y 
z 

0.08827 
0.17140 

(0.176) 

(8)6 

y 
z 

0.08876 
0.16747 

(0.281) 
T(6)Si X 0.08986 T(6)A1 X 0.08867 

(8)6 

y 
z 

0.00443 
0.17289 

(0.134) 

(9)6 

y 
z 

0.00532 
0.17241 

(0.189) 
X 0.00092 0(11) X 0.23047 0(11) X 0.23684 
y -0.09854 y 0.01953 y 0.01871 
z 0.10310 

(0.084) 
z 0.12500 

(0.014) 
z 0.12315 

(0.215) 
0(12) X 

y 
z 

0.22914 
0.13100 
0.02174 

(0.157) 

0(12) X 

y 
z 

0.22708 
0.13048 
0.02863 

(0.232) 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

00
3

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



3. MEIER Zeolite Frameworks 49 

DLS Model B, 
Al Alternating with Si, 

Fd3 (Origin at 3), 
a = 25.132 A 

Table V . Continued 
DLS Model C, 

Al in Para Positions, 
Fh22 {Origin at 222), 

a = 84.808 A 

DLS Model D, 
Al in Meta Positions, 
Fddd (Origin at 222), 

a = 2A.808 A 

0(2) 

0(3) 

0(4) 

0(13) X 0.12716 0(13) X 0.13112 
y 0.22863 y 0.22323 
z 0.01888 z 0.01723 

(0.069) (0.228) 
0(14) X 0.01721 

y 0.23279 
z 0.12500 

(0.095) 
X -0.00079 0(21) X 0.13329 0(21) X 0.13886 
y -0.00460 y -0.02123 y -0.02033 
z 0.14868 z 0.13241 z 0.12957 

(0.068) (0.142) (0.284) 
0(22) X 0.12068 0(22) X 0.11964 

y 0.12994 y 0.12300 
z -0.01836 z -0.01383 

(0.210) (0.256) 
0(23) X -0.01985 0(23) X -0.01948 

y 0.13392 y 0.13108 
z 0.12353 z 0.12485 

(0.182) (0.116) 
X -0.02539 0(31) X 0.15547 0(31) X 0.16745 
y 0.07701 y 0.04903 y 0.03385 
z 0.07121 z 0.05664 z 0.04382 

(0.103) (0.138) (0.451) 
0(32) X 0.04751 0(32) X 0.04806 

y 0.16610 y 0.16651 
z 0.04877 z 0.05089 

(0.324) (0.210) 
0(33) X 0.06369 0(33) X 0.05613 

y 0.05709 y 0.05986 
z 0.14590 z 0.14106 

(0.357) (0.541) 
X -0.07265 0(41) X 0.19582 0(41) X 0.20706 
y 0.07971 y -0.04845 y -0.06235 
z 0.17444 z 0.05182 z 0.06150 

(0.074) (0.117) (0.438) 
0(42) X -0.05137 0(42) X -0.05319 

y 0.20310 y 0.19754 
z 0.05017 z 0.05017 

(0.241) (0.066) 
0(43) X 0.04347 0(43) X 0.04038 

y -0.03893 y -0.04520 
z 0.18513 z 0.18369 

(0.331) (0.458) 

° Displacements in parentheses. 
6 Equivalent T position in hexagonal prism (Figure 4). 
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50 MOLECULAR SIEVES 

distances i n the symmetr i zed model structures. T h e interatomic distances 
i n symmetr i zed D L S model C are l i s ted i n T a b l e V I I . T h i s is another ex
ample demonstrat ing the shortening of bond distances on symmetr i za t i on . 
T h e mean T - 0 distance of 1.647 A i n the symmetr i zed structure w o u l d i n 
dicate 53 A l ' s per u n i t cel l instead of 64. T h i s shows c learly t h a t S i / A l 

Table IV. Faujasite. Atomic Coordinates of Symmetrized D L S Models 
(Origin at 3m) 

DLS Model 
Symmetrized DLS Model 

A B C D 
FdSm FdS-Fd3m F4i22-Fd3m Fddd-FdSm 

T x 0.96234 0.96279 0.96379 0.96336 
y 0.87438 0.87599 0.87663 0.87494 
z 0.05079 0.05034 0.05237 0.05278 

0(1) x 0 0 0 0 
y 0.90057 0.89918 0.89493 0.89624 
z 0.09943 0.10082 0.10507 0.10376 

0(2) x 0.00176 0.00270 0.00396 0.00283 
y 0.85169 0.85132 0.85519 0.85712 
z 0.00176 0.00270 0.00396 0.00283 

0(3) x 0.92135 0.92589 0.92879 0.92377 
y 0.92135 0.92589 0.92879 0.92377 
z 0.02654 0.02539 0.03082 0.03334 

0(4) x 0.92616 0.92236 0.92237 0.92713 
y 0.82384 0.82764 0.82763 0.82287 
z 0.07551 0.07265 0.06968 0.07110 

Table VII. Faujasite. Shortening of Interatomic Distances (A) on 
Symmetrization 0 

T-O(l) 1.645(1.656) 0(l)-0(2) 2.697(2.704) 
T - 0 (2) 1.649 0(l)-0(3) 2.687 
T-0(3) 1.647 0(l)-0(4) 2.696 
T-C(4) 1.649 0(2)-0(3) 2.694 

0(2)-0(4) 2.687 
0(3)-0(4) 2.693 

° DLS model C with 64 Al's and space group F4i22 symmetrized to FdSm (expected 
average values in parentheses). 

ratios i n faujasite-type frameworks should not be determined on the basis 
of observed T - 0 distances w h e n FdSm s y m m e t r y is assumed. 

Conclusions 

E x p e r i m e n t a l l y obtainable da ta such as cel l constants, atomic co
ordinates, a n d t h e r m a l parameters of symmetr i zed structures can i n fact 
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3. MEIER Zeolite Frameworks 51 

supply some information on Si, Al order in zeolite frameworks. In par
ticular, it appears possible to detect and to distinguish specific short-range 
ordering schemes with the aid of computer-optimized model structures 
(DLS models) using a relatively simple approach which could be termed 
"framework mechanics." 

Bond distances are invariably shortened on symmetrization as can 
be generally proved. For this reason, it is dangerous to determine the 
amount of Al substitution in T sites of high-symmetry structures from 
T - 0 distances without exploring possible symmetrization effects. Sym
metrized structures represent a special type of "average" structure. To 
prevent confusion it is suggested that the term "average" structure be 
avoided whenever the averaging is specifically caused by a pseudosymmetry 
operation. 
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Framework Structures Related 
to the Zeolite Mordenite 

JOHN D. SHERMAN and J. MICHAEL BENNETT 

Molecular Sieve Department and Central Scientific Laboratory, Union Carbide 
Corp., Tarrytown Technical Center, Tarrytown, N. Y. 10591 

Five zeolite minerals have been considered identical with mor
denite with space group Cmcm. The possibility of a family of 
structures is considered; four related ordered structures includ
ing Cmcm are proposed. Two of these (Cmcm and Imcm) 
have a one-dimensional system of large pores. The remaining 
pair (Cmmm and Immm) have a two-dimensional pore system 
with a second set of smaller channels. X-ray diffraction results 
show that synthetic and most mineral specimens have the Cmcm 
structure but also reveal mixtures of Cmmm, Immm, and Imcm 
with the Cmcm structure in three mineral specimens. Electron 
diffraction examination of a ptilolite sample reveals the Cmcm 
structure with an intergrowth of the idealized structure Cmmm. 
Further tentative evidence for the existence of more than one 
"mordenite" framework structure, based on physical property 
characteristics, is discussed. 

' T 1 h e zeolite minerals mordenite (1), p t i l o l i t e (2), a rdu in i te (#),flokite (4), 
A a n d ashtonite (5) have been considered ident i ca l on the basis of x - r a y 

di f f ract ion studies a n d are now named " m o r d e n i t e " (6, 7, 8, 9,10). M e i e r 
(11) determined the s tructure on a sample of sodium-exchanged p t i l o l i t e 
(Cha l l i s V a l l e y , Idaho) . T h e s y m m e t r y was or thorhombic w i t h space 
group either Cmcm or Cmc2i. 

Cons ider ing the differences i n composi t ion , morphology , opt i ca l p r o p 
erties a n d the condit ions of genesis i t is not surpr is ing t h a t the five minerals 
were considered to consist of a n u m b e r of d i s t inct species. S i m i l a r l y , 
differences have been observed between the properties of m i n e r a l a n d s y n 
thet i c mordenites a n d between mordenites synthesized at different c o m 
posit ions a n d condit ions . T h i s suggests tha t a l though the frameworks are 
v e r y s imi lar , detai ls of posit ions a n d order ing m a y differ s igni f icant ly be-

52 
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4. S H E R M A N A N D B E N N E T T Structures Related to Mordenite 53 

tween specimens, perhaps i n a manner not easily determined b y x - r a y 
di f f ract ion. 

I n the present studies we have postulated three add i t i ona l f ramework 
structures closely re lated to the mordenite (Cmcm) s t ructure (11) a n d have 
examined how these structures might be dist inguished f r o m m o r d e n 
i te b y x - ray a n d electron di f fract ion studies. W e t h e n c r i t i c a l l y 
re -examined the publ ished l i t e rature a n d var ious avai lab le specimens to 
ver i fy the existence of these other structures. Since ver i f i cat ion was 
established, we examined some specimens further a n d considered the conse
quences of the various structures . 

Proposed Framework Structures Related to Mordenite 

W h i l e construct ing f ramework models of the Cmcm mordenite (11), 
we found that a number of re lated three-dimensional f ramework structures 
could be generated b y d isp lac ing b y c/2 i n the c d i rec t ion one or more 
f ramework segments conta in ing one quarter of the u n i t ce l l (represented 
b y the rectangle r-s-t-u i n F i g u r e 1). I n th is manner , a f a m i l y of r e la t i ve ly 
strain-free structures is created w h i c h appear ident i ca l when v iewed i n the 
c d i rec t ion (down the axis of the m a i n channels) (Figure 1). 

b = 20.49 A 

Figure 1. Mordenite framework struc
ture viewed in the c-direction 

A n a l y s i s of these models revealed t h a t the four structures w i t h the 
highest s y m m e t r y have space groups Cmcm, Cmmm, Imcm, and Immm. 
T h e Immm s t ructure h a d been proposed b y K e r r (12). T h e Cmmm a n d 
Imcm structures are proposed here for the first t ime . 
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54 M O L E C U L A R S I E V E S 

T h e 4-rings i n F i g u r e 1 are posit ioned at different heights i n the c 
direct ion , as summar ized i n T a b l e I . W h e n the 4-rings at A a n d C , a n d at 
B a n d D , are located at different z levels (Cmcm a n d Imcm s tructures) , 
the f ramework consists of a one-dimensional system of para l l e l 12-mem-
bered-r ing large channels para l le l to c h a v i n g e ight-membered r i n g side 
pockets w h i c h are staggered. However , when the 4-rings at A a n d C , a n d 
at B a n d D , are located at the same heights, (Immm a n d Cmmm s tructures) , 
the side pockets are al igned, creat ing a second set of smaller (e ight-mem
bered ring) channels para l le l to b connect ing the m a i n (12-membered ring) 
channels para l l e l to c, thus creat ing a two-d imensional pore system. 

Table I. Positions of the 4-Rings in the c-Direction in the 
Various Structures 

4-Rings Located at z Equal to: 

Framework Symmetry A B C D 

Cmmm 0 0 0 0 
Cmcm 0 y 2 Vi 0 
Immm 0 0 V . 
Imcm 0 0 V . V . 

F r o m the models i t is apparent t h a t in tergrowth of the var ious s t ruc 
tures cou ld easily occur. F o r such a n in te rgrowth to be detected b y x - ray 
di f fract ion i t must be m a n y u n i t cells i n thickness i n each d imension. 
Cmmm or Immm intergrowths w i t h Cmcm w o u l d be expected to render the 
i n t e r n a l regions of the crystals more accessible b y creat ing secondary pores 
para l l e l to b wherever the in tergrowth occurs. There are significant differ
ences (not shown i n F i g u r e 1) i n the numbers of four- , five-, a n d s i x -mem-
bered rings i n the four structures . F o r example, i n the Cmmm s t ructure 
there exists a puckered ladder of 4-rings s imi lar to t h a t f ound i n offretite. 

Calculated X-Ray Powder Patterns 

X - r a y powder patterns were ca lculated (IS) for the four ideal ized 
structures , us ing the atomic parameters a n d cel l dimensions determined b y 
M e i e r (11). A l t h o u g h these parameters w i l l be s l i gh t ly different for the 
four structures , they have been used here as a first approx imat ion . 

T w o sets of patterns were ca lculated for each s t ruc ture : w i t h a n d 
w i t h o u t sod ium cations (Table I I ) . These results ind i cated t h a t the effect 
of the cations cou ld be ignored. T h i s is confirmed b y ac tua l patterns for 
the N a a n d H forms of a synthet ic mordenite . Because mordenite has a 
l o w cat ion content, cat ion effects on peak intensities should be m i n i m a l . 

E x a m i n a t i o n of the peak positions a n d intensities for the ca lculated 
powder patterns reveals re la t ive ly few lines w h i c h w o u l d differentiate the 
four structures. T h e values m a r k e d w i t h a n asterisk i n T a b l e I I appear to 
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4. S H E R M A N A N D B E N N E T T Structures Related to Mordenite 55 

offer the best possibi l it ies for suggesting the presence of the different s t ruc 
tures. 

X-Ray Diffraction Studies 

X - r a y powder patterns determined i n the present studies a n d f r o m the 
l i terature are summar ized i n T a b l e I I I . T h e observed patterns for Zeo lon 
100 N a a n d Zeolon 100 H (synthetic s od ium a n d hydrogen large por t 
mordenites) are i n excellent agreement w i t h the calculated patterns for the 
Cmcm s tructure . 

L i t e r a t u r e d a t a suggest t h a t samples w h i c h are a m i x t u r e of Cmcm a n d 
one or more of the other structures m a y have gone undetected. T h i s is 
emphasized b y the fact t h a t m a n y samples apparent ly d i d not show the 
020 l ine (10.245 A ) a l though i t is read i ly observed i n each sample examined 
i n the present studies. U n f o r t u n a t e l y , m a n y k e y reflections w h i c h m i g h t 
d is t inguish between the structures are of comparable or lower in tens i ty 
t h a n the 020 reflection. 

I n general i t appears t h a t most x - ray patterns i n the l i t e rature agree 
w i t h the Cmcm s t ructure . H o w e v e r , a specimen reported b y Senderov 
(14) appears to consist of a m i x t u r e of the Cmcm (or Cmmmf) w i t h the 
Imcm (or possibly the Immm) s t ructure (Table I I I ) . 

A l l m i n e r a l or synthet ic specimens examined i n the present studies 
consist of the Cmcm s tructure except for the T r i n i t y B a s i n , N e v . a n d R o m e , 
Ore. specimens w h i c h appear to conta in the Cmcm s t ructure w i t h perhaps 
up to as m u c h as 2 0 - 3 0 % of the Cmmm s t ructure (Table I I I ) . 

These are the first observations of the existence of these other s t ruc 
tures a n d reveal t h a t the other f ramework structures exist as either p h y s i c a l 
admixtures or intergrowths w i t h the Cmcm s t ructure . 

Electron Diffraction Studies 

A previous examinat ion of a synthet i c ca l c ium mordenite (15) r e 
vealed a n or thorhombic cel l . A synthet ic s t r o n t i u m mordenite (16) h a d a 
C-centered or thorhombic cel l a l though K e r r (12) reported t h a t " a few 
crystals g iv ing electron di f fract ion patterns corresponding approx imate ly 
to the body-centered s t r u c t u r e " (Immm) " h a v e been synthesized h y d r o -
t h e r m a l l y f rom aluminos i l i cate gels conta in ing s t r o n t i u m s imi lar to those 
gels w h i c h y ie lded a s t r o n t i u m - m o r d e n i t e . " 

M a n y m i n e r a l a n d synthet ic samples examined b y B e n n e t t a n d G a r d 
(17,18) gave t y p i c a l C-centered or thorhombic di f fract ion patterns a n d w i t h 
few exceptions h a d streaks i n the hOl section, i n d i c a t i n g a n incomplete 
c-glide plane. A few crystals gave electron di f fract ion patterns h a v i n g 
diffuse m a x i m a i n the hOl streaks, w h i c h cou ld be interpreted as represent
i n g a n I-centered mordenite structure . 
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56 M O L E C U L A R S I E V E S 

Table II. Calculated X-Ray Powder 
Cmmm 

Reflections With Without 
hkl 26 d Na+ Na+ 

110 6.50 13.578 163.6 86.1 
020 8.62 10.245 19.6 26.4 
200 9.75 9.065 100.0 100.0 
001 11.76 7.520 23.6 19.0* 
011 12.53 7.060 
101 12.73 6.946 
220 13.03 6.789 0.8 3.5 
111 13.45 6.578 10.7 8.6* 
130 13.84 6.392 21.5 10.0 
021 14.60 6.062 11.3 9.1 
310 15.27 5.796 6.2 9.8 
201 15.30 5.788 59.6 48.0 
121 15.40 5.749 
211 15.90 5.570 
040 17.30 5.122 0.9 2.0 
031 17.53 5.046 
221 17.58 5.039 6.7 5.4 
131 18.20 4.870 1.6 1.3* 
301 18.82 4.711 
311 19.32 4.591 0.9 0.8 
400 19.57 4.532 0.0 0.3 
330 19.60 4.526 26.2 27.7 
240 19.89 4.460 2.5 0.6 
231 20.09 4.416 
321 20.74 4.280 
041 20.97 4.234 0.0 0.0 
420 21.42 4.145 5.1 2.1 
141 21.54 4.123 
150 22.22 3.997 31.4 31.3 
401 22.89 3.882 9.6 7.7* 
331 22.91 3.878 2.0 1.6* 
241 23.17 3.836 0.2 0.1 
411 23.30 3.814 
002 23.64 3.760 7.2 4.1 
421 24.50 3.630 1.4 1.2 
112 24.55 3.624 0.0 0.5 
051 24.72 3.598 
510 24.92 3.570 0.8 0.1 
022 25.21 3.530 6.0 2.9 
151 25.21 3.530 6.7 5.4 
202 25.63 3.473 40.7 38.5 
341 25.67 3.467 
060 26.07 3.415 2.0 2.6 
440 26.23 3.394 0.1 0.0 
350 26.25 3.392 32.3 21.5 
431 26.39 3.375 
251 26.63 3.344 
222 27.09 3.289 2.7 0.7 
501 27.28 3.266 
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Patterns—Integrated Intensities 
Cmcm Immm Imcm 

With Without With Without With Without 
Na+ Na+ Na+ Na+ Na+ Na+ 

163.6 86.1 163.6 86.1 163.6 86.1 
19.6 26.4 19.6 26.4 19.6 26.5 

100.0 100.0 100.0 100.0 100.0 100.0 

. . . 4.0 3.2 33.5 27.0* 
65.8 53.0* 

0.8 3.5 0.8 3.5 0.8 3.5 
81.7 65.8* 
21.5 10.0 21.5 10.0 21.5 10.0 
7.7 6.2 
6.2 9.8 6.2 9.8 6.2 9.7 

17.5 14.1 12.5 10.1 
9.2 7.4* 64.7 52.2* 

0.9 2.0 0.9 2.0 0.9 2.0 
4.3 3.5 1.1 0.9 

5.0 4.0 
0.4 0.3* 

7.3 5.9* 
7.0 5.7 — 
0.0 0.3 0.0 0.3 0.0 0.3 

26.2 27.7 26.2 27.7 26.2 27.7 
2.5 0.6 2.5 0.6 2.5 0.6 

1.6 1.3 0.3 0.3 
0.2 0.2 0.1 0.1 

0.2 0.2 
5.1 2.1 5.1 2.1 5.1 2.1 

0.2 0.1 1.7 1.4 
31.4 31.3 31.4 31.3 31.4 31.2 

0.3 0.2 . . . . . . . . . 
14.5 11.7* 

1.8 1.4 11.1 8.9 
7.2 4.1 7.2 4.1 7.2 4.1 
1.4 1.1 — — 
0.0 0.5 0.0 0.5 0.0 0.5 

1.0 0.8 0.0 0.0 
0.8 0.1 0.8 0.1 0.8 0.1 
6.0 2.9 6.0 2.9 6.0 2.9 
0.1 0.1 

40.7 38.5 40.7 38.5 40.7 38.5 
0.0 0.0 5.7 4.6 

2.0 2.6 2.0 2.6 2.0 2.5 
0.1 0.0 0.1 0.0 0.1 0.0 

32.3 21.5 32.3 21.5 32.1 21.4 
0.0 0.0 0.0 0.0 

13.9 11.2* 0.8 0.6 
2.7 0.7 2.7 0.7 2.7 0.7 

25.3 20.4* 
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Table I L 
Cmmm 

Reflections With Without 
hkl 26 d Na+ 

132 27.50 3.241 7.7 3.5 
511 27o63 3.225 4.3 3.4 
530 27.83 3.203 16.1 10.1 
260 27.89 3.196 0.1 0.0 
312 28.27 3.154 0.3 1.1 
521 28.66 3.112 
061 28.68 3.109 0.5 0.4 
441 28.83 3.094 0.1 0.1 
351 28.85 3.092 3.5 2.8 
161 29.11 3.065 
042 29.44 3.031 0.0 0 4 
600 29.54 3.022 0.2 0.4 
531 30.31 2.947 0.9 0.7* 
261 30.36 2.941 1.4 1.1* 
620 30.82 2.898 0.9 0.2 
402 30.87 2.894 7.2 4.2 
332 30.89 2.892 4.1 5.5 
170 30.92 2.890 0.6 0.1 
242 31.08 2.875 1.8 0.5 
451 31.72 2.818 
6gi 31.89 2.804 8.0 6.4* 
422 32.11 2.785 0.1 o. i 
611 32.20 2.778 
361 32.35 2.765 
541 32.48 2.754 
152 32.67 2.739 0.7 0.1 
071 32.80 2.728 — 
460 32.81 2.727 1.6 0.6 
550 32.96 2.716 0.9 1.4 
621 33.10 2.704 2.0 1.6* 
171 33.18 2.697 1.3 1.0* 
370 34.00 2.634 1.6 0.7 
271 34.30 2.612 
640 34.43 2.603 0.2 0.0 
631 34.55 2.594 
512 34.61 2.589 2.4 0.9 

* Calculated reflections which may distinguish 

In the present studies several crystals of ptilolite (Challis Valley, 
Idaho) had readily observable maxima in the hOl streaks with both odd and 
even values of h, suggesting intergrowth of Cmcm and Cmmm. Other 
different crystals showed streaking in the hOl section for rows with odd 
values of Z, which was interpreted as showing an intergrowth of Cmcm with 
Immm or Imcm. No perfect crystals of Cmmm, Immm, or Imcm were 
observed. 
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Continued 
Cmcm Immm Imcm 

With Without With Without With Without 
Na+ Na+ Na+ Na+ Na+ Na+ 

7.7 3.5 7.7 3.5* 7.7 3.5 
28.7 23.1 — 
16.1 10.1 16.1 10.1 16.1 10.1 

0.1 0.0 0.1 0.0 0.1 0.0 
0.3 1.1 0.3 1.1 0.3 1.1 

3.3 2.7 2.6 2.1 
2.4 1.9 
2.1 1.7 
0.4 0.3 

1.4 1.1 5.2 4.2 
0.0 0.3 0.0 0.3 0.0 0.3 
0.2 0.4 0.2 0.4 0.2 0.4 
0.2 0.1* 
3.8 3.1* — 
0.9 0.2 0.9 0.2 0.9 0.2 
7.2 4.2 7.2 4.2 7.3 4.2 
4.1 5.5 4.1 5.5 4.1 5.5 
0.6 0.1 0.6 0.1 0.6 0.1 
1.8 0.5 1.8 0.5 1.8 0.5 

2.5 2.1* 0.1 0.1 

0.1 0.1 0.1 0.1 0.1 0.1 
1.4 1.1 10.0 8.1* 
0.2 0.2 0.4 0.3* 
0.1 0.0 9.1 7.4* 

0.7 0.1 0.7 0.1 0.7 0.1 
— 1.1 0.9 1.8 1.4 

1.6 0.6 1.6 0.6 1.5 0.6 
0.9 1.4 0.9 1.4 0.9 1.4 
1.5 1.2* 
1.7 1.4* _ 
1.6 0.7 1.6 0.7 1.6 0.6 

0.2 0.1 0.0 0.0 
0.2 0.0 0.2 0.0 0.2 0.0 — 0.0 0.0 0.0 0.0 
2.4 0.9 2.4 0.9 2.4 0.9 

among the various framework structures. 

These are the first observations of intergrowths in the Cmcm morden
ite structure. They show, in the first case, that the Cmmm structure 
exists as discrete regions intergrown with the usual Cmcm structure while 
in the second, the body-centered structures only exist as very narrow re
gions or stacking faults. A n intergrowth of either Cmmm or Immm and 
the Cmcm structure would also account for the incompleteness of the c-
glide plane observed in some of the previous studies. 
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60 M O L E C U L A R S I E V E S 

Table III, Observed X-Ray 
Synthetic H+ Synthetic Na+ Synthetic Na+ 

L.P. Mordenite0 L.P. Mordenite6, Mordenite9 

I/h I/h I/h 
hkl dobs X 100 dobs X 100 doba X 100 

110 13.60 19.3 13.60 40.0 13.8 70 
020 10.16 17.4 10.16 11.8 10.4 10 
200 9.03 78.8 9.04 65.6 . 9.2 80 
001 
O i l 
101 
220 
111 6.54 37.9 6.55 36.9 6.54 60 
130 6.37 12.3 6.37 24.4 
021 6.05 7.1 6.06 6.9 
310 5.75 20.6 5.76 16.3 5.74 30 
201 
121 
211 
040 5.10 3.5 5.10 1.9 
031 
221 5.03 3.5 5.03 1.9 4.98 20 
131 4.85 1.0 4.85 1.0 
301 
311 
400 
330 4.51 42.4 4.51 32.5 4.54 50 
240 
231 
321 
041 4.23 Tr 
420 4.13 3.6 4.13 5.0 
141 
150 3.99 74.6 4.00 66.9 4.00 70 
401 
331 
241 3.83 12.8 3.83 9.4 
411 
002 3.76 13.4 3.76 11.9 3.79 50 
421 3.62 1.5 3.62 3.0 
112 
051 
510 
022 3.53 8.3 3.53 10.4 
151 
202 3.47 100.0 3.47 100.0 3.45 100 
341 
060 
440 
350 3.375 52.4 3.375 60.3 3.38 70 
431 
251 
222 3.278 20.7 3.284 12.4 
501 
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4. S H E R M A N A N D B E N N E T T Structures Related to Mordenite 

Powder Patterns —Peak Heights 0 

Novyi 1 (USSR) Trinity Basin, Nev. Rome, Ore. 
Mordenitef Mordenite* Mordeniteb'h 

4.17 10 4.14 8.5 

I/h I/h I/h 
^obs X 100 dobs X 100 dobs X 100 

13.5 70 13.43 46.8 13.64 6.6 
10.3 5 10.25 8.5 10.28 8.6B 
9.0 90 9.03 56.7 9.03 16.3 

J8.05 5]** 7.60 2.2 7.63 1.7 
7.11 5 

6.54 80 6.55 37.5 6.61 11.7 
6.38 22.6 6.42 10.1 
6.05 7.9 6.07 3.4 

5.86 10 5.82 13.0 5.84 6.6 
5.79 15.7 5.79 Sh 

5.62 40 
5.10 0.5 5.13 1.0 

4.94 10 5.04 1.9 5.04 Tr 
4.85 1.9 4.87 Tr 

4.43 80 4.52 31.9 4.52 10.0 

4.31 Tr 4.42 Sh 
{4.23 23.3** [4.23 36.J** 

3.97 80 3.97 60.6 4.00 18.4 
3.94 14.9 

3.86 11.4 

3.76 50 3.77 39.4 3.77 47.3 
3.62 11.6 3.67 10.3 

3.57 10 3.53 17.6 3.55 11.4 

3.47 100 3.48 100.0 3.48 39.8 

3.35 90 3.382 61.4 3.400 64.2 

[3.340 35. <3** [3.353 50. o}** 
3.290 38.3 3.326 42.9 
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62 MOLECULAR SIEVES 

Table III. 
Synthetic H+ Synthetic Na+ Synthetic Na+ 

L.P. Mordenite* L.P. Mordenite6 Mordenite6 

Uh 
dohB X 100 

3.19 90 

I/h I/h 
hkl dobs X 100 dobs X 100 

132 
511 3.226 26.0 3.223 28.7 
530 3.200 14.0 3.192 16.1 
260 
312 3.148 8.4 3.153 7.8 
521 
061 
441 
351 3.084 4.5 3.094 6.0 
161 
042 
600 
531 
261 2.940 5.8 2.945 6.3 
620 
402 2.889 19.4 2.893 26.9 
332 
170 
242 
451 
601 
422 
611 
361 
541 
152 2.734 1.0 2.742 2.5 
071 
460 
550 
621 2.71 4.5 
171 
370 2.64 2.5 
271 
640 
631 
512 

2.88 60 

2.68 10 

° X-ray diffraction studies were carried out using CuKa radiation and a graphite 
monochromator using the conventional techniques for powder samples. 

1 The Rome, Ore. mordenite also had a weak peak (~2.0 I/h X 100) at 11.0° 
20 (d = 8.043 A) attributed to trace clinoptilolite impurity. The Rome, Ore. morden
ite also exhibits an unusual x-ray powder pattern in that the lower angle reflections are 
relatively weaker than observed on the other mordenite samples, and the 020 reflection 
is broadened relative to neighboring reflections. Causes of these changes are not 
known. 

c Synthetic large port hydrogen mordenite (Zeolon 100 H) powder from Norton Co.; 
present studies. 
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4. SHERMAN AND BENNETT Structures Related to Mordenite 63 

C o n t i n u e d 
Novyi 1 (USSR) Trinity Basin, Nev. Rome, Ore. 

MordeniW Mordenite* Mordeniteh>h 

I/h. I/h Uh 
dobs X 100 dobs X 100 dobs X 100 

3.249 30.0 3.281 30.0 
3.226 80.9 3.232 100 

3.16 100 3.203 96.8 

3.159 11.8 3.150 28.0 

3.089 8.0 3.089 2 

3.033 24.2 3.038 Sh 
2.983 33 

2.945 12.7 2.921 11.4 

2.87 50 2.894 30.6 2.894 19.4 

2.810 5.2 
2.784 3.0 

2.755 8.3 2.747 7.7 

2.67 20 2.71 11.0 2.71 2.2 

2.64 3.0 

2.61 6.0 

2.59 12.4 2.607 15.4 

d Synthetic large port sodium mordenite (Zeolon 100 Na) powder from Norton Co.; 
present studies. 

e Synthetic sodium mordenite; reported by Senderov (H). 
t Mordenite from "Novyi 1 deposit, Nidym River, Lower Tunguska region, U.S.S. 

R.," reported by Senderov (14)-
o Mordenite from Trinity Basin, Nev.; sample from Minerals Research (MR No. 

25407); present studies. 
h Mordenite from Rome, Ore.; sample from Minerals Research (MR No. 25411); 

present studies. 
* Probably clinoptilolite impurity. 
** Quartz impurity. 
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64 M O L E C U L A R S I E V E S 

Relationships to Other Properties 

Cons iderat ion of the f ramework models s trongly suggests t h a t not 
on ly are the pore systems different b u t i t is l i k e l y t h a t the cat ion posit ions 
w i l l be different. A possible consequence w o u l d be a n a l terat ion of i o n 
exchange or sorpt ion selectivities. 

H a w k i n s (19) showed t h a t synthet i c S r mordenite gave S r 2 + / C a 2 + i 0 n 
exchange separation factors rang ing f r o m 8.4 to 3.5 as compared w i t h 0.5 to 
1.6 obta ined w i t h his synthet i c C a mordenite . X - r a y d a t a for the s y n 
thet ic S r mordenite agree w i t h the Cmcm pa t te rn , b u t no d a t a were pre 
sented for the synthet ic C a mordenite . Perhaps the S r mordenite a n d C a 
mordenite samples differed i n the i r f ramework structures, a n d th is was the 
reason for the ir different i o n exchange se lect iv i ty . 

S r mordenite synthesized b y B a r r e r a n d M a r s h a l l (16) gave the Cmcm 
x - r a y p a t t e r n a n d was C-centered or thorhombic b y electron di f fract ion. 
H o w e v e r , other electron di f fract ion studies, also b y K e r r (12), revealed 
some synthet ic S r " m o r d e n i t e " crystals of the Immm s t ructure prepared 
at s imi lar synthesis condit ions. F u t u r e w o r k should examine synthet ic 
S r a n d C a mordenite specimens further for the possible presence of other 
f ramework structures , a n d corre lat ion of structures w i t h S r 2 + / C a 2 + i o n 
exchange se lec t iv i ty . 

I n the case of sorpt ion a n d diffusion, the two-d imens ional channel 
systems of the Cmmm a n d Immm structures should prov ide higher rates of 
dif fusion t h a n w o u l d the one-dimensional channel systems of the Cmcm 
a n d Imcm s tructures . T h i s should be t rue also for mixtures conta in ing 
the Cmmm a n d Immm s tructures as separate crystals or as in tergrown re 
gions or s ta ck ing faults i n the Cmcm s t ructure . T h i s effect of such s tack 
i n g faul ts was first noted b y G a r d (18). 

T h e m a i n channels of each of the f ramework structures described 
above should be comparable i n cross section. H o w e v e r , the size of the 
m a i n channels i n mordenite depends upon the cat ion f o rm (21). Since 
ca t i on locations i n the var ious f ramework structures are expected to differ, 
the size of the m a i n channels of the structures ( in the same cat ion form) 
m a y differ. T h u s the var ious structures m a y exhib i t different degrees of 
large-port or smal l -por t behavior a l though i n the decat ionized f o rm a l l 
shou ld have equal sized m a i n channels, as observed (21). F u t u r e studies 
m a y reveal correlations between the sorpt ion properties a n d the presence 
of the other f ramework structures . 

M o r d e n i t e minerals v a r y i n the ease w i t h w h i c h they m a y be converted 
to the large por t t y p e b y chemica l t reatment (20). T h e presence of Cmmm 
as i n the R o m e , Ore. , mordenite should enhance the ease of the chemical 
conversion b y p r o v i d i n g greater access to the in te rna l regions of the crys 
ta ls . S a n d (22, 23) reported t h a t mordenite f r om R o m e , Ore . , can be 
easily converted to the large por t variet} ' b y chemical t reatment . T h u s the 
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4. SHERMAN AND BENNETT Structures Related to Mordenite 65 

presence of the Cmmm structure may contribute to greater ease of mass 
transfer, thus enhancing the ease of conversion to the large-port mordenite 
type. 

Extension to Other Systems 

Other related zeolites may also exist as families of framework struc
tures. Models of modified framework structures of some of the other 
members of the mordenite family—i.e., ferrierite, dachiardite, and epistil-
bite—have been constructed. Such structures have unit cell dimensions 
essentially equal to the reported structures, but of course they exhibit dif
ferent symmetries. 

We believe that though the calculated x-ray powder patterns are only 
first approximations, the strategy of building related framework models, 
calculating the x-ray powder patterns, and then using them for screening 
to identify specimens worthy of more detailed examination, is an efficient 
and useful approach which may be extended to other zeolite systems. 
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5 

X-Ray Diffraction Study of 
Palladium Y Zeolite 

Location of Palladium Atoms before 
and after Hydrogen Reduction 

P. GALLEZOT and B. IMELIK 

Institut de Recherches sur la Catalyse, 69 Villeurbanne, France 

The crystal structure of Pd12.5 Y zeolite was determined before 
and after hydrogen reduction at different temperatures. When 
the zeolite is evacuated at 600°C, Pd2+ ions are mainly found to 
occupy SI' sites within the sodalite cages. Hydrogen adsorption 
at 25° C results in a complete withdrawal of Pd2+ from SI' sites. 
This displacement out of cation sites is attributed to the reduction 
P d 2 + --> Pd(O) consistent with hydrogen volumetric measure
ments. Reduced palladium remains atomically dispersed in
side the sodalite cages up to about 200° C. Between 200 and 
300° C, Pd(O) atoms migrate toward the outer surface of the zeolite 
where they agglomerate into 20-A diameter crystallites. 

Preparation and properties of highly dispersed metals on carrier continue 
A to be important subjects of research in catalysis. In this respect, 
zeolites appear to be a unique material because reduction of initially dis
persed cations may provide isolated metal atoms encaged in the porous 
framework or, at least, very finely divided metal catalysts. To achieve 
this, the reduction temperature of the cation and/or the metal vapor pres
sure must be as low as possible to prevent the migration of metal atoms to 
the outer surface of the zeolite where they agglomerate to form crystallites. 
The reduction of palladium in Y zeolite was undertaken because palladium 
best satisfies the requirements above. P d 2 + ions have a very high reduc
tion potential (electromotive force +0.987 V) and Pd(II) compounds are 
known to be reduced to metal at room temperature by numerous reducing 
agents, for example, ethylene or carbon monoxide (i) while hydrogen pro
duces an incandescent reduction of PdO. 

66 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

00
5

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



5. G A L L E Z O T A N D I M E L I K Palladium Y Zeolite 67 

T h e c rys ta l s tructure analysis of pa l lad ium-exchanged zeolite al lows 
the determinat ion of i n i t i a l cat ion posit ions i n the dehydrated porous 
framework. S i m i l a r studies after reduct ion b y hydrogen at var ious t e m 
peratures should permi t the observat ion of p a l l a d i u m r e m o v a l f r o m the 
cat ion sites a n d thus the est imat ion of the reduct ion leve l . M o r e o v e r , the 
presence of meta l on the external surface is easily detected. Hence , x - r a y 
di f fract ion techniques should give a good p i c ture of hydrogen reduct ion of 
p a l l a d i u m i n Y zeolites. 

Experimental 

A L i n d e N a Y zeolite w i thout b inder was i o n exchanged i n a n a m m o n i a -
cal so lut ion of P d C l 2 w h i c h provides exchangeable ( P d ( N H 3 ) 4 ) 2 + cations. 
T h e so lut ion was s t i r red at r o o m temperature for 24 h r a n d then f i l tered. 
T h e zeolite was washed w i t h a m m o n i a so lut ion to e l iminate C l ~ ions. T h e 
desired exchange leve l was read i ly obta ined b y a l l owing the zeolite to 
equi l ibrate i n a so lut ion where a suitable amount of p a l l a d i u m has been 
introduced . C h e m i c a l analysis for p a l l a d i u m a n d sod ium showed the 
composi t ion of the calc ined sample to be P d ^ . s N a i g . s H n . s A l s e S W ^ (10 
w t % of P d ; p ro ton concentrat ion determined b y difference). 

T h e r m a l treatments were performed i n quar tz vessels connected to a 
grease-free v a c u u m l ine. S t a n d a r d treatment includes a n overnight c a l 
c inat ion i n oxygen at 600°C, fol lowed b y a 6-hr evacuat ion (5 X 10~ 6 torr ) 
at the same temperature , the sample being i n a shal low-bed geometry. 
T h i s last condi t ion a n d the pretreatment i n oxygen atmosphere are essential 
to a v o i d p a l l a d i u m i o n reduct ion b y a m m o n i a molecules d u r i n g the t h e r m a l 
r emova l of water a n d ammonia . T h e dehydrated zeolite was reduced b y 
hydrogen dr ied over ac t ivated molecular sieves at 77 °K . A 100-torr 
hydrogen gas pressure was in t roduced t h r o u g h a breakseal i n the vessel 
w h i c h was then heated at the required temperature for 15 hr . T h e treated 
sample was transferred into a connected L i n d e m a n n glass cap i l lary w h i c h 
was then sealed off for x - ray invest igations. T h e s tandard t h e r m a l t rea t 
ment was appl ied to a l l the invest igated samples. Sample A was not re 
duced, whi le samples A H 25, A H 200, a n d A H 300 were hydrogen reduced 
at 25, 200, a n d 300°C, respectively. T h e c rys ta l structures were deter
m i n e d f r o m powder d a t a according to exper imental techniques a n d reso lu
t i o n methods described previous ly (2,3). 

T h e method of S impson a n d Ste inf ink (4, 5) w h i c h uses l i q u i d scatter
i n g functions was employed to take in to account the unlocated atoms, 
assuming that they are un i f o rmly d i s t r ibuted throughout a sphere. A t o m i c 
parameters were refined w i t h 235 structure factors corresponding to a l l r e 
flections w i t h h2 + k2 + I2 <396 except the 111 l ine. A G u i n i e r - t y p e 
camera w i t h monochromat ized C u K « i r a d i a t i o n was used because of i ts 
l ow background diffusion, to detect the broad di f fraction l ines of external 
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68 M O L E C U L A R S I E V E S 

p a l l a d i u m crystal l i tes . T h e average size of the p a l l a d i u m crystal l i tes was 
calculated f r o m the integral w i d t h of the 200 l ine us ing the Scherrer f o rmula . 
D e t e r m i n a t i o n of fixed or desorbed amounts of hydrogen was carried out b y 
vo lumetr i c measurements. 

Results 

F o r sample A , the electron density appearing on S I ' sites (6) at x = y 
= z = 0.045 was a t t r i b u t e d wi thout any ambigu i ty to p a l l a d i u m ions be
cause of the short S I ' - 0 ( 3 ) distance (2.0 A ) a n d the large amount of scatter
i n g matter corresponding to about 10 P d 2 + . Sites S I a n d S H were assigned 
to p a l l a d i u m a n d sod ium ions, respectively, a l though some N a + m a y be 
mixed w i t h P d 2 + i n the former. 

T h e resolution of the A H 25 c rys ta l structure shows that quite a di f 
ferent cat ion d i s t r ibut i on occurs. T h e scattering matter on SI ' (0.045) sites 
has almost completely disappeared. Ref inement of S I , SI ' (0 .045) , S I I , 
a n d framework atomic parameters gives 0.145 for the R index (R = s | F 0 — 
KFC\/H\F0\). A l s o , m a n y discrepancies were observed among the first 20 
observed (FQ) a n d calculated (Fc) s tructure factors, a n d the difference 
Four i e r map showed electron density peaks throughout the sodalite cage, 
p a r t i c u l a r l y at x = y = z = 0.08. A second refinement w i t h add i t i ona l 
p a l l a d i u m on SI ' (0.08) sites produces a n R drop to 0.105 a n d indicates t h a t 
four P d 2 + occupy these sites. A t this stage scatter ing l i q u i d funct ions were 
i n t r o d u c e d ; mul t ip l e t r ia ls showed t h a t the best agreement between the 
first 20 structure factors was obta ined when about 10 p a l l a d i u m atoms were 
d i s t r ibuted i n a sphere of 2 .5-A radius centered on x = y = z = 0.125 cor
responding to the center of the sodalite cage. T h e last refinement i n v o l v i n g 
the previous parameters plus the occupancy factor of the r a n d o m p a l l a d i u m 
sphere gives a steep decrease of the R index to 0.084. However , the 
popu la t i on of the dispersed p a l l a d i u m a n d its s tandard error g iven b y the 
final refinement are unrel iable . T h e m a i n meaning of th is result is t h a t 
p a r t of the p a l l a d i u m atoms w h i c h have been shi fted out of i n i t i a l S I ' 
c a t i o n sites s t i l l do occupy the sodalite cages, b u t t h e y are i n r a n d o m 
posi t ions inside the 2 .5 -A rad ius sphere as far as x - r a y scat ter ing is c on 
cerned. 

T h e difference F o u r i e r map shows a peak at x = y = z = 0.17 w h i c h 
m a y correspond to water molecules. I n c l u d i n g these species i n the refine
ment s l ight ly decreased R, b u t the re levant populat i on was not s ignif icant. 

S t ruc ture refinements of the A H 200 a n d A H 300 samples were con
ducted i n the same way . U n i t cel l constants, final atomic parameters, a n d 
R indexes are g iven i n T a b l e I . (Observed a n d calculated structure factors 
are avai lable f rom the authors.) Interatomic distances a n d angles are 
g iven i n T a b l e I I . E s t i m a t e d errors on the popu la t i on a n d pos i t ion of the 
cations m a y i n some cases be greatly underest imated especially for atoms 
w i t h low occupancy factors. 
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5. G A L L E Z O T A N D I M E L I K Palladium Y Zeolite 69 

Table I. Atomic Coordinates, Temperature Factors (B, A 2 ) , Occupancy 
Factors (O.F.), and Cation Site Population (P)° 

Sample Sample Sample Sample 

T 
A AH 25 AH 200 AH 300 

_L 
X 0.1245(2) 0.1237 (2) 0.1236(2) 0.1235 (2) 
y -0.0538 (2) -0.0520(2) -0.0525(2) -0.0529 (2) 
z 0.0344(2) 0.0358 (2) 0.0358(2) 0.0354(2) 
B 1.1(1) 1.2(1) 1-5(1) 1.1(1) 

01 
1.2(1) 

x = -y 0.1070 (4) 0.1063 (3) 0.1058 (3) 0.1063 (3) 
B 1.7(4) 1.4(3) 1.4(3) 2.5(3) 

02 
1.4(3) 1.4(3) 

x = y -0.0044 (5) -0.0042 (4) -0.0035 (3) -0.0043 (4) 
z 0.1366 (7) 0.1433 (5) 0.1424 (4) 0.1416 (5) 
B 4.9(5) 2.9(3) 3.1(3) 3.5(3) 

03 
2.9(3) 3.1(3) 

x = y 0.1819 (5) 0.1771 (4) 0.1782 (4) 0.1777 (3) 
z -0.0303 (7) -0.0317 (5) -0.0314 (5) -0.0322 (5) 
B 3.9(5) 2.5(4) 2.9(3) 2.1(4) 

04 
2.5(4) 

x = y 0.1748(5) 0.1750(4) 0.1746 (3) 0.1758 (3) 
z 0.3164 (8) 0.3181 (5) 0.3177 (5) 0.3191 (4) 
B 5.4(5) 2.8(3) 2.8(3) 0.7(3) 

Pd(I) 
x = y = z 0.0 0.0 0.0 0.0 
B 3.0 3.0 3.0 3.0 
O.F. 0.08 (1) 0.11(1) 0.11(1) 0.12 (1) 
P 1.3(2) 1.7(2) 1-7(2) 1.9(2) 

Pd(I') 
x = y = z 0.0441 (3) 0.052(2) 0.056 (5) 0.045 
B 3.0 3.0 3.0 3.0 
O.F. 0.331 (6) 0.047(6) 0.025 (6) 0.028 (6) 
P 10.6(2) 1.5(2) 0.8(2) 0.9(2) 

Pd(I') 
1.5(2) 

x = y = z 0.078 (1) 0.078 (1) 0.078(2) 
B 3.0 3.0 3.0 
O.F. 0.125 (6) 0.125 (6) 0.028 (6) 
P 4.0(2) 4.0(2) 0.9(2) 

Na(II) 
x = y = z 0.2353 (7) 0.2373 (6) 0.2361 (6) 0.2352(6) 
B 3.0 3.0 3.0 3.0 
O.F. 0.59 (3) 0.56 (3) 0.53(3) 0.56 (3) 
P 19 (1) 18 (1) 17 (1) 18 (1) 

Pd(U) 
x = y = z 0.125 0.125 0.125 
O.F. 0.32 (9) 0.29 (9) 0.03 (9) 
P 10 (3) 9(3) 1(3) 

Final R 0.097 0.084 0.081 0.074 
a, A 24.66 24.71 24.71 24.71 

° Estimated standard errors are given in parentheses. Pd(U) means palladium 
atoms dispersed within a 2.5-A radius sphere of which the center is at x = y = z = 0.125; 
the significance of the corresponding population is discussed in the text. 
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70 M O L E C U L A R S I E V E S 

Table II. Interatomic Distances (A) and Bond Angles (degrees) 
Sample Sample Sample Sample 

A AH 25 AH 200 AH 800 

T-O(l) 1.620 (7) 1.664 (5) 1.645 (5) 1.638 (5) 
T-0(2) 1.579 (6) 1.614 (5) 1.621 (5) 1.615 (5) 
T-0(3) 1.720 (9) 1.634 (6) 1.643(6) 1.640 (6) 
T-0(4) 1.626 (6) 1.644(5) 1.640 (5) 1.658 (5) 

M 1.636 1.638 1.637 1.638 

0(l)-0(2) 2.635 (15) 2.684 (11) 2.686 (10) 2.669 (11) 
0(l)-0(3) 2.705 (16) 2.706(11) 2.689 (11) 2.691 (11) 
0(l)-0(4) 2.689 (8) 2.685 (5) 2.692(5) 2.676 (4) 
0(2)-0(3) 2.541 (13) 2.668(9) 2.642(9) 2.643 (9) 
0(2)-O(4) 2.659 (13) 2.633 (9) 2.635 (9) 2.653 (8) 
0(3)-0(4) 2.781 (20) 2.681 (13) 2.697 (12) 2.714 (12) 

M 2.668 2.676 2.673 2.674 

Pd(I)-0(3) 2.49 (2) 2.66 (1) 2.62 (1) 2.65 (1) 
Pd(I')-0(3) 2.01 (2) 2.19 (3) 2.23 (7) 2.13 (2) 
Pd(I')*-0(3) 2.72 (3) 2.72 (2) 2.75 (7) 
Na(II)-0(2) 2.52(2) 2.40(1) 2.39 (1) 2.41 (1) 

0(3)-Pd(I)-0(3) 87.1 (6) 86.6(4) 86.7(4) 87.1 (3) 
0(3)-Pd(I')-0(3) 114.8(3) 112 (2) 107 (6) 115 (2) 
0(3)-Pd(I')*-0(3)« 84 (1) 83 (1) 83 (3) 
0(2)-Na(II)-0(2) 108.3(6) 107.4(6) 107.7(6) 108.9(5) 

° (I')* means the Si' site at x = y = z = 0.078 

Discussion 

Dehydrated Zeolite (Sample A ) . T h e conspicuous feature w h i c h 
comes out of the results is the great preference of p a l l a d i u m ions for 
SI ' (0.045) sites. These ions are t i g h t l y bonded to three 0(3) oxygen 
atoms of the hexagonal p r i s m six-membered r i n g . T h e short P d - 0 d is 
tance (2.0 A ) suggests a p a r t i a l covalency of these bonds, and this is cor
roborated b y an i m p o r t a n t lengthening of the T -0 (3 ) b o n d (1.72 A ) w h i c h 
distorts the tetrahedron. I t must be not iced that a br idg ing oxygen be
tween two P d 2 + w o u l d be beyond the scope of the m e t h o d ; however, the 
10.6 P d 2 + t end to be the most dispersed among the eight sodalite cages, 
a n d br idged p a l l a d i u m ions are u n l i k e l y to occur. I n conclusion, p a l 
l a d i u m ions exhib i t behavior s imi lar to that of C u 2 + (3) whereas N i 2 + ions 
m a i n l y occupy S I sites i n Y zeolites (7-8). 

H y d r o g e n R e d u c t i o n at 25°C (Sample A H 25). A d s o r p t i o n at r o o m 
temperature of careful ly d r i ed hydrogen on sample A produces considerable 
change of l ine intensit ies , a n d structure results show t h a t cations undergo 
a complete r ed i s t r ibut i on w i t h i n the sodalite cage. Hence , 1.5 P d 2 + out of 
10.6 are left on SI ' (0.045) sites, 4 P d 2 + occupy SI ' (0.078) sites, a n d the 
others no longer occupy a definite site i n the sodalite cage. T h e SI ' (0.078) 
cations are bonded to 3 0(3) at about a 2.68-A distance, a n d probab ly to 
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5. G A L L E Z O T A N D I M E L I K Palladium Y Zeolite 71 

S H ' water molecules detected on the difference Four i e r map . Therefore, 
the ir coordinat ion w o u l d be s imi lar to tha t of the p a r t i a l l y h y d r a t e d N i 2 + 

ions observed on SI ' (0.08) sites i n N i faujasite (9) a n d N i Y zeolite (8). 

Moreover , the sodalite cages conta in about five pa l lad iums w h i c h do 
not occupy cat ion sites, i.e., sites where cations are bonded to a larger 
number of f ramework oxygens to balance the net negative charges. S u c h 
pecul iar positions of highest charge (sites S I , S I ' , S H ' , a n d SI I ) are a lways 
f i l led w i t h cations u n t i l some restr ict ive rules such as that stated b y M o r t i e r 
et al. (10) app ly . However , sodalite cage sites i n the A H 25 sample are far 
f r om cat ion overcrowding ; therefore, the present results are we l l in te r 
preted if the unlocated P d 2 + are assumed to be reduced to P d ( 0 ) . Indeed, 
such atomic p a l l a d i u m atoms have no electrostatic requirements to occupy 
a cat ion site, a n d they w i l l be r a n d o m l y d i s t r ibuted along the cage wal ls as 
suggested b y the results obta ined w i t h l i q u i d scatter ing functions. T h e re 
duct i on scheme of P d 2 + to Pd(0 ) is supported b y the fo l lowing exper imental 
evidence, (a) H y d r o g e n adsorpt ion on sample A at r o o m temperature i n 
a few minutes causes the P d 2 + red-brown color to disappear whi le a grey 
t i n t appears, (b) V o l u m e t r i c measurements show that sample A consumes 
hydrogen. A t e q u i l i b r i u m the hydrogen uptake at 25 a n d 300°C was 5.6 
a n d 8.9 H 2 per u n i t cel l . These figures corresponding to 4 5 % a n d 7 1 % re 
duct i on rat io are i n excellent agreement w i t h the x - ray results. F o r 
samples A H 25 a n d A H 300 i t appeared t h a t 5 a n d 8.8 P d 2 + left SI ' (0 .045) 
sites, a n d therefore 5 a n d 8.8 P d 2 + out of a t o t a l content of 12.5 are supposed 
to be reduced. T h u s , the reduct ion ratios of these two samples deduced 
f r om the x - ray invest igat ion are 4 0 % a n d 7 0 % , respectively, (c) In frared 
experiments performed i n this laboratory (11) w i t h the same sample show 
t h a t hydrogen adsorpt ion gives rise to h y d r o x y l s tretching bands at 3550 
a n d 3650 c m - 1 . T h i s result proves t h a t p a l l a d i u m ions are i n v o l v e d i n a 
redox react ion fol lowed b y a pro ton capture b y 0 (1 ) a n d 0 (3 ) f ramework 
oxygens. Moreover , carbon monoxide adsorpt ion on the sample gives rise 
to t y p i c a l bands of C O adsorbed on meta l . 

X - r a y results a n d hydrogen v o l u m e t r y show t h a t the reduct ion is i n 
complete at r o o m temperature . T h i s l i m i t of reduct ion m a y be caused b y 
the presence of water molecules formed d u r i n g the reduc t i on a n d bonded to 
the SI ' (0.078) cations. 

F i n a l l y the reduct ion process m a y be at least p a r t i a l l y reversible under 
the fo l lowing condit ions. T h e A H 25 sample was evacuated to remove 
hydrogen. A 200-torr pressure of oxygen was then established, a n d the 
sample was s lowly heated to 500° C . T h e c rys ta l structure of the sample 
treated i n this w a y was not determined, b u t the set of l ine intensities is 
s imi lar to tha t of the A sample. I t seems then t h a t most of the p a l l a d i u m 
atoms have probab ly been oxid ized a n d have moved t o w a r d the i n i t i a l 
SI ' (0.045) sites. 
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72 M O L E C U L A R S I E V E S 

H y d r o g e n R e d u c t i o n at 200 and 300°C (Sample A H 200 a n d A H 300). 
T h e d i s t r i b u t i o n of cations i n A H 200 is v e r y s imi lar to t h a t found w i t h 
A H 25, a n d thus the amount of reduced p a l l a d i u m remains unchanged. 
T h i s result is not surpr is ing because water molecules subsequent to the re 
d u c t i o n of the first five atoms are s t i l l bonded to the cat ion at this t empera 
ture , a n d prevent subsequent reduct ion as suggested above. Besides, v e r y 
weak a n d broad di f fract ion lines observed on G u i n i e r photographs indicate 
a beginning of Pd(0 ) migrat i on t o w a r d the zeolite external surface. 

T h e s i tuat ion is ent irely different for the A H 300 sample. P a l l a d i u m 
ions a n d atoms are almost completely removed f r o m the sodalite cage. 
O n l y 0.9 P d 2 + can be detected b o t h on SI ' (0.045) a n d SI ' (0.078) sites t o 
gether w i t h 1.9 P d 2 + inside hexagonal pr isms. S t rong di f fract ion lines of 
p a l l a d i u m meta l are now observed on the x - ray pat te rn . T h e average 
crysta l l i te size calculated f r om the l ine-broadening analysis is about 18 A . 
T h i s va lue is also found w i t h another sample reduced at 250°C a l though i n 
this case the amount of meta l on the surface is one - th ird as large. 

T h e results obtained w i t h samples reduced at 200, 250, a n d 300° C t end 
to prove t h a t Pd(0 ) atoms migrate d i rec t ly f r om the sodalite cages to the 
external surface w i thout agglomeration i n the supercages. T h i s behavior 
m a y be understood b y considering t h a t the Pd(0) a t o m of 1 .37-A radius 
needs a large a c t i va t i on energy to pass t h r o u g h the 2 .3-A sodalite aperture ; 
consequently, the ac t ivated a t o m should r a p i d l y cross the supercages w h i c h 
are w ide ly open t o w a r d the external surface. 

N a t u r e of P a l l a d i u m i n H y d r o g e n - R e d u c e d Samples . I n the above 
discussion, p a l l a d i u m ions were assumed to be reduced f r o m P d 2 + to P d ( 0 ) . 
T h i s assumpt ion needs further discussion. F i r s t , the p a t t e r n of our results 
is w e l l explained b y assuming t h a t iso lated p a l l a d i u m atoms m a y exist i n 
the sodalite cages after reduct ion b y H 2 up to about 200°C under our ex
per imenta l conditions. Moreover , th is assumption is i n good agreement 
w i t h in frared results obta ined for s imi lar samples. Some P d + ions m a y 
be also formed d u r i n g the reduct ion , b u t quant i ta t i ve measurements show 
t h a t the amount of P d + does not exceed 1 0 % of the reduced p a l l a d i u m (11). 

H o w e v e r , the p a l l a d i u m reduced at 25°C has unusua l propert ies : 
neither hydrogen nor oxygen is chemisorbed b y this species. T h e h y d r o 
gen uptake seems to be l i m i t e d to the amount needed for reduct ion . I f 
we assume t h a t some species l ike P d - H is formed, one can expla in the a b 
sence of hydrogen chemisorpt ion. However , this does not agree w i t h 
vo lumetr i c measurements of hydrogen uptake , a n d moreover, i f such species 
exist, oxygen chemisorpt ion should be possible. I t seems, therefore, as 
supported b y the results obta ined for C O chemisorpt ion (11), that iso lated 
p a l l a d i u m atoms do not have properties usual ly f ound for metals, l ike 
chemisorpt ion of H 2 a n d 0 2 . A s a matter of fact, the chemisorpt ion m a y 
depend upon collective properties of b u l k metals. Therefore, since the 
meta l orbitals do not exist for isolated atoms, hydrogen chemisorpt ion a n d 
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5. GALLEZOT AND IMELIK Palladium Y Zeolite 73 

other properties relevant to metal no longer hold. Further investigations 
are necessary for better understanding of the nature and properties of re
duced palladium encaged in the zeolite. 
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N M R Investigations of the Framework 
Cations of Various Faujasite-Type 
Zeolites and Their Interpretation 
by Model Calculations 

HANS LECHERT 

Institute of Physical Chemistry, University of Hamburg, 2 Hamburg 13, Germany 

Theoretical calculations of 23Na line widths for dehydrated 
faujasite-type zeolites based on a point-multipole model indicate 
that the observable spectra can only arise from ions in S1 sites; 
calculated line widths of S1' and S2 sites are so large as to 
render their lines experimentally unobservable. Better agree
ment with observed line widths is obtained by placing the un
sited cations at the four-membered ring of the supercage rather 
than at the outer side of the six-membered rings. The pre
dominant contribution to the field gradients comes from induced 
dipoles at the sites of the oxygen ions. Effects of the adsorbed 
molecules of water, ammonia, and hydrogen sulfide on the 23Na 
resonance can be explained by influences on these dipoles. A 
narrowing of the spectra indicates increased ionic mobility at 
higher water and ammonia contents. 

*"phe importance of zeolites in research on heterogeneous catalysis is 
A based mainly on the fact that the structure of the active surface is a 

denned part of the crystal structure and does not represent a more or less 
severe lattice defect as most catalyst surfaces do. The crystal structure, 
and therefore the structure of the zeolite surface, can be determined by 
x-ray diffraction. Knowledge of this structure allows the construction 
of simple models of the distribution of electric fields in the holes of the 
zeolite by which wide ranges of experimental results can be explained, as is 
shown by the pioneering work of Barrer (1-5) and Kiselev (6-9) on cal
culation of the heats of adsorption of various substances. 

With respect to the catalytic phenomena, it is hoped that an insight 
in the role of the surface at the first steps of activation of a reacting mole-

74 
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6. LECHERT NMR Studies of Faujasites 75 

cule can be obtained (10). Since such i n f o r m a t i o n is i m p o r t a n t , we need 
a n experimental method for measuring d i rec t ly any parameters of the 
electric field d i s t r i b u t i o n i n the holes. A suitable m e t h o d seems t o be the 
measurement of the magnetic resonances of nuc le i w i t h a n electric q u a d -
rupole moment (11-15) w h i c h gives i n f o r m a t i o n o n the gradient of the 
electric field at the s i te of the nucleus. I n th i s s tudy , we measured 2 3 N a 
resonances o n faujas i te - type samples w i t h var ious S i - A l rat ios a n d w a t e r 
contents and other adsorbates. T h e exper imental results are compared 
w i t h the results of model calculat ions of the field gradients . 

Nuclear Magnetic Resonance and Quadrupole Effects 

W h e n a nucleus w i t h s p i n I is p laced i n a s tat i c magnetic field, the 
energy spl i ts i n t o 21 + 1 equal ly spaced levels, a n d a 27-fold degenerate 
resonance l ine can be observed i n an N M R experiment (16). N u c l e i 
w i t h s p i n I > 1/2 possess a n electric quadrupo le moment Q w h i c h m a y i n 
teract w i t h the gradient of the electric c r y s t a l field at the s i te of the nucleus. 
T h i s field gradient is a traceless tensor (17). 

Vi,- = dW/bxidxj (1) 

which, after suitable t rans format ion , can be described b y two magnitudes 

eq = Vzz and 77 = V„ - V„/V„ (2) 

called " f i e ld g rad ient " a n d " a s y m m e t r y parameter . " V is the p o t e n t i a l , 
xt represents the cartes ian coordinates, a n d Vxx, Vvy, a n d Vzz are the c o m 
ponents of the field gradient tensor w i t h respect t o the pr inc ip le axes. 

T h e s trength of the quadrupole i n t e r a c t i o n is usual ly expressed as the 
quadrupole coupl ing constant, a n d is g iven b y 

CQ = <LZJ&* (3) 
h 

ym is the " a n t i s h i e l d i n g f a c t o r " descr ibing the influence of the p o l a r i z a b i l i t y 
of the electronic shel l of the i o n to w h i c h the nucleus belongs. T r e a t i n g the 
nuclear quadrupole i n t e r a c t i o n as a p e r t u r b a t i o n for the nuclear Zeeman 
energy, i t can be shown t h a t the magnetic resonance is sp l i t i n t o 21 c o m 
ponents i n the first order. 

I n the spectra presented here only the t r a n s i t i o n — y 2 V2 can be 
observed w h i c h is affected b y second-order p e r t u r b a t i o n . T h i s , for ha l f -
integer spins, results i n a shift of the centra l l ine g iven b y 

f<» = - ^ ( / ( / + l) - V O W W cos4 * + cos2 e + C(*)] W 
6 PL 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

00
6

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



76 M O L E C U L A R S I E V E S 

w i t h 

= 3e2
gQ(l - Too) 

V Q 2/(2/ - l)h 

a n d 

A($) = - » / B + 9/4»? cos 2$ - 3/sv2 cos2 2$ 

= +3o/g _ i / 2 T ? 2 _ 2 T ? COS 2<i> + V ^ 2 cos2 2$ 

C(«I>) = - » / B + Va*?2 - V411 cos 2* - '/ail1 C O S 2 2$ 

where $ a n d 0 are the polar angles of the d irect ion of the magnetic f ield w i t h 
respect t o the pr inc ip le axes of the field gradient tensor. *>L is the L a r m o r 
frequency. 

F o r powders, the values of 8 a n d <S> are d i s t r i b u t e d i n the range of 
— 7r/2 to 71-/2 a n d f r o m 0 to 2T w i t h equal p r o b a b i l i t y . Because i t is di f f i 
cu l t t o get a closed expression for the spec t rum of a powdered sample 
(15,18), the spec t rum is usual ly ca l cu lated (18-20) b y count ing the number 
of frequency values l y i n g between v a n d v + Av eva luat ing */ ( 2 ) b y E q u a 
t i o n 4 for a sufficiently large number of values of $> a n d 6. Some powder 
patterns obtained i n th is w a y are shown i n the l i t e rature (18,19). A c c o r d 
ing t o Stauss (18), s ingularit ies occur at — 2 / 3 ( l — y) a n d (3 — ^) 2 / 24 for 
97 < V3 a n d a t — 2 / 3 ( l — rj) a n d y 3 ( l — 77)2 for 77 > 1/3 expressed i n u n i t s of 
vQ

2(I(I + 1) — 3 / 4 ) /6J>L . T o describe real spectra, these powder patterns 
must be superimposed b y a G a u s s i a n func t i on descr ibing the effect of mag 
netic d ipo le -d ipo le interact ions of the nucle i a n d other mechanisms of 
broadening w h i c h result f r om latt ice defects and contr ibut ions of m o d u l a 
t i o n broadening by the experimental equipment . T h e w i d t h of the der ivat ive 
of the resonance l ine , w h i c h is observed i n wide-fine experiments, is a good 
measure of the distance of the singularit ies of the powder p a t t e r n for a 
broad range of the amounts of the broadening influences, as l ong as th is 
w i d t h is determined b y a second-order quadrupole in te rac t i on (16). T h e 
spectra of the zeolite samples represent a superposit ion of a number of spec
t r a of th is k i n d (discussed later ) . Therefore, usual ly on ly a single resonance 
l ine can be observed, whose w i d t h is a n average of the superimposed l ines. 

I f nuc le i or the i r surroundings have any m o b i l i t y , the resonance l ine 
w i l l nar row a n d become L o r e n t z i a n i n shape. T h e cause of th i s behaviour 
is a n averaging process of the components of the field gradient tensor. 
Q u a n t i t a t i v e considerations of the m o b i l i t y mechanisms i n zeolites are 
difficult t o make and are beyond the scope of th i s art ic le . 

Experimental 

T h e samples for the N M R measurements were t a k e n f r om U n i o n 
C a r b i d e zeolites S K 40, S K 20, a n d S K 25, f r o m samples k i n d l y submi t ted 
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6. LECHERT NMR Studies of Faujasites 77 

b y G . K u h l of M o b i l O i l C o r p . , a n d f r o m compounds synthesized i n our l a b 
oratory . Outgassing was done b y convent ional methods. A f t e r r e m o v i n g 
the major par t of the water a t 100°C at about 10~ 3 t o r r , the samples were 
heated to 350°C at 10~ 5 t o r r for four days . T h e adsorpt ion of water a n d 
other adsorbates was achieved b y filling a k n o w n vo lume w i t h the v a p o r of 
the adsorbate a n d b y connecting i t to the vessel conta in ing the zeolite. 
T h e exact contents could be determined b y weight . 

T h e N M R measurements were carr ied out b y the wide- l ine u n i t of a 
V a r i a n D P 60 spectrometer. A frequency of 16 M H z a n d a m o d u l a t i o n 
frequency of 20 H z were used throughout . T h e ampl i tude of the m o d u l a 
t i o n was adapted to the w i d t h a n d the in tens i ty of the observed l ines. F o r 
weak l ines, the effect of mo du la t i o n broadening was careful ly checked a n d 
corrected fo l lowing procedures out l ined b y K r o o n (21). 

Model Calculations 

T o determine w h i c h of the sites S 2 , S / , or S i described i n the l i t e rature 
could be responsible for the 2 3 N a resonances observed, a n d w h i c h l ine w i d t h s 
are t o be expected, we ca lculated the field gradients at these sites for differ
ent models of occupancy of the ca t i on sites i n the large cage not t o be 
localized b y x -ray invest igat ions. D u r i n g the calculations, the s t ruc ture 
was bu i l t up by uni ts of pairs of cubooctahedra w i t h van ish ing charge a n d 
vanishing dipole moment w i t h respect to the centra l S i s ite . T h i s model 
was suggested b y D e m p s e y (22). A t first, the point charge c o n t r i b u t i o n t o 
the fields a n d field gradients was ca lcu lated for a l l ions of the above-men
t ioned pair of cubooctahedra. T h e convergence was better t h a n 0 . 5 % after 
car ry ing the s u m over the 26 nearest cubooctahedra. W i t h the values ob
tained, the strengths of the induced dipoles and quadrupoles were ca lculated 
w i t h a set of po lar izab i l i t i es of the oxygen ions t a k e n f r o m q u a n t u m 
mechan i ca l calculations of Paschal is and Weiss (23) a n d H a r t m a n n a n d 
K o h l m a i e r (24) a n d f rom the results of field gradient calculat ions of H a f n e r 
a n d R a y m o n d (25-27) w h i c h are compared w i t h N M R measurements o n 
some aluminosi l icates . I n a former step, the c o n t r i b u t i o n of these m u l t i -
poles t o the field gradient was eva luated for sites S i , S i ' , a n d S 2 , a n d s u m m e d 
up w i t h the point charge c o n t r i b u t i o n . 

T h i s model is not s t r i c t l y self-consistent since the contr ibut ions of the 
dipoles a n d quadrupoles to the fields a n d field gradients at the neighboring 
sites are neglected. T h e just i f i cat ion for th is neglect can be found i n the 
fact t h a t the point charge c o n t r i b u t i o n is the predominat ing t e r m for the 
sites of the oxygen ions. T h e influence of the mult ipo les of the sod ium 
ions, the a l u m i n u m ions, a n d the s i l i con ions proved negligible. 

T h e S i a n d A l ions were arranged according t o the Loewenste in ru le 
(28) as is shown i n F i g u r e 1. A s ment ioned i n the l i t e ra ture (29-32), hal f 
of the S i sites a n d hal f of the S i ' sites are occupied, a n d care was t a k e n t h a t 
the S i a n d the S i ' sites were not occupied at the same double s ix -membered 
r i n g . T h e S 2 sites are f u l l y occupied. F o r the ions w h i c h cannot be local ized 
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78 M O L E C U L A R S I E V E S 

• NafS2) 
® NafSJ) 
• NafSj) 
© Na(S4) 
<3 Na(S5) 

Figure 1. Idealized projection of the build
ing units of the faujasite framework 

Table I. Quadrupole Coupling Constants, Asymmetry Parameters, and 
Distances of Singularities of the Powder Patterns for Two Models of the 

Unlocalized Sites 
Distance of 

CQ, MHZ I? Singularities, kHz 

S* Sites Occupied 
51 (a)« 1.488 0.24 14.27 

(b)6 0.654 0.57 2.26 
S / (a)« 3.369 0.04 89.20 

(b)6 3.945 0.03 122.93 
5 2 3.915 0.21 102.43 

SA Sites and S6 Sites Occupied 
51 (S4) 0.921 0.54 4.15 

(S6) 0.798 0.62 2.83 
S / (SO 3.185 0.12 74.41 

(S5) 3.270 0.08 80.82 
5 2 (S4) 4.538 0.42 114.79 

(S.) 4.726 0.32 131.10 

° Six nearest S3 sites occupied. 
b Six next nearest S3 sites occupied. Values are given for a dipole polarizability of 

1.7 A 3 and a quadrupole polarizability of 0.1 A 6 (23, 24). 
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6. LECHERT NMR Studies of Faujasites 79 

by x - ray dif fraction, two models were chosen. A c c o r d i n g t o B r e c k (25), these 
ions are placed above the four-membered rings i n one modfel, shown i n 
F i g u r e 1 as S 3 . Cons ider ing t h a t these N a ions should be i n contact w i t h 
at least three O4 oxygen ions, there are two sites of th is k i n d contact ing two 
0 4 ions a n d one 0 3 i on , respectively. W i t h regard t o the neighboring 
double s ix-membered r ing , there are 2 3 possible configurations of these S 3 

sites. I n the other model , the unlocal ized ions were arranged at the outer 
sites of the double s ix-membered rings, according t o the suggestions of 
M o r t i e r , Bosmans , a n d U y t t e r h o e v e n (32, 33). F o r the smal l N a ions, two 
different sites, S 4 a n d S 5 (F igure 1), were postu lated w h i c h are contac t ing 
two O i ions a n d one 0 2 i o n or two O i ions a n d one 0 3 i on , respect ively . T h e 
quadrupole coupl ing constants, a s y m m e t r y parameters , a n d distance of the 
singularit ies of the powder p a t t e r n , w h i c h can act as a rough measure of the 
expected l ine w i d t h , are demonstrated for b o t h models i n T a b l e I . 

U s u a l l y , i n wide- l ine N M R experiments, the first der ivat ive of the 
resonance absorpt ion curve is obtained. T a k i n g in to account t h a t the 
ampl i tude of th is curve decreases w i t h the square of the l ine w i d t h , the con
c lusion can be d r a w n f rom T a b l e I tha t , besides the resonances f r om the S i 
sites, the contr ibut ions of the other sites should be h idden i n the noise 
d u r i n g measurement. 

Table II. Quadrupole Coupling Constants, Asymmetry Parameters, and 
Distances of Singularities of the Powder Spectrum for the Si sites with all 

Possible Occupations of the Next S 3 Sites 
Distance of 

Occupation of Sz CQ, MHz Singularities, kHz 

1 6n° Onn6 1.488 0.24 14.27 
2 4n 2nn 1.394 0.62 8.60 
3 4n 2nn 1.293 0.24 10.75 
4 4n 2nn 1.293 0.24 10.75 
5 2n 4nn 1.168 0.40 7.72 
6 2n 4nn 1.168 0.40 7.72 
7 2n 4nn 0.970 0.08 7.12 
8 On 6nn 0.689 0.56 2.26 

0 Nearest neighbors S3 of the Si ion occupied. 
b Next-nearest neighbors S3 of the Si ion occupied. 

T o calculate the field gradients, the x - ray d a t a of Eulenberger , Shoe
maker , a n d K e i l (31) were used. T o calculate the distances of the s ingu 
larit ies , the expressions of Stauss (18) were appl ied w i t h 7*, = —4.53 a n d 
VL = 16 M H z . T h e values for the S i sites i n the model w i t h the S 3 sites 
occupied seem to be the most suitable to expla in the l ine w i d t h of about 10 
K H z obtained b y earlier measurements on the dehydrated X types (11-13). 
Therefore, the d a t a for a l l possible occupations of the S 3 sites w i t h respect 
to the S i s ite were calculated. These d a t a are shown i n T a b l e I I . T h e 
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80 M O L E C U L A R S I E V E S 

dev ia t i on of the a s y m m e t r y parameters of configurations 1 a n d 8 f r om zero 
results f r o m the fact t h a t the S i ' sites are on ly hal f occupied. T h e d a t a of 
T a b l e I I fit the above-mentioned exper imental results w i t h sufficient ac
curacy . T o show the re lat ive amount of the contr ibut ions of point charges, 
induced dipoles, a n d induced quadrupoles , the field gradient tensors w i t h 
respect t o the c r y s t a l axes are summar ized i n T a b l e I I I . T h e results of 
T a b l e I I I show t h a t the predominant c o n t r i b u t i o n t o the field gradient 
tensor at the S i sites comes f r om the induced dipoles. T h e cont r ibut i on of 
the induced quadrupoles is on ly a few percent. 

Table III. Field Gradient Tensors (10~ 1 2 esu) 
Vn V22 F33 V12 Vn 7 M 

Point charge 
Induced dipole 
Induced quadrupole 

Total 

-1.338 2.676 -1.338 -5.898 -9.525 -5.898 
0.490 -0.980 0.490 28.791 24.434 28.788 

-0.025 0.050 -0.025 -1.504 -1.334 -1.504 
-0.873 1.746 - 0.873 21.389 13.575 21.386 

Results and Discussion 

I n F i g u r e 2 the dependence of the l ine w idths of the 2 3 N a resonance on 
the S i - A l r a t i o is shown. A s ment ioned, the results for l ow S i - A l rat ios 
can be described b y a model w h i c h uses calculat ions for occupancy of the 
S 3 sites. O n l y the nuc le i of the ions i n the S i sites can be detected. 

A t S i - A l = 1 . 2 9 , a sharp step i n the l ine w i d t h of about 3 k H z can be 
observed. F i g u r e 3 shows some exper imental spectra near the step. F o r 

o 

10 

• r 

• 

• 
• 

• 

• 

• 

10 12 U US 1.8 20 22 2X 

SiJAl 

Figure 2. Dependence of the line widths of the 2ZNa resonance on the 
Si-Al ratio 
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6. LECHERT NMR Studies of Faujasites 81 

tokc 

Figure 3. Experimental spectra for some Si-Al ratios. 
The lines are broadened by modulation to about 10%. 

a n explanat ion of th is step, calculat ions were carr ied out for configurations 
where one A l i on a n d one S 3 i on i n the same four-membered r i n g i n each 
cubooctahedron connected b y the S i s i te were replaced b y S i ions. T h e re 
sults where this exchange occurred i n the double s ix -membered r i n g i tsel f 
are shown i n T a b l e I V . 

Table IV. Quadrupole Coupling Constants, Asymmetry Parameters, and 
Distances of Singularities of the Powder Spectrum for a Si Site with Two 

A l Ions Replaced by Si in the Double Six-Membered Ring 
Configuration Distance of Singularities, 

Corresponding to Table II CI, MHz t\ kHz 

1. = 4 1.700 0.86 9.030 
2. = 6 1.802 0.69 13.147 
3. = 7 1.426 0.93 5.474 
5. = 8 1.477 0.77 7.880 

C o m p a r i n g the d a t a of T a b l e I I w i t h those of T a b l e I V , a n increase of 
the coupl ing constant b y about 20% is observed. S imultaneous ly , the 
a s y m m e t r y parameter increases, w h i c h leads—according t o prev ious ly 
publ ished powder patterns (18, 19)—to a narrowing of the observed l ine . 
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Distances of the s ingularit ies are no longer a good a p p r o x i m a t i o n for the 
l ine w i d t h . Because the coupl ing constant enters E q u a t i o n 4 as the second 
power, bo th effects should result i n a s l ight increase of the l ine w i d t h at a 
po int where configurations conta in ing fewer t h a n six A l ions i n a double s ix -
membered r i n g become more probable. T h i s , however, is the case i n the 
range between S i - A l = 1.18 a n d 1.4. T h e i n t e n s i t y of the resonance de
creases r a p i d l y above the step at S i - A l = 1.29 because configurations con
t a i n i n g enough A l ions i n a double s ix -membered r i n g to fix a N a i o n i n the 
corresponding S i s ite are reduced more a n d more. 

I n F i g u r e 4 the dependence of the w i d t h s of the 2 3 N a resonance for 
different water contents a n d S i - A l rat ios is shown. T h e s t r i k i n g feature i n 
these curves is the steep increase of the l ine w i d t h at l o w coverages i n the 
X - t y p e samples. T h e fact t h a t the increase at l o w coverages occurs i n a 
smooth w a y leads to the conclusion t h a t the water molecules d i s turb the 
s y m m e t r y at the S i sites b y a n influence on the dipoles induced at the oxy
gen ions of the double s ix -membered rings. F o l l o w i n g B e r t s c h and H a b -
good (34), i t can be assumed t h a t a water molecule is at tached b y dipole 
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H20 - MOLECULES/SUPERCAGE 

Figure 4. Dependence of the line width of the 2 W a resonance on the water 
content, and on the Si-Al ratio. The unit of molecules in a super cage has been 
chosen as a measure of the content because of its illustrative character. For 
high water content, the number of molecules must be diminished by the four water 
molecules in the cubooctahedron. The number in the right upper corner is the 
Si-Al ratio. Content in milligrams per gram can be estimated by multiplying 

by 11.6. 
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6. LECHERT NMR Studies of Faujasites 83 

NH3 - MOLECULES j SUPERCA6E 

Figure 5. Dependence of the line width of the 2ZNa resonance of 
an X-type and a Y-type zeolite on the content of ammonia. Dif
ferent symbols result from different samples. Content in milli

grams per gram can be estimated by multiplying by 11.3 

forces to a n S 3 i on , one pro ton being found t o one of the neighboring oxygen 
ions a n d the other d irected in to the large c a v i t y . T h i s effect should be re 
duced where the number of S 3 ions decreases as is shown i n F i g u r e 4. I n 
the intermediate region, the spectra a n d model calculations show t h a t the 
resonances result f rom S 2 ions contacted by water molecules. 

A t h igh water content, the decrease i n the l ine widths a n d the strong 
increase of the in tens i ty show t h a t the sod ium ions get increased m o b i l i t y . 
T h e resonance at h igh water content vanishes i f the s o d i u m ions are re 
placed b y ca l c ium ions by exchange at r oom temperature . U n d e r t h i s 
condi t ion only the ions i n the supercages should be exchanged. Therefore, 
the resonances i n samples w i t h h igh water content seem t o come f rom the 
ions i n the supercage unlocal ized b y x - ray di f fract ion. F r o m inves t iga 
t ions of the apparent molar heat of the water i n the holes of the zeolite, i t is 
h igh ly probable t h a t th is m o b i l i t y takes place along the wal ls a n d not i n 
some k i n d of cat ion so lut ion i n the inter ior of the cavit ies . T h i s exp lana
t i o n of the l ine w i d t h of the 2 3 N a resonance i n the f u l l y h y d r a t e d zeolite 
is i n contrast t o the explanat ion of Genser (35) a n d suggests t h a t the l ine 
w i d t h is determined b y a d ipo le -d ipole in terac t i on of the water protons 
w i t h the 2 3 N a nucle i . I n a n earlier paper (36), however, we showed t h a t 
the l ine w i d t h of th is resonance for water was replaced b y a n increase i n 
D 2 0 ins tead of a decrease, as expected when a d ipole -d ipole i n t e r a c t i o n is 
responsible. 

I f water is replaced b y molecules w i t h a different a b i l i t y t o f o r m h y 
drogen bonds, there should be some characterist ic modif ications of the be
havior of the resonance l ine at l ow coverages. Therefore, measurements 
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w i t h a m m o n i a a n d hydrogen sulfide were carr ied out w i t h an X - t y p e 
zeolite of S i - A l = 1 . 1 8 and a Y - t y p e zeolite w i t h S i - A l = 2 . 5 0 , w h i c h 
should not conta in any S 3 ions. T h e results of these measurements are 
presented i n F igures 5 and 6 . 

A m m o n i a cannot f o r m strong hydrogen bonds. Therefore, the X - t y p e 
s h o w s — i n contrast t o the behavior of the l ine w idths i n the samples w i t h 
water at l ow coverages—a region where the l ine w i d t h is i l l defined but re 
mains almost constant. T h e in tens i ty increases w i t h higher a m m o n i a con
tent . T h e decrease of the widths at h igh coverages is effected b y mobile 
ions s imi lar to those i n the water samples. I n the Y - t y p e sample near 
three molecules i n a supercage a narrow region of constant l ine w id ths occurs 
w h i c h can be shown, b y ca l cu lat ion of the field gradient, to result f rom 
sod ium ions i n S 2 sites being contacted b y an a m m o n i a molecule. 

T h e resonance lines i n samples conta in ing hydrogen sulfide (F igure 6 ) 
at l ow coverages possess a v e r y l ow in tens i ty . T h i s can be explained by 
the suggestion t h a t the first molecules enter ing the large cage are broken 
into protons being at tached t o the oxygen ions of the a luminos i l i cate frame
w o r k i n t o S H " ions at tached to the N a ions of the supercage. 

F r o m the w o r k of D e m p s e y and Olson (37) a n d also f rom numerous 
publ icat ions on infrared measurements (88-41), i t is k n o w n t h a t the pre 
ferred sites for protons t o f o rm O H bonds are O i ions. Such a p r o t o n i n 
duces a very strong dipole at th is i on w h i c h increases the field gradient at 
the S i site to a value corresponding to a l ine w i d t h beyond 6 0 k H z . T h e 
cont r ibut i on to the measured l ine, therefore, is undetectable (see also Ref . 
4*). 
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Figure 6. Dependence of the line width of the 2 Wa resonance on an 
X-type and a Y-type zeolite on the content of hydrogen sulfide. 
Content in milligrams per gram can be estimated by multiplying 

by 24.8. 
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6. LECHERT NMR Studies of Faujasites 85 

At high hydrogen sulfide content, the intensity increases rapidly. 
The line width and the high intensity seem to indicate that the resonance 
line originates from configurations of S2 ions with attached H 2 S molecules 
or SH~ ions. Mobility of the Na nuclei can be excluded by measuring 
the frequency dependence of the line width, which indicates, according to 
Equation 4, that the line is determined by a pure static second-order 
quadrupole interaction. The intermediate range cannot be described 
quantitatively. 

From model calculations and from the results of N M R measurements, 
it can be deduced that the 2 3 Na resonance of samples of faujasite-type 
zeolites originates from ions in Si sites. A model using S 3 sites in the calcu
lation proposed by Breck (25) fits the experimental results. The line 
width of the 2 3 Na resonance is determined by second-order quadrupole 
interaction. The field gradient at the Si sites is mainly determined by in
duced dipoles at the sites of the oxygen ions near the Si sites. The effects 
of adsorbed molecules on line widths at low coverages can be understood 
by calculating the influences of these molecules on the oxygen dipoles. 
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The Influence of Exchangeable Cations 
on Zeolite Framework Vibrations 

I. E . M A X W E L L and A. BAKS 

Koninklijke/Shell-Laboratorium, Amsterdam, Netherlands (Shell Research B. V.) 

The influence of exchangeable monovalent cations on the frame
work vibrations for the hydrated zeolites Linde A and X has been 
investigated. An approximately linear relationship is found 
between the frequency of some absorption bands and the inverse 
of the sum of the cation and framework oxygen ionic radii. It is 
proposed that the shift in framework vibrations is largely caused 
by those cations which are strongly interacting with the zeolite 
framework. Thus the linear relationship indicates that these 
monovalent cations are all similarly sited in the zeolite lattice. 
This is consistent with the presently available x-ray analyses 
on some of these zeolites. Since Rb+ and Cs+ are only partially 
exchangeable in both Linde A and Linde X, these cations deviate 
from this linear relationship. 

" O ecently Flanigen, Khatami, and Szymanski (1) studied the framework 
vibrations of a variety of zeolites in the infrared region, 1200-250 

c m - 1 . Based on a comparison of the framework structures and the in
frared spectra, empirical assignments were proposed for the major vibra
tional bands. It was shown that framework building units (e.g., double 
six-membered rings, double four-membered rings) in zeolites could be 
identified by mid-infrared spectroscopy. In most cases these studies were 
carried out on the Na+ exchanged form of the zeolite. 

However, the influence of the exchangeable cation on the framework 
vibrations has not been systematically investigated. From x-ray dif
fraction studies (2) on zeolites it is known that most of the exchangeable 
cations are firmly bound onto the negatively charged framework. There
fore these cations might have some influence on the lattice vibrational 
modes. 

The object of the present investigation was to study systematically the 
effect of monovalent cations on the lattice vibrations in the synthetic 
zeolites Linde A and Linde X . It was reasoned that mid-infrared spectros
copy might yield information on cation siting in these zeolites. 

87 
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88 M O L E C U L A R S I E V E S 

Experimental 

T h e or ig ina l zeolite samples were powdered L i n d e 4 A a n d 1 3 X (without 
binder) i n the N a + forms, manufactured b y L i n d e A i r P r o d u c t s C o . 
Excess N a O H was removed b y washing w i t h d is t i l l ed water u n t i l the p H of 
the effluent so lut ion was reduced to 8. E x c h a n g i n g solutions (1 M) were 
made f r o m the chloride salts (analyt i ca l grade) of the appropr iate cations 
(except for A g + a n d T l + for w h i c h the n i t ra te salts were used). A batch 
cat ion exchange method was adopted s tar t ing w i t h 5 grams of the N a + 

f o r m of the zeolite a n d i n v o l v i n g four steps of s t i r r i n g w i t h 200 m l of ex
changing so lut ion. E a c h step was of approx imate ly 16-hours d u r a t i o n 
i n c l u d i n g intermediate washing w i t h d is t i l l ed water . A l l exchange reac
t ions were carr ied out at r o o m temperature . 

T h e degree of cat ion exchange was determined b y direct analysis of 
the exchanged sol id mater ia l . T h e cation-exchanged zeolites were dr ied 
under v a c u u m a n d h y d r a t e d b y equ i l ibrat ing over a saturated a m m o n i u m 
chloride so lut ion. 

In frared spectra were measured o n a P e r k i n - E l m e r model 225 spec
trometer i n the range 1200-200 c m - 1 . T h e ca l ibrat ion of the ins t rument 
was checked b y measuring the frequencies of C 0 2 v i b r a t i o n a l bands. T h e 
infrared spectra of zeolite samples were measured as pressed pellets con
t a i n i n g approx imate ly 3 m g of zeolite i n 300 m g of C s l . 

Results and Discussion 

T h e in frared spectra of the L i + , N a + , A g + K + , T1+ R b + , Cs+, a n d 
N H 4

+ exchanged forms of L i n d e A a n d L i n d e X , i n the region 200-1200 
c m - 1 , are compared i n Figures 1-4. F r o m the spectra i t is evident that 
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Figure 1. Infrared spectra of Li+, Na+, K+, and Tl+ ex
changed forms of Linde A 
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7. MAXWELL AND BAKS Cation Exchange on Zeolite Vibrations 89 

the exchangeable cat ion influences b o t h the re lat ive intensities a n d fre
quencies of the framework v ibrat i ons . A b s o r p t i o n b a n d frequencies a n d 
re lat ive intensities together w i t h cation-exchange d a t a are l i s ted i n Tab les 
I a n d I I . T h e v i b r a t i o n a l b a n d assignments are those of F l a n i g e n et al. (1). 
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Figure 2. Infrared spectra of NHt+, Ag+, Rb+, and Cs+ ex
changed forms of Linde A 
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Figure 3. Infrared spectra of Li+, Na+, K+, and Tl+ exchanged forms of Linde X 
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Figure 4- Infrared spectra of NHt+, Ag+, Rb+, and Cs+ exchanged forms of Linde X 

F o r b o t h L i n d e A a n d X the cat ion has the most m a r k e d influence on 
absorpt ion b a n d frequencies i n the regions 440-490 a n d 540-590 c m - 1 . 
These bands have been a t t r i b u t e d to the S i ( A l ) - 0 bending mode a n d 
double r i n g (double 4 - r ing for L i n d e A , double 6-r ing for L i n d e X ) v i b r a 
t ions, respect ively (1). T h e L i n d e A double 4 -r ing v i b r a t i o n was found 
to consist of two components. T h e more intense lower frequency c om
ponent, however, was more sensitive to the exchangeable cat ion. 

P l o t s of v i b r a t i o n a l frequency, v> against the rec iprocal of the s u m of 
the cat ion a n d oxygen ionic r a d i i , l / ( r c a t ion + r02-), for the S i ( A l ) - 0 
bending mode a n d the double r i n g v ibrat i ons (Figure 5) are approx imate ly 
l inear for the L i + , N a + , A g + , K + , a n d T1+ cations (wi th the exception of 
the double 4 - r ing v i b r a t i o n a l mode for K + exchanged L i n d e A ) . T h e fre
quency increases w i t h the reciprocal of the cationic radius . Since the 
electrostatic potent ia l f r o m the cat ion a t the framework oxygen atoms is 
inverse ly propor t iona l to the cat ion - f ramework distance, a simple elec
trostat i c model provides a plausible explanat ion for the observed frequency 
shifts. A s discussed i n the next section these results can be interpreted 
i n terms of cat ion s i t ing i n the zeolite frameworks. 

C a t i o n S i t i n g i n L i n d e A . A t the t ime this work was completed, x - ray 
studies on h y d r a t e d N a A (3, 4) a n d h y d r a t e d K A (5) h a d shown t h a t 8 of 
the 12 exchangeable cations per u n i t cell are f i r m l y bound to the zeolite 
f ramework a n d w o u l d therefore be expected to have the major influence 
on the latt ice v ibrat i ons . These cations are s i ted i n front of the sodalite 
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7. MAXWELL AND BAKS Cation Exchange on Zeolite Vibrations 91 

Table I. Infrared Frequencies (cm - 1 ) for Monovalent Cation Exchanged 
Hydrated Zeolite Aa 

% Ex
change 
(Relar 

(Ex- tlVe - / / ( / "cation 
changed to Na + ro2~) 
Cation) Form) A"1 

Li+ 

Na+ 

Ag+ 

K + 

Tl+ 

NHS 

Rb+ 

Cs+ 

94 

100* 

100 

90 

99 

99 

69 

51 

0.500 251 (w) 

0.426 272 (wb) 

0.376 *™f w > 
281(vwsh) 

0.366 278 (w) 

0.357 272 (w) 

0.353 272 (w) 

0.347 276 (mw) 

0.324 270 (m) 

Pore 
opening 

361 (ms) 
384 (msh) 

378 (ms) 

377 (ms) 

381 (s) 

376 (ms) 

382 (ms) 

379 (ms) 

378 (s) 

Si(Al)-0 
Bend 

Double 
4-Rings 

Si(Al)-0 
Sym 

Stretch 

573 (mw) 
484 (mb) 602 (m) 

627 (wsh) 
466 (m) 

457 (m) 

455 (m) 

454 (m) 

460 (m) 

462 (m) 

465 (m) 

704 (s) 

670 (wb) 
665 (wb) 

557 (ms) 
572 (msh) 
542 (s) 
563 (msh) 691 (wb) 
552 (ms) 668 (wb) 
572 (ms) 688 (wbsh) 
537 (s) 678 (wb) 
564 (msh) 700 (wbsh) 
546 (ms) 6 9 0 ( m b ) 

564 (ms) 

568 S^t) 6 6 9 ^ 

S f o S 6 7 2 < ™ b ) 

° s = strong, ms = medium strong, m = medium, mw = medium weak, w = weak, 
vw = very weak, sh = shoulder, b = broad. 

6 Parent compound. 

cage 6-rings on the threefold axes such that the distance between the cat 
ions a n d the three nearest framework oxygen atoms is approx imate ly equal 
to the s u m of the ionic r a d i i . 

G i v e n the l inear relat ionships between v a n d l / ( r c a t i 0 n + r0*-) (F igure 
5), i t was concluded (6) tha t i n h y d r a t e d T1A, A g A , a n d L i A , eight cations 
per u n i t cel l were also located at the 6-r ing sites such t h a t the c a t i o n -
framework oxygen distances are approx imate ly equal to the s u m of the ir 
ionic r a d i i . Resu l ts of our recent powder x - r a y analyses on h y d r a t e d 
L i A a n d T 1 A (5) confirmed this proposal . T h e cat ion s i t i n g i n T 1 A was 
further confirmed b y a recent s ingle-crystal x - ray analysis (7) w h i c h showed, 
however, tha t one of the eight T1+ cations per u n i t cel l a t the s ix-membered 
r i n g sites is a c tua l l y inside the sodalite cage. 

T h e reason for the dev iat ion of the absorpt ion b a n d of K A f rom the 
straight l ine as found for the double 4 -r ing v i b r a t i o n is not clear. I t m a y 
be caused b y an overlap of this b a n d w i t h the adjacent higher frequency 
b a n d (see F i g u r e 1). 

A s shown i n F i g u r e 5, the infrared frequencies for the R b + a n d C s + 

exchanged forms are on ly s l i ght ly different f r om that of the parent N a + 

f orm. Fur thermore , the m a x i m u m exchange levels at r o o m temperature 
are considerably lower t h a n those of other monovalent cations ( 6 9 % a n d 
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92 M O L E C U L A R S I E V E S 

T a b l e I I . In f rared Frequenc ies for M o n o v a l e n t C a t i o n Exchanged 
H y d r a t e d L i n d e X a 

% Ex
change 
(Rela-

Ex- live 1/Trcati0n 
changed to Na + ro2~) 
Cation Form) A - 1 

Pore 

Li+ 

Na+ 

Ag+ 

93 

1006 

100 

0.500 

0.426 

0.376 

372 (w) 
404 (mw) 
365 (m) 
408 (w) 
364 (mw) 

K+ 99 0.366 364 (mw) 

Tl+ 100 0.357 

NHS 

Rb + 

Cs+ 

90 0.353 

70 0.347 

56 0.324 

362 (m) 

365 (mw) 

367 (m) 
407 (mw) 
366 (m) 
405 (mw) 

Si(Al)-0 
Bend 

481 (s) 

463 (s) 
450 (s) 
491 (msh) 
446 (s) 
452 (wsh) 
491 (msh) 
441 (s) 
451 (wsh) 
485 (msh) 
453 (sb) 
494 (msh) 

461 (s) 

461 (s) 

Double 
6-Rings 

587 (m) 

567 (m) 

549 (m) 

551 (m) 

549 (ms) 

556 (ms) 

561 (ms) 

572 (ms) 

Si(Al)-0 
Sym 

Stretch 

695 (m) 
675 (mw) 
699 (wsh) 
663 (mw) 

673 (m) 

662 (m) 

667 (msh) 

675 (m) 
699 (wsh) 
674 (m) 
697 (wsh) 

External 
Linkage 

Sym 
Stretch 

759 (m) 

755 (m) 

732 (m) 

746 (m) 

734 (ms) 

742 (ms) 

747 (ms) 

747 (ms) 

° s = strong, ms = medium strong, m = medium, mw = medium weak, w = weak, 
sh = shoulder, b = broad. 

6 Parent compound. 

5 1 % for R b + a n d Cs+, respect ive ly ; see T a b l e I ) . Hence i t is proposed 
t h a t for these cations o n l y the h y d r a t e d N a + ions w h i c h are loosely b o u n d 
i n the large cages are easily exchangeable a n d that for the N a + cations 
at the 6-r ing sites, exchange w i t h R b + a n d Cs+ is t h e r m o d y n a m i c a l l y less 
favorable . T h i s is supported b y the R b + a n d C s + ion-exchange isotherms 
(8) w h i c h show a se lect iv i ty reversal i n favor of N a + above approx imate ly 
3 0 % load ing of the ingo ing cations. I t is suggested t h a t retent ion of N a + 

ions b o u n d to the framework is caused b y the ineffectiveness of the larger 
R b + a n d C s + cations to balance the h i g h framework negative charge. 
Proposed cat ion sitings for R b + a n d C s + exchanged forms of L i n d e A are 
g iven i n T a b l e I I I . 

T a b l e I I I . Proposed C a t i o n S i t i n g for R b + a n d C s + E x c h a n g e d F o r m s 
of H y d r a t e d L i n d e A 

Formula11 per Large Cavity Six-Membered 
Unit Cell Cations Ring Cations 

8Na+» 
4Rb+, 4Na+ 
2Cs+, 6Na+ 

Nai2(A102)i2(Si02)i2 
Rb8Na4(A102)i2(Si02)i2 
Cs6Na«(A102)i2(Si02)i2 

4Na+ 
8Rb+ 
4Cs + 

° Compositions of Rb + and Cs + exchanged forms are based on analyses (see Table I). 
6 References 3 and 4-
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7. MAXWELL AND BAKS Cation Exchange on Zeolite Vibrations 93 

^cm"1) LINDE A „ (crTH) LINDE X 

Figure 5. Plots of infrared frequency, v, against the reciprocal of the sum of the cation 
and oxygen ionic radii, Vacat ion + ro2-), for various monovalent cation exchanged 
orms of Linde A and X: (a) 5S0-580-cm~A infrared band, (6) 4S0~490-cm~1 infra

red band, (c) 540-590-cm~l infrared band, (d) 440-485-cm~l infrared band 

Cation Siting in Linde X . Cation siting for the N a + and K + exchanged 
forms of hydrated Linde X has been determined by x-ray analysis (9, 10) 
(Table IV). The cations located by x-ray analysis are distributed over 
three different sites (I, I', and II) on the threefold axes. These cations 
bind onto the framework such that the closest cation-oxygen distances are 
approximately equal to the sum of their ionic radii. The linear relation
ships in Figure 5 indicate that the L i + , Na+ A g + , K+, and T1+ exchanged 
forms have an approximately similar distribution of those cations which 
are strongly bound to the framework. This has been found by x-ray 

Table IV. Cation Siting for N a + and K + Exchange Forms of 
Hydrated Linde X 

Formula per Unit Cell Site I Site I' Site II Site III Reference 

Cation Siting for Na+ and K+ Exchanged Forms of Hydrated Linde X 

Na86.6(AlO2)86.5(SiO2)i05.5 8.9 7.2 23.2 47.2« 8 
Na88(A102)88(Si02)io4 9 8 24 47- 9 

Proposed Cation Siting for Rb+ and Cs+ Exchanged Forms of Hydrated Linde X 

Rb62Na26(AlO2)88(SiO2)104& 9Na+ 8Na+ 9Na + , 15Rb+ 47Rb+ 
Cs49Na39(A102)88(Si02)io46 9Na+ 8Na+ 22Na + , 2Cs+ 47Cs+ 

° Unlocated. 
6 Based on chemical analyses, see Table II. 
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94 M O L E C U L A R S I E V E S 

analysis for the N a + a n d K + exchanged forms (Table I V ) . I n the L i + 
A g + a n d T1+ exchanged forms, these cations are also presumably b o u n d 
onto the framework such t h a t the closest ca t i on - f ramework oxygen d i s 
tances are approx imate ly equal t o the s u m of the ionic r a d i i . 

Analogous to L i n d e A , the infrared frequencies of the R b + a n d C s + 
exchanged forms of L i n d e X are on ly s l ight ly per turbed f rom the parent 
N a + form. A l s o the m a x i m u m exchange levels at r oom temperature are 
re la t i ve ly l ow compared w i t h other monovalent cations. However , for a 
homogeneous d i s t r ibut i on of cations larger perturbat ions f rom the parent 
N a + frequencies w o u l d be expected. I t is therefore proposed t h a t R b + 

a n d C s + exchange a l l of the loosely b o u n d h y d r a t e d N a + cations i n the 
large cages (site I I I ) b u t on ly a smal l propor t i on of the site I I N a + ions 
w h i c h are firmly b o u n d to the framework. T h e dense cage N a + cations 
(sites I a n d I ' ) are nonexchangeable i n L i n d e X since they are ster i ca l ly 
inaccessible to the large R b + a n d Cs+ cations. 

T h i s is also consistent w i t h the R b + a n d C s + ion-exchange isotherms 
(11-13) for L i n d e X , w h i c h , once again analogous to L i n d e A , show a selec
t i v i t y reversal i n favor of N a + at h i g h loadings of the ingo ing cat ion . T h u s 
the ion-exchange equ i l ib r ia also indicate t h a t the replacement of N a + ions 
at site I I b y R b + a n d Cs+ ions is t h e r m o d y n a m i c a l l y unfavorable . A s 
prev ious ly suggested for L i n d e A , th is is presumably caused b y the weaker 
coulombic in terac t ion between the R b + a n d C s + cations a n d the zeolite 
f ramework as compared w i t h N a + cations. 

Proposed cat ion s i t ing for R b + a n d Cs+ exchanged forms of L i n d e X is 
shown i n T a b l e I V . T h e cat ion s i t ing a n d ion-exchange d a t a for these cat 
ions have prev ious ly been diff icult to interpret (14)- I t has sometimes 
been assumed on the basis of steric accessibi l i ty t h a t a l l the site I I N a + ions 
i n L i n d e X are r ead i l y exchangeable for R b + a n d Cs+ (16,16). 

F o r N H 4
+ exchanged forms of b o t h L i n d e A a n d L i n d e X , the in frared 

bands have higher frequencies t h a n w o u l d be expected f r o m the l inear r e l a -
ships. T h i s m a y indicate different cat ion s i t ing of N H 4

+ t h a n for other 
monovalent cations. 

Conclusions 

T h e exchangeable monovalent cations have a m a r k e d influence on the 
framework v ibrat i ons of h y d r a t e d L i n d e A a n d X . F o r some v i b r a t i o n a l 
modes the frequency shifts appear to give a quant i ta t i ve measure of the 
interac t i on between cations a n d lat t i ce . A regular i ty is f ound for L i + , 
N a + , A g + , K + , a n d T1+ exchanged forms w h i c h impl ies a s imi lar d i s t r i b u 
t i o n of cat ion sites for b o t h zeolites. I t is further deduced t h a t i n the Cs + 

a n d R b + exchanged forms there is on ly a re lat ive ly weak interac t i on be
tween the cations a n d the zeolite framework. T h i s technique can be 
read i ly extended to s tudy cat ion s i t ing i n other zeolites i n b o t h h y d r a t e d 
a n d dehydrated forms. 
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Electrical Properties of Hydrated and 
Partially Hydrated Zeolites X and Y 

F. J. JANSEN and R. A. SCHOONHEYDT 

Centrum voor Oppervlaktescheikunde en Colloidale Scheikunde, De Croylaan 42, 
B-3030 Heverlee, Belgium 

Dielectric measurements on partially hydrated K+- and Na+-
exchanged synthetic faujasites show that water does not induce 
an appreciable rearrangement of the exchangeable cations in X-
type zeolites. For Y-type zeolites the initial water molecules 
promote some exchangeable cations to sites III' and induce a 
rearrangement of the cations over the other sites. The conduc
tivity of fully hydrated zeolites below room temperature is ionic. 
The cations migrate without simultaneous migration of water 
molecules in the supercages with an activation energy of 8 to 14 
kcal/mole, depending on the kind and number of cations. A 
relaxation process takes place below —50°C which is the result of 
water molecules. Between —50 and 0°C a second relaxation 
occurs as a result of exchangeable cations on sites III'. 

'he presence of exchangeable cations, framework oxygens, cavities of 
x different sizes, and previously adsorbed water molecules makes the 

interaction of water with zeolites complicated (1). As a result, in zeolites, 
water molecules with different physical properties exist, from tightly bound 
to liquid-like water. This was shown by N M R measurements (2,3, 4) • 

The properties of zeolitic water and the behavior of the exchangeable 
cations can be studied simultaneously by dielectric measurements (5, 6). 
In X-type zeolites Schirmer et al. (7) interpreted the dielectric relaxation 
as a jump of cations from sites II to III or from sites II to II'. Jansen 
and Schoonheydt found only relaxations of cations on sites III ' in the 
dehydrated zeolites (8) as well as in the hydrated samples (9). Matron 
et al. (10) found three relaxations, a, p, and 7, in partially hydrated and 
hydrated N a X . They ascribed them respectively to cations on sites I 
and II, on sites III, and to water molecules. 

Here we link these different results and interpretations together by 
dielectric measurements on a series of synthetic faujasites with four differ-

96 
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8. JANSEN AND SCHOONHEYDT Electrical Properties 97 

ent S i / A l ratios a n d exchanged w i t h N a + a n d K + a n d h y d r a t e d to different 
extents. 

Experimental 

Samples and Measuring Technique. T h e zeolites were k i n d l y sup
pl ied b y the L i n d e C o . T h e S i / A l ratios were 1.22, 1.75, 2.51, a n d 2.98. 
T h e samples, as received were washed free f r o m impur i t i es i n a N a C l so lu 
t i o n or exchanged w i t h K + i n a n excess so lut ion of K C 1 . T h e first char 
acter of the symbols used i n the text denotes the k i n d of exchangeable 
cat ion. T h e fo l lowing number gives the number of exchangeable cations 
per u n i t cel l . Samples w i t h 86.5 a n d 69.8 cations are cal led X - t y p e , the 
others Y - t y p e zeolites. 

T h e technique of pellet preparat ion a n d the guard-r ing electrode ce l l 
were described previous ly (8). T h e density of the pellets is 6 1 % of the 
real zeolite density . N o s t ruc tura l damage is observed w i t h x - r a y d i f 
f rac t ion after pellets are made. 

Procedure. P A R T I A L L Y H Y D R A T E D Z E O L I T E S . P a r t i a l l y h y d r a t e d 
zeolites are made f r om samples prev ious ly dehydrated b y evacuat ion at 
400° C i n the c o n d u c t i v i t y cel l , b y adsorbing k n o w n amounts of water . 
F o r comparison, adsorpt ion isotherms were determined independent ly 
at the same temperature a n d pressure. A f t e r each adsorpt ion of water , 
the pellet is al lowed to equi l ibrate for 3 hours. C a p a c i t y a n d c o n d u c t i v i t y 
are measured at several frequencies i n the range 20O-10 7 H z . R e g u l a r , 
checks are made on th is e q u i l i b r i u m per iod w i t h overnight a n d weekend 
equi l ibrat ion t imes. N o appreciable changes of c o n d u c t i v i t y a n d capac i ty 
were observed after 3 hours. 

T h e experiments are repeated at three temperatures : 4 ° C , 12°C, 
a n d r oom temperature . I t is assumed t h a t the water molecules d is tr ibute 
themselves homogeneously through the pellet . T h e constancy of conduc
t i v i t y a n d capaci ty after different e q u i l i b r i u m periods verifies th is assump
t i o n . 

H Y D R A T E D Z E O L I T E S . T h e zeol it ic pellets are h y d r a t e d b y e q u i l i b r a 
t i o n at atmospheric moisture content. T h e ce l l is immersed i n l i q u i d a i r , 
and a m i n i m u m e q u i l i b r i u m temperature of — 120°C was obtained. A t 
t h a t temperature the conduct iv i ty a n d capaci ty of the samples are mea 
sured over the frequency range 200-10 7 H z . A f t e r e l iminat ing the cool 
i n g l i q u i d , the temperature rises s lowly (0 .5°C/min) . Measurements 
are performed cont inuously i n the same frequency range d u r i n g t h e . t e m 
perature rise up to room temperature . T h e results are near -equ i l ibr ium 
values, a n d the errors are assumed to be the same over the complete t e m 
perature range. T h e same procedure was appl ied b y M a m y for dielectric 
measurements o n montmor i l l on i te (11). 

Results 

Partially Hydrated Zeolites. F igure 1 shows the exper imental plots 
of tg 8 vs. the l o g a r i t h m of the frequency for N a F 8 6 . 5 (Figure 1A) a n d 
N a F 5 4 . 7 (Figure I B ) . These are t y p i c a l curves : N a F 6 9 . 8 behaves l ike 
N a F 8 6 . 5 and N a F 4 8 . 2 l ike N a F 5 4 . 7 . T h e potass ium-saturated samples 
behave q u a l i t a t i v e l y l ike the corresponding N a + samples. T h u s , for X -
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98 M O L E C U L A R S I E V E S 

Figure 1. Dissipation factor vs. logarithm of frequency at various 
hydration levels. A: NaF86.5 at 12°C. B: NaF54.7 at 12°C 

type zeolites the dielectric loss, observed in the dehydrated state (8) shifts 
to higher frequencies without change of intensity when water is adsorbed. 
In Y-type zeolites the relaxation, created by the adsorption of water, in
tensifies and shifts rapidly to higher frequencies with increasing water 
content. These absorptions are called absorption I. 

The activation energy of absorption I is reported in Table I for N a -
F86.5 at different hydration levels. It increases with increasing water 
content. Because of the rapid shift of the critical frequency with water 
content relevant activation energies for the other samples cannot be given. 

On the low frequency side of absorption I a second relaxation (absorp
tion II) appears (Figure 2) for all samples. For X-type zeolites a small 
absorption existed already in the dehydrated state. In all cases its in
tensity increases and its maximum shifts to higher frequencies with in
creasing water content. 
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8. JANSEN AND SCHOONHEYDT Electrical Properties 99 

Table I. Activation Energy for Relaxation I as a Function of Water Content 
for NaF86.5 

H2O/UC E{kcal/mole) ±2 kcal 

0 7.15 
32 8.80 
66 8.60 
99 9.40 

131 11.00 

1 r 

J • ' 
3 4 5 L o g v 

Figure 2. Example of the behavior of absorption II as a function 
of water content 

Hydrated Zeolites. F i g u r e 3 gives a t y p i c a l p lot of the c onduc t i v i ty vs. 
the reciprocal temperature for h y d r a t e d N a F 8 6 . 5 . T h e other samples 
behave qua l i ta t i ve ly i n the same way . C o n d u c t i o n and dielectric absorp
t i o n are superposed. T h e pos i t ion of the m a x i m u m of dielectric absorpt ion 
is frequency dependent: i t shifts to higher temperatures w i t h increasing 
frequency. I n some favorable cases a second conduct ion phenomenon is 
observed on the low temperature side of the re laxat ion phenomenon ( F i g 
ure 3). Because of a lack of reproduc ib i l i ty we cannot interpret i t . 

Conduct ion . T h e conduc t iv i ty of h y d r a t e d K + samples is about one 
order of magnitude lower t h a n that of the corresponding N a + samples. 
A l s o , whatever the exchangeable cation, the conduc t iv i ty decreases w i t h 
increasing S i / A l rat io at fixed temperature a n d frequency. 

T a b l e I I l ists the thermodynamic parameters for the conduct ion pro 
cess. F o r the N a + samples the ac t i va t i on energies are o n the average 3.5 
k c a l lower t h a n those for the conduct ion process of the corresponding de
h y d r a t e d zeolites (8). F o r K+-zeol i tes this difference averages 2.1 k c a l . 
N a F 6 9 . 8 is not inc luded because of experimental difficulties i n pellet prep 
arat ion . T h e ac t i va t i on entropies are negative for the X - t y p e zeolites 
a n d posit ive for the Y - t y p e . T h e ac t ivat i on entropies are higher t h a n those 
of the dehydrated samples (8) except for K F 8 6 . 5 . T h e effect of A S on E 
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100 M O L E C U L A R S I E V E S 

Figure 3. Conductivity-Inverse temperature plot of hydrated NaF86.5 

Table II. Thermodynamic Parameters for Conduction and Relaxation B 
in Hydrated Zeolites 

Conduction Relaxation B 
E (kcal/mole) AS(cal/mole/°K) E (kcal/mole) 

Sample H20/UC ±1 kcal ±1.5 eu ±2 kcal 

NaF86.5 268 8.8 -2 .86 20.7 
NaF69.8 242 — — 19.4 
NaF54.7 241 11.1 4.56 16.6 
NaF48.2 235 12.9 11.40 16.8 
KF86.6 219 8.35 -10.18 13.4 
KF69.8 209 9.70 -5.04 13.0 
KF54.7 199 14.00 8.00 12.9 
KF48.2 192 13.00 4.84 12.2 

is to smooth out the differences in E: the free energy of activation has a 
constant value of 9.69 ± 1.5 kcal/mol for all the Na+ samples and 11.42 ± 
1.5 kcal/mole for all the K + zeolites. A l l these values are calculated from 
the absolute rate equation for conduction. 

Dipolar Absorption. When the dielectric behavior of hydrated Na+-
zeolites is investigated between two electrodes blocked from the sample 
with thin mica sheets, the conduction process is eliminated and two absorp-
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8. JANSEN AND SCHOONHEYDT Electrical Properties 101 

t i o n peaks appear. One peak is ident i ca l to that observed i n F i g u r e 3. 
I t s intens i ty remains constant whether free or b locked electrodes are used. 
W e ca l l i t absorption A . T h e second absorpt ion (B) appears on the h i g h 
temperature side of absorpt ion A . F o r K + samples absorptions A a n d B 
are observed s imultaneously even for non-blocked electrodes. T h e i r i n 
tensities do not change upon the appl i cat ion of b locked electrodes w i t h 
respect to the free electrode measurements. 

T h e c r i t i ca l frequencies of absorpt ion A a n d B for N a + - a n d K "•'-zeo
lites are p lo t ted i n Figures 4 a n d 5 as a funct ion of the inverse of the abso
lute temperature. T h e positions of the c r i t i ca l frequencies of absorpt ion B 
depend o n the nature of the cat ion a n d of the zeolite. F o r N a + samples 
they lie i n the range 22O-270K while for K + zeolites they occur at lower 
temperatures. I n general, at a fixed temperature the c r i t i ca l frequency 
increases w i t h decreasing S i / A l rat io , for K + samples as we l l as for N a + 
samples except for N a F 5 4 . 7 . T h e ac t i va t i on energies for absorpt ion B are 
g iven i n T a b l e I I . T h e y are 4.6 to 7.3 k c a l higher for N a + zeolites t h a n 

Figure 4- Logarithms of the critical frequencies for absorp
tions A and B vs. the inverse of the absolute temperature for 

the four Na+ zeolites 
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for K + samples. A decrease w i t h increasing S i / A l ra t i o is observed for 
N a + samples. T h e same t rend is observed for K+-sa tura ted samples 
but is less pronounced. 

Figure 5. Logarithms of the critical frequencies for absorptions A 
and B vs. the inverse of the absolute temperature for the four K+ 

zeolites 

I n Figures 4 a n d 5, absorpt ion A is independent of the number of cat
ions for Na+-zeolites as we l l as for K + - s a m p l e s . I n the latter case a plot 
of the log of the c r i t i ca l frequencies vs. the inverse of the absolute tempera
ture gives a straight l ine w i t h a n ac t iva t i on energy of 15.2 k c a l / m o l e . T h e 
same plot for N a + - s a m p l e s gives a curved line, exact ly f i t t ing the line 
obtained by R e s i n g (12) w i t h N M R on a very pure h y d r a t e d N a F 8 6 . 5 
sample. Jus t as for absorption B , the cr i t i ca l frequencies of re laxat ion A 
occur at somewhat higher temperatures for N a + - t h a n for K + - z e o l i t e s . 

Discussion 

P a r t i a l l y H y d r a t e d Zeol i tes . A b s o r p t i o n I i n X - t y p e zeolites is 
c learly the same as that found i n dehydrated X - t y p e zeolites (8). T h e 
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latter was associated w i t h the local migrat ion of exchangeable cations be
tween two neighboring sites I I I ' . In t roduc t i on of even smal l amounts of 
water enhances the cationic m o b i l i t y , result ing i n a shift of the c r i t i ca l 
frequency to higher values. T h e constancy of the in tens i ty of the dielectric 
absorption means that the number of cations on sites I I I ' does not change 
appreciably w i t h increasing water content. W h e n Y - t y p e zeolites become 
hydrated , cations are promoted to sites I I I ' , creating a re laxat ion effect 
w i t h the same characteristics as t h a t of X - t y p e zeolites. These observa
tions a n d our explanat ion agree w i t h the occupancy of sites I I I ' i n h y d r a t e d 
a n d dehydrated K+-zeol i tes as g iven b y M o r t i e r (13,14)- O u r results a n d 
interpretations conf irm the results a n d interpretat ion of the /3-relaxation 
of M a t r o n (10). 

T h e increase of the ac t ivat i on energy w i t h increasing water content is 
a c ommon phenomenon i n zeolites (5, 6, 7,10). A l t h o u g h there is a strong 
discrepancy among the values g iven i n the l i terature (7, 10), th is increase 
is generally ascribed to the f ormat ion of hydra te structures a round the 
cations. 

T h e l ow frequency absorpt ion I I originates f r o m the M a x w e l l - W a g n e r 
effect already observed i n dehydrated X - t y p e zeolites (8). I n the presence 
of water the enhanced cationic m o b i l i t y intensifies this effect. T h i s i n t e r 
pretat ion disagrees w i t h that of M a t r o n et al. (10). T h e y ascribed the ir 
l ow frequency a-process to cations on site I a n d site I I . T h i s is improbable 
i n v i ew of the correspondence w i t h the M a x w e l l - W a g n e r effect i n dehy 
drated X - t y p e zeolites, observed b y us (8). 

F u l l y H y d r a t e d Zeol i tes . C O N D U C T I O N . T h e dependence of the 
c o n d u c t i v i t y and the ac t ivat i on energy on the k i n d and number of cations 
reveals t h a t the exchangeable cations are responsible for the conduct ion 
process. T h e ac t iva t i on energy of 8.8 k c a l / m o l e for NaF86.5 is somewhat 
higher t h a n the 6 k c a l of Stamires (16) bu t agrees w i t h the 9.7 k c a l / m o l e 
of B r o w n and Sherry (15) for the desorption of N a + f r o m site I I into the 
supercage solution. T h u s , the conduct ion of h y d r a t e d zeolites is the result 
of the m o b i l i t y of supercage cations, and the cations on sites I I are ra te -
determining just as i n the dehydrated state (8, 10). T h e decrease of the 
ac t ivat i on energy w i t h respect to the ac t ivat i on energy for the dehydrated 
samples reflects the lowering of the cat ion- latt ice a t t r a c t i o n caused b y 
ca t i on -water interact ion as already suggested b y Stamires (16). T h e 
decrease is more pronounced for N a + t h a n for K + , i n agreement w i t h the 
fact that smaller ions interact more strongly w i t h water t h a n bigger ions. 

T h e A£-values increased w i t h respect to those of the dehydrated 
samples (8), especially for the samples w i t h h igh H 2 0 / c a t i o n ratios. T h i s 
means t h a t there is a d is tort ion of the cationic h y d r a t i o n shell or a p a r t i a l 
dehydrat i on of the cations d u r i n g migra t i on (18). I n other words, water 
around the migrat ing cations cannot be regarded water of h y d r a t i o n . I n 
that respect, hydra ted zeolites resemble concentrated cationic solutions (19). 
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DIPOLAR ABSORPTION. AS shown in Figures 4 and 5, the critical fre
quencies of absorption A are independent of the number of exchangeable 
cations. For N a + zeolites, the curved line (Figure 4) fits exactly the plot 
obtained by Resing (3) from N M R measurements on a pure NaF86.5 
sample. On this basis we believe that absorption A is the result of the re
laxation of water. The same is true for K+-zeolites. However, the K+-
water interaction is less pronounced because at a given temperature the 
critical frequency is somewhat higher than for the Na+-case. Water re
laxations are also reported by Matron et al. (10) for A-type and X-type 
zeolites and by Morris (5, 6) for A-type zeolites. The latter estimated that 
75% of the total water content of A-zeolites contributed to the relaxation 
process. Using Morris' approximation we found 25% for our samples. 
This result qualitatively supports the N M R data for water with different 
physical properties in zeolites (2,3). 

The position of absorption B on the temperature scale depends on the 
nature and on the number of exchangeable cations. We conclude that 
absorption B is a cationic relaxation process. The activation energy of 
absorption B for NaF86.5 agrees with that reported by Matron (10) for 
their /3-relaxation process. It is in line with the increase of activation 
energy for relaxation after adsorption of water on dehydrated Na+-zeolites. 
Thus, absorption B is caused by the local migration of site III' cations 
over two neighboring sites III', as observed on dehydrated X-type zeolites 
(8) and on partially hydrated NaX (10). 
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Synthesis and Crystal Structure of 
Zeolite Rho—A New Zeolite 
Related to Linde Type A 

H A R R Y E . ROBSON 

Esso Research Laboratories, Baton Rouge, La. 70821 

DAVID P. S H O E M A K E R 

Oregon State University, Corvallis, Ore. 97331 

R O B E R T A A. OGILVIE" and PHILIP C. MANORb 

Massachusetts Institute of Technology, Cambridge, Mass. 02139 

A new synthetic zeolite was prepared using the faujasite syn
thesis modified by substitution of C8OH for 10% of the NaOH. 
The typical product composition (dry basis) is 0.78Na2O· 
0.24Cs2O·Al2·5.8SiO2. The x-ray powder diagram (body– 
centered cubic, a0 = 15.02 A) suggested the hypothetical structure 
proposed earlier by Meier, containing type-Α cages linked by 
joining eight-membered rings by oxygen bridges. Structure 
refinement on the calcined hydrogen form (a0 = 15.0 A) with an 
Im3m model gave R = 0.12 (unweighted, 93 reflections incor
porated in 50 powder lines) and reasonable interatomic distances. 
A further significant drop to R = 0.077 was obtained with space 
group I-43m, but unreasonable (Si, Al)-O distances (1.50-1.72 
A) were indicated. A distortion of this model to FdSc with a0 = 
30.0 is proposed. 

T n the course of exper imenta t ion w i t h formulat ions of s i l ica , a lumina , and 
A var ious a l k a l i me ta l oxides i n a t tempts to prepare new synthet ic zeolites, 
a fo rmula t ion conta in ing ces ium replac ing some of the sod ium i n a t y p i c a l 
faujasite prepara t ion y ie lded a new crysta l l ine zeol i t ic product w h i c h 
showed a t y p i c a l l y cubic powder d i ag ram hav ing a body-centered pa t te rn of 

a Present address: University of Nebraska, Lincoln, Neb. 68508. 
6 Present address : Max-Planck-Institut fur experimentelle Medizin, 34, Gôttingen, 

B.R.D. 
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9. ROBSON E T A L . Zeolite Rho 107 

systematic ext inct ions a n d a latt ice constant (unit ce l l edge) of about 15 A . 
Since th is exceeds the latt ice constant of zeolite A b y about 3 A , i t seemed 
that the new zeolite might have a structure composed of separated t y p e - A 
cages br idged b y oxygen l inkages at the 8-rings, T h e cages are in te r 
connected b y 8-8 double r ings rather t h a n b y single 8-rings as i n zeolite A , 
m u c h as the sodalite cages i n zeolite A are interconnected w i t h 4 -4 double 
r ings, whi l e i n sodalite itself they are connected b y single 4-rings (./), or as 
A cages i n zeolite Z K - 5 are interconnected b y 6-6 double r ings (2). T h u s , 
for a cubic u n i t cel l w i t h A cages centered at the corners, for the new zeolite, 
the cage centered at the body center of the cube is another A cage (thereby 
account ing for the body-centered ext inct ions) whi le for zeol ite A itsel f 
i t is a sodalite u n i t . T h i s structure was discussed b y M e i e r (3) as a h y p o 
thet i ca l zeolite structure w i t h no then -known exist ing examples (Figure 1). 
T h i s s t ruc tura l arrangement was presented as ear ly as 1907 i n a m a t h e 
m a t i c a l paper b y A n d r e i n i (4). W e have designated this zeolite as "zeo l i te 
r h o " since i t also appears as a par t of a f a m i l y of zeolite structures, rea l a n d 
hypothet i ca l , w h i c h are convenient to d i s t inguish b y Greek letters (5). 
H e r e we describe the synthesis of th is zeolite a n d the ver i f i cat ion of the 
proposed s i h c a - a l u m i n a f ramework b y x - ray powder di f fract ion w o r k on the 
dehydrated hydrogen f o rm. 

Synthesis 

Zeolite rho was prepared f r o m aluminosi l icate hydrogels conta in ing 
sod ium a n d cesium cations. T h e procedure is ent ire ly comparable w i t h 
the synthesis of faujasite except for subst i tut ion of C s O H for about 1 0 % 
of the N a O H i n the faujasite synthesis gel. A l u m i n a t r i h y d r a t e (A lcoa 
C-33 grade) was dissolved i n 5 0 % N a O H solut ion at 100°. A f t e r cool ing 
to ambient temperature, the required amount of C s O H so lut ion was added, 
a n d the result ing l iquor was blended into 3 0 % si l ica sol (duPont L u d o x 
LS-30) w i t h vigorous mix ing . A f t e r 3-7 days incubat i on at 25° , the s y n 
thesis gel was held at constant temperature, 80, 90, or 100°, u n t i l crystals 
formed; m a x i m u m crys ta l l in i ty was usual ly achieved i n 2-4 days. 

T h e composi t ion of a t y p i c a l synthesis gel is g iven b y the f o r m u l a 
3 N a 2 0 • 0 .4Cs 2 O • A 1 2 0 3 • 10SiO 2 • 1 1 0 H 2 O . Zeol ite rho was crysta l l i zed f r o m 
gels w i t h C s / ( N a + Cs) of 0.06 to 0.15 w i t h 0.12 preferred. T o o l i t t l e C s O H 
resulted i n the appearance of faujasite i n the p r o d u c t ; too m u c h gave 
chabazite or pol luc i te . T h e combinat i on N a O H - C s O H appears to be a 
unique requirement for prepar ing zeolite rho . N o other c ombinat i on of 
a l k a l i hydroxides a n d / o r quaternary a m m o n i u m hydroxides produced i t ; 
further , a t h i r d a l k a l i component such as K O H or R b O H , when added to the 
N a O H - C s O H system, prevented crysta l l i zat ion of zeolite rho . 

T h e composit ion of the crystal l ine product i s : 0 .78Na 2 O• Q.24Cs 2 0• 
A 1 2 0 3 - 5 . 8 S i 0 2 (dry basis) . A b o u t 8 0 % of the Cs+ content of the synthesis 
gel was incorporated in to the crystal l ine product compared w i t h 2 6 % of the 
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N a + . Exchange w i t h N H 4
+ removes substant ia l ly a l l C s + a n d over 9 0 % of 

the N a + content of the crystal l ine product . T h i s is consistent w i t h the pro 
posed structure w h i c h shows no " m i n o r cages" such as the sodalite u n i t 
w h i c h cou ld act as cat ion traps . T a b l e I gives x - ray di f fract ion d a t a for the 
( N a , Cs) f o r m (crystal l ized a n d dr ied at 120°) a n d the H f o r m ( N H 4 N 0 3 

exchanged a n d calc ined at 540°) . T h e latt ice constants for these two 
par t i cu lar specimens were 14.60 and 14.99 A , respectively . I n several 
cases, the synthesis product seemed to conta in b o t h the phase described 
above a n d a s m a l l amount of a n unidenti f ied phase. Crys ta l l ograph i c w o r k 
was l i m i t e d to mater ia l showing on ly the lines corresponding to a0 = 15.0 A . 

Figure 1. Crystal structure of zeolite rho in full symmetry ImSm. Vertices cor
respond to (Si, Al) atoms. Oxygen atoms are now shown, but are near the midpoints 
of the line segments. Top: arrangement of A cages. Dashed lines indicate the 
cage centered at the unit-cell body center, sharing 6-rings with the cages centered at the 
corners, and 8-8 rings connecting it to other body-center cages. Bottom: stereo 

drawing prepared with ORTEP (18) on the CALCOMP plotter. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

00
9

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



9. ROBSON E T A L . Zeolite Rho 109 

Table I. X-Ray Diffraction Data for Zeolite Rho 
, 2 + £2 (Na, Cs) form H form 

+ I2 a d,A I/h d, A I/h 

2 10 .33 100 10.53 100 
4 7. .25 3 7.44 3 
6 5 .95 30 6.09 41 
8 5 .14 1 5.28 8 

10 4 .61 2 4.72 16 
12 4. .20 13 4.31 3 
14 3 90 16 4.00 6 
16 3 .64 1 3.74 6 
18 3 .44 51 3.52 26 
20 3 .26 52 3.35 17 
22 3 .11 24 3.19 2 
24 2 .979 32 3.05 6 
26 2. .862 8 2.936 13 

zo 
30 2 .667 22 2.730 8 
32 2 .578 1 2.648 2 
34 2 501 4 2.567 1 
36 2. 433 4 2.495 7 
38 2 .368 2 2.430 1 
40 2 .309 7 — — 
42 2 .254 3 — — 
44 2 .201 9 2.259 2 
46 
A C 

2. .154 2 2.209 1 

45 
50 2 .067 6 2.120 2 
52 2. .025 3 — — 
54 1. .987 2 2.040 2 
56 1. .951 4 2.002 <0.5 
58 
A H 

1. .918 2 — — 
O U 

62 1 .855 3 1.903 3 
64 1 .824 3 1.873 2 
66 1 .798 4 1.845 1 
68 1 .771 5 1.817 <0.5 
70 1 .746 0.5 — — 
72 1 .722 4 1.767 2 
74 1 .698 6 1.741 <0.5 
76 1 .675 0.5 — — 
78 1 .653 2 — — 
80 1 .633 <0.5 — — 
82 1 .613 2 1.656 1 
84 1 .594 1 — — 
86 1 .575 2 1.617 2 
88 1 .556 1 1.598 1 
90 
QQ 

1 .540 1 1.580 2 

94 1 .506 2 1.545 <0.5 
96 1 .490 3 — — 
98 1 .475 4 1.513 1 

100 — 1.499 1 

° For ImSm. 
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X-Ray Diffraction Investigation 

F o r use i n the dif fraction studies, a sample of the zeolite was digested 
repeatedly i n aqueous a m m o n i u m chloride at p H 8 u n t i l no a l k a l i ions were 
found i n significant amounts i n the aqueous phase. T h e sample was then 
washed free of electrolytes a n d oven dr ied . I t was then calcined at 400° 
a n d reduced pressure (^10 - 5 Tor r ) to remove a l l water a n d a m m o n i a 
leav ing the zeolite i n its dehydrated hydrogen form. T h e calc inat ion was 
fol lowed w i t h quartz - spr ing balance containing some of the sample i n the 
same furnace a n d v a c u u m system. A f t e r the part of the system conta in ing 
the di f fract ion sample was sealed off f r om the v a c u u m system a n d removed 
f r o m the surface, i t was t i l t e d a n d manipu la ted to transfer smal l amounts 
into borosil icate glass capil laries attached to side arms, and the capil laries 
were then sealed off. E a c h capi l lary was mounted on a brass p i n for i n 
sertion in to the cy l indr i ca l powder camera. T h i s procedure is the same 
as t h a t described b y Seff a n d Shoemaker for dehydrated zeolite 5 A (6). 

Powder photographs were t a k e n w i t h a 57.3-mm radius D e b y e -
Scherrer camera a n d nickel - f i l tered C u K a r a d i a t i o n (Xm ean = 1.5418 A ) . 
F o r in tens i ty work , the mul t ip l e - f i lm technique was used. T h e latt i ce 
constant, der ived f r o m 23 reflections f r o m 42.56° t o 73.47° 26 a n d corrected 
for f i l m shrinkage w i t h a para l le l f i l m of a reference substance, was a0 = 
15.02 A w i t h an est imated s tandard dev ia t i on of 0.01 A . 

T h e intensities of the powder lines were est imated v i s u a l l y against a 
s tandard scale, a n d after correct ion for absorpt ion, they were further re 
duced b y s tandard methods. Intensities were obtained for 50 l ines repre
senting a t o t a l of 93 reflections; of these, 20 lines h a d on ly one hkl c o m 
ponent, 18 h a d two , 11 h a d three, and 1 h a d four. 

T o refine atomic pos i t ional parameters, the composi t ion was assumed 
to be Hi2Ali2Si36096 for one cubic u n i t cel l . A t o m i c scatter ing factors were 
obtained b y the method of C r o m e r a n d M a n n (7). T o represent the 
p a r t i a l l y covalent character of the atoms present, scatter ing factors for 0~ 
were used, a n d (Si , A l ) sites were weighted 3:3:1:1 for S i 4 + , S i 0 , A l 3 + , and 
Al°. Since at tempts to refine isotropic temperature factors resulted i n 
negative values for some atoms, isotropic temperature factors for (Si , A l ) 
a n d O were set a r b i t r a r i l y at 0.45 a n d 1.66, respect ively a n d were not 
al lowed to v a r y ; these values were t a k e n f r om averages of those reported 
f r o m the s ingle-crystal structure determinat ion of the zeolite P a u l i n g i t e (8). 

F u l l - m a t r i x least-squares refinement of the structure model was carried 
out w i t h programs ORFLS (9). Since th is p rogram i n the f o r m we used re 
fines structure factors \FAkl\ rather t h a n the intensities of the powder lines, 
i t was necessary t o decompose the in tens i ty of each l ine h a v i n g more t h a n 
one component in to contr ibut ions f r o m the i n d i v i d u a l component reflec
t ions. T h i s was done b y assuming t h a t the | / ^ 0 M Z [ 2 for the several compo
nents of a powder l ine were i n the same ratios as the corresponding | F c

f c * i | 2 

obtained f r o m a structure mode l—the or ig inal t r i a l s tructure or the previous 
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refinement cycle of the series of refinements. (This procedure u n a v o i d 
a b l y introduces some favorable bias in to the R indexes used to measure 
structure factor agreement, a fact tha t must be t a k e n in to account i n in te r 
pret ing these indexes.) P o o r structure- factor agreement for low-angle l ines 
(below h2 + k2 + I2 = 18) suggested t h a t these lines were subject to second
ary ext inct ion or incomplete ca l c ina t i on ; accordingly , they were dropped 
f r o m a l l but the first at tempts at refinement a n d are not inc luded i n the 
quoted R indexes. I n general, u n i t weights were used i n refinement. 

Ref inement was first done i n the space group ImSm—On9 ( N o . 229), the 
space group of the ideal t r i a l s tructure model . T h e refinement converged 
w i t h an R index of 0.124 a n d a weighted R index of 0.148 (al l quoted R 
indexes are based on structure factors) . A l t h o u g h a l l in teratomic distances 
a n d bond angles seemed satisfactory, the R indexes seemed higher t h a n they 
should be, a n d there were several b a d i n d i v i d u a l structure factor disagree
ments. Therefore, refinement i n space groups of lower s y m m e t r y was 
a t t empted ; these were 7 4 3 m - T V ( N o . 217), Im3-Th* ( N o . 204), 
PmZn-Oj? ( N o . 223), Pn3m-Oh

4 ( N o . 224), Pn3n-Oh
2 ( N o . 222), 

P 4 3 m - 7 V (No . 215), a n d P 4 3 r c - 7 y ( N o . 218). T h e shifts obta ined i n 
the 743m refinement correspond to a s l i ght ly e l l ip t i ca l d i s tor t i on of the 8-
rings such t h a t the ellipse major axes of the two 8-rings const i tut ing a n 8-8 
pa i r make 90° angles w i t h each other a n d 45° angles w i t h the p r i n c i p a l cube 
axes t h a t are para l le l w i t h the r ings . T h e refinements i n the p r i m i t i v e - c e l l 
space groups were at tempted on the assumpt ion that the extra required 
powder lines might be too weak to appear v i s i b l y above background i n the 
powder photographs or perhaps that m e d i u m or long-range disorder i n the 
crystals might produce a unit-cel l -average body centering a n d thus e l i m 
inate the extra lines b y destruct ive interference. 

T h e first a l ternat ive space group, 743m, gave a m a r k e d reduct ion of 
the unweighted a n d weighted R indexes to 0.077 a n d 0.087, respect ively . 
T h e R rat io test of H a m i l t o n (10) showed t h a t the drop i n weighted R f r o m 
0.148 (7m3m, 6 parameters) to 0.087 (743m, 11 parameters) is s tat is t i ca l ly 
significant at at least the 5 % significance level . T h e second space group, 
7m3, produced m u c h smaller drops i n the two R indices to 0.109 a n d 0.132. 
N e i t h e r space group gave altogether satisfactory interatomic distances. 
T h e remain ing space groups either d i d not lead to sat is factory refinement 
or fa i led to drop the R indices s igni f icantly . 

B y contrast to the 7m3m refinement, the 743m refinement resulted i n 
v i r t u a l l y no outstandingly b a d disagreements between observed structure 
factors (obtained as defined above) a n d calculated ones. T h e powder l ine 
h2 + k2 + I2 = 34 is i l lus trat ive of the improvement of i n d i v i d u a l c o m 
parisons. 

T h e intens i ty ( l ^ o l * + I P 4 3 3 I 2 ) ca lculated f r om the 7m3m parameters is 
far too low. I n refining on 743m the observed intens i ty is drast i ca l ly re 
d i s t r ibuted between 530 and 433. 
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ImSm TiSm 

hkl F0 F0 Fo F0 

530 71.1 35.1 19.8 20.1 
433 35.0 17.3 75.2 76.7 

T h e f ina l parameters obta ined i n the ImSm a n d / 4 3 m refinements are 
g iven i n T a b l e I I . F o r ImSm, reasonable distances a n d angles were ob
ta ined [(Si, A l ) - 0 , 1.61-to 1.65 A ] . F o r 743m the (Si , A l ) - 0 distances are 
shown i n F i g u r e 2. F o r the two extreme distances (1.50, 1.72 A ) the es t i 
mated s tandard deviat ions are 0.05 A , a n d for the 1.70- a n d 1.62-A d i s 
tances they are respect ively about 0.01 a n d 0.03 A . 

Discussion 

T h e in tens i ty agreement shows that the assumed structure model w i t h 
s y m m e t r y at least a p p r o x i m a t i n g ImSm is essential ly correct ; thus , zeolite 
rho is the zeolite predicted b y M e i e r a n d K o k o t a i l o . 

T h e significant drop i n R indices obtained w i t h the change i n space 
group to 743m w o u l d appear to rule out ImSm as the correct descr ipt ion of 
the precise s y m m e t r y of zeolite rho but w i thout establ ishing 743m as the 
c lear ly correct one. A g a i n s t 743m is the considerable range of (Si , A l ) - 0 
distances obtained. These m a y be compared, for example, w i t h 1.61 and 
1.65 A g iven i n the review of S m i t h a n d B a i l e y {11) as average or expected 
values for (Si , A l ) - 0 w i t h 0 % a n d 5 0 % A l , respect ively . T h e mean of 1.50 
a n d 1.72 A , namely 1.61 A , can be obtained for these two distances b y 
sh i f t ing the 0 (1 ) x parameter about two s tandard deviat ions . H o w e v e r , 
the (Si , A l ) - 0 ( 2 ' ) distance of 1.70 A depends almost complete ly on the 
(Si , A l ) parameters, w h i c h are more precisely determined, a n d a shift of tha t 

Table II. Atomic Coordinates0 

Atom 
type Position x y z 

ImSm 
SiAl 48 (i) 0.25 0.1014 (8) = y 2 - y (0.3986) 
0(1) 48 (j) 0 0.2194 (23) 0.3836 (24) 
0(2) 48 (k) 0.1677 (11) =x 0.3701 (21) 

143m 
SiAl 48 (h) 0.2581 (9) 0.1076 (8) 0.4039 (9) 
0(1) 48 (h) 0.0013 (30) 0.2215 (15) 0.3830 (17) 
0(2') 24 (g) 0.1825 (20) =x 0.3660 (33) 
0(2") 24 to) 0.3451 (21) =x 0.1307 (35) 

° Estimated standard deviations in the last place(s) are given in parentheses fol
lowing the respective parameter values. These are adapted from the values given by 
the program O R F L S by taking into account the fact that the number of observations— 
powder-line intensities—is smaller than the number of reflections used explicitly in the 
least-squares treatment. 
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9. R O B S O N E T A L . Zeolite Rho 113 

Figure 2. Projection of 8-8 double rings of zeolite rho, re
fined 143m model. One 8-ring is drawn with full lines 
connecting atomic centers, the other with dashed lines. {In 
Im3m the two sets of atomic centers superpose.) Oxygen 

ions are drawn with 1.35-A radius 

a t o m b y four or five s tandard deviat ions w o u l d be needed to b r i n g that d i s 
tance d o w n to 1.65 A . Perhaps the ac tua l s y m m e t r y is a subgroup of 
743m representing a further d i s tor t i on of the ideal s tructure . A number of 
possible arrangements a n d S i , A l order ing schemes (consistent w i t h L o e w e n -
stein's A l - O - A l avoidance rule) (12) have been considered (13). 

A n at trac t ive a l ternat ive poss ib i l i ty is t h a t the ac tua l space group is 
one obtained b y re lax ing the d iagonal mirrors of 743m whi le re ta in ing the 4 
s y m m e t r y elements i n the 8-8 double r ings . T h i s w o u l d permi t some r o t a 
t i o n of the two major ellipse axes away f r om 45° d iagonal directions whi le 
keeping t h e m at 90° to each other. Poss ib ly more signif icant, i t w o u l d 
permit a f u l l ordering scheme for S i a n d A l atoms whereby 4 A l atoms a n d 12 
S i atoms i n each 8-8 double r i n g conform to these 4 elements. These as-
asumptions enta i l some loss of t rans la t iona l s y m m e t r y , l eading to the cen-
trosymmetr i c space group Fd3c-Oh

8 (No . 228) on a cubic u n i t ce l l doubled 
i n each ax ia l d i rect ion ( a / = 30.04 A ) (see F i g u r e 3). I n th is s t r u c t u r a l 
arrangement, the s y m m e t r y of the A cages is decreased to !T-23. T h i s ce l l 
a n d space group permit add i t i ona l powder lines w h i c h could easily f a i l to 
appear at the expected posit ions owing to short-range disorder. A t best a 
tentat ive m a t c h of some of the predicted lines w i t h fa int lines on the powder 
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1 1 4 MOLECULAR SIEVES 

Figure 3. Part of proposed superstructure cell with FdSc, a 0 ' = 
#ao = 30.04 ^ · Elliptical distortion of 8-rings not shown. Al atoms 
in the full ordering scheme shown by circles, filled if they are above 
the midplane of the 8-8 double ring, empty if they are below. In
crease in weight of line and diameter of circles corresponds to in

creased height above a reference plane 

pat tern has been observed. However , the ident i f i cat ion is far f r o m con
clusive. C l e a r l y most of the add i t i ona l l ines must be caused b y the pres
ence of a n add i t i ona l phase or phases. F u r t h e r refinement based on th is 
space group does not appear to be just i f ied as l i m i t s imposed b y the q u a l i t y 
of the d a t a a n d the var ious experimental imponderables (traces of r e m a i n 
i n g a l k a l i cations, water , or a m m o n i a , interference of i m p u r i t y l ines, etc.) 
have a lready been closely approached. 

T w o interest ing features of the rho phase structure deserve ment ion . 
U n l i k e zeolite A a n d faujasite, a l l parts of the structure are accessible to 
molecules that can pass t h r o u g h 8-rings but not 6 -rings; tha t is , there are 
no " s u b s i d i a r y cages , , (such as sodalite cages, for example) tha t are i n 
accessible i n this sense. ( In Z K - 5 the on ly such " s u b s i d i a r y cages" w o u l d 
be 6-6 double rings.) T h u s , the entire "pore v o l u m e " is accessible for sorp
t i o n . I t is not ent ire ly understood w h y our sorpt ion experiments on H -
f o r m rho show on ly a f rac t ion of the hexane absorpt ion one w o u l d expect 
o n t h a t basis ; the pecul iar d i s tor t ion of the 8-8 double r ings m a y be some
w h a t unfavorable for passage of such molecules. T h e second s t ruc tura l 
feature, shared also b y Z K - 5 , is the existence of two independent, three-
d imens ional ly inf inite systems of channels throughout the c rys ta l structure , 
not interconnected b y openings larger t h a n 6 r ings. 

T h e crystal lographic results obta ined w i t h the hydrogen f o r m n a t u r a l l y 
give no direct ind i ca t i on of the posit ions of the C s + a n d N a + cations i n the 
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original structure, but some conjectures may be in order. Per unit cell 
there are six 8-8 double rings and eight 6-rings to accommodate approxi
mately three C s + and nine or ten N a + cations (2.95 and 9.60, respectively, 
by analysis). The structure might be thought of as the result of linking to
gether by oxygen bridges three 8-8 double rings per unit cell, each built 
around a C s + cation. When these assemble, the two A cages and three 
additional 8-8 double rings per unit cell are generated. The 6-rings pro
vide possible locations for eight N a + cations per unit cell, and the remainder 
may occupy leftover portions in 8-8 double rings. Once the structure is 
assembled, the C s + ions presumably occupy both sets of 8-8 rings statisti
cally. The 8-8 double-ring parameters obtained in the 743m refinement pro
vide a larger space than necessary for the Cs+ ion (r = 1.7 A), but the 8-8 
structures may be more distorted in the (Cs, Na) form originally produced 
in the synthesis than in the H form which we studied. 

Acknowledgments 

We are pleased to acknowledge that Gunther Eulenberger was involved 
in the early stages of this work, Alan Parkes assisted with intensity esti
mation and computations, and Clara B. Shoemaker prepared the stereo 
figure (Figure lb) with ORTEP (14) at the OSU Computer Center with 
assistance from Ted E . Hopkins. Other computations were done at the 
MIT Computation Center. 

Literature Cited 

1. Broussard, L., Shoemaker, D. P., J. Amer. Chem. Soc. (1960) 82, 1041. 
2. Meier, W. M., Kokotailo, G. T., Ζ. Kristallogr. (1965) 121, 211. 
3. Meier, W. M., in "Molecular Sieves," pp. 10-27, Zeolite Conference, School of 

Pharmacy, University of London, Apr. 4-6, 1967, Society of Chemical Industry, 
London, 1968. 

4. Andreini, Α., Soc. Ital. Sci., Mem. Math. Fis. Ser. 3 (1907) 14, 75; NASA Tech
nical Translation TT-F 11,994 (Figure 24, p. 29). 

5. Shoemaker, D. P., Robson, H. E., Broussard, L., unpublished data. 
6. Seff, K., Shoemaker, D. P., Acta Crystallogr. (1967) 22, 162. 
7. Cromer, D. T., Mann, J. B., Acta Crystallogr. (1968) 24, 321. 
8. Gordon, Ε. K., Samson, S., Kamb, W. B., Science (1966) 154, 1004. 
9. Busing, W. R., Martin, K. O., Levy, Η. Α., USAEC Rept. (1962) ORNL-TM-

305, Oak Ridge National Laboratory, Oak Ridge, Tenn. 
10. Hamilton, W. C., Acta Crystallogr. (1965) 18, 502. 
11. Smith, J. V., Bailey, S. W., Acta Crystallogr. (1963) 16, 801. 
12. Loewenstein, W., Amer. Mineral. (1954) 39, 92. 
13. Ogilvie, R., Dissertation, Massachusetts Institute of Technology, 1971. 
14. C. K. Johnson, ORNL-3794 Revised, Oak Ridge National Laboratory, Oak 

Ridge, Tenn. June 1965. 
RECEIVED November 27 1972. The work at MIT was done with the aid of a 
Grant-in-Aid from Esso Research Laboratory. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

00
9

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



10 

A Review and New Perspectives 
in Zeolite Crystallization 

EDITH M. FLANIGEN 

Union Carbide Corp., Linde Division Laboratory, Tarrytown Technical Center, 
Tarrytown, Ν. Y. 10591 

The synthesis of a variety of zeolite species which represent 
compositional variants of known structures and possible new 
framework topologies has been reported in the interim of this 
review. Extensive use has been made of mixed bases of the alkali, 
alkaline earth, and organic cations. A correlation of zeolite 
structures with the cations used in synthesis shows a strong speci
ficity for the formation of framework type and polyhedral build
ing unit by one or, at the most, two cations. The cation "tem
plating" concept is supported for the formation of several poly
hedral cages. The organic cation plays a limited role in direct
ing structure but more generally provides a source of hydroxyl 
ions and stabilizes the formation of sol-like aluminosilicate 
species. 

'Tphe scope and objectives of zeolite crystallization investigations cover 
A three areas : synthesis of new structure types and known structure types 

with different chemical compositions, kinetic and mechanistic studies on 
zeolite crystallization, and growth of large single crystals of zeolites. Based 
on a Chemical Abstracts count, about 200 papers and patents have been 
published on zeolite synthesis since 1969. This paper reviews a selected 
portion of the literature and progress in zeolite crystallization in each of the 
above three areas since the Second Molecular Sieve Conference at Worcester 
in 1970 and presents different perspectives and new data on zeolite nuclea-
tion and crystallization phenomena and suggestions for future directions 
in zeolite synthesis investigations. The literature on the formation and 
phase relations of the more thermodynamically stable zeolites is not 
covered. 

Review of Literature 

Zhdanov (1) gave a detailed review of zeolite crystallization at Wor
cester which covered the literature until about 1969 with special emphasis 

119 
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on the mechanism a n d kinet ics of zeolite c rys ta l l i za t i on f r o m gels. B a r r e r 
(2) presented a previous review at the L o n d o n M o l e c u l a r Sieve Conference 
i n 1967. Since 1969, Senderov a n d K h i t a r o v (3) have publ i shed a compre
hensive review i n book f o rm. I t contains a complete, up-to -date rev iew of 
a l l synthet ic a n d m i n e r a l zeolites i n c l u d i n g the ir synthesis condit ions, 
composit ions, x - ray di f fract ion d a t a , a n d other properties. A useful l i s t 
of x - r a y d values a n d intensit ies for 79 synthet ic a n d minera l zeolite species 
is appended. I t is especially va luable for i ts extensive inc lus ion of the 
R u s s i a n work . I n the ir discussion of the mechanism of zeolite c r y s t a l l i z a 
t i o n , the thermodynamic aspects of c rys ta l l i za t i on , b o t h i n terms of s t ruc 
ture a n d chemical composi t ion , are developed i n deta i l . T h e book is a v a i l 
able on ly i n R u s s i a n . 

Zeolite Compositions. I n the first area of prev ious ly unreported 
composit ions, the m a i n focus i n recent zeolite synthesis work has been 
i n the mixed a l k a l i - o r g a n i c cat ion base systems. T o a v o i d the cumbersome 
nomenclature of the organic cations, a shor thand designation is used, w r hich 
is defined i n the A p p e n d i x . T h e on ly synthesis of pure organic cat ion zeolites 
i n a lkal i - f ree systems has been reported b y Baer locher a n d M e i e r who de
scribe the synthesis of T M A - g i s m o n d i n e (4) and T M A - s o d a l i t e (5). B o t h 
are more h igh ly siliceous t h a n their s t r u c t u r a l analogs formed i n a l k a l i sys 
tems. B a r r e r et al. (6) showed that the synthesis of N - A , a siliceous analog 
of zeolite A , cou ld not be carr ied out i n the pure T M A system system but 
required the presence of N a i on , albeit i n trace amounts , for i t s f o rmat ion . 
T h e o r g a n i c - a l k a l i base systems up to 1969 h a d resulted i n the synthesis of 
several zeolite species as reviewed b y B r e c k (7). A l l were synthesized i n 
N a - a l k y l a m m o n i u m cat ion systems a n d inc luded siliceous composit ions of 
k n o w n structure types, such as N - A , a n d the new structure types : Z K - 5 , 
w i t h N a - D D O ; Ω a n d zeolite N , w i t h N a - T M A ; a l evyn i te type , w i t h N a -
M D O ; a n d zeolite β, w i t h N a - T E A . T h e extension of zeolite synthesis to 
other a lka l i - o rgan i c systems has pred ic tab ly occurred since that t ime . 

A series of zeolites cal led Z S M - 5 , 8, a n d 11 has been reported b y 
scientists at M o b i l O i l C o r p . T h e y are synthesized i n b i n a r y cat ion sys
tems conta in ing b o t h N a a n d an organic cat ion , w i t h the organic ca t i on T E A 
i n Z S M - 8 (8), T P A i n Z S M - 5 (9,10), a n d T B A , T B P , a n d B T P P i n Z S M - 1 1 
(11). T h i s is the first reported synthesis of zeolites i n the presence of 
quaternary phosphon ium cations. T h e reactant a n d zeolite composit ions 
reported are h i g h l y siliceous ( S i / A l 2 up to 100). A d s o r p t i o n pore vo lumes 
of the order of 0.10-0.12 c m 3 / g r a m and pore sizes near 7 A are indicated . 
B a s e d on t y p i c a l x - ray powder di f fraction data g iven, these zeolites show 
strong resemblances to each other. N o analogy to any prev ious ly k n o w n 
structure type is g iven. 

Z S M - 1 0 (12), described as a f a m i l y of zeolites b y C i r i c , is synthesized i n 
the K - D D O system and has an S i / A l 2 of 5-7, an H 2 0 pore vo lume of about 
0.14 c m 3 / g r a m , a n d an effective pore d iameter of 7-8 A . A characterist ic 
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x - ray powder di f fraction p a t t e r n is g iven w h i c h is sa id t o be unre lated to 
prev ious ly k n o w n zeolite structures but bears a strong resemblance to t h a t 
of zeolite L w i t h w h i c h i t c ommonly cocrystal l izes. A n u n n a m e d zeolite 
described b y R u b i n a n d R o s i n s k i (13) is c rysta l l i zed i n the N a - K - B T M A 
system w i t h an S i / A l 2 of 7-10, a n H 2 0 pore vo lume u p to 0.21 c m 3 / g r a m , 
a n d a pore size near 5 A . I t seems to be an er ionite-type structure . R u b i n 
(14) a n d Jenk ins (15) reported the synthesis of a pure offretite-type zeolite 
f rom the ternary cat ion system, K - N a - T M A . 

A i e l l o and B a r r e r (16) pub l i shed the first broad s tudy of zeolite 
c rysta l l i zat ion fields i n a luminosi l i cate gels i n the presence of the mixed 
a lka l i - o rgan i c bases, N a O H , K O H , a n d T M A O H , i n c l u d i n g the ir t e rnary 
mixtures . A v a r i e t y of s tructure types synthesized prev ious ly i n the mono 
and b i n a r y a l k a l i cat ion systems ( K , N a ) was synthesized i n the m i x e d 
T M A - a l k a l i bases. These inc lude zeolites w i t h the structure types of 
erionite, sodalite, chabazite, gismondine (P ) , ph i l l ips i te , a n d gmel ini te . 
O n l y two structure types are f ound exclusively i n the presence of T M A , 
zeolites Ω a n d Ο (offretite). T h e authors exp la in the structure specif icity 
of the mixed cations i n terms of the t e m p l a t i n g of different cage structures 
by the larger organic a n d smaller a l k a l i cations. T h e association of the 
T M A i on w i t h the 14-hedron gmel inite cage i n offretite a n d Ω is suggested 
to p lay a n i m p o r t a n t role i n the ir synthesis b y a t empla t ing ac t i on of the 
T M A i o n i n f o rming the a luminos i l i cate precursor of the larger gmel ini te 
cage. T h e smaller a l k a l i ions p l a y a role i n charge compensat ion of the 
a l u m i n a tetrahedra a n d i n t e m p l a t i n g smaller cage structures such as the 
cancr inite u n i t a n d hexagonal pr isms. C o c r y s t a l l i z a t i o n i n these m i x e d 
systems is extensive, a n d the incidence of c o m m o n s t r u c t u r a l un i t s among 
the cocrystal l ized phases is emphasized i n c l u d i n g po lyhedra l cages a n d the 
sequence of chains of four r ings . T h e strong effect of T M A i n p r o m o t i n g 
the f o rmat ion of s i l i ca - r i ch zeolites is confirmed for m a n y s tructure - types : 
Ω, offretite (0 ) , erionite ( E ) , a n d sodalite (T ) . 

Synthesis of zeolites i n mixed a l k a l i - T M A systems is extended to 
quaternary cat ion systems i n zeolites described i n a patent b y K o u w e n -
hoven a n d Cole (17). These zeolites, designed " K S O - 2 - 6 , " are synthesized 
f rom ternary and quaternary systems of T M A and N a , a n d a t h i r d or f o u r t h 
cat ion consist ing of Κ or L i , or bo th . T h e y have pore vo lumes i n the region 
of 0.12-0.15 c m 3 / g r a m a n d stated pore sizes f r o m 5 to 7 A . A l l appear to be 
re lated to previous ly k n o w n structure types. 

A new zeolite, designated " L o s o d , " has been synthesized i n the a l k a l i -
organic cat ion system, N a - B P , b y Sieber (18). I t was also formed i n the 
presence of the related base P P - O H a n d f r o m N T M A - O H . T h e gels c o n 
ta ined v e r y h igh organic base contents a n d a l ow N a content ( N a / A l < 1), 
a n d the organic cat ion was not incorporated in to the zeolite phase. B a s e d 
on structure studies b y W. T h e o n i , a new framework structure is proposed 
for " L o s o d " consisting of an A B A C s tack ing of para l l e l six r ings (19) a n d 
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l eading to two po lyhedra l cages, cancr inite cages a n d a " L o s o d " cage. T h e 
la t te r is a new type of 30-hedra cage conta in ing 11 s ix -membered a n d 6 f our -
membered r ings . A l t h o u g h the size a n d f it of the cat ion i n the " L o s o d " 
cage are an appeal ing concept for a " t e m p l a t i n g " effect i n precursor f o r m a 
t i o n , the fact t h a t the zeolite contains no organic cat ion disputes this 
mechanism. Sieber proposes that the b u l k y quaternary a m m o n i u m ions 
used have too smal l a surface charge density and , therefore, do not exert 
signif icant coordinat ive a n d po lar i z ing force onto the a luminos i l i cate anions. 
A l k a l i ions are necessary for po lymer i za t i on to a so l id . H e concludes that 
the organic base on ly serves as a source of h y d r o x y l ions a n d has no c r i t i c a l 
influence on the structure formed. 

B a r r e r a n d M a i n w a r i n g (20) report the use of metakao l in as the a l u m 
inosi l icate r a w mater ia l for react ion w i t h the hydroxides of Κ a n d B a as 
we l l as the b i n a r y base systems B a - K a n d B a - T M A to f o r m zeolites. 
Zeol ite phases prev ious ly synthesized i n the analogous hydrous a l u m i n o 
si l icate gel systems were crysta l l i zed w i t h K O H , i n c l u d i n g ph i l l ips i te - , 
chabazite- , K - F - , a n d L - t y p e structures. T h e b a r i u m system y ie lded two 
unident i f ied zeolite phases ( B a - T a n d B a - N ) a n d a species B a - G , L w i t h a 
s t ruc tura l resemblance to L i n d e zeolite L . B a - G , L was reported prev ious ly 
b y B a r r e r a n d M a r s h a l l (21) as B a - G . S i m i l a r phases were formed i n the 
B a - K system a n d i n the T M A - B a system where, i n add i t i on , er ionite-type 
phases were formed. T h e L - t y p e structures are sa id to represent a l u 
minous analogs of the zeolite L prev ious ly reported (22). 

Other examples of synthesis of k n o w n structure types i n new cat i on 
systems have been reported. R o b s o n (28) reports a process for the s y n 
thesis of a n R b - N a zeolite w i t h an erionite-type structure . B o r e r a n d 
M e i e r (24), S a n d , Cob lenz , a n d S a n d (25), a n d Pereyron , G u t h , a n d W e y 
(26) have invest igated synthesis i n the b i n a r y a l k a l i L i - N a system. M a n y 
zeolite s tructure types prev ious ly c rysta l l i zed i n the i n d i v i d u a l cat ion sys
tems were found b y B o r e r a n d M e i e r , as we l l as a new L i , N a - 0 species 
(not a t y p i c a l zeolite) a n d a L i , N a analog of K - F zeolite. P u r e L i analogs 
of mordenite , analc ime, a n d phi l l ips i te are reported b y S a n d et al. 
P e r e y r o n , G u t h , a n d W e y reported two N a - L i po lytypes of faujasite. 
K o k o t a i l o a n d C i r i c (27) describe the structure a n d properties of Z S M - 3 
zeolite also synthesized i n the N a - L i system (27, 28). T h e i r proposed 
structure for Z S M - 3 is based on a hexagonal s tack ing of the sodalite-hex-
agonal pr isms present i n the faujasite s tructure a n d conta in ing a v a r i e t y of 
m i x e d s tack ing sequences. 

T w o zeolite species, Z-21 a n d N a - V , have been synthesized i n the N a 
system. C o l l e l a a n d A i e l l o (29) report the c rys ta l l i za t i on of zeolite N a - V 
f r o m the react ion of a r h y o l i t i c glass i n strong caustic so lut ion. I t is 
f ormed i n the c rys ta l l i za t i on fields of X a n d I (hydroxy sodalite) , the phase 
c rys ta l l i z ing being a funct ion of ag i ta t ion condit ions a n d temperature. 
C o l l e l a a n d A i e l l a suggest t h a t N a - V is s t ruc tura l l y re lated to zeolite Ν 
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prepared i n the T M A - N a system b y A c a r a (30) a n d to the zeolite N a , 
T M A - V species of M a i n w a r i n g (31). Z-21 is described b y D u e c k e r , Weiss , 
a n d G u e r r a (32) as a large-pore adsorbent w i t h a cubic u n i t cel l of a0 ~ 37 A , 
based on a n unspecified te trahedra l arrangement of sodalite un i t s generating 
pores of 17 A . N o adsorpt ion character izat ion is g iven, b u t based o n the 
water content of the composi t ion shown ( ~ 1 2 w t % ) , a n " o p e n " s tructure 
w i t h the postulated pore size of 17 A is not ind icated . Z-21 is synthesized 
under a v e r y specific set of react ion condit ions w h i c h includes v io lent 
ag i ta t ion d u r i n g m i x i n g , v e r y h i g h caustic concentrations, a n d r a p i d c r y s t a l 
l i z a t i o n . I t appears t h a t zeolites N , N a - V , T M A , N a - V , a n d Z-21 have 
related framework structures. A d s o r p t i o n character izat ion of zeolite Ν 
(30) showed i t to be a small -pore adsorbent s lowly adsorbing water u p to 
0.16 g r a m per g r a m near saturat ion . T h e common element of ag i ta t ion 
a n d other narrow parameters of f o rmat ion observed for a l l of these zeolites 
indicate t h a t these systems m a y represent the extremes of metas tab i l i t y of 
f o rmat ion . T h e i r c o m m o n coexistence w i t h zeolites X a n d A a n d w i t h 
h y d r o x y sodalite, m a k e the presence of sodalite un i t s i n the i r f ramework 
structures a plausible hypothesis . 

B a r r e r a n d Co le (33) s tudied the i m b i b i t i o n of salts b y sodalite a n d 
cancrinite d u r i n g the ir h y d r o t h e r m a l f ormat ion . T h e i r results are i n t e r 
preted i n terms of a D o n n a n e q u i l i b r i u m between salt i n so lut ion a n d 
crystal l ine intercalated salt a n d inc lude a ca lcu lat ion of act iv i t ies of the 
inc luded salts. T h e y report a s tab i l i z ing effect of inc luded salts on the 
a luminosi l i cate f ramework of sodalite resu l t ing i n v a r i a t i o n i n t h e r m a l 
s t a b i l i t y as a funct ion of different inc luded salt species a n d suggest t h a t salt 
inc lus ion into the sodalite or cancrinite uni ts i n zeolites conta in ing these 
cages, such as A , X , Y , a n d L zeolites, should also enhance the ir t h e r m a l 
s tab i l i t y . R a b o , P o u t s m a , a n d Skeels (34) have recent ly reported the i n 
clusion of hal ide a n d n i t rate salts in to the sodalite cages i n Y zeolite a n d 
their resul t ing enhanced t h e r m a l s tab i l i t y . B a r r e r , Co le , a n d V i l l i g e r (35) 
describe the synthesis of salt - f i l led cancrinites i n sodalite c rys ta l l i za t i on 
fields. T h e y suggest t h a t salt anions as w e l l as cations m a y p l a y a t e m p l a t 
ing role i n nucleat ion. Synthesis of salt -bearing aluminosi l icates has also 
been reported b y B a r r e r a n d M a r c i l l y (36). T h e species Ρ a n d Q c o n t a i n 
i n g intercalated B a C l 2 a n d B a B r 2 are said to be based o n the same a l u m i n o 
si l icate f ramework as zeolite Z K - 5 a n d species Ν a n d O, conta in ing K C 1 a n d 
K B r , based on the framework of the zeolite K - F . Aqueous extract ion of the 
inc luded salt was reported to convert the sal t -bear ing species, P , t o a 
zeolite of the Z K - 5 type . T h e close re lat ionship of the felspathoids a n d 
zeolites is discussed. W i t h the same aluminosi l i cate framework, salt - f i l led 
species such as sodalite or cancr inite are classified as felspathoids a n d the 
same filled w i t h water as zeolites. T h e phases described here exempli fy the 
continuous conversion of one to the other b y salt ±=> H 2 0 subst i tut i on . 
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K i i h l (37) has extended the a luminophosphate complexing technique 
to the m i x e d N a - T M A cat ion system a n d reports the synthesis of siliceous 
zeolites of T y p e A structure conta in ing intercalated phosphate. H e dis 
t inguishes two species, Z K - 2 1 conta in ing N a cat ion a n d Z K - 2 2 conta in ing 
N a a n d T M A cations i n the zeolite. T h e work exemplifies the three c o m 
b ined effects of T M A cat ion , phosphate complexing, and salt inc lus ion 
w i t h i n the A - t y p e f ramework. T h e presence of T M A ion a n d the phos
phate complex ing of a luminate i on b o t h result i n an increase i n the S i / A l 2 i n 
the zeolite f ramework. T h e interca lat ion of up to one phosphate i o n per 
u n i t cel l , assigned to one per sodalite u n i t , is consistent w i t h the salt i n 
c lus ion characterist ics i n sodal i te -containing structures. 

U s e of the minera l zeolites mordenite a n d c l inopt i lo l i te as r a w mate 
r ia ls for synthesis of faujasite-type zeolites was reported b y M i y a t a a n d 
S u s u m u (38) a n d N e g i s h a a n d N a k a n u r a (39) b y react ion w i t h aqueous 
N a O H / N a C l near 100°C. T h e conversion sequence c l i n o p t i l o l i t e / m o r -
denite -> amorphous X sodalite was observed (39). U t a d a a n d 
M i n a t o (40) report the synthesis of species Ρ a n d analc ime f rom the reac
t i o n of n a t u r a l l y occurr ing c l inopt i lo l i te w i t h N a O H a n d find the t rans 
f o rmat i on through Pi (cubic) a n d P 2 (tetragonal) to analc ime. T h e y 
suggest t h a t th is is analogous to the reactions that take place i n sedimentary 
rocks d u r i n g diagenesis. 

K i n e t i c s a n d M e c h a n i s m . Some dozen or more papers conta in ing 
i n f o r m a t i o n re levant to k inet ics a n d mechanism have appeared since 
Zhdanov ' s rev iew (1). A i e l l o , B a r r e r , a n d K e r r (41) showed t h a t c r y s t a l 
l i z a t i o n of zeolites f rom solut ion proceeds through f o rmat ion of amorphous 
so l id lamel lae w h i c h evolve in to larger partic les after w h i c h x - r a y c r y s t a l -
U n i t y appears. N u c l e a t i o n is heterogeneous. T h e t rans i t i on through 
amorphous gel so l id is consistent w i t h Ostwald ' s l aw of successive t r a n s 
formations a n d G o l d s m i t h ' s s implex i ty pr inc ip le . A i e l l o , C o l l e l a , and 
Sersale (42), i n studies on the t ransformat ion of n a t u r a l a n d synthet ic 
s od ium aluminos i l i cate glasses to zeolites b y react ion w i t h N a O H , report 
the existence of a so l id gel phase as a n intermediate i n the glass -> zeolite 
t rans format ion . T h e react ion kinet ics presented for X c rys ta l l i za t i on show 
two different, near ly l inear r a t e s — a slower rate up to 3 0 % crys ta l l i za t i on 
a n d a faster rate f r o m about 30 to 7 0 % . 

Schwochow a n d He inze (43), i n s t u d y i n g the l iquid-phase compositions 
i n sod ium aluminos i l i cate gels d u r i n g the c rys ta l l i za t i on react ion, show that 
the zeolite species crysta l l i zed f rom separated l i q u i d phases depends not 
on ly on the composi t ion of the l i q u i d phase b u t also, at constant composi 
t i o n , on the size of the po lymer ic anion . T h e higher molecular weight 
anions promote the f o rmat ion of a " p h i l l i p s i t e - t y p e " phase (presumed to be 
P) over a faujasite - type phase. A t the t ime of nucleat ion, the composit ion 
of the l i q u i d phase must correspond to v e r y h i g h S i 0 2 / A l 2 0 3 ratios (>20), 
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a n d the dissolved s i l ica must be present predominant ly i n a monomeric 
state to crystal l ize faujasite-type structures. 

P o l a k (44) concludes t h a t polycondensation reactions take place i n 
the so l id phase a n d between the so l id a n d l i q u i d phases i n the a l u m i n o 
si l icate hydrogel d u r i n g the " r i p e n i n g " step w h i c h precedes zeolite c rys 
t a l l i z a t i o n . M i g a l a n d N e l y u b o v (45) report on the effect of rate a n d 
order of m i x i n g d u r i n g gelation on crysta l size; larger crystals (35-40 
Mmeters) result f rom sil icate to a luminate m i x i n g t h a n f rom the reverse 
order. T h e y conclude that c rys ta l l i za t i on of zeolites proceeds i n the so l id 
phase of the gel. M i r s k i i a n d P i r o z h k o v (46) emphasize the role of the 
c rys ta l surface i n the mechanism a n d kinet ics of zeolite c rys ta l l i za t ion . 
B y seeding of X gels, they f ind a decrease i n b o t h the i n d u c t i o n per iod a n d 
t ime for t o t a l c rys ta l l i za t i on a n d conclude that the rate of c rys ta l l i za t i on is 
a funct ion of the external surface area of the seed c rys ta l added to the gel. 
T h e i r rate curves for increased amounts of seed show a n interest ing evo lu 
t i o n of the t y p i c a l s igmoid shape into curves w i t h two d is t inct l inear por 
t ions, a n i n i t i a l slower rate presumably re lated to seeded growth a n d a later 
faster por t i on re lated to unseeded growth . 

Several chapters i n th is v o l u m e offer add i t i ona l ins ight i n t o the k inet i cs 
a n d mechanism of zeolite c rysta l l i zat ion . Schwochow a n d Me i se (47) 
report a k inet i c s tudy of zeolite A format ion where the steps of nuc leat ion 
a n d c rys ta l l i za t i on are treated as separate k inet i c entities. T h e c r y s t a l 
l i za t i on is first order, a n d the nucleat ion step is of higher order. A l k a l i n i t y 
preferential ly affects the nucleat ion rate a n d only s l ight ly the c r y s t a l l i z a 
t i o n rate. Çulfaz a n d S a n d (48) s tudied q u a n t i t a t i v e l y the energetic 
parameters a n d kinet ics of nuc leat ion and crys ta l g rowth for mordenite a n d 
found a c t i v a t i o n energies for nuc leat ion of 23 k c a l / m o l e a n d for c rys ta l 
g rowth of 14 k c a l / m o l e , the lat ter i n agreement w i t h previous values re 
ported b y Z h d a n o v (1). A surface nuc leat ion growth mechanism is pos tu 
lated for the seeded systems w i t h nuc leat ion at the gel-seed interface a n d is 
extrapolated to the unseeded systems. 

M c N i c o l et al. (49) used luminescence a n d R a m a n spectroscopy to s tudy 
s t r u c t u r a l a n d chemical aspects of gel growth of A a n d faujasite-type crys 
tals . T h e i r results are consistent w r i th a solid-phase t rans format ion of the 
so l id amorphous network into zeolite crystals . B e a r d (50) used in frared 
spectroscopy to determine the size a n d structure of si l icate species i n so lu 
t i o n i n re lat ionship to zeolite c rys ta l l i zat ion . 

Analogous mechanistic studies of the f ormat ion of zeolite minerals 
have been reported. K o s s o w s k a y a (51), i n this vo lume, considers the 
genetic associations of sedimentary zeolites a n d the dominant factors con
t r o l l i n g the ir process of f ormat ion . A n especially l u c i d a n d concise presen
t a t i o n of the mechanism of f o rmat ion of sedimentary zeolites under low 
temperature condit ions is g iven b y M a r i n e r a n d S u r d a m (52). I n studies 
on the f o rmat ion of zeolites i n saline a lka l ine lakes, they show dif ferential 
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so lub i l i t y of s i l i ca a n d a l u m i n a w i t h change i n p H . I n the react ion of 
s i l ic ic glass a n d a lka l ine so lut ion , a gel forms, whose S i / A l rat io is contro l led 
b y the S i / A l ra t io of the so lut ion , a n d a zeolite forms f r o m the gel whose 
S i / A l is , i n t u r n , contro l led b y the composit ion of the gel. T h e y propose 
t h a t the i m p o r t a n t s i l i ca species i n gel f o rmat ion is the uncharged S i ( O H ) 4 

a n d t h a t the charged A l ( O H ) 4 ~ species catalyzes the f ormat ion of the 
hydrous a luminosi l i cate gel. I f the charged a l u m i n a species were absent, 
as the a l k a l i n i t y increases, s i l i ca w o u l d continue to dissolve, a n d no gel 
w o u l d form. T h e mechanism is appl ied to the f ormat ion of the n a t u r a l 
s od ium aluminosi l i cate gels described b y Eugster a n d Jones (53) f rom the 
interact ion of a lka l ine spr ing waters w i t h a l k a l i t rachyte rocks. T h e gel 
f o rmat i on is suggested to be i n the in te r s t i t i a l brines associated w i t h the 
ash bed or at the interface between the glass shard a n d so lut ion. T h e 
mechanism appears to be analogous to t h a t occurr ing i n zeolite synthesis 
f rom gels. M a n y of the elements of M a r i n e r and Surdam's mechanism are 
s imi lar to those prev ious ly proposed b y Coombs et al. (54), H a y (55), a n d 
other authors , a n d reviewed b y Sheppard (56). 

S i n g l e - C r y s t a l G r o w t h . A s ingular paper i n this area b y C h a r n e l l 
(57) describes a method for prepar ing larger quant i t ies of single crystals 
(100-140 μπιβΐβΓβ) of A a n d X zeolite, suitable for x - r a y di f fract ion, d i f 
fusion, a n d other studies, where the lack of large crysta ls has hampered 
m a n y scientific invest igat ions. T h e method represents a significant a d 
vance over the gel g rowth one of C i r i c (58) where low y ie lds and admixtures 
are t y p i c a l . Charne lPs method involves c rys ta l l i za t i on of gels i n a mixed 
aqueous- tr ie thanolamine solvent system a n d careful filtration of i n i t i a l 
a luminate a n d si l icate solutions through microfi lters (0.2 /zmeter) before 
gelat ion. R i l e y , Seff, a n d Shoemaker (59) have reported successful use of 
Charne lPs method to grow u p to 70 μπιβΐβΓ A crysta ls when modif ied to 
inc lude a second c r y s t a l l i z a t i o n us ing seed crystals f r om the first p repara 
t i o n . 

Discussion 

Zeolite c rys ta l l i za t i on represents one of the most complex s t r u c t u r a l 
chemica l problems i n c rys ta l l i za t i on phenomena. F o r m a t i o n under cond i 
t ions of h i g h metas tab i l i t y leads to a dependence of the specific zeolite 
phase c r y s t a l l i z i n g on a large number of var iables i n a d d i t i o n to the classical 
ones of reactant composi t ion , temperature , a n d pressure f ound under 
e q u i l i b r i u m phase condit ions . These var iables (e.g., p H , nature of reactant 
mater ia ls , ag i tat ion d u r i n g react ion, t ime of react ion , etc.) have been 
enumerated b y previous reviewers (1, 2, 22). C r y s t a l l i z a t i o n of admixtures 
of several zeolite phases is common. React ions i n v o l v e d i n zeolite c rys 
t a l l i z a t i o n inc lude po lymer i za t i on -depo lymer i za t i on , s o lu t i on -prec ip i ta 
t i o n , nuc l ea t i on - c rys ta l l i za t i on , a n d complex phenomena encountered i n 
aqueous co l lo idal dispersions. T h e large number of k n o w n a n d h y p o -
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thet i ca l zeolite frameworks a n d the occurrence of m i x e d s tack ing sequences 
add to the complex i ty . I n the i n t e r i m of the review, a pro l i ferat ion of 
zeolite species has appeared as a result of the increase i n the vo lume of 
exper imental work carr ied out a n d the number of addit ions a n d p e r m u t a 
tions of k n o w n a n d new variables studied i n the synthesis systems. T h e 
s i tuat i on is succ inct ly summar ized by B a r r e r a n d Co le (33): " T h e ar t of 
synthes iz ing molecular sieve zeolites has developed more q u i c k l y t h a n the 
chemical science w h i c h w o u l d proper ly account for the ir f o rmat ion i n nature 
a n d i n the laboratory f rom apparent ly s imple a luminosi l i cate composi 
t i o n s . " Indeed, the fac i l i ty of synthesis appears to be proport ional to the 
di f f iculty of the science. 

N u m e r o u s problems have accompanied the accrual of increasing n u m 
bers of zeolite species i n a d d i t i o n to the well -recognized one of nomenc la 
ture. Often , the reported synthesis of a species does not inc lude sufficient 
character izat ion of properties to completely describe i t as a zeolite. A l 
though chemical composit ion a n d detai led x - r a y powder di f fract ion data are 
g iven i n most (but not all) cases, other i m p o r t a n t structure-re lated prop 
erties such as adsorpt ion, i on exchange, a n d s t a b i l i t y are not reported. 
T h e assignment of a specific f ramework type to a zeolite species based on 
s i m i l a r i t y i n the x - r a y powder di f fract ion p a t t e r n to a prev ious ly k n o w n 
framework topology is not justi f ied w i thout detai led s t ruc tura l de termina
t i on . T h e s i m i l a r i t y i n x - ray powder di f fract ion d a t a for re lated b u t 
different framework topologies has been po inted out b y several authors 
(22, 60, 61). Of ten , l i t t l e proof is g iven of the species be ing a single ho 
mogeneous phase, free of other crysta l l ine or amorphous impur i t i es . B e 
cause of the large sizes of zeolite u n i t cells (up to ^ 3 5 A ) , the ir x - ray pow
der di f fract ion patterns conta in a large number of reflections i n the region 
25-1.5 A n o r m a l l y used for character izat ion . T h i s , coupled w i t h the large 
number of k n o w n zeolites, results i n the coincidence of some interp lanar 
spacings among several zeolites. T h u s , ident i f i cat ion of the zeolite phases 
present i n a synthesis product is difficult a n d often ambiguous. T h e 
problems of s t r u c t u r a l determinat ion f rom x - r a y powder d a t a obta ined on 
crystals w i t h the large u n i t cells t y p i c a l of zeolites w i l l continue to l i m i t the 
number of new composit ions w i t h adequately characterized f ramework 
structure . 

Of the zeolites reported since 1969, most represent composi t ional 
var iants of prev ious ly k n o w n framework structure types w i t h respect to 
cat ion, f ramework, a n d intercalated salt compositions. Zeol ite species 
that m a y represent new types of f ramework topologies inc lude : " L o s o d " 
(18); Z S M - 5 , 8, a n d 11 (8, 10, 11); Z S M - 1 0 (12); B a - N a n d B a - T (20); 
a n d L i , N a - 0 (24). Zeolites Z-21 (32) a n d N a - V (29) are not inc luded 
because of their apparent s t r u c t u r a l re lat ionship to zeolite N . E x c e p t for 
" L o s o d , " no s t ruc tura l studies have been reported. 
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T w o synthesis variables seemed to have received most a t tent i on i n the 
work reviewed here, the cat ion composi t ion a n d the nature a n d source of 
the a luminosi l i cate reactant . E x t e n s i v e use of mixed bases of the a l k a l i , 
a lka l ine earth , a n d organic cations have been reported as we l l as a wide 
v a r i e t y of reactant aluminosi l icates i n c l u d i n g solutions, hydrogels , glasses, 
k a o l i n (raw a n d calcined) , a n d n a t u r a l l y occurr ing zeolites. 

Table I. Cation Systems for Zeolite Synthesis 
Ternary Quaternary 

N a - L i - T M A N a - K - L i - T M A 
N a - K - T M A 
N a - K - B T M A 

Monoa Binary 

Li N a - L i 
N a |Na-K>| 
Κ N a - R b 
R b 
Cs K - B a 

|Ca-TMA-] 
Ca B a - T M A 
Sr 
B a N a - R i N + 

| N a - T M A 
T M A 1 Na-TEA° 

N a - T P A 
N a - T B A 
N a - N T M A 

N a - M D O - | 
N a - D D O 
N a - B P 
N a - P P 
K - T M A 
K - D D O 
N a - R 4 P + 

N a - T B P 
N a - B T P P 

α Reported before 1969. 

T h e cat ion p lays a prominent structure-d irect ing role i n zeolite c rys 
ta l l i za t i on . T h e unique s t ruc tura l characteristics of zeolite frameworks 
conta in ing po lyhedra l cages (62, 63) have led to the postulate t h a t the 
cat ion stabilizes the f ormat ion of s t ruc tura l subunits w h i c h are the pre 
cursors or nuc leat ing species i n c rys ta l l i zat ion . T h e m a n y zeolite composi 
t ions a n d complex cat ion base systems studied a l low a test of the s tructure -
d irec t ing role of the cat ion a n d the cat ion " t e m p l a t i n g " concept. T a b l e I 
summarizes the cat ion base systems f r om w h i c h zeolites have been s y n 
thesized. T h e systems used before 1969 are ind i cated to i l lustrate the 
number a n d complexities of new cat ion systems invest igated since t h a t 
t ime . T a b l e I I presents a s u m m a r y of zeolite f ramework structure types, 
the cat ion systems i n w h i c h they have been formed, a n d a proposal for a 
cat ion specificity for the f ormat ion of each framework type . A s imi lar 
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10. F L A N i G E N Zeolite Crystallization 129 

Table Π. Synthesis Cation/Framework Structure Relationships0 

Building Units 
Zeolite 

Structure Double 
Type Rings Polyhedraa 

A D-4 
X , Y , faujasite D-6 
Z K - 5 D-6 
Z S M - 3 D-6 
Gmelinite D-6 
Ω — 

Offretite 
Erionite (with 

offretite) 

L 

Chabazite 

D-6 
D-6 

Sodal, a 
Sodal 
a 
Sodal 
Gmel 
Gmel 

Gmel, cane 
Cane (gmel) 

D-6 

D-6 

Cane 

Synthesis Cation 

Cation Specificity 
for Framework 

Structure 

N a , N a - T M A , N a - K , N a - L i N a 
N a , N a - T M A , N a - K 
N a - D D O , (Ba salts?) 
N a - L i 
N a , N a - T M A , (Ca-N?) 
N a - T M A , N a - K - T M A , 

N a - L i - T M A 
K - T M A , K - N a - T M A 
N a - K , B a - T M A , N a - R b , 

N a - T M A , N a - K - T M A , 
N a - L i - T M A , N a - K -
B T M A 

K , K - N a , K - D D O , K - N a -
T M A , B a , B a - T M A 

N a , K , N a - K , B a - K , Sr, 
( K - T M A ? ) , ( K - N a - T M A ? ) 

N a 
N a - D D O 
N a - L i 
N a 
N a - T M A 

K - T M A 
N a - K , N a - R b , 

N a - T M A , 
B a - T M A 

Κ or B a 

N a , K , or Sr 

β The structure types and building units and their nomenclature in Tables II, III, 
and IV are the same as in ref. 85. Sodal = sodalite cage, gmel = gmelinite cage, cane = 
cancrinite cage, a = the truncated cuboctahedron (48 tetrahedra). 

correlat ion is developed for the po lyhedra l b u i l d i n g uni ts i n T a b l e I I I . 
O n l y those zeolite f ramework types w h i c h are we l l character ized a n d 
conta in po lyhedra l uni ts are inc luded . 

I t is clear f r om the large number of cat ion systems reported for the 
synthesis of zeolites conta in ing o n l y single r ings of four, five, s ix, a n d eight 
tetrahedra that there is l i t t l e ind i ca t i on of a s t r u c t u r a l cat ion specif icity. 
T h u s , mordenite w i t h predominant ly 5-rings has been synthesized f r om N a , 
L i , N a - L i , Sr , a n d C a cat ion base systems. S i m i l a r l y , analc ime w i t h 4-
a n d 6-rings a n d h a r m o t o m e / p h i l l i p s i t e frameworks w i t h 4- a n d 8-rings 
have been synthesized i n a large number of a l k a l i a n d a lka l ine earth cat ion 
base systems. 

Tab les I I a n d I I I are presented as a n i n i t i a l a t t empt to establ ish a 
broad correlat ion between c rys ta l l i za t i on a n d structure i n terms of cat ion 
composit ion. T h e extensive assumptions a n d uncertainties i n v o l v e d are 
we l l recognized i n c l u d i n g acceptance of assignment of f ramework type 
based o n s i m i l a r i t y of x - r a y powder di f fract ion patterns , exclusion of some 
po lyhedra l cages f ound i n zeolite structures (62) y the re lat ive concentra
t ions of cations i n mixtures , var iables other t h a n cat ion , a n d the possible 
presence of i m p u r i t y cations not reported b u t der ived f r o m reagents or 
reac t ion vessels. 

T h e above approach shows t h a t the f o rmat ion of a specific f ramework 
t y p e a n d a po lyhedra l b u i l d i n g u n i t depends on one or at the most two 
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Table III. Synthesis Cation-Building Unit Relationship 
Zeolite Framework 

Building Synthesis Types Containing 
Unit Cation Systems Building Units 

Sodalite 

Gmelinite 

Cancrinite 

D-4 

D-6 

Cation Specificity 
for Building Unit 

N a 
N a - T M A 
N a - D D O 
N a - K 
N a - L i 
N a ; ( T M A ) 
N a - T M A 
N a - K 
N a - L i 
N a 
N a - T M A 
K - T M A 
K - N a - T M A 
N a - L i - T M A 
K ; B a 
K - N a ; B a - T M A 
K - T M A ; N a - R b 
K - D D O ; N a - T M A 
K - N a - T M A 
K - N a - B T M A 
N a 
N a - T M A 
N a - K 
N a - L i 
N a ; B a 
K ; Sr 
K - N a ; B a - K 
N a - L i ; B a - T M A 
N a - T M A 
K - N a - T M A 
N a - I i - T M A 
N a - K - B T M A 
N a - D D O 
K - D D O 

A , Z K - 5 

A , X , Y , ZSM-3 , 
(TMA-sodalite) 

N a 

N a or T M A 

Gmelinite, offretite, N a or T M A 

Erionite/offretite, L K , B a , or R b 
(or T M A ? ) 

N a 

X , Y , Z K - 5 , Z S M - 3 , N a , K , Sr, or B a 
chabazite, gmelinite, 
erionite/offretite, L 

cat ion species. S t rong cat ion specif icity is found for the po lyhedra l units 
D - 4 , cancr inite , gmel inite , sodalite, a n d the a cage a n d zeolite frameworks 
conta in ing these uni ts i n the ir structures. T h e cat ion specif ic ity is low for 
the f ormat ion of D - 6 r ings a l though no D - 6 r i n g structures have been re
ported i n the L i a n d C a systems. T h e re lat ive sizes of the po lyhedra l 
cages a n d the re lated specific cations are shown i n T a b l e I V . A good fit for 
the anhydrous diameter is observed for the T M A ion i n the gmel inite a n d 
sodalite cages, the K , B a , a n d R b ions i n the cancrinite cage, a n d for the 
diameter of the h y d r a t e d N a i on i n the gmelinite and sodalite cages. T a b l e 
I V shows t h a t the B a a n d R b ions can subst i tute for K , a n d T M A can sub-
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10. F L A N i G E N Zeolite Crystallization 131 

stitute for the hydrated N a ion in their structure-forming roles. This 
analysis tends to support the cation-templating concept for most of the 
the polyhedral cages considered. The cation specificities agree with the 
correlations reported previously by Aiello and Barrer (16) for T M A with 
the gmelinite cage and Κ with the cancrinite cage as well as with zeolite 
structure studies showing the occupancy of the sodalite cage by T M A (6), 
the gmelinite cage by T M A (16, 64), and the cancrinite cage by Κ (16). 
The absence of a sodium ion near the center of the sodalite cage in hydrated 
N a A as reported by Gramlich and Meier (66) is inconsistent with the con
cept of templating of the sodalite cage by the hydrated N a ion as initially 
proposed by Breck (66) and as developed here. 

The thermodynamic stabilization of open aluminosilicate structures by 
the intracrystalline guest species, water or salts, has been developed ex
tensively by Barrer (2, 62) and must be considered in their formation. 
The role of water structure in templating open zeolite frameworks was 
suggested by Belov (67). He proposed that the dodecahedral clathrate-
related molecule, H 2 0 · 20H 2O, is the nucleus for formation of A and X zeo
lite. The presence of the dodecahedral water structure [Na-H 2 O]-20H 2 O 
in the large α cage of hydrated N a A has been confirmed by Gramlich and 
Meier (65). 

The templating theory is based on a stereospecificity which cannot be 
separated from the chemistry of the cation. Zeolites are crystallized in 
alkaline solutions, most readily at a p H greater than 11, limiting the cations 
used in zeolite synthesis to alkali, some alkaline earths, and organic cations 

Table IV. Cation Specific Building Units in Zeolite Structures 
Specific Cation 

Building Unit Diameter, Aa 

D-4 
a 
Sodalite 

Free 
Dimensions, A 

2.3 
11.4 
6.6 

Na 
Na 
Na or T M A 

Gmelinite 6 . 0 X 7 . 4 Na or T M A 

Cancrinite 3.5-5.06 K, Ba, or Rb 

D-6 3.6 Na, K, Sr, or Ba 

Anhydrous 
(Crystal) 

2.0 
2.0 
2.0 (Na), 6.9 

(TMA) 
2.0 (Na), 6.9 

(TMA) 
2.8 (K), 2.7 

(Ba), 3.0 
(Rb) 

2.0-2.8 

Hydrated 

7.2 
7.2 
7.2 (Na), 7.3 

(TMA) 
7.2 (Na), 7.3 

(TMA) 
6.6 (K), 8.1 

(Ba), 6.6 
(Rb) 

7.2-8.2 
a Hydrated diameters and crystal diameter of TMA are from ref. 86. Other crys

tal diameters are those of Shannon-Prewitt for sixfold coordination as listed in ref. 87; 
higher coordination numbers as observed in many zeolite structures (e.g., 12-fold for 
Κ in the cancrinite unit in L and offretite) increase the diameter by up to 0.5 A. 

6 Range of free diameter of maximum included sphere observed in the structures of 
L and offretite (3.5 A) and in the structure of cancrinite (5.0 A). Variation reflects the 
degree of distortion of the ideal unit (60, 88). 
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such as quaternary a m m o n i u m . I n a lmost a l l cases, the ca t i on ( M ) is 
added as a base, M O H , resu l t ing i n the concentrat ion of O H " be ing con
t ro l l ed s imultaneously w i t h the concentrat ion of cat ion. T h e h y d r o x y l i o n 
affects d isso lut ion a n d po lymer i za t i on -depo lymer i za t i on reactions of 
si l icates a n d aluminosi l icates . 

Cons idered separate f r o m its p r o v i d i n g h y d r o x y l ions, the extent of 
in terac t i on of the cat ion w i t h a n anionic a luminos i l i cate species should be a 
func t i on of i t s charge densi ty , Z2/r (where Ζ = ionic charge a n d r = 
ionic rad ius ) . F o r the a l k a l i a n d a lka l ine earth ions w i t h a p X b range of 
—1.7 to 1.5, the order of decreasing pKh or increasing Z2/r i s : C s > R b 
> Κ > N a > L i > B a > S r > C a (68). T h e un ique characterist ics of N a 
a n d Κ i n p r o m o t i n g the facile f o rmat ion of v e r y open zeolite networks 
c lear ly invo lve more t h a n their ac id -base chemistry a n d must also relate 
to the contro l of the f o rmat i on of specific a luminos i l i cate species i n the gel 
systems. T h e organic cations of the quaternary a m m o n i u m type used i n 
zeolite synthesis are s trong bases (puT b ~ 1 ) a n d exhib i t h i g h solubil i t ies for 
s i l i ca a n d a l u m i n a analogous to the a l k a l i ions (69). So lubi l i t ies of S1O2 
a n d AI2O3 are lower i n aqueous a lka l ine ear th hydroxides a n d i n L i O H t h a n 
i n the bases of N a , K , a n d T M A . L i t t l e has been pub l i shed on the s o l u b i l 
i t y of meta l -a luminos i l i ca te precipitates, b u t dif ferential so lub i l i ty of 
a l u m i n a a n d s i l i ca as a func t i on of cat ion probab ly occurs. A m o n g the 
soluble sil icates, the molecular weight a n d size of s i l icate species increase i n 
order N a < Κ < L i < T M A (70). S i m i l a r l y , the molecular weight a n d 
structure of a luminos i l i cate species should depend on cat ion type . 

Sieber (18) suggests t h a t larger organic bases are p r i n c i p a l l y a source of 
h y d r o x y l ions a n d do not per form a s tructure -d i rec t ing role. E x c e p t for 
the T M A ion , th is m a y be a general characterist ic of organic bases i n zeolite 
c rys ta l l i za t i on . H o w e v e r , the co l lo id chemistry of organic cations m u s t be 
considered as w e l l as the i r s trong base properties. Q u a t e r n a r y a m m o n i u m 
bases have been reported to f o r m stable a luminos i l i cate sols (18, 71). T h e 
a d d i t i o n of a l k a l i is necessary for prec ip i ta t i on a n d c rys ta l l i za t i on to occur. 
A n elegant example of the prec ip i ta t ing a n d c rys ta l l i z ing proper ty of the 
N a i o n is i l lus t ra ted i n w o r k f r o m th is l abora tory b y A c a r a a n d H o w e l l (72) 
where a T M A - a l u m i n o s i l i c a t e sol w h i c h d i d not prec ip i tate solids after 
heat ing at 100°C was " t i t r a t e d " w i t h aqueous N a C l . T h e resu l t ing f o r m a 
t i o n of gel a n d of A crystals was propor t i ona l i n rate , y i e l d , a n d size of 
c r y s t a l t o the amount of N a C l added. T h e near cubic A crystals f o rmed 
w i t h sizes f r o m 250 A to 0.3 Mmeter are shown i n the sequence of electron 
micrographs i n F i g u r e 1. 

I t is proposed t h a t i n m i x e d organic b a s e - a l k a l i systems, the presence of 
the organic base changes the s o l i d - l i q u i d e q u i l i b r i u m a n d stabil izes larger 
sol - l ike a luminosi l i cate species ( ~ 2 5 ταμ). T h e a l k a l i i on affects ag 
g lomerat ion of the sol partic les to larger amorphous precipitate partic les 
f r o m 100 to 500 πΐμ i n size w h i c h subsequently crystal l ize to zeolite. 
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10. F L A N i G E N Zeolite Crystallization 133 

Figure 1. Addition of NaCl to α Τ M A-Aluminosilicate sol. Elec
tron photomicrographs of zeolite A crystals recovered after 24 hours 
at 100°C: (a) 0.1 NaCl/AWz, (&) 0.2 NaCl/AWz, (C) 0.5 
NaCl/AWz, (d) 1.0NaCl/AW*; magnification 14,170X. 

T h e prec ip i ta t ion a n d so lut ion phenomena depend on the re lat ive concen
trat ions of the organic a n d a l k a l i cat ion a n d on p H . T h i s w o u l d predic t 
t h a t zeolites w i l l n o t crysta l l i ze f r o m pure organic cat ion systems i n the 
absence of a l k a l i . T h e two exceptions to th is appear to be M e i e r a n d 
Baer locher ' s c rys ta l l i za t i on of T M A - g i s m o n d i n e zeolite (4) a n d the fels-
p a t h o i d T M A - s o d a l i t e (5). 

T h e r e is considerable evidence that the a l k a l i cat ion is s trongly a n d 
s to i ch iometr i ca l ly associated w i t h a n a luminate species. T h e a l k a l i - A l 
ra t i o i n the so l id phase of the gel reaches a va lue near one early i n the 
c rys ta l l i za t i on react ion (1). T h i s suggests t h a t a n i o n p a i r i n g or a n asso
c iated species of [ N a + ] [ A 1 0 H 4 - ] or N a A 1 0 2 is the react ing or di f fusing 
species a n d is also the prec ip i ta t ing agent. 

Z h d a n o v (1 ) describes the mechanism of zeolite c rys ta l l i za t i on i n terms 
of a quas i equ i l i b r ium between the so l id a n d l i q u i d phase i n gels a n d e m 
phasizes that the f ormat ion a n d growth of nuc le i occurs i n the l i q u i d phase. 
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T h e gel solids serve as nutr i ent a n d dissolve cont inuously d u r i n g c r y s t a l 
l i z a t i o n w i t h b u l k transport of the dissolved species to the growing nuc le i or 
crystals i n the l i q u i d phase. T h e resu l t ing mechanism is analogous to 
homogeneous nuc leat ion a n d growth f r om so lut ion as i n i t i a l l y proposed b y 
K e r r (73) a n d later supported b y C i r i c (74) · T h e importance of the so l id 
phase of the gel as the locus of zeolite nuc l ea t i on - c rys ta l l i za t i on a n d hetero
geneous nuc leat ion phenomena h a d been emphasized b y F l a n i g e n a n d 
B r e c k i n the ir i n i t i a l proposal of mechanism (76). Several references c i ted 
support (1) the f o rmat ion of a so l id amorphous " p r e c u r s o r " w h i c h precedes 
zeolite c rys ta l l i za t i on f r om solut ion, (2) heterogeneous nuc leat ion phe
nomena, a n d (3) the v i e w t h a t c rys ta l l i za t i on occurs p r e d o m i n a n t l y i n the 
sol id phase of the gel b y a n order ing of the a luminos i l i cate network . K h a 
t a m i a n d F l a n i g e n (76) observed c rys ta l l i za t i on of gel solids i n the absence 
of l i q u i d phase. Sol ids removed f rom a t y p i c a l zeolite X gel near the end of 
the i n d u c t i o n per iod were washed free of l i q u i d phase a n d dr ied at ambient 
temperature to a n amorphous phys i ca l l y " d r y " free-flowing powder of c om
pos i t ion l . l N a 2 O A l 2 0 3 - 2 . 7 S i 0 2 - 4 . 6 H 2 0 (about 20 w t % adsorbed H 2 0 ) . 
X - R a y di f fract ion analysis of the solids after 10 days at ambient showed a 
trace (2%) of c rysta l l ine X , a n d 2 0 % X after 47 days a t ambient . T h e 
phenomenon was confirmed w i t h several other s imi lar gel solids. 

Considerable emphasis has been placed on a solid-phase vs. a l i q u i d -
phase mechanism. Z h d a n o v has noted the m a n y common elements of 
b o t h approaches (1). I t is suggested here that further progress i n under 
s tand ing c rys ta l l i za t i on m a y result f r om s t u d y i n g zeolite c rys ta l l i z ing sys
tems as unstable aqueous co l lo idal dispersions where the importance of 
the roles of the s o l i d - l i q u i d interface a n d the dif fusional or methor i ca l 
layer is we l l recognized. S u c h emphasis places more focus on the 
chemistry of co l lo idal particles a n d the mechanisms of part ic le g rowth 
i n such systems. T e z a k suggested i n the discussion of C i r i c ' s paper (74) 
t h a t his approach to complex prec ip i ta t ing bodies (77, 78) be app l ied to 
zeolite c rys ta l l i za t ion . H e proposes at least four subsystems instead of the 
two of nuc leat ion a n d c r y s t a l l i z a t i o n : (1) f o rmat ion of s imple a n d p o l y -
nuclear complexes, (2) embryonat ion as a state of aggregation of complexes, 
(3) nuc leat ion as aggregate f o rmat ion w i t h a crystal l ine core a n d f o rmat ion 
of micelles (pr imary partic les) , a n d (4) aggregation of p r i m a r y partic les 
in to larger secondary structures through crystal l ine (oriented) aggregation. 
S u c h a n approach seems appl icable to zeolite c rys ta l l i z ing systems. A c a r a 
a n d H o w e l l ' s results shown i n F i g u r e 1 are consistent w i t h a mechanism of 
or iented or crysta l l ine aggregation for zeolite A format ion . 

I n unstable aqueous co l lo idal dispersions, the large inter fac ia l free 
energy associated w i t h smal l partic les is a d r i v i n g force to reduce the t o t a l 
prec ipitate surface area b y a secondary growth process cal led r ipen ing 
(79, 80). R i p e n i n g can occur b y dissolut ion of smaller partic les a n d growth 
of larger ones (Ostwald r ipening) or b y coagulat ion or aggregation combined 
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w i t h c rys ta l l i za t i on (81). Eanes a n d Posner (82) have appl ied such mecha
nisms to the c rys ta l l i za t i on of hydroxyapat i t e w h i c h proceeds through the 
f o rmat ion of an intermediate amorphous sol id ("gel") phase w h i c h subse
quent ly crystal l izes b y a secondary O s t w a l d r ipen ing mechanism. 

Zeol ite c rys ta l l i za t i on can be interpreted i n terms of a r ipen ing mecha
n i s m . T h e i n i t i a l l y formed gel consists of amorphous dispersed partic les of 
the order of 100-300 A i n size. G r o w t h of these partic les to approx imate ly 
1000 A occurs d u r i n g the i n d u c t i o n per iod after w h i c h zeolite crystals 
appear imbedded i n the amorphous gel m a t r i x . T h i s is especially evident 
i n electron microscopic studies of gel solids (66y 83). C i r i c comments on the 
observat ion of growing crystals " i m b e d d e d i n gel particles w h i c h , as the 
crystals grow, t e n d to shr ink together, resu l t ing i n coalescence" (74)· 

Because of the h igh surface free energy at the l i q u i d - s o l i d interface, i t 
is suggested that the stages of nuc leat ion , t ransport of species b y surface 
diffusion, a n d c rys ta l l i za t i on occur at the interface i n the b o u n d a r y layer . 
Çulfaz a n d S a n d i n this vo lume (48) propose a mechanism w i t h nuc lea 
t i o n at the s o l i d - l i q u i d interface. T h i s mechanism should be most evident 
i n more concentrated gel systems where interpart i c le contact is m a x i m i z e d 
for aggregation, coalescence, or r ipen ing processes. T h e ep i taxy observed 
b y K e r r et al. (84) i n cocrysta l l i zat ion of zeolites L , offretite, a n d erionite 
further supports a surface nucleat ion mechanism. 

T h e constancy of the chemical composi t ion a n d amount of the b u l k 
so l id a n d b u l k l i q u i d phase throughout nuc leat ion a n d c rys ta l l i za t i on are 
also consistent w i t h this mechanism. T r a n s p o r t of nut r i ent f rom a m o r 
phous gel solids to growing nuc le i w o u l d occur b y surface diffusion, a n d 
therefore l i t t l e change w o u l d be expected i n the b u l k so l id or l i q u i d . T h e 
mechanism is consistent w i t h t h a t of Z h d a n o v except t h a t nuc leat ion a n d 
transport of nutr i ent to growing nuc le i a n d crystals take place i n the sur 
face diffusion layer rather t h a n i n the b u l k l i q u i d . I t is also consistent 
w i t h order ing i n the so l id phase since a r ipen ing growth process can occur 
w i t h or w i t h o u t ordering. 

Conclusion 

Progress i n zeolite c rys ta l l i za t i on i n the last several years has been 
most ly i n the exper imental r e a l m a n d has resulted i n several new synthet ic 
zeolites a n d composi t ional var iants of prev ious ly k n o w n structures . 
Theore t i ca l advances have come more s lowly b u t are significant. U n t i l 
the e luc idat ion of zeolite structures i n the last decade or so, s t r u c t u r a l 
in terpretat ion of c rys ta l l i za t i on phenomena was not possible. A s a d d i 
t i o n a l phys i ca l a n d chemical techniques are appl ied to the complex s t ruc 
t u r a l chemistry of zeolite c rys ta l l i za t ion , our understanding of the mecha
n i s m increases, a n d the extent of empir i c i sm i n synthesis decreases. Areas 
of invest igat ion s t i l l unexplored that should add considerable understanding 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

01
0

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



136 M O L E C U L A R S I E V E S 

to zeolite c rys ta l l i za t i on are : the thermodynamic properties of zeolites as 
determined, for example, b y so lub i l i t y studies ; def init ive studies of the 
so lub i l i t y characterist ics of a luminos i l i cate precipitates i n bases; the 
thermochemistry of the c rys ta l l i za t i on react ions; appl i cat ion of techniques 
used c ommonly i n co l lo id chemistry w i t h respect to rheology a n d surface 
electrokinetic phenomena ; determinat ion of the size a n d number of nuc leat 
i n g species b y indirect k inet i c methods (81); a n d a more rigorous a p p l i c a 
t i o n of the fundamentals of so lut ion a n d po lymer chemistry to zeolite 
c rys ta l l i za t ion . T h e scientific goals of conceiving a n d b u i l d i n g new zeolite 
structures a n d k n o w i n g how to pred ic tab ly synthesize t h e m i n the l a b o r a 
t o r y are not out of reach b u t are far f rom achieved. 
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Appendix. Organic Base Nomenclature 

R 4 N + 
T M A 
T E A 
T P A 
T B A 
B T M A C6H 6 CH 2 (CH3)3N + , benzyltrimethylammonium 

C 5 H n (CH 3 )aN + , neopentyltrimethylammonium 

( C H 3 ) 4 N + , tetramethylammonium 
( C 2 H 5 ) 4 N + , tetraethylammonium 
(C3H 7 )4N + , tetrapropylammonium 
(C4H 9 )4N + , tetrabutylammonium 

N T M A 

R 4 P + 

T B P 
B T P P 

( C 4 H 9 ) 4 P + , tetrabutylphosphonium 
CeHeCHjj (CeH5)3P + , benzyltriphenylphosphonium 

Complex 
M D O 

D D O 

B P 

P P C 9 H i s N +, 6-azonia-spiro [4.5 ]decane 

(PP from piperidinium and pyrrolidinium) 
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Mechanism of Nucleation and Crystallization 
of Zeolites from Gels 

ALI CULFAZa and L. B. SAND 

Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, 
Mass. 01609 

In zeolite systems chosen for study diffusion in the liquid phase 
and crystal growth on the crystal-liquid interface were the two 
major steps in converting gels to mordenite, zeolites A and X, 
the former being the rate-determining step for mordenite and the 
latter for zeolite X crystallization. In the mordenite system the 
effect of seed crystals, with surface areas per unit mass different 
by an order of magnitude, demonstrated the mechanism of nu
cleation on the seed crystal surfaces. The data support the hy
pothesis that crystal growth of the zeolite occurs from the solution 
phase rather than in the gel phase. 

Jj^ s tudy was done to invest igate the mechanism of t rans format ion of gels 
* * into zeolites under autoc lav ing condit ions. Prev ious w o r k on this 
subject has been reviewed b y Z h d a n o v (1 ). K e r r 3) reported on c r y s t a l 
l i z a t i o n of zeolites A a n d X i n specific systems i n w h i c h he postulated 
g r o w t h f r om solut ion. B r e c k a n d F l a n i g e n (4) a n d M c N i c o l et al. (δ) 
concluded t h a t nuc leat ion a n d c rys ta l g r o w t h of the zeolite occur w i t h i n 
the gel phase. T h e approach here was to d is t inguish nuc leat ion f r om 
c r y s t a l g r o w t h effects b y v a r y i n g the v iscos i ty (or m o b i l i t y ) of the so lut ion 
phase a n d b y a d d i n g seed crystals of different external surface areas a v a i l 
able for nuc leat ion . 

Experimental 
T h e reactants used for mordenite synthesis were a n amorphous sub

strate of near-mordenite compos i t ion (Zeolex S-6-10, 0.91 N a 2 0 - A l 2 0 3 -
10.6 S i 0 2 - 7 . 4 H 2 0 , J . M . H u b e r Co. ) a n d two different types of s o d i u m s i l i -

α Present address: Department of Chemical Engineering, Middle East Technical 
University, Ankara, Turkey. 
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11. CULFAZ AND SAND Zeolites from Gels 141 

cate solutions ( N - s o d i u m si l icate , N a 2 0 - 3 . 3 3 S i 0 2 - 2 4 . 1 H 2 0 , a n d C - s o d i u m 
si l icate , N a 2 O - 2 . 0 6 S i 0 2 - 8 . 8 H 2 0 , P h i l a d e l p h i a Quar tz Co . ) . Zeolites A 
a n d X were synthesized us ing s o d i u m a luminate (1.1 N a 2 0 - A l 2 0 3 - 3 H 2 0 ) , 
s od ium hydrox ide , a n d ammonium-s tab i l i zed aqueous co l lo ida l s i l i ca so l 
( L u d o x - A S , S i 0 2 - 7 . 7 7 H 2 0 , D u P o n t ) . 

Syntheses were r u n i n modif ied M o r e y - t y p e autoclaves of 15-ml c a 
pac i ty at autogenous pressure. F o r mordenite synthesis, the reactants were 
mixed i n a mor tar a n d pestle i n t o a homogeneous m i x a n d loaded in to the 
autoclaves. F o r zeolite A a n d X synthesis , separate s o d i u m a luminate 
solutions a n d co l lo idal s i l i ca sols were prepared a n d m i x e d i n the a u t o 
claves. 

125 

O 200 400 600 700 
TIME , HOURS 

Figure 1. Crystallization curves of mordenite from 
a batch composition 8.5 Na20-AkOz-35 SiOï-182 
H20 as a function of temperature and NaCl con
tent: filled symbols, no NaCl; open symbols, 4.5 

moles of NaCl/mole AWz) 

C r y s t a l l i z a t i o n was fol lowed b y ana lyz ing the so l id product q u a n t i t a 
t i ve ly b y x - ray powder di f fract ion. P r e p a r e d mixtures of a s tandard s a m 
ple of mordenite a n d the amorphous substrate of mordenite compos i t ion 
were used to establ ish a ca l ibrat i on curve for the q u a n t i t y of mordeni te 
based on the s u m m a t i o n of x - r a y peak intensit ies . F o r zeolites A a n d X , 
the unreacted a luminos i l i cate gel was used to prepare mixtures w i t h s t a n 
d a r d samples of zeolites A a n d X for quant i ta t i ve phase ident i f i cat ion . 

C r y s t a l l i z a t i o n curves were obtained b y ana lyz ing the so l id product 
f rom a number of ident i ca l ly charged autoclaves kept at the c r y s t a l l i z a -
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t i o n temperature for different t imes . T h e extent of convers ion was ex
pressed as 

( grams of solid product \ / % zeolite \ 
grams of reactant mixture/ Vin solid product/ 

7o conversion = — 
total conversion grams of reactant mixture 

w i t h t o t a l conversion be ing defined as the q u a n t i t y of zeol ite i n the so l id 
product when the concentrat ion of the l i m i t i n g reactant reaches zero i n the 
l i q u i d phase. 

Results and Discussion 

M o r d e n i t e Crys ta l l i za t i on . M o r d e n i t e was synthesized as a single 
crysta l l ine phase over a narrow temperature range of 90° -135°C w i t h a 
fixed b a t c h composit ion, 8.5 Ν3*0 -Α1 2 0 3 - 35 S i 0 2 - 1 8 2 H 2 0 (0), w i t h or 
w i thout the a d d i t i o n of N a C l (4.5 moles per mole of A 1 2 0 3 ) . T h e c r y s t a l 
l i z a t i o n curves are shown i n F i g u r e 1. Outs ide th is temperature range on 
this b a t c h composit ion, coexist ing phases s tart to appear. T y p i c a l l y , the 
c rys ta l l i za t i on curves are character ized b y a l ong " i n d u c t i o n p e r i o d " 
fol lowed b y a s low i n i t i a l c rys ta l l i za t i on . T h e rate then becomes fast u n t i l 
most of the amorphous m a t e r i a l is converted in to the crysta l l ine phase. 

Figure 2. Mordenite single cry
stals of uniform morphology (8 X 
8X8 /xmeters) used as seed. 
Crystalized from a batch com
position of 8.5 NaiO-AUOz-SS 
Si02-182 H2O-4.S NaCl at 

120°C and 9 days. 
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T h e fast conversion rate of amorphous b a t c h in to mordenite , once 
the c rys ta l l i za t i on has started , indicates t h a t the r a t e - l i m i t i n g step i n the 
overa l l process is the nuc leat ion . T o substant iate th i s , mordenite was 
crys ta l l i zed w i t h the same b a t c h composi t ion b u t w i t h the a d d i t i o n of seed 

so 

ol 1 I I I I I I i I ι 
0 4 8 12 16 20 

TIME , HOURS 

Figure 3. The effect of seeding on crystallization rates of 
mordenite from a batch composition of 8.6 Na^O-AWr-
35 Si02-182 H2O-4.5 NaCl as a function of temperature 

(3X2X8 [meter seed crystals) 

mordenite crysta ls . A s seed, single crystals of mordenite w i t h u n i f o r m 
morphology , 3 X 3 X 8 Mmeters (F igure 2) were used. T h e amount of 
seed crystals used corresponds to a n i n i t i a l conversion l eve l of 2 6 % . T h e 
c rys ta l l i za t i on curves for mordenite as a single phase were obta ined i n the 
broader range of 60°~300°C, a n d some are shown i n F i g u r e 3. T h e i n d u c 
t i o n per iod was t o t a l l y e l iminated . T h e same b a t c h composi t ion i n the 
absence of mordenite seed crystals y ie lded mordenite conver t ing t o a n a l 
c ime a n d quartz at temperatures i n excess of 140° C . 

T h e a c t i v a t i o n energies of the nuc leat ion a n d c r y s t a l g r o w t h can be 
determined f r o m the c rys ta l l i za t i on curves at var ious temperatures w i t h 
the same b a t c h composit ion. A s s u m i n g t h a t the f o rmat ion of nuc le i of a 
size stable enough not t o redissolve b u t to grow in to a c r y s t a l is a n ener
get ical ly ac t ivated process, a n d since the nuc leat ion process is rate-deter-
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mining during the induction period, the apparent activation energy for 
nucleation, E N , can be calculated by: 

d In (1/0) = En 
d(l/T) " R 

where θ is the induction time—i.e., the point on the crystallization curve 
where conversion to the crystalline phase is just starting (7). 

A similar analysis can be made for the crystallization rate in deter
mining an apparent activation energy for crystal growth, E 0 , assuming 

Figure 4- Dependence of conversion rate and 
induction period on temperature for mordenite: 
(O) no NaCl, (Δ) 4.5 moles of NaCl /mole Al203) 

Table I. Activation Energies 

Batch 
Composition, 

Na20/Al2Oz/Si02/ Temp 
H20/NaCl Range, °C 

Nucleation and Crystal Growth 
Activation Energy, 

kcal (gram mole) 

Zeolite Nuclear Crystal 
Type tion, Εή Growth, E0 

8.5/1/35/182/— 90-135 mordenite 24 15 
8.5/1/35/182/4.5 90-135 mordenite 16 14 
2.5/1/1.7/150/— 60-90 zeolite A 12 19 
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t h a t the r a t e - l i m i t i n g step is c r y s t a l g rowth . T h i s is most near ly t rue when 
the conversion rate is highest ; therefore, the c rys ta l l i za t i on rate is denned 
as the rate of conversion a t 5 0 % of the t o t a l conversion l e v e l i n terms of 
percent conversion per hour . T h e results are summar ized i n F i g u r e 4 a n d 
T a b l e I . T h e a d d i t i o n of N a C l to the b a t c h , w h i c h effectively increases 
the v iscos i ty of the system a n d therefore cuts d o w n the m o b i l i t y of ionic 
species i n the l i q u i d phase, apparent ly does not influence the a c t i v a t i o n 
energy for c rys ta l g r o w t h b u t does decrease the g r o w t h rate b y more t h a n 
twofo ld . 

Mic ros cop i c eva luat ion of the crystals g rown i n seeded systems i n d i 
cates t h a t the single crystals of seed grow on ly p a r t i a l l y , a n d new ac icular 
crystals are grown separately f r o m the seed crystals (F igure 5). Since 

Figure 5. Acicular mordenite 
crystals grown at 200°C and 16 
hours using the single-crystal 
seeds shown in Figure 2. (scann
ing electron micrographs cour
tesy of AMR Corp., Burlington, 

Mass.) 

the i n d u c t i o n per iod was t o t a l l y e l iminated b y seeding a n d since the seed 
crystals have caused the independent g r o w t h of new crystals i n a d d i t i o n 
to the i r o w n growth , nuc leat ion i n the seeded systems apparent ly takes 
place on the surface of seed crystals . T h u s , the c r y s t a l g r o w t h rate i n 
seeded systems shou ld depend o n the i n i t i a l l eve l of conversion a n d the 
size a n d shape of seed crystals . T h i s was i l lus t ra ted b y us ing 0.5-5-Mmeter 
c r y s t a l aggregates of mordenite as seed i n a set of experiments w i t h var iab le 
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146 M O L E C U L A R S I E V E S 

i n i t i a l conversion leve l . I n F i g u r e 6 these c rys ta l l i za t i on curves, us ing 
" s m a l l " seed crystals (0.5-5 /^meters) w i t h i n i t i a l conversion levels of 3, 9, 
a n d 2 4 % are compared w i t h the c rys ta l l i za t i on curve us ing the re la t ive ly 
" l a r g e " ( 3 X 3 X 8 Mm) single crystals of mordenite as seed. T h e c r y s t a l -

O 20 40 60 80 
TIME , HOURS 

Figure 6. Effect of seeding on crystallization 
rates of mordenite from a batch composition of 
8.5 Na20-Al203-35 Si02-18 2H20 at 120°C: 
(A) no seed, (·) seeding with 3X3X8 μmeter 
crystals, ( Δ , • , O) seeding with 0.5-5 ^meter 

crystals) 

l i z a t i o n rate increases as the i n i t i a l conversion leve l , a n d therefore the t o t a l 
external surface area over w h i c h new crystals can nucleate, is increased. 
T h e same conclusion is reached b y observing a higher c rys ta l l i za t i on rate 
obta ined when the seed crystals are smaller . F o r the same i n i t i a l con
vers ion leve l the s m a l l seed crystals prov ide larger t o t a l external surface 
area for nuc leat ion t h a n the large single c rys ta l seeds. 

A s the conversion rate to mordenite is progressively increased b y us ing 
larger amounts of seed crystals , a n d as the nuc leat ion process takes place 
on the seed c r y s t a l surfaces, the overa l l conversion process is l i m i t e d b y 
the rate at w h i c h the soluble species i n the l i q u i d phase is t ransported to 
the c r y s t a l - l i q u i d interface. A t the same i n i t i a l conversion leve l , smal ler 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

01
1

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



11. CULFAZ AND SAND Zeolites from Gels 147 

seed crysta ls provides not o n l y a larger t o t a l surface area for nuc leat ion 
b u t also a shorter average distance for the soluble species to reach the 
nearest c r y s t a l - l i q u i d interface before they are incorporated in to the s t ruc 
ture of the growing c rys ta l . T h e c rys ta l l i za t i on rates for mordenite r e 
por ted here do not represent the rate a t w h i c h mordeni te - forming c o m 
ponents can be incorporated into the mordenite framework, b u t they are 
di f fus ion- l imited g r o w t h rates. B y us ing smal ler a n d smal ler seed crystals 
the c rys ta l l i za t i on rate w o u l d be increased to a leve l such t h a t the l i m i t i n g 
step w o u l d be the a c t u a l rate a t w h i c h the soluble species w h i c h are read i l y 
avai lab le a t the c r y s t a l - l i q u i d interface are incorporated in to the f rame
work . 

100 

80 

Figure 7. Crystallization curves of zeolite X from 
a batch composition 4 NosO-AWz-^ S1O2-2OO 
H20 at 90° C: (O) no seed crystals; (Δ) 0.5-
5 μΤΜίβτ seed crystals, 29% initial conversion; 
(•) 30-70 μmeter seed crystals, 15% initial con

version 

Synthes is of Zeol i te X . Zeol ite X was crys ta l l i zed f r o m a b a t c h of 
overa l l composi t ion 4 N a g O - A l - A - ô S i O 2 - 2 0 0 H 2 0 at 90°C (8). T h e 
c rys ta l l i za t i on curve is shown i n F i g u r e 7. A f t e r a n i n d u c t i o n per iod of 
2.4 hours, zeolite X was formed r a p i d l y as a single phase at a conversion 
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rate of 5 5 % per hour . T h e c rys ta l l i za t i on of zeolite X cont inued u n t i l 
the conversion leve l reached 7 1 % of the t o t a l conversion calculated on the 
basis of convert ing a l l of the a l u m i n a i n the or ig ina l b a t c h into zeolite X 
h a v i n g a s i l i ca to a l u m i n a rat io of three. T h e same b a t c h composit ion 

100 

80 

Figure 8. Crystallization curves for zeolite A 
from a batch composition 2.5 Na20-Al20$-1 .7 
Si02-150 H20: (solid curves) no seed crystals, 
(broken curve) 0.5-5 μmeter seed crystals, 25% in

itial conversion 

was seeded w i t h s m a l l c rysta ls (0.5-5 Mmeters) of zeolite X a n d w i t h large 
single crystals of zeolite X (30-70 μτα) c ontaminated b y a s m a l l amount of 
a zeolite Β phase prepared b y the method of C h a r n e l l (9) corresponding to 
i n i t i a l conversion levels of 29 a n d 1 5 % , respectively . A s the i n d u c t i o n 
per iod a n d conversion rate were unaffected b y the inc lus ion of seed c rys 
ta l s , the conversion d a t a were t reated b y considering the seed crystals as 
iner t species a n d were p l o t t ed as the conversion of the amorphous p a r t of 
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11. CULFAZ AND SAND Zeolites from Gels 149 

the or ig ina l b a t c h in to zeolite X as the single crysta l l ine phase (Figure 7). 
I n th is system, w h i c h is considerably more d i lute t h a n the mordenite sys
t e m , di f fusional l imi ta t i ons were not expected to p l a y a major role. A s 
the i n d u c t i o n per iod was not affected b y the presence of seed crystals , 

IOOO 

100 

< 
tr. 

CO 0C 
S .0 
ζ 
ο 
ο 

2.6 

TEMP, e C 
90 75 

2.7 2.θ 2.9 
( Ι / Τ ) Ι Ο 3 , β Κ _ Ι 

60 

I 

\ 

I I 

^ * Δ \ 
Δ 

3.0 

10 

1.0 

0.1 

Figure 9. Dependence of conversion rate and induction 
period on temperature for zeolite A from a batch composi

tion 2.5 Νθ2θ-Α12Οζ-1.7 SiO2-150 H20 

reactions i n the gel a n d l i q u i d phases are bel ieved to be t a k i n g place before 
conversion to zeolite X starts . 

Synthes i s of Zeo l i te A. Zeol i te A was c rys ta l l i zed f r o m a b a t c h of 
overa l l composi t ion 2.5 Ν ^ Ο - Α 1 2 0 3 - 1 . 7 S i O 2 - 1 5 0 H 2 0 at 60, 75, a n d 90°C 
(10). T h e same system was seeded w i t h zeolite A crysta ls of 0 .5-5 Mmeter 
size at a n i n i t i a l conversion leve l of 2 5 % a n d c rys ta l l i zed at 60°C. A s 
w i t h the c rys ta l l i za t i on of zeolite X f rom seeded systems, the d a t a were 
treated b y ignor ing the presence of seed crysta ls . T h e c rys ta l l i za t i on 
curves are shown i n F i g u r e 8. D u r i n g the i n d u c t i o n t i m e per iod i n the 
unseeded system, c r y s t a l l i z a t i o n was t a k i n g place at a slow rate i n the 
seeded system, b o t h at 60°C. A f t e r this s low c r y s t a l l i z a t i o n per iod the 
c rys ta l l i za t i on rate reached 2 2 % per hour at the 5 0 % conversion leve l 
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in the seeded system as compared with 12% per hour conversion rate at the 
same conversion level in the unseeded system. Figure 9 shows the de
pendence of the conversion rate and induction period on temperature for 
zeolite A synthesis. The reactions in the gel and liquid phases which 
precede the crystallization of zeolite X both in the seeded and unseeded 
systems are also apparently taking place in the zeolite A crystallization. 
The shorter induction period for zeolite A as compared with zeolite X at the 
same temperature makes this initial step not as overridingly significant 
for zeolite A as it is for zeolite X which had identical induction periods for 
both the seeded and unseeded systems. The doubling of the crystallization 
rate of zeolite A by the use of seed crystals of 0.5-5-Mmeter size presumably 
can be further increased by the use of still smaller crystals as seed. 

Conclusions 

This study showed that the overall crystallization processes for mor
denite, zeolite X, and zeolite A were similar. However, the physical prop
erties of the crystallizing system determine the rate-limiting step for a 
particular zeolite synthesis. In the case of mordenite in which both the 
viscosity of the batch composition and the morphology of seed crystals 
were varied, it was observed that diffusion in the liquid phase was the rate-
determining step. For zeolite X the actual growth rate on the crystal-
liquid interface was the rate-limiting factor as shown by identical con
version rates for the seeded and unseeded systems. For zeolite A in the 
system chosen, both processes influenced the conversion rate. 

It was possible for two of the systems chosen that the nucleation and 
crystallization activation energies could be determined separately by 
distinguishing the induction period and crystal growth period in the overall 
crystallization process. Of the two hypotheses proposed for zeolite 
crystallization, in the gel phase or from the solution phase, the data support 
the latter hypothesis for crystal growth with the crystal-liquid surface 
enhancing the nucleation process in seeded systems. The precise mecha
nism of nucleation in unseeded systems remains to be determined. 

Literature Cited 

1. Zhdanov, S. P., ADVAN. CHEM. SER. (1971) 101, 20. 
2. Kerr, G. T., J. Phys. Chem. (1966) 70, 1047. 
3. Kerr, G. T., J. Phys. Chem. (1968) 72, 1385. 
4. Breck, D. W., Flanigen, Ε. M., "Molecular Sieves," pp. 47-61, Society of 

Chemical Industry, London, 1968. 
5. McNicol, B. D., Pott, G. T., Loos, R. K., J. Phys. Chem. (1972) 76, 3388. 
6. Sand, L. B., "Molecular Sieves," pp. 71-77, Society of Chemical Industry, 

London, 1968. 
7. Hsu, A. C. T., A.I.Ch.E. J. (1971) 17, 1311. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

01
1

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



11. CULFAZ AND SAND Zeolites from Gels 151 

8. Zhdanov, S. P., "Molecular Sieves," pp. 62-70, Society of Chemical Industry, 
London, 1968. 

9. Charnell, J. F., J. Crystal Growth (1971) 8, 291. 
10. Myrsky, Ya. V., Mitrofanov, M. G., Popkov, B. M., Bolotov, L. T., Ruchko, 

L. F., "Zeolites, Their Synthesis, Properties and Utilization," p. 192, Nauka, 
Moskow-Leningrad, 1965. 

RECEIVED December 4, 1972. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

01
1

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



12 

Spectroscopic Studies of Zeolite Synthesis: 
Evidence for a Solid-State Mechanism 

B. D. McNICOL, G. T. POTT, K. R. LOOS, and N. MULDER 

Koninklijke/Shell-Laboratorium, Amsterdam, Badhuisweg 3, Amsterdam-N., The 
Netherlands 

The crystallization of zeolites from alkaline aluminosilicate 
gels was studied by luminescence and Raman spectroscopy. 
Trace amounts of Fe3+ ions substituted for Al3+ in the tetrahedral 
aluminosilicate gel framework exhibit characteristic phosphores
cence spectra, which have been used to follow the buildup of the 
zeolite framework. Phosphorescence spectra of exchanged Eu3+ 

cations and Raman spectra of (CH3)4N+ cations present in the 
solid phase of the gel indicate that no zeolitic cages exist in this 
phase during the induction period. Raman spectra of the 
liquid phase of the gel system show only the presence of SiO2-
(OH)2- and Al(OH)4- anions. Our results demonstrate that 
crystallization of zeolites occurs within the solid phase of the gel, 
which is believed to consist of amorphous tetrahedral alumino
silicate species. 

'he mechanism of zeolite synthesis f r o m a lka l ine a luminos i l i cate gels has 
A c on t inua l l y puzz led zeolite chemists (1). One reason th is process has 

no t been understood is the compl icated react ion m e d i u m f r o m w h i c h the 
zeolite c rys ta l l i zes—an amorphous sod ium aluminosi l i cate gel " s k e l e t o n " 
w i t h i n a l i q u i d phase conta in ing s imi lar ions (2). U n t i l now, few p h y s i c a l 
techniques have been s u i t a b l y used to s tudy such a system. T h e c r y s t a l 
l i z a t i o n can be fo l lowed b y x - r a y di f fract ion (1,3), b u t i t is dif f icult to find a 
technique for t r a c i n g the processes w h i c h occur d u r i n g the i n d u c t i o n per iod 
before c rys ta l l i za t i on . T h e behavior of the system d u r i n g i n d u c t i o n re 
mains a n enigma a n d is the k e y to understanding the mechanism of zeolite 
synthesis. 

Several proposals have been advanced for th is mechanism. O n the 
basis of e lectron microscopy studies a n d chemical analysis of a luminos i l i cate 
gels B r e c k a n d F l a n i g e n concluded that c rys ta l l i za t i on occurs f r o m the 
so l id gel phase (3, 4). T h e i n d u c t i o n per iod was postulated to be a t ime 

152 
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12. MCNICOL E T A L . Spectroscopic Studies 153 

d u r i n g w h i c h the nuc le i w h i c h formed i n the so l id phase grew i n size. 
T h i s v i e w was further substant iated b y the fact t h a t the e lemental c o m 
posi t ion of the c rys ta l l ine zeolite was almost ident i ca l t o t h a t of the i n i t i a l 
so l id phase extracted f r o m the gel (1). 

A n a l ternat ive hypothesis , developed f r o m studies of the synthesis of 
L i n d e A zeolite carr ied out b y K e r r (6) a n d C i r i c (6), po inted to g r o w t h 
occurr ing f r o m so lut ion. T h e gel was bel ieved to be at least p a r t i a l l y d i s 
solved i n so lut ion, f o r min g act ive a luminos i l i cate species as w e l l as s i l icate 
a n d a luminate ions. These species l i n k e d to f o r m the basic b u i l d i n g blocks 
of the zeolite s tructure a n d re turned to the so l id phase. A i e l l o et al. (7) 
fo l lowed the synthesis f r om a h i g h l y a lka l ine clear a luminos i l i cate so lut ion 
b y electron microscopy, electron di f fract ion, a n d x - r a y di f fract ion. These 
authors observed the f o rmat ion of t h i n plates (lamellae) of amorphous a l u -
minosi l icates pr i or to a c tua l c rys ta l f o rmat ion . 

R e c e n t l y we showed t h a t s m a l l quant i t ies of F e 3 + ions can subst i tute 
for A l 3 + i n the tetrahedral zeolite f ramework a n d exhibi t characterist ic 
phosphorescence a n d exc i tat ion spectra (8) (see F i g u r e 1). W e used th is 
finding to ob ta in in fo rmat ion regarding b u i l d u p of the a luminos i l i cate 
f ramework d u r i n g synthesis. T o moni tor changes i n the env ironment of the 
exchangeable cations, N a + , we fo l lowed the changes i n the E u 3 + phospho
rescence spectrum of a p a r t i a l l y Eu 3 +-exchanged gel. R a m a n spectroscopy 
was used to s t u d y the l i q u i d a n d so l id phases of zeol it ic gels. T h i s t e c h 
nique is good for s t u d y i n g aqueous systems a n d for detect ing the presence 
of complex ions such as C 1 0 4 ~ a n d ( C H 3 ) 4 N + w h i c h might be occluded i n 
zeol it ic cages a n d thereby serve as R a m a n probes (9). 

Experimental 

M a t e r i a l s a n d Phosphorescence . T h e gel was general ly prepared 
b y m i x i n g aqueous solutions of B a k e r A n a l y z e d A l ( O H ) 3 a n d N a O H w i t h 
solutions of M a l l i n c k r o d t S i 0 2 - x H 2 0 a n d N a O H . T r a c e amounts of F e 3 + 

(~0.01 w t % o n t o t a l solids) were added as F e 3 + - d o p e d S i 0 2 . F o r the 
L i n d e A synthesis compr is ing most of our experiments, a gel of compos i t ion 
6 N a s O - A l s O i - 1 1 . 7 S i O 2 - 3 7 0 H 2 0 was used. G e l f o rmat i on occurred 
almost immediate ly at r oom temperature . T h e gel was t h e n heated to 
bo i l ing (ca. 105°C) a n d refluxed. G e l samples of about 0.5 m l were ex
t rac ted at var ious t imes, inserted into 2 - m m i d quartz tubes, a n d quenched 
i n l i q u i d ni trogen. Phosphorescence a n d / o r exc i tat ion spectra were 
measured o n a sensitive Becquere l - type phosphorescence spectrometer 
described prev ious ly (10). I n th i s w a y gels t rans forming m o s t l y to L i n d e 
A , b u t also to sodalite, zeolite X , zeolite P , a n d a synthet ic gmel ini te , were 
studied . T h e L i n d e A system was also s tudied i n D 2 0 solutions to m i n i 
mize radiationless transit ions of h y d r o x y l a t e d F e 3 + ions. 

F o r the E u 3 + phosphorescence studies special precautions h a d to be 
t a k e n since E u 3 + salts prec ipitate as E u ( O H ) 3 when added to basic so lu 
t ions . I n add i t i on , the E u 3 + phosphorescence i n H 2 0 is weak because of a 
h i g h probab i l i t y for radiationless transit ions (11). T h i s can be overcome 
b y us ing D 2 0 as solvent instead of H 2 0 . A n undoped zeolite gel was pre -
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pared i n D 2 0 , a n d samples were extracted, centri fuged, a n d washed w i t h 
D 2 0 to p H 8. T h e washed gel was s t i r red w i t h a k n o w n vo lume of 0 . 0 5 M 
E u ( N 0 3 ) s / D 2 0 so lut ion for five minutes , centri fuged again , washed t h o r 
oughly again, a n d placed into 2 - m m i d quartz tubes. Quench ing i n l i q u i d 
n i trogen was not necessary because the E u 3 + luminescence could be mea 
sured at r o o m temperature . 

L a s e r R a m a n Studies . G e l samples were extracted at var ious t ime 
interva ls a n d centrifuged. T h e l i q u i d f ract ion was t h e n separated a n d 
stored at 0 ° C u n t i l measurement. W h e n the spectrum of the so l id phase 
was required , the sample was first washed a n d then dr ied at 120°C. W e 
studied the synthesis of L i n d e A us ing the L i n d e A recipe but replac ing 
6 0 % of the N a + ions b y ( C H 3 ) 4 N + as ( C H 3 ) 4 N O H , together w i t h 
a s l ight excess of S i 0 2 . A recipe for C I O 4 " - conta in ing sodalite b y Co le 
a n d B a r r e r (12) was used i n studies of sodalite c rys ta l l i za t ion . R a m a n 
spectra were measured w i t h a Spex R a m a l o g spectrometer equipped w i t h a 
coherent rad ia t i on model 52 argon i o n laser. Since most background 
fluorescence occurr ing i n th is t ype of sample was caused b y t rans i t i on meta l 
impur i t i es , especially F e 3 + , b u t also C r 3 + , M n 2 + , a n d M n 4 + , we used s tar t 
i n g materials designed to give zeolites conta in ing <10 p p m of t rans i t i on 
meta l impur i t i es . T h e reproduc ib i l i ty of the R a m a n technique was w i t h i n 
1 0 % , a n d the detect ion l i m i t for a luminate a n d si l icate anions ~ 0 . 1 w t % . 

Results 

Phosphorescence. P H O S P H O R E S C E N C E O F F E 3 + - D O P E D G E L S . In 

H20. I n a l l systems studied the phosphorescence of the i n i t i a l F e 3 + -
doped gel showed a weak emission at 690 n m w i t h a shoulder at ca. 720 n m . 
E m i s s i o n and exc i tat ion spectra were s imi lar to those shown i n F i g u r e 1. 
T h e phosphorescence comes f r o m the 141 4 7 i t rans i t i on whi le the var ious 
other transit ions i n the F e 3 + i o n i n te trahedra l coordinat ion are apparent 
i n the exc i tat ion spectrum (8, 10). Throughout the induct i on per iod 
emission in tens i ty increased on ly s l ight ly , the peak at 690 n m increasing 
somewhat more t h a n the shoulder at 720 n m . A f t e r i n d u c t i o n the s ignal 
rose r a p i d l y u n t i l a constant in tens i ty was at ta ined . T h e r a p i d increase 
i n in tens i ty of the phosphorescence s ignal after i n d u c t i o n ended paral le led 
the in tens i ty increase of the x - r a y di f fraction lines. 

I n L i n d e A a n d sodalite syntheses the s ignal grew to about 20 t imes 
its i n i t i a l intens i ty . I n other systems, such as faujasite, the increase 
was somewhat smaller . T h e increase seemed to depend upon the S i / A l 
rat io of the resultant zeolite crystals— i .e . , the smallest increase occurred 
for mordenite crysta l l izat ions h a v i n g a n S i / A l rat io of 5 (for L i n d e A a n d 
sodalite S i / A l = 1). N o F e 3 + phosphorescence was observed i n the l i q u i d 
phase of the gel. I n three experiments carr ied out under ident i ca l con
dit ions F e 3 + phosphorescence studies of the g rowth kinet ics gave ident i ca l 
results ( induct ion periods equal w i t h i n 5 % , F e 3 + in tens i ty increase o n 
crys ta l l i za t i on equal w i t h i n 10%) . 

In D20. O n l y the L i n d e A system was studied w i t h D 2 0 as a solvent. 
I n i t i a l l y , a n emission b a n d peaking at 720 n m w i t h a shoulder at 690 
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12. M C N i c o L E T A L . Spectroscopic Studies 155 

Figure 1. Phosphorescence (a) and excitation (b) spectra of Fei+ in 
zeolites 

Figure 2. Fez+ phosphorescence of Linde A/D20 system 
(a) Î minute after gel formation at room temperature 
(b) after 90 minutes boiling under reflux 
(c) after 120 minutes boiling under reflux 
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n m (Figure 2a) was measured i n the gel. T h e exc i tat ion spectrum di f 
fered substant ia l ly f rom the spectrum measured i n H 2 0 . D u r i n g the per iod 
required to heat the gel to bo i l ing the 690-nm shoulder became more pro 
nounced. A s imi lar effect occurred when the gel was a l lowed to " a g e " 
overnight at r oom temperature. T h e re lat ive increase of the shoulder 
cont inued throughout the induc t i on . A t the onset of c rys ta l l i za t i on the 
690-nm a n d 720-nm bands were almost equal ly intense (Figure 2b) whereas 
i n the f u l l y crysta l l i zed mater ia l the 690-nm b a n d was stronger (Figure 
2c), a n d the phosphorescence a n d exc i tat ion spectra were essentially iden 
t i ca l to those measured i n H 2 0 systems. 

E u 3 + P H O S P H O R E S C E N C E . T h e spectrum of the s tar t ing gel showing 
the characteristic E u 3 + phosphorescence is i l lus t rated i n F i g u r e 3. D o m i 
nat ing i n the spectrum are the 5 D 0

 7Fi, 5Do 7F2) a n d 5D0
 7 F 4 bands at 

595, 618, a n d 700 n m , respectively. T h e 595-nm b a n d is a magnetic d i -
pole t rans i t i on , the other two being electric dipole transit ions (11). A 
change i n s y m m e t r y of the E u 3 + site w o u l d be reflected i n a n altered i n 
tensi ty d i s t r ibut i on between the two electric dipole a n d the magnetic d i 
pole transi t ions . 

Extens ive washings of the gel w i t h D 2 0 h a d no influence on the s ignal 
shape or intens i ty , ind i ca t ing that the E u 3 + was b o u n d to the gel. T h r o u g h 
out induc t i on no changes i n the spectrum were detectable. O n l y when crys 
ta l l i za t i on occurred, resul t ing i n the f ormat ion of L i n d e A , d i d a significant 
change i n the in tens i ty d i s t r ibut i on over the b a n d envelope appear (see 
F i g u r e 3). T h u s , the site s y m m e t r y of the E u 3 + changes at the end of the 
i n d u c t i o n period. 

L A S E R R A M A N S P E C T R O S C O P Y . C r y s t a l g r o w t h i n the L i n d e A , 
sodalite, a n d faujasite systems was studied. Spectra of the sil icate s tar t ing 
solutions featured bands at 772 a n d 925 c m - 1 associated w i t h monomeric 
S i 0 2 ( O H ) 2

2 ~ species (13), a n d that of the a luminate so lut ion showed one 
b a n d at 618 c m - 1 f r om A l ( O H ) 4 ~ (14)· These results demonstrate that 
under the condit ions we used to prepare the gels on ly monomeric si l icate 
a n d a luminate ions were present i n i t i a l l y . [This is b y no means the case 
i n other zeolite syntheses. F r e q u e n t l y a source of si l icate anions is used 
w h i c h contains significant amounts of po lymeric si l icate anions i n add i t i on 
to the monomeric f o rm. I n part i cu lar , systems studied b y K e r r (15), 
who used sod ium metasi l icate as the S i 0 2 source, have been shown b y us to 
consist of mixtures of monomeric a n d po lymeric si l icate anions. T h e ef
fect of v a r y i n g the re lat ive concentrations of these components a n d the ir 
relationship to the monomeric systems studied here, whi le of possible i n 
terest for further s tudy , has not been invest igated i n deta i l here. ] 

U p o n gel f ormat ion after m i x i n g the sil icate a n d a luminate solutions 
the l i q u i d phase s t i l l produced the bands a t t r ibuted to the i n i t i a l l y present 
si l icate a n d a luminate anions, but these were m u c h lower i n intens i ty . 
Throughout the induct i on the in tens i ty of these bands remained constant 
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Eu5* IN GEL 
Eu 3* IN CRYSTALS 

tNTENSTTY (ARBITRARY UNITS) 

ft 

I ι ι ι 
600 700 800 

WAVELENGTH,ηm 

Figure 3. Eu3+ phosphorescence in gel and Linde A crystals, 
measured at room temperature 

i n the l iquid-phase spectra. F u r t h e r , no evidence for the existence of a n 
aluminosi l i cate anionic species was found. T h e spectra d i d not change 
even after c rys ta l l i za t i on h a d occurred. Spectra of the so l id phase began 
to reveal discrete bands associated w i t h the zeolite f ramework after c r y s t a l 
l i za t i on h a d commenced. 

I n the synthesis of L i n d e A conta in ing ( C H 3 ) 4 N O H no changes were 
detected i n the l iquid-phase spectrum throughout induc t i on a n d c r y s t a l 
l i zat ion . D u r i n g i n d u c t i o n the so l id phase gave rise to a weak b a n d at 
754 cm"" 1 , w h i c h d i d not disappear even after washing to p H 8. T h i s 
band remained constant throughout induc t i on a n d was replaced b y a new 
b a n d at 768 c m - 1 at the onset of c rys ta l l i za t i on (evidenced b y the rise i n 
F e 3 + phosphorescence signal) . T h i s b a n d then increased i n intens i ty as 
the 7 5 4 - c m " 1 b a n d d iminished , u n t i l u l t i m a t e l y upon complete c rys ta l l i za 
t i on on ly the 7 6 8 - c m - 1 b a n d remained (Figure 4). 

I n contrast, spectra obtained of the C 1 0 4 " - c o n t a i n i n g sodalite system 
d i d not show any b a n d for the washed sol id phases of the gel d u r i n g induc 
t i on . A t the onset of c rys ta l l i za t i on a C104~~ b a n d was observed; i t grew 
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i n intens i ty , again para l le l ing the F e 3 + phosphorescence spectrum t h r o u g h 
out the c rys ta l l i za t i on u n t i l a m a x i m u m was reached at the end of c r y s t a l 
l i za t i on . T h i s C I O 4 - s ignal d i d not disappear u p o n repeated washings. 

Discussion 
T h e L i q u i d P h a s e . T h e l i q u i d phase consisted of a solut ion of A l -

( O H ) 4 ~ , S i 0 2 ( O H ) 2
2 ~ , N a + , a n d 0 H ~ ions, whose concentrations (deter

mined b y R a m a n spectroscopy) d i d not change s igni f icantly d u r i n g i n d u c 
t i o n and crysta l l i zat ion . N o evidence was found for the existence of any 
soluble aluminosi l icate anions. 

INTENSITY (ARBITRARY UNITS) 

750 500 250 
WAVE NUMBER, cm"1 

Figure 4. Raman spectra of crystallizing gels: (CHs)JÏ[+/Linde A system 

T h e S o l i d P h a s e . T h e R a m a n spectra of the L i n d e A systems con
t a i n i n g ( C H 3 ) 4 N + showed a signal at 754 c m - 1 w h i c h d i d not disappear after 
repeated gel washings. T h i s b a n d was caused b y the symmetr i c s tretching 
of a l l four N - C H 3 bonds a n d occurred v i r t u a l l y at the same pos i t ion as 
found for aqueous solutions of ( C H 3 ) 4 N + (752 c m - 1 ) . H o w e v e r , the fact 
tha t i t remained even after washing t o p H 8 indicates t h a t this ( C H 3 ) 4 N + 
species was b o u n d to the gel network . I n the synthesis of C10 4 ~-doped 
sodalite no R a m a n spectrum of C 1 0 4 ~ was observed for the washed gel. 
T h i s indicates t h a t C 1 0 4 ~ was not associated w i t h the gel network as was 
the case for ( C H 3 ) 4 N + ; th is is not unexpected since retent ion of C 1 0 4 ~ 
w o u l d be e lectrostat ical ly unfavorable . 
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Exchange of E u 3 + for N a + was demonstrated b y the phosphorescence 
spectra obtained for these systems, w h i c h also showed t h a t the spec t rum 
d i d not change d u r i n g i n d u c t i o n ; th is suggests t h a t no change i n s y m m e t r y 
occurred at the cat ion sites d u r i n g th is t ime . 

F e 3 + phosphorescence studies revealed t h a t i m m e d i a t e l y u p o n the 
f ormat ion of the F e 3 + - d o p e d a luminos i l i cate gel a characterist ic phosphores
cence s ignal was generated. W e have shown t h a t s m a l l quant i t ies of F e 3 + 

subst i tute for A l 3 + i n the f ramework of zeolites (8) a n d give s imi lar spectra 
(i.e., a peak at 690 n m a n d a shoulder at 720 n m ) . T h e shoulder at 720 
n m decreased i n in tens i ty , going f r om the freshly prepared gel to the end of 
i n d u c t i o n a n d decreased again when the gel was t ransformed in to c rys ta l l ine 
zeolite. T w o sites are possible for the F e 3 + present i n the doped ge l : i t 
can be complete ly coordinated to - O - S i groups i n the b u l k of the gel, or i t 
can be o n the surface of the gel p a r t i a l l y coordinated to O H groups. These 
p a r t i a l l y h y d r o x y l a t e d F e 3 + ions are i n a c r y s t a l field different f r o m the b u l k 
F e 3 + ions, a n d we expect a different phosphorescence spectrum. I t is 
thus possible t h a t the peak at 690 n m is caused b y t e t rahedra l ly coordi 
nated F e 3 + i n the b u l k gel, F e ( O S i ) 4 ~ whereas the 720 n m shoulder comes 
f r o m te trahedra l ly coordinated F e 3 + on the surface—e.g., F e ( O S i ) 2 ( O H 2 ) " ~ 
or F e ( O S i ) 3 O H ~ . T h i s hypothesis was confirmed b y phosphorescence 
measurements i n D 2 0 systems. Replacement of O H b y O D is expected to 
reduce the radiationless transi t ions i n the h y d r o x y l a t e d F e 3 + ions a n d there
fore w i l l increase the luminescence intens i ty . A c c o r d i n g to the R o b i n s o n -
F o r s c h theory (16) radiationless t rans i t ions are prov ided b y a s m a l l b u t 
finite over lap of v i b r a t i o n a l eigenfunctions of g round a n d excited states, 
a n d such over lap is favored b y h i g h ampl i tude v i b r a t i o n a l mani fo lds i n the 
direct environment of the center. H i g h energy intramolecu lar v ibra t i ons 
i n v o l v i n g hydrogen atoms, such as the O H stretching v i b r a t i o n , are pre 
d ic ted to be v e r y act ive i n th is respect a n d w o u l d be expected to result 
i n increased non-rad iat ive transi t ions for the h y d r o x y l a t e d F e 3 + ions. 
T h e effect of rep lac ing O H b y O D is to lower the frequency of the i n t r a 
molecular s tretching v ibrat ions a n d presumably to d i m i n i s h the effective
ness of th is p a t h w a y to radiationless transi t ions . T h u s , one finds t h a t E u 3 + 

i n D 2 0 gives a n intense phosphorescence whereas the emission of E u 3 + i n 
H 2 0 is h a r d l y detectable. F i g u r e 2 shows t h a t for spectra obta ined i n 
D 2 0 the 720-nm b a n d increases i n intens i ty , thus ind i ca t ing t h a t i t can be 
assigned to a p a r t i a l l y h y d r o x y l a t e d four-coordinated F e 3 + center. 

F r o m our exper imental results we arr ive at the fo l lowing p ic ture of 
the gel d u r i n g induct i on . T h e i n i t i a l l y formed gel contains s m a l l a m o r 
phous a luminosi l i cate species w h i c h grow b y condensation of t e r m i n a l h y 
droxy la ted centers upon aging a n d heat ing. T h i s is evident f rom the r e l a 
t i ve increase of b u l k F e 3 + centers (690 nm) w i t h regard to the number of 
surface (hydroxylated) F e 3 + centers (720 nm) (Figure 2). D u r i n g i n d u c 
t i o n the particles continue to grow w i t h o u t any cage f o r m a t i o n ; th is is 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

01
2

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



160 MOLECULAR SIEVES 

indicated by the lack of evidence for occluded CIO4- or (CH 3)4N + ions and 
the absence of Raman bands from zeolite framework vibrations. Chemical 
analysis shows that the number of Na+ ions equal the number of Al 3+ 
ions, and therefore, the gel framework consists exclusively of tetrahedral 
Si04, A104~, and hydroxylated A l 3 + units balanced by N a + ions which are 
exchangeable, as in zeolites. 

Crystallization. At the onset of crystallization we observed an ac
celerated increase of the 690-nm F e 3 + phosphorescence band at the ex
pense of the 720-nm band (Figure 2). This is a consequence of the con
densation of the hydroxylated tetrahedra to non-hydroxylated tetrahedra 
in the zeolite crystals, which have a much smaller fraction of external 
hydroxylated tetrahedra. Replacement of the (CH 3) 4N+ band at 754 
c m - 1 by a new band at 768 c m - 1 at the onset of crystallization indicates 
that the ( C H 3 ) 4 N + is now being occluded into the sodalite cages of Linde A. 
Previous studies of the Raman spectra of (CH 3) 4N+ ions occluded in cages 
of different zeolites showed that this band was always shifted to higher fre
quency as a result of the restrictions imposed by the zeolite cages (9). 
A similar occlusion occurs for the C104~ ion in the sodalite system; the only 
difference here is that no C104~" was associated with the gel, as was found for 
(CH3)4N+. These results parallel those obtained from the E u 3 + phos
phorescence studies, which also indicate a change in symmetry of the E u 3 + 

site upon crystallization, consistent with the hypothesis of cage formation 
at this point. 

Our results support a crystallization mechanism which occurs in the 
solid phase of the gel. We do not find any evidence for changes either in 
concentration or composition of the liquid phase throughout the induction 
and crystallization periods. Further, no evidence was found for cage-like 
building blocks in solution or in the solid before crystallization began. 
The solid phase is believed to consist of amorphous aluminosilicate species 
which grow during induction until critical nuclei, or seed crystals, are 
formed, whereupon rapid crystallization of the remaining mass occurs. 
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Infrared Studies of Aqueous 
Silicate Solutions 

WILLIAM C. BEARD a 

Union Carbide Corp., Tarrytown, Technical Center, Tarrytown, N.Y. 10591 

Different zeolite phases nucleated when the silica source is varied 
may be related to the size and structure of silicate species in solu
tion. Infrared spectroscopy proved successful as a new means of 
characterizing unaltered, concentrated silicate solutions, permit
ting direct correlation with behavior in zeolite synthesis. Silicate 
solutions (15% SiO2) with SiO2/M2O, M = Na, TMA 
(tetramethylammonium) varying from 0.5 to ~100 were ex
amined. All solutions showed an absorption band around 1000 
cm-1. As the ratio SiO2/M2O increased the absorption maxima 
shifted from ~950 (dimer or monomer) to 1120 cm-1 (molecular 
weight near one million). Solutions containing TMA had two 
peaks at ~1025 and 1120 cm-1, corresponding to a stable mix
ture of low (sodium metasilicate) and high (colloidal sol) molec
ular weight species, respectively. 

/"|" 1he zeolite phase formed f rom a g iven gel oxide mix ture is influenced b y 
variables such as s i l i ca a n d a l u m i n a source, p H , water content, m i x i n g 

technique, aging, digestion t ime , a n d temperature. T o gain i n f o r m a t i o n 
on the influence of one of these var iab les—the s i l ica source—a means of 
s t u d y i n g aqueous si l icate solutions was sought. A new approach was t r i e d 
b y us ing in frared absorpt ion spectroscopy to detect differences i n sil icate 
solutions of v a r y i n g s i l i ca concentrations, source, base cat ion, a n d s i l i ca - to -
base ra t i o . T h i s approach has proved successful as a means of character 
i z i n g si l icate solutions. W i t h this new technique i t is not necessary to 
d i lu te or chemica l ly alter the solutions i n a n y w a y before or d u r i n g exam
i n a t i o n , a n d thus a direct comparison can be made between the observed 
spectra a n d the solutions used i n synthesis. D i l u t i o n of a sil icate so lut ion 
causes depo lymer izat ion w h i c h leads to a shift i n the e q u i l i b r i u m of species 

a Present address: Department of Geology, Cleveland State University, Cleveland, 
Ohio 44115. 
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13. BEARD Aqueous Silicate Solutions 163 

i n so lut ion . A l s o , the preparat ion a n d r u n n i n g of the sample spectrum is 
re la t ive ly easy a n d quick . 

I n a s tudy of the infrared spectra of about 50 crystal l ine silicates repre
sent ing the sheet, chain , double te trahedral , a n d isolated tetrahedral 
groups of the sil icate minerals , Saksena (1) f ound that a l l silicates gave a 
s trong b a n d near 1000 c m - 1 . T h e values of the S i - 0 s tretching frequency 
observed i n m a n y of the si l icate solutions are close to Saksena's ca lculated 
frequency for isolated tetrahedra a n d higher t h a n the observed values for 
the crystal l ine orthosi l icate z i r con ( Z r S i 0 4 ) . T h e so lut ion case w o u l d seem 
to approach the s i tuat ion of t r u l y isolated tetrahedra more t h a n a c rys ta l 
latt ice where the " i s o l a t i o n " is b y v i r t u e of different cations (Zr 4 +) a n d 
perhaps explains the better agreement w i t h his calculated va lue . T h e 
comparison between crystal l ine varieties of si l icate s t ruc tura l units cannot 
be carr ied too far since studies of infrared spectra have not been made on 
crysta l l ine silicates i n w h i c h the secondary cations are the same a n d a l l ow 
the effects of si l icate tetrahedral groupings on the S i - 0 frequencies to be 
isolated a n d evaluated. 

Benes i a n d Jones (2) reported a b road 1 1 0 0 - c m - 1 b a n d i n the ir s t u d y 
of the w a t e r - s i l i c a gel system. T h e y also assigned the 8 7 0 - c m _ 1 b a n d to a 
bending v i b r a t i o n of S i O H groups a n d ment ion a reference (3) w h i c h states 
that si lanols have a strong absorpt ion b a n d i n the 8 3 0 - 8 8 0 - c m " 1 region. 
T h e presence of l i q u i d water has obscured any possible detect ion of S i O H 
frequency i n the present invest igat ion , b u t i t w o u l d probab ly be detectable 
i f D 2 0 were to be used as a solvent i n place of water , because of i ts t rans 
parency i n this range of the I R spectrum. 

F o r t n u m (4, 6), i n his R a m a n spectrum s tudy of aqueous ions, ob 
served four d is t inct l ines at 448, 607, 777, a n d 935 c m - 1 w h i c h he a t t r i b u t e d 
to the si l icate i on . H e adds that a f i f th l ine is observed at 1040 c m - 1 i n 
solutions h a v i n g l i t t l e or no added sod ium h y d r o x i d e ; however, th is l ine 
disappears i n solutions h a v i n g large amounts of sod ium hydrox ide w i t h a n 
increase i n sharpness a n d in tens i ty of the 777- a n d 9 3 5 - c m - 1 l ines. H e 
says t h a t there are two species w h i c h could have been present to give rise 
to the 1 0 4 0 - c m - 1 l ines either h y d r o l y z e d si l icate i on , S i O ( O H ) 3 ~ , or a 
d imer , H 4 Si 2 07 2 ~". 

However , F o r t n u m concludes that the 1040-cm"- 1 l ine is generated 
b y the dimeric species of the si l icate i on . F o r t n u m ' s si l icate solutions 
ranged f r om 3 % to 1 9 . 2 % S i 0 2 w i t h S i 0 2 / N a 2 0 rat ios f r o m 0.33 to 1.0 
p e r m i t t i n g a comparison of his spectra w i t h those made i n this invest iga 
t i on . 

Experimental 

A l t h o u g h the use of water as a solvent is usual ly avoided i n in f rared 
spectroscopy, i t can be used to obta in spectra of the dissolved substance i n 
the ranges 930-1580 a n d 1750-2930 c m - 1 . T h e sil icate solutions were r u n as 
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164 M O L E C U L A R S I E V E S 

t h i n , l i q u i d fi lms between A g C l plates. W h e n the solut ion was v e r y caustic 
a n d at tacked the A g C l plates, t h i n sheets of polyethylene were used to con
t a i n the l i q u i d . T h e A g C l plates a n d polyethylene sheets were compen
sated i n the other beam of the double-beam spectrometer. W a t e r was 
generally not compensated unless we wished to intensi fy weak absorpt ion 
peaks. I n the later I R work B a F 2 plates were used to contain the sil icate 
solutions, a n d this is the preferred procedure. 

I n i t i a l l y , several solutions were made up w h i c h were assumed to have 
great ly differing silicate species sizes—e.g., sod ium metasil icate (low molec
u lar weight) and L u d o x or N a l c o a g 1050 (colloidal sil icas, v e r y h igh molec
ular weight) . These solutions were made by dissolv ing C a b - O - S i l i n 
sod ium hydrox ide a n d t e t r a m e t h y l a m m o n i u m ( T M A ) hydrox ide solutions 
to the desired S i 0 2 / N a 2 0 or ( T M A ) 2 0 ratios a n d S i 0 2 concentrations. 
Some solutions were made b y merely d i l u t i n g commerc ia l ly avai lable s i l i 
cate solutions, such as N a l c o a g 1050 a n d D i a m o n d A l k a l i 40, w i t h water . 
T h e S K V N a ^ O = 1 solutions were made f r o m sod ium metasil icate. 

Table I. Infrared Absorption Spectra of Silicate Solutions 
Si-0 

Figure wt% Absorption 
No. Si02/M20 M Si02 Band(s), cm~x Silica Source 

1A 3.25 Na 15 1025,1150 (?) Cab-O-Sil 
IB 3.25 T M A 15 1025,1120 Cab-O-Sil 
1C —100 Na 15 1120 Nalcoag 1050 
ID 1.0 Na 15 1000 Na 2Si0 3-9H 20 
IE 3.3 Na 15 1030,1090 (?) Diamond Alkali 40 
IF 0.5 Na 15 920 (?),980 (?) Cab-O-Sil 
1G 1.0 T M A 10 1010,1090 Cab-O-Sil 
1H 0.67 Na 15 920 (?),985 Cab-O-Sil 
2A 2.6 Na 13.3 1020 Nalcoag 1050 + 

Na 2Si0 3-9H 20 
2B 2.6 Na 13.3 1090,1020 Nalcoag 1050 + 1090,1020 

Na 2Si0 3-9H 20 
2C 2.6 Na 13.3 1090,1020 Nalcoag 1050 + 1090,1020 

Na 2Si0 3-9H 20 
2D 2.6 Na 13.3 1020 Nalcoag 1050 + 

NaSi0 3-9H 20 
3A 2.0 Na 20 1120,1025 Nalcoag 1050 + 1120,1025 

Na 2Si0 3-9H 20 
3B 2.0 Na 20 1055,1025 Nalcoag 1050 + 

Na 2Si0 3-9H 20 
3C 2.0 Na 20 1035,1015 Nalcoag 1050 + 1035,1015 

Na 2Si0 3-9H 20 
3D 2.0 Na 20 1035,1010 Nalcoag 1050 + 

Na 2 Si0 3 .9H 2 0 

T h e S i 0 2 / M 2 0 ( M = N a , T M A ) rat io var i ed f r o m 0.5 to 3.25 w i t h the 
col lo idal s i l i ca N a l c o a g 1050 h a v i n g a S i 0 2 / N a 2 0 of approx imate ly 100. 
A l l of the p r e l i m i n a r y solutions contained 15% S i 0 2 except the S i 0 2 / 
T M A 2 0 = 1 so lut ion w h i c h contained 10% S i 0 2 . 
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13. BEARD Aqueous Silicate Solutions 165 

1200 800 

Figure 1. Infrared spectra of silicate solu
tions with different silica sources and bases 

(see Table I) 

Results 

A l l the si l icate solutions examined show absorpt ion peaks around 1000 
c m - 1 (see T a b l e I a n d F i g u r e 1) corresponding to a n S i - 0 combinat i on 
stretch v i b r a t i o n (1). T h e frequency increases w i t h increasing molecular 
weight of the si l icate species. T h e r e is a shift of the peak to higher wave 
numbers w i t h increasing S i 0 2 / M 2 0 . F o r instance, the 0.5 S i 0 2 / N a 2 0 
so lut ion (Figure I F ) shows a broad peak centered at about 950 c m - 1 

(actual ly two " p e a k s " at 920 (?) a n d 980 (?) c m " 1 ) , whereas the 3.3 S i 0 2 / 
N a 2 0 (Figure I E ) has a peak at about 1030 c m " 1 . T h e N a l c o a g 1050 
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166 M O L E C U L A R S I E V E S 

( S i 0 2 / N a 2 0 ~ 100) has a peak at 1120 c m - 1 (F igure 1 C ) , corresponding 
to a molecular weight near one m i l l i o n , est imated b y analogy to L u d o x 
co l lo idal sols w h i c h have a publ ished part ic le size of 12 πΐμ. A c c o r d i n g to 
Her (6), the molecular weight of a part ic le D τημ i n diameter is (690D 3 ) . 
I n the solutions conta in ing T M A (Figure I B , G ) , two peaks appear 
at about 1025 a n d 1120 c m - 1 . F o l l o w i n g F o r t n u m ' s spectral assignments, 
the l ow molecular weight species present i n T M A - s i l i c a t e solutions (1025 
c m " 1 ) is most probab ly a d imer . I n the 3.25 S i 0 2 / N a 2 0 spectrum (Figure 
1A) there are also peaks a t b o t h 1025 a n d 1150 c m - 1 , b u t the second peak 
is not v e r y strong, a n d i t appears as a shoulder. A range of molecular 
species f r om monomer on u p to large polymers exist ing i n e q u i l i b r i u m 
w o u l d be expected i n these solutions w i t h the d i s t r i b u t i o n of sizes depen
dent u p o n the concentrat ion of cations, sod ium or t e t r a m e t h y l a m m o n i u m . 
F r o m the two rather well -def ined peaks of the T M A solutions as opposed 
to the weaker shoulder of the N a so lut ion , one might hypothesize t h a t the 
T M A cat ion shifts the e q u i l i b r i u m of the so lut ion to a mix ture of l ow a n d 
h i g h species ( N a 2 S i 0 3 a n d N a l c o a g 1050 type , respect ively) . 

T o check this hypothesis , a mix ture of N a l c o a g 1050 a n d sod ium m e t a -
si l icate solutions was made, a n d I R spectra were r u n . T h e final s i l icate 
so lut ion mix ture consisted of 5 grams of N a l c o a g 1050, 7.1 grams of N a 2 -
S i 0 3 - 9 H 2 0 , a n d 17.9 grams of water to give a final mix ture of 13.3 w t % 
S i 0 2 a n d S i 0 2 / N a 2 0 = 2.6. A n I R spec trum was r u n of th is mix ture after 
approx imate ly six days aging (Figure 2 D ) . T h e pat tern shows two peaks 
(1020 a n d 1090 cm - " 1 ) at approx imate ly the same positions as those of the 
T M A solutions, b u t the ir b road character indicates a wider range of h i g h 
a n d l ow molecular weight species a n d / o r more intermediate forms. I n 
a d d i t i o n , the higher wave n u m b e r peak, corresponding to higher molecular 
weight species, is apprec iab ly lower i n in tens i ty a n d therefore concentra
t i o n t h a n the peak corresponding to the lower molecular weight species. 
I t was thought t h a t perhaps the two peaks were approx imate ly equal i n 
tens i ty i n i t i a l l y a n d t h a t depo lymer izat ion of the higher weight species 
over the six days accounted for the lower intens i ty of the 1 0 9 0 - c m - 1 peak. 

N e x t , a series of I R spectra was made on the same mixture of N a l c o a g 
1050 a n d sod ium metasi l icate as above to determine the effects of aging 
(at r o o m temperature , unagitated) on the molecular weight d i s t r ibut i on . 
Spectra were made on i n i t i a l l y mixed (Figure 2 A ) , 7-hour-aged (Figure 
2 B ) , a n d 24-hour-aged solutions (Figure 2 C ) . T h e spectra are shown i n 
F i g u r e 2, w i t h m a x i m u m development of in tens i ty of the 1 0 9 0 - c m - 1 peak 
i n the 7-hour-aged so lut ion (Figure 2 B ) . 

A n o t h e r series of N a l c o a g 1050-sodium metasi l icate solutions was ex
a m i n e d b y I R spectroscopy to observe the effect of S i 0 2 concentrat ion on 
molecular weight d i s t r i b u t i o n . A 2 0 % S i 0 2 so lut ion w i t h S i 0 2 / N a 2 0 = 2 
was made u p a n d spl i t in to four parts for a t ime s tudy . I R spectra were 
r u n on the i n i t i a l (F igure 3 A ) , 7-hour- (Figure 3 B ) , 24-hour- (F igure 3 C ) , 
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1200 1100 1000 900 
cm"' 

Figure 2. Infrared spectra of 
Nalcoag 1050-sodium metasilicate 
mixtures with different periods of 

aging, 13.8% Si02 

167 

Figure 3. Infrared spectra of Nal
coag 1050-sodium metasilicate mix
tures with different periods of aging, 

20% Si02 

a n d three-day-aged solutions (Figure 3 D ) . A l l four solutions showed 
strong absorpt ion i n the 1 0 0 0 - 1 0 5 0 - c m - 1 region w i t h the i n i t i a l l y mixed 
so lut ion showing a shoulder at about 1120 c m - 1 . T h e other three spectra 
show two smal l peaks each rang ing f rom 1010 to 1055 c m " 1 . Increasing 
the S i 0 2 concentration decreases the concentrat ion of higher weight species 
as shown b y the shoulder i n F i g u r e 3 a n d i n F i g u r e 2. 
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applying infrared spectroscopy for determining size and structure of silicate 
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Kinetic Studies on the Formation 
of Zeolite A 

W. MEISE and F. E. SCHWOCHOW 

Bayer AG, Leverkusen-Bayerwerk, Sparte AC-F, Germany 

The influence of temperature, alkalinity, SiO2 source and K+ 

ions on the formation of zeolite A was investigated. Yield vs. 
time curves and the corresponding particle size spectra can be 
described with fairly good approximation by equations for nu
cleation and crystal growth. Variations in temperature affect 
nucleation and crystal growth, but alkalinity, SiO2 source, and 
the content of K+ ions affect nucleation. Coarse crystallites are 
obtained from low concentrations of batch alkaline solution, by 
using amorphous silica with a small Carman surface and by 
adding K+ ions to the mixture. The results can be used to con
trol the nucleation of zeolite types which are normally difficult to 
prepare. 

s the importance of synthet ic molecular sieves as adsorbents a n d as the 
x d ivers i ty of catalysts used i n petrochemistry increases, special zeolites 
w i t h complex aluminosi l icate anion skeletons are being used increasingly i n 
large-scale indus t r ia l operations. I m p r o v e d contro l of processes for s y n 
thesizing zeolites is therefore needed. Hence i t is necessary to k n o w more 
about the chemistry of nuc leat ion a n d kinet ics of c rys ta l g rowth . 

B r e c k (1) was the first t o investigate the react ion i n the h y d r o t h e r m a l 
f o rmat ion of zeolites. H e f ound t h a t there is a lways some delay before 
crys ta l l i za t i on starts . T h i s so-called i n d u c t i o n per iod can be reduced 
b y ra is ing the temperature or a l k a l i n i t y of the react ion b a t c h (2). A s 
S a n d (8) reported i n 1968 i n connection w i t h the f o rmat ion of mordenite, 
the nature of the S i 0 2 mater ia l also has a decisive influence o n the react ion 
a n d the nature of the zeolite crystals . T h e i n d u c t i o n per iod as a nuc leat ion 
phase is discussed b y D o m i n e a n d Quobex (4) i n connect ion w i t h k ine t i c 
investigations re la t ing to mordenite f ormat ion . 

T h e react ion process was first described q u a n t i t a t i v e l y b y K e r r (5). 
D u r i n g k inet i c investigations o n the f o rmat ion of zeolite A he f ound t h a t the 
rate of zeolite f ormat ion is always propor t i ona l to the amount of zeolite 

169 
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170 M O L E C U L A R S I E V E S 

already present. C i r i c (6) a r r i v e d at s imi lar conclusions. T h e most 
comprehensive investigations of h y d r o t h e r m a l synthesis have been done by 
Zhdanov (7), who, apart f r o m fo rmulat ing detai led hypotheses on the 
chemistry of zeolite format ion , has described the react ion q u a n t i t a t i v e l y by 
invest igat ing c rys ta l sizes. 

T h e present s tudy begins w i t h Zhdanov ' s results a n d describes the 
influences of the a l k a l i , S i 0 2 source, Κ ions a n d temperature on the progress 
of the reaction a n d part ic le size spectrum of zeolite A . Comprehensive 
evaluat ion of these k inet ic investigations permits predictions about n u 
c leat ion a n d crys ta l g rowth w h i c h are not restr icted to the f o rmat ion of 
zeolite A , w h i c h h a d been chosen as a model react ion i n the present case. 

Experimental 

A sod ium a luminate so lut ion (2.00 moles A l 2 0 3 / l i t e r , 3.40 moles N a 2 0 / 
l i t er , density 1.36 g r a m s / m l ) produced f r om hydrarg i l l i t e was used as the 
a l u m i n a source i n each series of tests. S i l i c a was used as sod ium sil icate 
so lut ion (5.98 moles S i 0 2 / l i t e r , 1.77 moles N a 2 0 / l i t e r , density 1.36 g r a m s / 
ml) a n d as sol id amorphous s i l i ca w i t h different surface areas (Table I ) . 

T a b l e I . Types of S i l i c a U s e d 
Silica Surface Area of S1O2 Particles 

Type Name Water, % BET (8) Carman (9,10) 

Filler Vulkasil S 10 180 m 2 /g 100 m 2 /g 
Filler Durosil 13.5 54m 2 /g 30 m 2 /g 
Gel silica gel 12.3 488 m 2 /g 11 m 2 /g 

(medium pore size) 

T h e required N a 2 0 a n d K 2 0 concentrations were obtained b y add ing cor
responding amounts of sod ium a n d potass ium hydrox ide so lut ion. I n 
each series of tests the S i 0 2 / A l 2 0 3 rat io was kept constant at 2.0 a n d the 
M e 2 0 / S i 0 2 rat io at 2.5 ( M e 2 0 = N a 2 0 + K 2 0 ) . T h e rat io of H 2 0 / 
M e 2 0 and N a 2 0 / M e 2 0 was v a r i e d i n add i t i o n to the S i 0 2 source a n d t e m 
perature. T o ensure that uncontro l led influences on the progress of crys 
t a l l i z a t i o n w o u l d be substant ia l ly e l iminated , a l l tests were carr ied out i n 
the same 5-liter react ion vessel w i t h constant s t i r r ing . T o pursue the 
react ion 25-ml samples were t a k e n , a n d the sol id , h a v i n g been washed out , 
was ac t ivated at 500°C. T o estimate the adsorpt ion capaci ty , test samples 
(1 gram) were loaded w i t h water i n a n atmosphere of 10 t o r r H 2 0 p a r t i a l 
pressure (via a saturated so lut ion of C a ( N 0 3 ) 2 ) u n t i l constant i n weight . 
Since the H 2 0 adsorpt ion of the calcined amorphous gels f rom sod ium sil icate 
so lut ion a n d f r om the different types of s i l i ca used is negligible (<2 grams 
H 2 O / 1 0 0 grams gel), the content of crystal l ine zeolite A (i.e., degree of con
version) can be calculated d i rec t ly f rom the values obtained. T h e end p r o d 
ucts of the k inet i c series were tested b y x -ray-analys is a n d found to be pure 
zeolite A . P a r t i c l e size d istr ibut ions of the crystal l ine end products were 
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14. M E I S E A N D S C H W O C H O W Zeolite A Formation 171 

determined b y the method of Andreasen (11)—i.e., b y determining the 
rates of sedimentat ion i n water. T o evaluate the test results we used a 
V a r i a n - 6 2 0 i computer . 

Results 

T h e higher the concentrat ion of the caustic soda so lut ion w h i c h is 
present as a l i q u i d phase i n a d d i t i o n to the gel (Figure 1, top) , the 
faster the gels prec ip i tated f r o m sod ium silicate a n d sod ium a luminate 
solutions crystal l ize to f o r m zeolite A . T h e gels w h i c h crysta l l i zed f r o m 
higher N a O H concentrations give finer particles of zeolite A t h a n do those 

Zeolite A [%] 

j 1— 

5 10 

crystal diameter [μ] 
Figure 1. Influence of alkanity on zeolite A crystallization (top) 

and on crystal size distribution (bottom) 
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crysta l l i zed f r o m lower N a O H concentrations (Figure 1, bo t tom) . A 
s imi lar p ic ture is obta ined b y v a r y i n g the S i 0 2 source; here V u l k a s i l 
reacts re lat ive ly fast whi l e D u r o s i l a n d si l ica gel react s lowly (Figure 2, 
top) . Zeolite A preparations f r o m V u l k a s i l have m u c h finer partic les t h a n 
the preparations obtained f r o m D u r o s i l a n d si l ica gel (Figure 2, bo t tom) . 
T h i s pronounced difference i n the reac t i v i ty of the var ious S i 0 2 sources is 
best characterized b y the specific surface areas of the S i 0 2 partic les, but the 
values obtained b y C a r m a n ' s permeabi l i ty method (9, 10) (not the B E T 
method) must be used. A d d i n g potass ium ions to the react ion b a t c h de
lays the f o rmat ion of zeolite A i n every case. I n a system conta in ing o n l y 
sod ium ions, the react ion is considerably faster t h a n i n a system where t o t a l 
a l k a l i n i t y (Figure 3, top) is based o n p a r t i a l replacement of NaaO b y K 2 0 . 

Zeolite A [%] 

Si02-Filler (VulkasB) Si02-Filler (Durosi!) Si02-Gel 
100H 

50H 

1 2 3 4 5 6 7 8 

Time [hours] 

50H 

5 10 

crystal diameter [μ] 

Figure 2. Influence of Si02 source on zeolite A crystallization 
(top) and on crystal size distribution {bottom) 
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Zeolite A [%] 

K20/Me20 K2O/Me2O=0,10 K2O/Me2O=0,20 

50H 

Figure 3. Influence of potassium ion on zeolite A crystallization (top) and 
on crystal size distribution (bottom) 

A l o n g w i t h this lengthening of the crysta l l i zat ion t ime the part i c le size 
m a x i m u m is shifted towards larger diameters (Figure 3, bot tom) . 

I n contrast to the results described so far, the temperature has l i t t l e 
influence on part ic le size d i s t r ibut i on . T h e increase i n the ve l o c i ty of the 
react ion w h i c h takes place as the temperature is raised (F igure 4, top) 
does not influence the pos i t ion of the m a x i m u m at a l l . T h e peaks, however, 
become more pronounced ind i ca t ing that more u n i f o r m crystals are formed 
(Figure 4, bot tom) . T h u s , a n increase i n the a l k a l i concentrat ion of the 
l i q u i d phase or i n the C a r m a n surface of the S i 0 2 source raises b o t h the 
speed of the react ion a n d the amount of fine particles i n the crysta l l ine 
product . Converse ly the add i t i on of even smal l amounts of K + ions r e -
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174 M O L E C U L A R S I E V E S 

tards the react ion a n d leads to the f o rmat ion of r e la t ive ly coarse mater ia l . 
Temperature changes affect m a i n l y the t o t a l react ion t i m e a n d have less 
effect o n c rys ta l size. 

Mathematical Evaluation 

I t was possible to restrict the mathemat i ca l eva luat ion to the experi 
menta l results to determine the influence of a l k a l i n i t y a n d temperature . 
F o r ca l cu lat ion purposes the changes i n the react ion, obta ined b y v a r y i n g 
the S i 0 2 source or b y adding potass ium ions do not differ substant ia l ly f r o m 
those obtained b y v a r y i n g the N a O H concentrat ion. 

Zeolite A [%] 

crystal diameter [μ] 

Figure 4- Influence of temperature on zeolite A crystallization 
(top) and on crystal size distribution (bottom) 
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A s a l a w of c rys ta l g rowth we have formulated the expression 

r = Bt (1) 

W e assumed that the crystals are spherical configurations whose radius r 
increases i n propor t i on to react ion t ime t. 

T h e r e are var ious functions w h i c h express w i t h considerable accuracy 
the conversion vs. t ime curve of the react ion. However , these functions 
give unacceptable deviations f r o m experimental values w h e n the c r y s t a l 
sizes are calculated. F o r example, the power funct ion chosen b y Z h d a n o v 
(7) 

Κ = Atn (2) 

appears sufficient as a l a w of nuc leat ion i f on ly the t o t a l course of the re 
act ion is considered. However , i t fails to exp la in even approx imate ly 
the large propor t ion of fine partic les i n the crystal l ine end products . A 
rough estimate of the percent increase i n the number of partic les Κ i n the 
react ion t ime t suggests a n e funct ion of the f o r m 

dK = AW - 1) (3) 
ai 

as a l a w of nucleat ion. 
E q u a t i o n s 1 for c rys ta l growth a n d E q u a t i o n 3 for nucleat ion do i n fact 

enable one to describe the experimental ly observed relationships to a fair 
approx imat ion . T o s impl i fy the mathemat i ca l so lut ion we neglected 
the exhaustion of the avai lable reagents i n the mix ture at the end of the 
react ion. Therefore, our calculated points show greater deviations at the 
end of the curves. 

T o calculate a normal ized amount G (G = 1 for complete react ion re 
gardless of specific weight a n d concentrat ion of the mixture) of zeolite A 
as a funct ion of react ion t ime t, we combined E q u a t i o n s 1 a n d 3 as follows. 
A t react ion t ime t the weight G of those nuc le i formed at the t ime r , can 
be expressed as : 

dG = 4-B*(t - r)*A{eET - l)dr (4) 
ο 

I n E q u a t i o n 4 we assume that the specific weight is inc luded i n the constant 
A; Β (t — r) is the radius at t i m e t of those particles formed at the t ime r . 
Complete react ion is achieved at t ime te when G is 1. 

Integrat ion of E q u a t i o n 4 over a l l values of τ results i n the final equa
t i o n : 

G 4 Α β 3 Γ 6 D 1 3 6 6 Ί 
G = — eEt t4- - Ρ tz t (5) 

3 Ε LE8 4 Ε E* E*J 

W h e n Β (t —r) = r , E q u a t i o n 4 yields, i n the part ic le size d i s t r ibut ion , 
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d G = | . | . r i [ / 0 ' - i ) _ 1 ] d r ( 6 ) 

E x p e r i m e n t a l values of constants A, B, a n d Ε vs. a l k a l i n i t y a n d temperature 
are g iven i n T a b l e I I . T o calculate these values we prepared a computer 
program w h i c h enables us to approach the required values determined i n 
each experiment stepwise b y t r i a l a n d error. T o i l lustrate the result ing 
agreement we arranged consecutively (Figure 5) the experimental a n d 
calculated curves for the course of the react ion a n d part ic le size d i s t r i b u 
t i o n ; i n b o t h cases the influence of a l k a l i n i t y was chosen as the example. 

T a b l e I I . Va lues of Ay B , a n d Ε vs. A l k a l i n i t y a n d Temperature 
Temp., °C H20/Na20 A, X 10* Β Ε 

70 20 20 0.050 0.102 
70 30 13.2 0.027 0.033 
70 40 9 0.017 0.0115 
60 20 1 0.03 0.062 
70 20 20 0.05 0.102 
80 20 200 0.06 0.132 

Discussion 

F r o m the values of A, B, a n d Ε a n d f r om their change as a funct ion 
of the temperature Τ we conclude that as Τ rises, bo th nucleat ion a n d crys 
t a l g rowth accelerate. T h e approximate constancy w h i c h was observed 
i n the rat io B/E a n d the simultaneous increase i n A b y several orders of 
magnitude signifies tha t the size of the m a x i m u m i n the part ic le size spec
t r u m changes but that the pos i t ion of the m a x i m u m does not. I n contrast, 
a l k a l i n i t y , the S i 0 2 source, a n d the add i t i on of K O H affect nucleat ion more 
t h a n c rys ta l g rowth . Calcu lat ions for the influence of a l k a l i n i t y show that 
the N a O H concentrat ion w h i c h is needed to double Β increases Ε roughly 
three t imes b u t has l i t t l e influence on A. T h i s explains the observed i n 
crease i n the amount of fine particles i n the crystal l ine product when the 
N a O H concentrat ion i n the react ion ba t ch is raised. T h e findings per
t a i n i n g to the influence of a l k a l i n i t y a n d of the specific surface area of the 
si l i ca do not b y themselves elucidate the chemistry of nucleat ion. T h e y 
do not conflict w i t h the v i e w that nucleat ion is merely a dissolution process 
—i.e., is a step i n equal iz ing concentrat ion differences between gel a n d 
mother l iquor . 

A s the a l k a l i n i t y or as the a c t i v i t y of the s i l ica (defined as the surface 
area of the si l ica presented to the solution) rises, the t ime taken b y the 
aluminosi l icate i n the l i q u i d phase to reach the concentration needed for 
nucleat ion becomes progressively shorter. However , the re tardat ion ef
fect of potass ium ions o n nucleat ion at a given a l k a l i n i t y means that steric 
factors also probably p lay a decisive part , par t i cu lar ly since this effect is 
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Zeolite A [%] EES experimental curves 
ι =Ξ= calculated curves 

i r v J H2O/Na2O«=20 =30 «40 

100 200 300 

Time [minutes] 

0 1 2 3 4 5 6 7 

Crystal diameter [μ] 

Figure 5. Influence of alkanity on zeolite A crystallization (top) 
and on crystal size distribution (bottom), showing agreement 

between experimental and calculated values 

exerted on ly when K + ions are present i n the react ion b a t c h at the begin
n i n g of synthesis. I f they are added later , when gel prec ip i tat ion is c o m 
plete, they have almost no influence o n the nucleat ion. T h e large K + i o n 
is ev ident ly unsuitable , or at a n y rate considerably less suitable, t h a n the 
smaller N a + i on , i n f o rming the aluminosi l i cate b u i l d i n g u n i t w h i c h serves 
as the nucleus. Comparisons re la t ing to the course of the react ion i n the 
synthesis of zeolite A a n d of faujasite (12, 13) suggest t h a t b u i l d i n g un i t s 
w h i c h can serve as nucle i i n zeolite A a n d faujasite f o rmat ion must have 
chemica l ly re lated configurations. O n the other h a n d , the aluminosi l i cate 
b u i l d i n g u n i t w h i c h causes the undesirable c rys ta l l i za t i on of the N a P I 
phase ev ident ly has a completely different structure . 
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Zeolite Formation in the System 
K 2 O-Na 2 O-Al 2 O 3 -SiO 2 -H 2 O 

H. J. BOSMANS, E. TAMBUYZER, J. PAENHUYS, L. YLEN and J. VAN
CLUYSEN 

Afdeling Bodemgenese en -mineralogie, Landbouwinstituut, K. U. L., Kard. Mer
cierlaan 92, B3030 Heverlee, Belgium 

Starting from soluble silicates and aluminates, the crystalliza
tion fields of 14 zeolites were explored in the Na2O-Al2O3-SiO2-
H2O, K2O-Al2O3-SiO2-H2O, and K2O-Na2O-Al2O3-SiO2-
H2O systems at 90°C. On dilution, the field of hydroxysodalite 
gives way to that of zeolite A and X or Y, and the field of zeolite 
K-F to that of zeolites K-G (or H) and Q (or K-I). With 
time, zeolite K-F is replaced by the more stable zeolites J (90 mole 
% H2O) or K-G and Q (97 mole % H2O). In the mixed-base 
system with K2O/(K2O + Na2O) = 0.5 at 90°C and 90 mole % 
water, a new zeolite was synthesized. This zeolite, V, has a 
primitive cubic unit cell with a = 9.415 A, and a chemical 
content of Na3K3Si6Al6O24·12H2O. 

lthough zeolite crystallization in the systems Na20-Al203-Si02-H20 
(1-7) and K2O-AI2O3-S1O2-H2O (8-16) at relatively low temperatures 

(ca. 100°C) has been thoroughly explored, a more systematic investigation 
of the influence of reaction time and water content in the mixtures could 
explain some ambiguities about which zeolites may be obtained under 
certain exact conditions. A detailed exploration of the mixed-base system 
K20-Na20-Al203-Si02-H20 seemed worthwhile since this system was 
studied only for high Si0 2/Al 20 3 ratios (10, 16). In addition, there is con
fusion about the designation of some identical crystalline phases. This 
study is limited to the use of soluble reactants to ensure formation in the 
mixed gels of homogeneous solids which may crystallize with higher re
producibility into zeolites (16). Low temperatures (90 and 100°C) are 
used to obtain a variety of easily formed but relatively unstable zeolites 
(17, 7). With time, they may convert into other, more stable zeolites. 

Experimental 
The reagents used were sodium silicate, sodium aluminate, and potas

sium silicate (all from H & W). Potassium aluminate solution was pre-
179 
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pared b y disso lv ing A l ( M e r c k A . R . ) i n a n 8N K O H solut ion. Solutions 
of 14ΛΓ K O H a n d 16iV N a O H were also prepared. *These reagents were 
ana lyzed for exact N a 2 0 or K 2 0 a n d S i 0 2 or A 1 2 0 3 content, a n d the ir H 2 0 
content was also t a k e n into account i n ca lculat ing the amount of H 2 0 
required to ob ta in the expected mole % of H 2 0 i n the resultant mixtures . 
F o r syntheses w i t h mixed bases, i f the K 2 0 / ( K 2 0 + N a 2 0 ) rat io was 0.75, 
the on ly A l source was K A 1 0 2 ; i f the rat io was 0.50, the on ly S i source 
was K 2 S i 0 3 , a n d if the rat io was 0.25, the mixtures low i n base were s y n -
thesised w i t h K 2 S i 0 3 a n d N a A 1 0 2 , a n d the mixtures h i g h i n base w i t h 
N a 2 S i 0 3 a n d K A 1 0 2 . However , some t r i a l experiments i n the system w i t h 
K 2 0 / ( K 2 0 + N a 2 0 ) = 0.50 showed t h a t no significant differences i n the 
synthesis products resulted b y m i x i n g solutions of N a A 1 0 2 a n d K 2 S i 0 3 

rather t h a n solutions of K A 1 0 2 a n d N a 2 S i 0 3 i n prepar ing a m i x e d gel w i t h 
the same composit ion. T h e sil icate a n d a luminate solutions or solids were 
weighed, a n d the other reagents were added f r om burets a n d mixed i n 
p last ic containers (polypropylene) . T h e d i rec t ly closed containers were 
t h e n arranged i n a n oven, a n d thermostated at the desired temperature . 
W i t h reactions of a day or longer, no preheat ing of the reagents was done. 
However , for the k inet i c s tudy , the reagents were preheated i n separate 
containers before m i x i n g at the start of the experiments. These gel m i x 
tures were homogenized twice a day to ensure a sufficiently homogeneous 
mix tu re b u t w i thout d i s turb ing the c rys ta l l i z ing process i n the gel too fre
quent ly . 

A f t e r the required react ion t ime , the gel mixtures were cooled, centr i 
fugea, a n d washed three t imes w i t h more t h a n a tenfo ld q u a n t i t y of d i s 
t i l l e d water . A f t e r d r y i n g at 105°C, the products were powdered i f neces
sary . X - r a y di f fract ion diagrams were recorded ( C u Κ α radiat ion) , a n d the 
phases present were identi f ied b y compar ing the ir di f fract ion peaks w i t h 
publ i shed d values or w i t h those of s tandard zeolite di f fract ion diagrams. 
T h e q u a n t i t y of each species was est imated w i t h i n 5 % f r o m re lat ive peak 
heights compared w i t h the best of the ir k i n d , w h i c h were also selected for a 
more detai led crystal lographic examinat ion . 

Results and Discussion 

T o represent the crysta l l i zat ion fields of systems w i t h on ly one base, 
M 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 , at a constant mole % of water a n d at constant t e m 
perature, the fami l iar t r iangular d iagram w i t h the constituents of the gel 
mixtures M 2 0 , S i 0 2 , a n d A 1 2 0 3 expressed i n mole % was used. O n l y the 
left par t of these t r iangular diagrams is shown (Figures 1-5), because s tar t 
i n g w i t h soluble aluminates, on ly mixtures w i t h A 1 2 0 3 / ( M 2 0 + A 1 2 0 3 ) lower 
t h a n 5 0 % m a y be prepared. A separate t r iangular d iagram is presented 
for v a r y i n g di lut ions (i.e., mole % of H 2 0 ) or temperatures, and consecu
t ive react ion t imes. 

A d i l u t i o n of 90 mole % H 2 0 corresponds to 60-73 w t % i n H 2 0 , 
depending on the re lat ive concentrations of the other components, a n d 97 
mole % i n H 2 0 corresponds to 85-90 w t % i n H 2 0 . T o plot the results 
of the mixed-base system N a 2 0 - K 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 , we preferred to use 
sections para l le l to the base i n a t r igonal pr i sm, whose base plane is the 
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15. BOSMANS E T A L . Zeolite Formation 181 

Figure 1. Zeolite syntheses in the system; KjD-AWs-SiOr-HtO. Effect of 
reaction time and dilution. 
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K20 TO 20 30 40 A l 2 0 3 

K 20 10 20 30 40 A l 2 0 3 

K 20 10 20 30 40 A( 20 3 

K20 10 20 30 40 A l 2 0 3 

Figure 2. Zeolite syntheses in the system; KiO-AWz-SiOz-HiO. Effect of 
reaction time and dilution {cont'd) and of temperature. 
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Figure 3. Zeolite syntheses in the system; Na^O-AWz-SiO^-H^O. Effect of 
reaction time and dilution. 
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M 2 0 10 20 30 40 A l 2 0 3 M 2 0 10 20 30 40 A l ^ 

Figure 4- Zeolite syntheses in the mixed-base system. Effect of reaction time 
and K2O/K2O + Na20 ratio. 
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M 2 0 10 20 30 40 Al 2 0 3 1 0 20 30 40 50 60 h 

Figure 5. Zeolite syntheses in the mixed-base system shown in Figure 4· 
Kinetics of formation of zeolites F} W, and J. 
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t r iangular d iagram N a 2 0 - A l 2 0 3 - S i 0 2 , a n d whose upper plane is the d i a 
g r a m K 2 0 - A l 2 0 3 - S i 0 2 . I n t h a t way , the s imi lar funct ion of the bases 
N a 2 0 a n d K 2 0 i n the system is stressed compared w i t h the more independent 
S i 0 2 a n d A 1 2 0 3 components. Sections w i t h K 2 0 / ( K 2 0 + Na20) ratios of 
75, 50, and 2 5 % were explored after one day and after three days at 90°C 
a n d for 90 mole % H 2 0 . T h e crystal l ine phases, obtained i n the sol id 
separated f r om the mixture , are designated b y letter symbols a n d are t a b 
u la ted i n T a b l e I w i t h their f u l l names, synonyms, and crystal l ine p a r a m 
eters. A capi ta l letter indicates that more t h a n 5 0 % of this phase was 
produced at that gel composit ion point , a n d lower case letter indicates 
that less t h a n 5 0 % of the phase was formed i n that po int . I f quantit ies 
smaller t h a n 5 % were observed i n points w i t h m a n y phases, these were 
omi t ted so as not to overcrowd the figure w i t h symbols , obscuring the m a i n 
features. 

T h e gradual extension w i t h t ime of the crysta l l i zat ion fields of each 
phase, s tar t ing f r om some preferential gel composit ion point , confirms the 
strong influence of the re lat ive concentrat ion of the components i n the sys
t e m on the crysta l l i zat ion of a specific zeolite (16). Compar i son of the 
same system at another d i l u t i o n shows generally t h a t a longer t ime is 
needed for comparable c rys ta l growth , but also a specific retreat of the 

Table I. Identified Zeolites 
Name and 
Synonyms 

Symbol 
Used Crystallographic Parameters, A 

Hydroxysodalite 
(C, D) 

Hydroxycancrinite 
Zeolites X and Y 

S Cubic, body-centered, a = 8.95 

C Hexagonal, a = 12.63, c = 5.14 
X Cubic, face-centered, faujasite type, 

a = 24.69-25.19 (variable) 
Zeolite A (ZK-4) 
Zeolite NaPl 

A Cubic, primitive, a = 12.28 (24.56) 
Ρ Pseudocubic, gismondine type, 

(B, Pc, Bl) 
Zeolite NaP2 

(Pt, B2) 
Zeolite R 

a = 10.03 
Τ Tetragonal, a = 10.12, c = 9.84 

Zeolite K - M 
(W, M) 

Zeolite L 
Zeolite J 
Zeolite Q (impure) 

(K-I) 
Zeolite K - G 

(H = impure) 
Zeolite V 
Amorphous gel 

Zeolite K - F (F) 

R Hexagonal, chabazite-like, Na-form, 
a = 13.7, c = 15.3 

F Tetragonal, body-centered, 
a = 9.82, c = 13.09 

W Pseudocubic, body-centered, 
a = 20.06 (variable) 

L Hexagonal, a = 18.34, c = 7.53 
J Tetragonal, a = 9.53, c = 9.79 
Q Hexagonal, a = 13.48, c = 13.38 

H Hexagonal, chabazite-like(?), Κ form, 
a = 13.75, c = 15.40 (variable) 

V Cubic primitive, a = 9.43 
ο 
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domain of a zeolite phase to the advantage of another is observed. T h i s 
is the case for hydroxysodal i te (S) y i e ld ing to zeolite X or Y a n d even more 
to A (Figure 3 a, b, d) , shown previously b y B r e c k and F lan igen (7). T h i s 
effect is also observed for zeolites K - F (F) a n d J y i e ld ing to zeolites K - G 
(H) a n d K - I (Q) on d i l u t i o n (Figure 1 a - d ; F i g u r e 2a , c). T h e re la t i on 
ship of zeolite H to K - G a n d K - I has been explained b y B a r r e r , Cole , a n d 
Sticher (18). 

If, however, a zeolite gives w a y to the format ion of another zeolite, 
after some t ime at the same composit ion po int a n d the same d i lu t i on , 
this reflects a higher s tab i l i ty of the newly formed phase, fo l lowing Ost -
wald 's rule . W e observe th is i n the transformat ion of zeolites A a n d X 
(or Y ) into N a P l (P) or N a P 2 (T) (F igure 3a, c) , as shown also b y Regis et 
al. (6). I n the K2O-AI2O3-S1O2-H2O system, the transformat ion of F into J is 
shown (wi th 90 mole % of water at 90°C a n d faster at 100°C) (Figures l a , 
b and 2a, b , d ; see also F igure 5e) and of F into H or Q (wi th 97 mole % 
di lut ion) (Figures l e , d and 2c). I n the mixed-base system w i t h a K 2 0 / -
( K 2 0 + N a 2 0 ) rat io of 0.5, we observe the transformat ion of the u n k n o w n 
zeolite designated as V into F a n d W , showing zeolite V to be a re lat ive ly 
unstable phase. I n the mixed-base systems, the influence of the larger b u t 
less hydra ted cat ion K + extends farther t h a n that of N a + . T h i s is shown 
b y the fact tha t the meeting zone of the crysta l l i zat ion fields of t y p i c a l Κ 
zeolites w i t h t y p i c a l N a zeolites is s i tuated near a low K 2 0 / ( K 2 0 + N a 2 0 ) 
rat io (0.25). T h e growth of zeolites F and W is shown i n F igure 5c, d . T h e 
formation and transformation of zeolite F into zeolite J is shown i n F igure 5e. 

Tabic II. X -Ray Powder Pattern of Zeolite V (N = ft2 + fc2 + I2) 
d, A Ν Rel. Int. d, A Ν Rel. Int. 

9.438 1 1.00 2.983 10 0.50 
6.554 2 0.07 2.844 11 0.56 
5.451 3 0.10 2.612 13 0.05 
4.750 4 0.03 2.359 16 0.03 
4.220 5 0.45 2.289 17 0.15 
3.852 6 0.07 2.224 18 0.18 
3.339 8 0.06 1.886 25 0.08 
3.115 9 0.23 1.618 34 0.06 

T h e u n k n o w n zeolite, designated V , shows a few strong x - ray diffrac
t i on peaks (Table I I ) . Indexing y ie lded a p r i m i t i v e cubic cell w i t h a = 
9.415 ± 0.030 A (by extrapolation) . F r o m chemical analysis after e q u i l 
ibrat i on of the sample at 3 2 % relat ive h u m i d i t y , the fo l lowing composit ion 
could be ca lculated : 0.54 K 2 0 , 0.50 NaaO, 1.00 A 1 2 0 3 , 2.24 S i 0 2 , 3.80 
H 2 0 . T h e measured density was 2.191 grams c m - 3 . F r o m the number 
of chemical formulas, Ζ = 1.5, going into the u n i t cell , the fo l lowing idea l 
ized chemical content was der ived : Na3K3Al6Si6024-12H 2 0. T h e base 
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exchange capacity (BEC) is 5.48 mequiv/gram. Although a superstructure 
might not be excluded, the similarity of some d values with those of ZK-5 
(19) because of the nearly halved α parameter could not be extended as a 
result of many missing x-ray diffraction peaks and their difference in in
tensity. The crystals in the samples of zeolite V, viewed with the scanning 
electron microscope, looked like dies, i.e., cubes with rounded edges. 
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Crystal Chemical Relationships in the 
Analcite Family II. Influence of 
Temperature and ΡH2O on Structure 

WILLIAM D. BALGORD 1 and RUSTUM ROY 

The Materials Research Laboratory, The Pennsylvania State University, University 
Park, Pa. 

Synthetically prepared analcites of normal, high, and low Al2O3: 
SiO2 ratio and their cation-exchanged derivatives were investigated 
by stepwise thermogravimetry and powder x-ray diffraction at 
elevated temperatures under controlled PH2O (7.9 and 740 torr). 
The dehydration curves commonly display second-order discon
tinuities, in contrast to the P-type zeolites (Taylor and Roy's 
classification) and represent true phase-transition type reactions. 
In exceptional cases (e.g., the dehydration of Sr-exchanged anal
cite), discontinuities in the TGA curves are a far more sensitive 
indicator of phase changes than are x-ray methods. Substitution 
of small, divalent ions for Na+ resulted in marked displacements 
in the dehydration curve upward in temperature and in a higher 
degree of reversibility during cooling. The Al2O3:SiO2 ratio 
influenced the dehydration characteristics of analcite only to a 
limited extent Although both high and low alumina analcites 
dehydrate in a continuous fashion, the high alumina form under
goes water loss at a lower temperature and is more nearly re
versible. 

A s shown b y T a y l o r a n d R o y (1) the behavior of small -pore zeolites does 
not necessarily conform to the classical def init ion of a " z e o l i t e . " 

R a t h e r , the properties evidenced b y the P-zeol ites , a n d perhaps other 
classes of smal l -pore zeolites as we l l , const i tute a basis for possible future 
technical i n n o v a t i o n i n selective adsorpt ion a n d heterogeneous catalysis . 
T h e zeolite s tructure , a n d hence the size a n d shape of i ts ce l l apertures a n d 
cavit ies a n d disposit ion of mobi le cations m a y differ subs tant ia l l y a t ele
va ted temperatures f r om what i t is under ambient condit ions. 

1 Present address: Research and Development Unit, New York State Department 
of Environmental Conservation, Albany, Ν. Y. 12201 
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E a r l i e r studies on the properties of a n a l c i t e — a v e r y s m a l l pore zeo
l i t e—concentrated on e luc idat ing the c r y s t a l s tructure (2, 3), i on exchange 
a n d gaseous diffusion (4, δ, 6) a n d methods of synthesis of non-sto ichio-
metr i c analc i te (7). Studies per ta in ing to the dehydrat i on of analc i te 
date f r om 1925, when R o t h m u n d (8) reported a n a r r o w temperature range 
of reversible dehydrat ion . M i l l i g a n a n d Weiser (9) reported a d e h y d r a 
t i o n isobar ( P H 2 O = 23.6 torr ) for analc i te w h i c h revealed no steps. T h e 
work of K o i z u m i {10), P H 2 O unspecified, tended to conf irm the results of 
M i l l i g a n a n d Weiser b u t also suggested a d i s cont inu i ty at 225°C. 

A p p a r e n t i n the foregoing rev iew is the lack of a n y systematic a t 
t empt to investigate h y d r a t i o n states a n d s t ruc tura l modif ications of the 
analc i te f ramework under a broad range of compositions at elevated 
temperatures. A c c o r d i n g l y , th is s t u d y was done to determine com
pos i t ional l i m i t s , dehydrat i on behavior , a n d associated s t ruc tura l changes 
i n the analc ite group. 

Experimental 

Synthet i c analcites a n d ion-exchanged derivat ives described prev ious ly 
b y B a l g o r d a n d R o y (11) were s tudied b y stepwise thermograv imetry 
at constant P H 2 O a n d b y powder x - ray di f fraction under s imi lar ly control led 
P H 2 o - T h e analcite samples were precondit ioned for at least three weeks 
i n a sealed atmosphere over saturated M g C l 2 - 6 H 2 0 ( P H 2 o = 7.9 t o r r ) . 
Except ions to th is procedure were made for cer ta in potass ium exchanged 
forms w h i c h tended to undergo water loss a n d s t r u c t u r a l changes even at 
ambient temperature . These labi le samples were he ld at 7 ° - 8 ° C over 
H 2 0 ( P H 2 O = 8 torr ) for storage. 

Thermograv imetr i c analyses were carr ied out i n 10°-30° temperature 
increments w i t h 200-mg samples us ing a convent ional (Mauer ) T G A sys
t e m . A u t o m a t i c recording of weight change was used to fo l low react ion to 
e q u i l i b r i u m , b u t ac tua l weighings were recorded o n l y b y m a n u a l operat ion. 
T h e sample was bathed cont inuously i n a i r of contro l led h u m i d i t y ( P H 2 O = 
7.9 torr) flowing at 180 c c / m i n . Precaut ions were t a k e n to min imize 
drafts a n d convective currents , and buoyancy correct ion curve was made 
to 950°C. F u r t h e r details on exper imental methods are avai lable (12). 

H i g h temperature x - r a y di f f ract ion was done w i t h selected samples 
us ing a T e m - P r e s model S X diffractometer furnace on a P i c k e r model 
3488E dif fractometer us ing filtered C u rad ia t i on . H i g h temperature runs 
were conducted w i t h samples i n a cont inuously replenished a i r atmosphere 
of 7.9 a n d 740 t o r r P H 2 0 . 

Results 

P a r e n t Ana l c i t e s . T h e dehydrat ion of a synthet i ca l ly prepared analc i te 
of n o r m a l composi t ion (Nai 6 Al i 6 Si3 2 0 9 6- 1 6 H 2 0 ) designated 114 analc i te 
(the index represents the molar rat io of the oxides—e.g., N a 2 0 - A l 2 0 3 -
4 S i 0 2 , of the parent analcite) proceeds at 7.9 t o r r P H 2 O w i t h second-order 
discont inuit ies at 100° a n d 200° C as shown i n F i g u r e 1. Otherwise, de-
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16. B A L G O R D A N D R O Y The Analcite Family 191 

h y d r a t i o n progresses smooth ly to complet ion a t 400° C . A t o t a l weight 
loss of 8 . 4 5 % corresponds to 16.4 H 2 0 molecules per u n i t ce l l . Repeated 
c y c l i n g between 200° a n d 400°C demonstrated t h a t reversible r e h y d r a t i o n 
on cool ing is achieved to about 225°C. B e l o w 200° C , despite closely 
spaced temperature halts a n d l o n g ho ld t imes (four months a l l o t ted to 
obta in ing the isobar) , a constant three H 2 0 per u n i t cel l difference persisted 
between the dehydrat i on curve of the v i r g i n zeolite sample a n d the re 
h y d r a t i o n curve of the mater ia l w h i c h h a d been heated to 680°C. 

X - r a y di f fract ion of 114 analc i te at 25 ° C revealed two weak reflections 
at d = 3.80 (at 23.4° 20) a n d 3.24 A (at 27.5 20) indexed as (320) a n d (411), 
respectively. These forbidden, weak reflections disappear f r om the 
pat tern on heat ing the zeolite above 200°C. T h e i r disappearance cor
re lated closely w i t h the pronounced second-order break i n the dehydrat i on 
curve at 200° C a n d suggests a randomiza t i on of the p a r t i a l l y ordered d i s 
t r i b u t i o n of 1 6 N a + ions over the 2 4 N a + sites ( V 8 , 0, y 4 ) i n the u n i t ce l l . 
A t the decomposit ion temperature , 916°C, the apparent cel l edge is 
13.69 A . 

T h e h igh-s i l i ca analc ite (Nai 2Al 1 2Si 36096- 1 8 H 2 0 ) , designated 116 
analc ite , contained a higher percentage of water , 8 .70%, re lat ive to 114 
analc i te . D e h y d r a t i o n a n d r e h y d r a t i o n (not shown) were smooth , w i t h o u t 

25eC 

250e 

300° 

916·· 

1 114 ANALCITE- 1 

P H 2 0 « 7.9 TORR J 
ι ι 

" . I 

1 
•SAMPLE DECOMPOSES 

• 1 1 1 1 L -A-

DEGREES 2 9(CUK-<) 

200 400 600 
TEMPERATURE β C 

800 

Figure 1. TGA curves and high temperature x-ray powder 
patterns for 114 analcite 
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6 5 ° 

3 7 5 4 

39d 

1 1 1 1 1 1 

KJQ 114 ANALCITE 
ι PH90=7.9.TQRR 1 

" NOTE: INTERMEOATE REFLECTION AT 
~ 258SEISIN AT 375* ON FRST HEATING 

ΔΝΠ 3?5°niU <*mfXi MFATING 

14 16 18 20 22 24 26 2 8 3 0 32 
DEGREES 26(CUK4 

K*£ 114 ANALCITE 

• HEATING 
• COOLING 
p H 2 0 « 7 9 T O R R 

2 0 0 4 0 0 6 0 0 
TEMPERATURE0 C 

8 0 0 

Figure 2. TGA curves and high temperature x-ray powder 
patterns for 2£ex.i9114 analcite 

pronounced second-order breaks. T h e h i g h - a l u m i n a analc i te (Na2oAl 2oSi 28-
0 9 6 - 1 2 H 2 0 ) designated 113 analc i te dehydrated quasi - cont inuously w i t h a 
second-order break at 150 ° C . T o t a l dehydrat ion , observed at 4 5 0 ° C , 
amounted to 8.2 w t % . R e h y d r a t i o n was near ly reversible, l a c k i n g on ly 
one H 2 0 molecule per u n i t ce l l of complet ion on stepwise cool ing to 25 °C . 

K e x 114 Ana l c i t es . A series of 114 analc i te samples, exchanged to 
v a r y i n g degrees w i t h K + , were s tudied b y T G A a n d h igh temperature 
x - r a y di f fract ion. F igures 2, 3, a n d 4 i l lus t rate dehydrat i on characterist ics 
a n d s t r u c t u r a l changes at tendant on heat ing samples i n w h i c h 19, 51, a n d 
9 3 % of the N a + has been replaced b y K + . Cond i t i ons of i o n exchange 
have been described (11). A l t h o u g h the onset of water loss commences 
at lower temperatures t h a n w i t h N a + phases, complete water loss is not 
accomplished below 4 0 0 ° C . Loss of water at l ow temperatures is a t t r i b 
u t e d to the exsolution of a h i g h l y dispersed, anhydrous , K + - r i c h , leucite 
phase. T h e m a t r i x , enriched i n N a + , completes dehydra t i on at the same 
temperature as the parent analc ite . B e y o n d 2 0 % replacement of N a + 
b y K + , H 2 0 a n d degree of K + exchange relate inversely . 

A n isobaric section ( P H 2 O = 7.9 torr ) of the system ana l c i t e - l euc i t e -
water (Figure 5) is proposed, based on ambient a n d h i g h temperature 
x - ray studies of seven samples w i t h increasing K + : N a + rat io , i n c l u d i n g 
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synthet ic analc i te a n d synthet i c leucite end-members. T h e l i m i t of so l id 
so lut ion of K + for N a + a t r o o m temperature is about 1 0 % . H i g h e r K + 
contents, 2 0 - 2 5 % exchange, m a y be to lerated metastab ly at subambient 
temperatures ; a lesser propor t i on of N a + , perhaps as l i t t l e as 5 % , is 
to lerated i n the leucite s tructure at ambient temperature . A l l tetragonal 
or two-phased samples became a single cubic phase at elevated t e m 
peratures, 600-680°C. 

C a e x 114 Analcite. T h e dehydrat ion curves obtained w i t h C a 2 + -
c onta in ing samples, Ca e x

8 2 114 analc ite , a n d n a t u r a l wa i rak i t e (not shown) 
were displaced t o w a r d higher temperature i n accordance w i t h the higher 
heat of h y d r a t i o n of C a 2 + (Table I ) . Complete dehydrat i on was obtained 
on ly above 500° C . T o t a l H 2 0 contents are s imi lar to or s l i ght ly less t h a n 
the parent analc i te . 

L i e x , M g e x , and N i e x 114 Analcites. T G A curves of samples conta in ing 
81, 32, a n d 1 1 % exchange of L i + , M g 2 + , and N i 2 + , respect ively for N a + 
were shi fted up i n temperature b y 50° -100°C. Second-order breaks were 
observed i n the dehydrat i on of L i e x 114 a n d N i e x 114. T h e water content 
increased b y 1 5 - 2 0 % , w h i c h must be correlated w i t h more efficient ac
commodat ion of the H 2 0 molecules i n the presence of s m a l l ions. E x 
t rapo la t i on to the pure end-member w o u l d y i e l d a water content which 
cou ld not be accommodated i n the channels. 

Sr e x
5 5 114 Analcite. T h e first-order d i s cont inu i ty at 220°C observed i n 

the T G A curve of this sample is unique among a l l ion-exchanged forms of 
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Figure 5. Isobaric (PH 2 O = 7.9 torr) section of the system analcite-leucite-water 
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16. B A L G O R D A N D R O Y The Analcite Family 195 

114 analcite studied (Figure 6). O n the basis of T G A data , s t r u c t u r a l 
changes were expected i n the region 200°-250°C. C o n t r a r y to expectation, 
no sensible change i n structure was detected b y x - ray di f fract ion w i t h i n 
20 l imi t s imposed by l ine broadening. 

Ca e xsi 116 Analcite. T h e most persuasive example of a s t ruc tura l l y 
related d iscont inui ty i n dehydrat ion behavior was found i n the invest igat ion 
of C a e x 116 analcite. F igure 7 shows the T G A d a t a i n w h i c h the d e h y d r a 
t i on and rehydrat i on curves describe a near ly closed hysteresis loop. T h e 
break at 425° C is correlated w i t h a first-order t rans format ion detected b y 
x - ray at 453°C. T h e transformat ion is accompanied by a 1 0 - 2 0 % reduc
t i o n i n cell vo lume as the last water is rejected. 

Table I. Dehydration Behavior of Cationic Derivatives of Normal, High, 
and Low Silica Analcites 

Parent Comple
Phase Onset tion 
(AW*: H20, Temp., Temp., 
Si02) Cation wl% °C °C Character 

1:4 Na 8:45 100 400 continuous, except for break 
at 200°C 

K(19)« 8.15 30 400 quasi-continuous 
K(51) 5.10 80 400 step at 80°C 
K(93) 1.05 80 400 second-order breaks at 100 

and 250° C 
Li(81) 9.00 50 500 second-order breaks at 100 

(Mg,Ni) and 280° C 
Ca(81) 8.70 100 500 quasi-continuous 
Sr(55) 9.45 100 480 first-order break at 230°C Sr(55) 

second-order break at 
325° C 

1:6 Na 8.70 50 400 quasi-continuous 
K(35) 7.60 30 320 small step at 45° C 
Ca(81) 8.60 40 500 first-order break at 450° C, Ca(81) 

first-order break at 330° C 
on rehydration 

1:3 Na 8.20 50 400 second-order break at 150° C 
a Number in parenthesis is percentage replacement of N a + by that cation. 

Discussion and Summary 

T h e most d is t inct ive characterist ic of the analc ite f ramework is i ts 
re lat ive robustness—i.e., compared q u a n t i t a t i v e l y w i t h N a - P a n d q u a l i t a 
t i v e l y w i t h m a n y other zeolite famil ies . A rehydratable analc i te f rame
work survives heat ing to 9 1 0 ° C at 7.9 t o r r P H 2 O ; the basic atomic arrange
ment of the K + f o rm, leucite, persists to 1 6 9 3 ° C . A s compared w i t h the 
N a - P zeolites the basic network of analc i te apparent ly does not change 
m u c h on dehydrat i on . Consequent ly , there are few clear-cut changes i n 
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Figure 6. TGA curves and high temperature x-ray powder 
patterns for £r«.55 114 analcite 

the powder patterns . Several minor changes i n s y m m e t r y are found, b u t 
they are not sufficiently w e l l defined to give even unambiguous indicat ions 
of ce l l size or s y m m e t r y . 

Nonetheless, two generalizations emerge f r o m T G A a n d h i g h t e m 
perature x - r a y da ta . T h e first is t h a t the dehydrat i on curves of analc i te 
c ommonly d i sp lay second-order breaks i n the T G A curve—i .e. , continuous 
a n d smooth curves h a v i n g one or more changes of slope. I n contrast to the 
first-order dehydrat i on reactions i n T a y l o r a n d R o y ' s classif ication, these 
must represent a t rue phase- transi t ion type react ion, where the l o w t e m 
perature phase transforms sluggishly a n d thereby gives rise to the smooth 
curve rather t h a n one w i t h a sharp change of slope. T h e model is i l l u s 
t r a t e d i n F i g u r e 8. T h e curve for the ac tua l (observed) dehydrat i on lags 
beh ind the e q u i l i b r i u m s i tuat ion for k inet i c reasons a n d the metastable 
persistence of phases. A t the t rans i t i on temperature instead of a 1 0 0 % 
change to the new phase, there is a p a r t i a l conversion. A n increase i n 
percentage conversion follows over the next several tens of degrees. T h e 
resul tant weight loss curve then is , i n fact, the s u m of two curves of a 
metastab ly persist ing phase, itself cont inuously changing, a n d a n increasing 
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Figure 7. TGA curves and high temperature x-ray powder 
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Figure 8. Interpretation of second-order breaks in TGA curves in analcite 
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Table II. Crystal Chemical Relationships in the Analcite Family 

Symmetry : cubic. 
Cell edge: increased 
to 13.75 A. Water 
content: lowered 
to 14.2 H 2 0 per cell. 
Dehydration: begins 
at lower temperature, 
more reversible, 
smooth and continuous. 

Maximum substitution: 
10% at room tempera
ture after which two 
phases form. Sym
metry: cubic in high-
Na phase, tetragonal 
in Na-light phase. 
Dehydration : hys
teresis, two-phase sam
ples. Cubic in range 
600-680°C. 

-raised to 
1:3 

lowered to -
1:6 

Change of 
Al 203:Si0 2 ratio 

L _ 
N a + 1:1:4:» 

cubic 
a0 = 13.72 A 

Ca« 

Complete exchange. 
Symmetry: 
monoclinic (?) 
Water content: 
approximately 
equivalent to Na 
form. Dehydra
tion: higher 
temperature, more 
reversible. 

Symmetry : cubic. 
Cell edge: lowered to 
13.66 A. Water 
content: increased to 
19.4 H 2 0 per cell. 
Dehydration: begins 
at lower temperature, 
equally as reversible 
as 1:1:4, smooth and 
continuous. 

S r 2 + dehydration shows 
first-order step at 
225°C but no struc
tural changes from 
x-ray data. N i 2 + : 
limited exchange, 
greatly increased H2O 
content. 

Li+: complete ex
change, contracted 
cubic cell, a = 13.5 A 
begins to dehydrate at 
lower temperature, 
higher H2O content. 

propor t i on of the new e q u i l i b r i u m phase(s) ( in this par t i cu lar P-T range) 
w h i c h is also changing composit ion cont inuously . I n some cases the T G A 
breaks are far more sensitive to phase changes t h a n are x - ray m e t h o d s — 
e.g., the dehydrat i on of S r e x 114 analcite . 

T h e A l 2 0 3 : S i 0 2 ra t io influences the dehydrat i on characteristics of 
analc i te on ly to a l i m i t e d extent. B o t h h i g h a n d l o w a l u m i n a Na-ana l c i t es 
dehydrate i n a continuous fashion. However , the h i g h a l u m i n a f o r m 
undergoes water loss beginning at lower temperatures a n d is more near ly 
reversible. T h e overa l l c r y s t a l chemical relat ionships are summar ized i n 
T a b l e I I . 
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Genetic Associations of Sedimentary 
Zeolites in the Soviet Union 

A. G. KOSSOWSKAYA 

Geological Institute, USSR, Academy of Sciences, Pijewsky 7, Moscow U.S.S.R. 

Four types of association of zeolites with clay minerals are class
ified: (I) sedimentogenesis, (II) diagenesis, (III) regional epi
genesis-metamorphism, (IV) "superimposed" changes within 
fields of high thermal activity. Zeolites of the true sedimentary 
formations (II) are examined in detail. The parent material is 
"disguised" pyroclastic since zeolite formation is impossible 
without fresh reactive aluminosilicates (often pyroclastic). 
Given the presence of such raw material, a facies series can be 
outlined, showing the confinement of zeolites to various climatic 
environments according to increasing pH of the mineral-forming 
solutions. Ca-zeolites (heulandite, laumontite) are associated 
with humid coal-bearing formations; Ca-Na-K zeolites (clinop
tilolite) in normal marine rocks; and Na-zeolites (analcime) are 
confined to red formations of arid climate. 

^ p h e widespread occurrence of zeolites i n sediments of diverse genesis 
A suggests t h a t i n a few years they w i l l become no less i m p o r t a n t as i n d i 

cators of geological facies t h a n are c lay minerals t oday . I n th is role b o t h 
the crysta l lochemica l var iat ions of the same zeolite i n different modes of 
occurrence a n d the paragenetic relationships w i t h other zeolites a n d c lay 
minerals can be used. T h e first step i n us ing sedimentary zeolites as i n d i 
cators of geological environments is the ir genetic classif ication. A possible 
scheme is g iven i n F i g u r e 1. 

D a t a enabl ing comparisons of the composi t ional differences of sedi 
m e n t a r y zeolites of different or ig in are scarce. S u c h comparisons have 
been most ly between zeolites f r om magmat i c rocks a n d those f r o m sedi
m e n t a r y rocks, independent of the genetic t y p e of the la t te r (1). T h e 
studies of Coombs a n d W h e t t o n (2), w h i c h compared the specific features of 
analc ime i n metamorphic a n d unaltered sedimentary rocks, are evidence 
of the capabi l i t ies of th is approach. C l inopt i l o l i t es belonging to different 
g roups—alka l ine basins of the U n i t e d States ( la ) , t rue sedimentary rocks 

200 
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of n o r m a l mar ine basins of the U . S . S . R . ( l i b ) , a n d volcanogenic rocks of 
the upper zone of epigenetic change i n J a p a n ( I I I )—show substant ia l 
differences i n chemical composit ion (Figure 2). T h e c l inopt i lo l i te of the 
siliceous Cretaceous formations of the U . S . S . R . is characterized b y a higher 
A l a n d S i content, a s m a l l number of t o t a l cations, a n d a prevalence of C a 
over N a + K . 

N o significant differences have been established between heulandite 
a n d laumont i t e i n sedimentary formations i n the zones of deep epigenesis 
( in i t ia l metamorphism) , on the one h a n d , a n d the same minerals i n h y d r o -
t h e r m a l deposits, on the other. A p p a r e n t l y , th is w i l l require more fac tual 
data . Nevertheless, the d i s t r ibut i on of these zeolites a n d the associations 
of c lay minerals permit a d i s t inc t ion between the zeolite facies of regional 
epigenesis-metamorphism a n d the zeolite minera l i zat ion i n geothermal 
areas (recent h y d r o t h e r m a l systems). 

I n regional epigenesis -metamorphism ( I I I ) , zeolite zonat ion is con
tro l led b y the gradual rise of temperature a n d pressure d u r i n g b u r i a l . 
Zeolites of the heulandite groups are replaced b y l aumont i t e a t depths 
greater t h a n 2000-2500 m . I n shallower regions montmor i l l on i te d is 
appears completely f r om the co lumn, a n d laumont i te is usua l ly associated 
w i t h d ioctahedral chlor ite a n d i l l i t e (e.g., the V e r k h o y a n region). I n the 
case of l o ca l t h e r m a l metamorph ism ( IV) no zona l i ty is observed i n the 
d i s t r ibut i on of zeolites a n d c lay minerals (3, 4). L a u m o n t i t e is found i n 
places i n the upper horizons but is replaced b y mordenite i n lower horizons 
a n d b y heulandite i n association w i t h montmor i l l on i te . T h e zones of 
zeo l i t izat ion c ommonly s tart at the surface a n d extend to depths of several 
hundred meters. D i s t r i b u t i o n of zeolites is control led on ly b y rock perme
a b i l i t y , temperature , a n d the chemistry of solutions (e.g., K a m c h a t k a , 
K u r i l Isles). 

T h e composit ion of zeolite assemblages can also serve as a cr i ter ion of 
geological environment . T h e richest a n d most diverse compositions of 
zeolites are observed i n tufogenic rocks of a lka l ine lakes a n d h y d r o t h e r m a l 
systems. T h e true sedimentary rocks have the poorest d ivers i ty of zeo
lites. T h e la t ter t y p e is the least described i n the l i terature a n d is d is 
cussed at greater l ength here. I n t rue sedimentary formations of the 
U . S . S . R . (II) three types of zeolite assemblages are widespread: analc ime, 
c l inopt i lo l i te , a n d heulandite - laumont i te . Studies of these assemblages i n 
the R u s s i a n P l a t f o r m , the s u b - U r a l s , a n d eastern S iber ia have l ed me to 
conclude t h a t zeolites i n pure ly sedimentary deposits cannot be formed as 
a result of facies environment alone. A n indispensable condi t ion to the ir 
f o rmat ion is the presence of a p r i m a r y , easily decomposed, parent a l u m i n o 
si l icate mater ia l . S u c h mater ia l i n regions remote f rom volcanic a c t i v i t y 
is most l i k e l y of pyroc last ic or ig in . T h e zeolite associations i n these sedi
m e n t a r y series can be referred to as "d i sgu i sed . " T o detect these associa
t ions one must search for "witnesses" w h i c h can be obta ined b y a thorough 
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Stage Genetic 
types 

Regions 
and 
age 

Authors 

Sedimento-
- genesis 

Diagenesis 

Oceanic sediments 
(recent and old) 

I 

a Sediments of 
oceans (Recent-

Eocene) 

Bonatti uss3) 
Arhenius (issa) 

Sedimento-
- genesis 

Diagenesis Alcaline lake sediments 
(recent and old) 

I 

β 
West regions of 
USA, East Africa 
(recent, Q , Tr) 

Hau (1868} 
Shebpard, 
Gude 0964) 

Diagenesis 

- i n i t i a l 

epigenesis 

True sedimentary 

formations without 

traces of volcanic 
act iv i ty 

puroclastics) 

I 

a South sub-Urals 

( P ) 

Kossowskaya, 

Sokolova (1972) 
Diagenesis 

- i n i t i a l 

epigenesis 

True sedimentary 

formations without 

traces of volcanic 
act iv i ty 

puroclastics) 

I β 
Southern region 
of the Russian 
Platform (Cr2-Pg) 
England (Cr) 

BututOVa (19B4) 

Brown et aUisss) 

Diagenesis 

- i n i t i a l 

epigenesis 
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Figure 1. Abundance 

analysis of the paragenetic relations of de t r i ta l r o ck - f o rming a n d accessory 
minerals a n d co-existing c lay a n d other authigenic minerals . T h e fo l lowing 
discussion presents such analyses for the three types of regional ly occur
r i n g zeolites. 

Red Analcime Formation of the Sub-Urals {Late Permian) 

A n a l c i m e i n P e r m i a n terrigene rocks of the sub -Ura l s was observed 
long ago (5, 6), b u t i ts d i s t r ibut i on a n d format ion condit ions became k n o w n 
on ly recently (7). T h e P e r m i a n red format ion , about 600 m th i ck , con
sists of a lower complex w h i c h is terrigene-chemogenic a n d is formed i n 
saline lakes a n d lagoons, a midd le complex of n o r m a l mar ine or ig in , a n d a n 
upper complex w h i c h is also saline a n d lagoonal i n i ts lower par t a n d more 
desalinated i n its upper part . T h e lower and upper complexes consist of 
interbedded sandstones, siltstones, marlstones, dolomites, and , i n some 
places, gypsums. B y the i r d e t r i t a l m i n e r a l composit ion the sandstones 
are l i thoclast ic greywackes a l though the lower complex contains more 
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[Characteristics 
of the objects 

Deep-water zeolite 
clays 

Chemogenic-puroclastic 
sediments 

Red-terrigene formations 

of arid climate 

Marine silico-cretace

ous formations 

Terrigene coal-bearing 
formations of humid 

climate 

Thick clastogenic 

series w i t h zonal 

distribution of zeo

lites and clay minerals 

Absence of zonalitg 
in distribution of 
zeolites and clay 
minerals. Often mine
ralisation in viens. 

of minerals L e g e n d : 1.1 

basic extrusive rock fragments, a n d the upper complex contains more ac idic 
igneous rock fragments. Ident i ca l facies environments of saline lake 
basins i n the lower a n d upper complexes gave rise to ident i ca l authigenic 
c lay minerals . These are corrensite a n d specific F e - i l l i t e of evaporite 
formations (£) . T h e chemogenic minerals inc lude calcite, dolomite , a n d 
gypsum. 

A n a l c i m e occurs on ly i n the upper lagoonal complex i n beds 150-300 
m th i ck . I t is most widespread i n the cement of sandstones a n d fills the 
pores of m a n y chemogenic rocks associated w i t h t h e m . T h e widespread 
occurrence of analc ime i n the upper complex a n d i ts absence i n the. lower 
complex (despite the s imi lar composit ion of d e t r i t a l mat te r a n d the i d e n t i 
ca l condit ions of formation) w o u l d have been unaccountable were i t not 
for one pecul iar feature of the heavy m i n e r a l f ract ion . T h e heavy m i n e r a l 
content of rocks of the upper complex varies f rom fractions of a percent to 
2 or 2 . 5 % . U p ot 5 0 % of the heavy m i n e r a l f ract ion consists of fresh, 
monocl inic pyroxene a n d amphibole . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

01
7

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



204 M O L E C U L A R S I E V E S 

o-USA Δ-Uapcm •-USSR 

Figure 2. Relative significance of the zeolite formation factors 

T h e strat igraphie boundary of authigenic analc ime i n sandstone ce
ment coincides almost exact ly w i t h the heavy m i n e r a l boundary . T h i s 
coincidence has been observed i n a large area of the red f o rmat ion of the 
sub -Ura l s foredip ( from Orenburg to P e r m , a distance of about 1000 k m ) . 
T h e pyroxene a n d amphibole (as we l l as angular quartz grains observed i n 
m a n y t h i n sections) can be regarded as witnesses of the former presence 
of pyroc last ic mater ia l . These d a t a suggest t h a t the vo lcanic a c t i v i t y i n 
the sub -Ura l s began as ear ly as the late P e r m i a n . 

A n o t h e r type of analc ime concentrations i n sedimentary rocks are 
analc imol i tes . These are rocks composed almost ent ire ly of granular , 
spherul i t ic analc ime. Beds up to 1 to 2 m t h i c k have been described i n 
Jurassic formations of Georg ia (9). S i m i l a r rocks have been f ound b y 
B u r y a n o v a (10) among analc ime tuffs a n d tuffaceous sandstones of early 
Carboni ferous deposits of T u v a . A n a l c i m o l i t e s are s t r u c t u r a l l y s imi lar 
to the rocks described b y Vanders tappen a n d Verbeek (11) i n Cretaceous 
a n d Jurassic rocks of the Congo. These authors assumed a sedimentary 
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or ig in of the analc ime on the basis of the absence of evidence of vo l canic 
ash. T h e d a t a of H a y (12) a n d G u d e a n d Sheppard (13) suggest, however, 
t h a t a p r i m a r y v i t roc las t i c r o ck structure of partic les of ash might have 
disappeared i f the analc ime d i d not f o r m d i rec t ly f r o m the glass b u t f r o m 
previous ly formed zeolites, such as phi l l ips i te or c l inopt i lo l i te . F u t u r e 
studies w i l l p robab ly enable us to f ind the sources of the si l icate mater ia l 
tha t served to f o rm this t ype of rock. I t is not u n l i k e l y that this w i l l prove 
to be disguised volcanogenic mater ia l . 

Clinoptilolite in the Siliceous Cretaceous Formation of the Russian Platform 

T h e marine formations of late Cretaceous-Paleogene age on the south 
ern par t of the R u s s i a n P l a t f o r m can be traced a long s tr ike for more t h a n 
2500 k m a n d across i t for more t h a n 1000 m . T h e y consist mos t ly of 
siliceous rocks (gaizes), c lays, marls , chalk , a n d a s m a l l amount of sand
stones a n d siltstones of quartzose composit ion. T h e rocks abound i n 
glauconite a n d often conta in phosphorites ; the clays are of a m o n t m o r i l -
l on i t i c composit ion, a n d a few pure bentonites have been found. C l i n o 
p t i l o l i t e occurs i n almost a l l types of rocks of these formations. I t fills 
pores a n d chambers of foramini fera a n d rad io lar ia a n d varies f r o m fractions 
of a percent to 2 - 3 % of the rock. I t c ommonly makes up 7 0 - 8 0 % of the 
0.01- to 0 .001-mm fract ion . 

A l l of the authors who studied these rocks regarded the genesis of the 
zeolite minerals as pure ly sedimentary, connected w i t h diagenesis processes 
(14, 15j 16j 17). Indeed, there was no vo lcanic a c t i v i t y on the R u s s i a n 
P l a t f o r m at tha t t ime . T h e abundance of s i l i ca i n the bas in , w h i c h p r o 
v i d e d for the ac cumulat i on of siliceous rocks, was usua l ly explained b y the 
inflow of dissolved components in to the basin f r om adjacent weather ing 
crusts. T h e r e is a contrad ic t ion at th is po int w h i c h has passed unnot i ced 
b y a l l of the authors. T h e monomineral l i c quartz composit ion of the sand
stones, w i t h on ly stable accessory minerals preserved (zircon, ru t i l e , 
tourmal ine) suggests t h a t the sources of d e t r i t a l mater ia l were either 
weather ing crusts or quartzose terrigene rocks of Paleozoic age. I f th is is 
t rue , the c lay minerals should consist of those minerals w h i c h are more 
resistant to weathering, p a r t i c u l a r l y , kao l in i te . T h i s minera l has not been 
found i n these deposits. T h e c lays a n d c lay cement of the sandstones 
consist on ly of montmor i l l on i t e and , i n places, a lmost pure glauconite. 
T h u s , there is a d is t inct genetic disagreement between the inert composi 
t i o n of the elastics a n d the intensive development of authigenic minerals as 
evidenced b y the presence of large amounts of glauconite, montmor i l l on i te , 
zeolites, a n d phosphates. T h e need to explain the source of the reactive 
a luminos i l i cate mater ia l t h a t was used to f o rm a l l these minerals has not 
yet a t t rac ted at tent ion . 
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T h e fo l l owing hypothesis m a y be advanced . T h e late Cretaceous-
Eocene per iod wras a t i m e of intensive A l p i a n orogenesis. A l p i a n vo l can ic 
a c t i v i t y i n the Caucasus a n d the C a r p a t h i a n s m i g h t have suppl ied the v a s t 
sea bas in t h a t covered the entire southern p a r t of the R u s s i a n P l a t f o r m 
w i t h fine pyroc last i c m a t e r i a l . T h i s served as the r a w m a t e r i a l i n the 
f o rmat ion of authigenic minerals such as c l inopt i lo l i te , cr istobal i te , m o n t 
mor i l l on i te , a n d glauconite. L a s t year , i m p o r t a n t proofs for th is h y p o t h 
esis were obtained b y M u r a v y o v (18). D e t a i l e d field a n d microscopic 
studies of siliceous rock textures (gaize) a n d the i r comparison w i t h b i o 
genic si l icites p rompted th is author to conclude t h a t m a n y siliceous rocks 
of the R u s s i a n P l a t f o r m were tuffs. Siliceous rocks passing d i rec t ly over 
in to bentonites w i t h abundant remnants of vo l canic glass fragments i n 
fractions larger t h a n 0.005 m m have been found. 

Laumontite-Heulandite Associations in the Coal-Bearing 
Series in Eastern Siberia 

T h e coal -bearing Cretaceous formations of the V e r k h o y a n area are 
400-500 m t h i c k i n p l a t f o r m areas a n d over 2500 m t h i c k i n the foredip. 
I n the foredip t h e y extend f r om the n o r t h to southeast for more t h a n 1500 
k m . L a u m o n t i t e occurs o n l y i n the foredip i n sandy packets, 20-100 m 
t h i c k . L a u m o n t i t e is absent i n p l a t f o r m sections; however, i n some of 
t h e m , Ca-zeol i tes , such as heulandite , desmine, a n d probab ly epist i lb i te , 
have been found. A l t h o u g h laumont i t e is widespread throughout the 
entire Cretaceous formations of the foredip, zeolites i n p l a t f o r m sections 
are rare a n d have been found mos t ly i n nor thern regions (19,20). 

T h e presence of l aumont i t e a n d other Ca-zeol i tes appears to be re 
l a t ed to the composi t ion of the sandstone, a n d these minerals are most 
abundant i n arkoses conta in ing calcic plagioclase (up to A n 4 0 ) . L a u m o n t 
i te was formed at the expense of Ca-plagioclase d u r i n g b u r i a l to not less 
t h a n 2000 or 2500 m . T h e laumont i t e facies of the V e r k h o y a n region 
m a y therefore be compared w i t h the laumont i t e facies of N e w Zea land (21). 
C l a y minerals i n the p l a t f o r m sections commonly conta in montmor i l l on i te . 
I n the foredip rocks montmor i l l on i t e occurs w i t h a mixed layer , 28 A chlo -
r i t e - m o n t m o r i l l o n i t e minera l a n d i l l i t e but never w i t h laumont i te . L a u 
mont i te is widespread i n t h i c k sections of other coal-bearing formations 
wherein the clastic mater ia l is of greywacke a n d medium-arkose composi 
t i o n . L a u m o n t i t e is also widespread i n Jurassic rocks of the I r k u t s k coal 
bas in (22), Carboni ferous rocks of the C h i t a bas in (28) a n d Tr iass i c rocks 
of the nor thern regions of the Pechora coal basin (24). 

T h e above discussion suggests t h a t t rue sedimentary formations are 
general ly poor i n types of zeolites (containing on ly one or t w o species) a l 
though the or ig in of the zeolites is c learly contro l led b y the facies cond i 
t ions. A n indispensible condi t ion is the presence of fresh a luminos i l i cate 
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material as disguised pyroclastics. The following series of facies can be 
suggested, in order of increasing pH of the mineral-forming solutions: 

Coal-bearing formations 
of humid climate 

Normal marine deposits 
Red formations of arid 

climate 

Ca-zeolites: 

Ca-Na:K zeolites: 
Na-zeolites: 

laumonite, Ca-heu-
landite, desmine epi-
stilbite (?) 
clinoptilolite 
analcime 
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Mechanism of Formation of 
X and Y Zeolites 

Phenomena during Aging of Hydrogels 

F. POLAK and A. CICHOCKI 

Institute of Chemistry, Jagiellonian University, Krakow, Poland 

Changes in chemical composition occurring during aging and 
after crystallization of aluminosilicate hydrogels used to syn
thesize zeolites X and Y were studied. The nature of the 
changes in the liquid and solid phases is similar to that after crys
tallization. Groups facilitating crystallization are probably 
formed after brief aging. After prolonged aging of the hydrogel 
used for synthesis of zeolite X only small amounts of zeolite X are 
formed, and the hydrogel is unable to crystallize further. This 
may be related to advanced polycondensation, indicated by the 
Na2O/Al2O3 ratio in the solid phase, decreasing almost to unity. 
During synthesis of zeolite Y the silica sol forms the zeolite only if 
exposure to NaOH is short. 

*"ρΐιβ synthesis of zeolites X a n d Y is usua l ly carr ied out b y t r e a t i n g 
aqueous solutions of s od ium sil icates or s i l i ca sol w i t h a so lut ion of 

s od ium a luminate . I f the content of d r y mass is between 10 a n d 2 5 % , 
the resu l t ing prec ipi tate fills the react ion vo lume , f o rming a t y p i c a l co l l o id 
prec ip i tate (1), a n a luminos i l i cate hydroge l . I t was postu lated (2) t h a t 
the s tructure of such hydrogels consists of oxygen, s i l i con , a n d a l u m i n u m 
tetrahedra , w h i c h are three-dimensional ly po lymer ized as i n zeolites. 

Zeo l i te f o rmat i on depends on react ion condit ions {2-4)- I t is gener
a l l y bel ieved t h a t most zeolites are formed as metastable phases. A c c o r d 
i n g to B a r r e r (3), the course of the synthesis , beg inning w i t h the t y p e of 
s t a r t i n g m a t e r i a l , determines the s tructure of the zeolite formed. T h e 
studies of Z h d a n o v (2, 5) o n the composi t ion of l i q u i d a n d so l id phases of 
hydrogels ind icate t h a t the k i n d a n d composi t ion of the zeolite formed de
pend on the hydroge l composi t ion a n d t h a t the results of c r y s t a l l i z a t i o n of 
a luminos i l i cate gels obta ined i n the same w a y are reproducible . 

209 
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P o l a k has reported (6) t h a t a decisive factor inf luencing the synthesis 
of a zeolite is the aging of hydroge l . T h i s paper reports a s tudy of the i n 
fluence of hydroge l aging on zeolite f o rmat ion based on measurements of 
changes i n the l i q u i d a n d so l id phases of the hydroge l . U s i n g th is method 
several phenomena occur ing i n the hydroge l were revealed. 

Zeol ite Y m a y be obta ined either by using a sod ium sil icate so lut ion or 
f r o m s i l i ca sol (7, 8). T h e f o rmat ion of zeolite Y depends on the t ime of 
ac t i on of N a O H on the sol before the i n t r o d u c t i o n of a luminate (7). I t has 
been bel ieved t h a t this phenomenon depends upon a depo lymer izat ion of 
the s i l i ca contained i n the sol . T h e phenomena occurr ing d u r i n g the s y n 
thesis of zeolite Y were also invest igated b y measuring changes i n the l i q u i d 
a n d so l id phases of the hydroge l . 

Experimental 

A l u m i n o s i l i c a t e hydroge l was obtained us ing either sod ium metas i l i -
cate so lut ion conta in ing ca. 6 % S i 0 2 a n d 6 % N a 2 0 , or s i l i ca so l conta in ing 
ca. 3 0 % (w /w) S i 0 2 . T h e sod ium a luminate so lut ion contained ca. 2 8 % 
A 1 2 0 3 and 2 0 % N a 2 0 . I n the experiments w Tith sol , N a O H was introduced 
in to the sol . T h e first product formed was s i l i ca gel . I f th is gel was the 
mater ia l for the synthesis of zeolite X , i t was s t i r red for 2.5 m i n a n d then 
treated w i t h s o d i u m a luminate . T i m e of ag ing was counted f r o m th is 
moment on. 

H y d r o g e l samples were t a k e n at var ious in terva ls . T h e l i q u i d phase 
for composi t ion studies was separated b y centr i fugat ion, and the so l id 
phase was separated b y filtration a n d washing u n t i l the p H of the filtrate 
fe l l below 11. P a r t of the sample was heated to carry out c rys ta l l i za t i on , 
a n d the composit ions of l i q u i d and so l id phases were determined. 

I n b o t h phases the S i 0 2 a n d A 1 2 0 3 content was determined g r a v i -
metr i ca l l y . N a 2 0 was determined b y flame p h o t o m e t r y i n the so l id phase 
a n d v o l u m e t r i c a l l y i n the l i q u i d phase. T h e results were reproducible 
to a few hundredths of a percent. T h e so l id phase after c rys ta l l i za t i on 
was invest igated b y x - ray di f fract ion powder analys is , and i ts sorpt ive 
properties w i t h n i trogen were determined us ing the B E T method . T h e 
content of zeolite X was ca lculated b y compar ing the sorpt i on w i t h that of 
a lmost pure zeolite X . 

Changes of N a 2 0 content i n the so l id phase d i d not para l l e l those i n 
the l i q u i d phase. T a b l e I l i s ts the molar ratios of N a 2 0 / A l 2 0 3 f ound i n the 
so l id phase a n d the values ca lculated f r o m the compos i t ion of the l i q u i d 
phase a n d the amounts of the reagents. I t was assumed that par t of the 
water is b o u n d to the so l id phase : 1 mole of S i 0 2 b inds 1.5 moles of H 2 0 , 
a n d 1 mole of A 1 2 0 3 b inds 6 moles of H 2 0 (9). I n the crystals each mole 
of A 1 2 0 3 b inds 7 moles of water (10). 

Results 

Zeol i te X . A n a l y t i c a l results are reported i n T a b l e I (11). T h e c om
posit ions of so l id a n d l i q u i d phases of freshly prepared hydrogel depended 
on the source of s i l i ca . However , after c rys ta l l i za t i on and prolonged aging 
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18. P O L A K A N D C I C H O C K I X and Y Zeolites 211 

(Table I ) , the compositions of l i q u i d a n d so l id phases became near ly 
ident i ca l i n the zeolites synthesized f rom sol a n d f r om metasi l icate. T h e 
N a 2 0 / A l 2 0 3 rat io i n the so l id phase, w h i c h differed f r o m 1 i n freshly 
prepared zeolites, fe l l to 1 (almost exactly) after c rys ta l l i za t i on or p r o 
longed aging. 

X - r a y a n d sorpt ion analyses of the so l id phase revealed that i n the 
case of metasi l icate on ly s m a l l amounts of zeolites were formed f r o m the 
hydroge l after 1 h r of aging w i t h heat ing ; after a longer period—e.g., 
24 hr , a lmost quant i ta t i ve transformations into zeolite X , w i t h a s m a l l 
amount of zeolite A , were observed. I n one experiment (V) no zeolite A 
was found. I f sol was used as the s i l i ca source, the c r y s t a l l i z a t i o n was 
almost complete after 1 hr of aging, b u t about hal f of the product was 
zeolite A . Some samples ( K G , G K , G z ) contained s m a l l amounts (up to 
20%) of zeolite X i n the so l id phase after prolonged aging. 

E x p e r i m e n t s were carr ied out to invest igate the behavior of prolonged 
aging of the a luminosi l i cate hydroge l d u r i n g c rys ta l l i za t i on . T h e results 
of the x - r a y a n d sorpt ion experiments are reported i n T a b l e I I for the 
metasi l icate a n d i n T a b l e I I I for the sol . I n one experiment ( K G - I I ) s i l icate 
so lut ion was added to sod ium a luminate . T h e results ind i ca ted t h a t the 
aged hydroge l d i d not f o rm add i t i ona l amounts of zeolite, even when heated 
for 24 hr . T h i s indicates the loss of a b i l i t y of hydroge l to crysta l l i ze after 
prolonged aging. 

Zeolite Y . E x p e r i m e n t s S I a n d S I V revealed that the composi t ion of 
hydroge l changes d u r i n g ag ing ; the d irect ion of the change wras s imi lar to 
t h a t observed i n experiment Z - I (zeolite X ) (see T a b l e I V ) . Zeol i te Y 
was formed o n l y i n experiment S K I i n w h i c h N a O H acted o n the sol for 
5 m i n . I f th is per iod was longer, no zeolite Y was formed. 

Discussion 

O u r s tudy on the synthesis of zeolite X indicates c lear ly t h a t d u r i n g 
ag ing changes i n the b o t h so l id a n d l i q u i d phases of the hydroge l 
take place. Those changes, however, are s m a l l i f the aging per iod is short , 
a n d they cannot exp la in w h y zeolite X is not formed after 1 hr b u t after 
24 hr of aging. I t is conceivable t h a t the a b i l i t y to crysta l l i ze after 24 hr 
is caused b y hydro lys i s of the exist ing bonds i n sil icates a n d f o rmat i on of 
new bonds w i t h other partners (3, 12). These reactions l ead to a new 
arrangement of a l u m i n u m a n d s i l icon tetrahedra , f a c i l i t a t ing the f o rmat ion 
of zeolite X crystals . 

I f metasi l icate is used as the s tar t ing m a t e r i a l , the i n i t i a l solutions 
conta in monomers of S i O H 4 a n d A 1 0 H 4 ~ . I n a lka l ine m e d i u m a large 
proport ion of the S i O H 4 monomer exists i n the anionic f o r m , e.g., S i O H 3 0 ~ , 
b u t dimers are also present (13, 14), a n d higher po lymers m a y also appear 
(13). A f t e r m i x i n g the si l icate so lut ion w i t h the a luminate so lut ion , p o l y -
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212 M O L E C U L A R S I E V E S 

Table I. Zeolite X . Changes in the 
Heating 
(~100° 

Expt Expt Prep of Mixture and Si02 Source Aging Time hours 

IV Aluminate to metasilicate 1 hour 0 
24 hours 0 
24 hours 6 

V Metasilicate to aluminate 1 hour 0 
24 hours 0 
24 hours 6 

K G Metasilicate to aluminate 1 hour 0 
24 hours 0 

5 months 0 
G K Aluminate to metasilicate 1 hour 0 

24 hours 0 
5 months 0 

Z-I Aluminate to (sol + NaOH) 1 hour 0 
24 hours 0 
24 hours 6 

Gz Aluminate to (sol + NaOH) 1 hour 0 
24 hours 0 

5 months 0 
a Composition of the reaction mixture: Si0 2/Al 20 3, 3.44: Na0 2/Si0 2 > 1.32; 

HaO/NaA 39.82. 

Table Π. Zeolite X. Sodium Metasilicate. Prolonged Aging a 

Heating 
Aging, (~100°C), 
Months hours Zeolite X Content, % (w/w) 

Expt. G k - Π (aluminate to metasilicate) 
5 0 ~15& 15° 
5 6 ~18 12 

16 0 ~20 11 
16 6 ~20 12 
16 24 ~20 15 

Expt. KQ-H (metasilicate to aluminate) 
5 0 — 14 
5 6 — 17 

16 0 — 15 
16 6 — 15 
16 24 — 19 

a Composition of reaction mixture same as in Table I. 
b Calculated from x-ray analysis. 
c Calculated from N 2 sorption. 
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Liquid and Solid Phase of the Hydrogel* 

Liquid-Phase Composition, % (w/w) 

Solid-Phase Mole Ratios 

Na20/Al2Os SiQi/AW* 

Si02 Al203 Calcd Anal Anal 

5.96 1 .50 0.09 1 .38 0.99 2.79 
6.20 1 .51 0.08 1 .23 1.00 2.71 
6.54 1 .73 0.04 0 .95 0.99 2.60 
5.97 1, .22 0.09 1 .39 0.98 2.87 
6.21 1. 35 0.08 1 .24 0.99 2.77 
6.59 1. .64 0.03 0 .92 0.97 2.62 
5.60 0 .99 0.12 1. 62 1.06 2.77 
5.67 1 .02 0.09 1. .56 1.01 2.62 
6.59 1 .61 0.00 0. 97 1.03 2.32 
5.48 1 .36 0.09 1 .67 0.99 2.79 
5.62 1 .42 0.08 1. .58 1.03 2.74 
6.47 1 .92 0.00 1 .03 1.04 2.41 
7.26 0 .17 2.52 3 33 1.08 31.65 
7.14 0 .14 1.92 1 .63 1.06 11.02 
6.24 1 .41 0.05 1 .14 0.98 2.67 
7.26 0 .17 2.52 3 .32 1.45 33.76 
7.08 0 .13 1.95 1 .78 1.25 11.43 
6.44 1. 94 0.00 1, .06 1.05 2.42 

Table III. Zeolite X. Sol. 

Expt 

Z-II 

Time of 
Aging 

3 months 

Heating, — 
(100°C), Zeolite X, 

Prolonged Aging-

X-Ray 

hours 

3 
6 

12 
24 

(w/w) 

-20 

Zeolite A, 
(w/w) 

0 

Nitrogen 
Sorption 

Zeolite X, 
(w/w) 

10-15 

Gz-III 5 months 6 —15 0 13 
16 months 6 —20 0 12 
16 months 24 —20 0; traces 

of Β 
12 

Z-III 1 day 6 —50 50 47 
2 days - 7 5 25 65 
4 days —30 0 29 

31 days —10 0 12 
Z-IV 1 day 24 - 6 5 30 66 

2 days - 7 0 20 66 
4 days —35 0 34 

31 days —10 0 10 
α Reaction mixture composition same as in Table I. 
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214 M O L E C U L A R S I E V E S 

T a b l e I V . 
Hydro- Heating 

π Liquid-Phase Composition, % (w/w) NaOH Action Aging, C), 
Expt on Sol hours hours Nad) Si02 AWz 

SI 5 min 1 0 6.30 0.15 3.70 
5 min 24 0 5.21 0.09 1.57 

SIV 60 min 1 0 6.08 0.13 3.45 
60 min 24 0 5.13 0.08 1.69 

SKI 5 min 24 0 5.25 0.08 1.48 
5 min 24 120 4.55 10.47 0.01 

SKIII 24 hours 24 0 3.81 8.05 0.06 
24 hours 24 120 4.85 9.55 0.05 

α Reaction mixture composition : experiments SI and SIV, Si0 2 /Al 20 3 8.81, Na 2 0/ 
Si02 0.27, H 2 0/Na 2 0 39.1; experiments SKI and SKIII, Si0 2 /Al 20 3 8.0, Na 20/Si0 2 

0.30, H 2 0/Na 2 0 39.4. 

Na OH 
-SI-0-AL-0 - Sl-0 - SL-5 Na + 
0 0 0 0 0 0 041 

+ 
Na 

+ 0-SI-0 -AL-0-SL- + HoQ — /\ /\ L 

Naoo 0 0 0 0 

Na Na 
— ~ - - S L - O - A L - O - S I - O - S I - O - A L - O - S L - + 

/ \ / \ / \ / \ / \ / \ 

0 0 0 0 0 0 0 0 0 0 0 0 

OH 
+ H0-SL-0~ Na+ + Nam 

ι 
OH 

Scheme I 

condensation takes place. Si l icates are soluble i n the alkal ine m e d i u m , 
a n d therefore the a luminate ions act as cross l inking agents. C o p o l y m e r i -
zat ion leads to the format ion of water- insoluble aluminosi l icates . A large 
number of h y d r o x y l groups are used up d u r i n g the po ly condensation, b u t 
the r e m a i n i n g ones are s t i l l free a n d m a y b o n d to N a O H . D u r i n g the 
reactions w h i c h occur d u r i n g aging (Scheme I ) , some N a O H a n d S i 0 2 pass 
in to the so lut ion . 

I f the aging is prolonged, po lycondensat ion occurs i n the hydroge l , a n d 
hence the number of h y d r o x y l groups decreases further . I f the t ime of 
aging is l ong enough, the so l id phase of the hydroge l contains a lmost ex-
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18. P O L A K A N D C I C H O C K I X and Y Zeolites 215 

Zeol i te Y« 

Solid-Phase Molar 
Ratio, Analytical 

Νοφ/AWz Si02/Al203 

1.22 
1.22 
1.63 
1.46 
1.14 
1.03 
1.28 
1.08 

> Atp|po 

30.4 
16.0 
22.3 
12.4 
11.2 
5.65 

5.49 
5.61 

Results of X-Ray Analysis 

Zeolite Y , a0 = 24.594 A 

Zeolite Y Absent, Gmelinite Present 
0.05 (see Ref. 16). 

Benzene 
Sorption 
at 20°C,b 

gig 

24.10 

1.76 

c lus ive ly N a + ions w h i c h neutral ize the negative charge on the a l u m i n u m 
tetrahedra . T h u s , the so l id phase of the hydroge l assumes a structure 
s imi lar to t h a t of zeolite. 

S i m i l a r reactions probab ly occur d u r i n g r a p i d c rys ta l l i za t i on at h i g h 
temperature , b u t i t seems that the c rys ta l l i za t i on energy barr ier m a y be 
overcome more easily at h i g h temperature , a n d the f ormat ion of crystals 
is fac i l i ta ted . 

T h e loss of a b i l i t y to crysta l l ize b y the hydroge l stored for prolonged 
periods indicates t h a t the presence of a n appropr iate number o f , h y d r o x y l 
groups is a prerequisite for c r y s t a l f o rmat ion . T h i s is ind i ca ted b y the 
fact the N a 2 0 / A l 2 0 3 ra t io i n the so l id phase of the hydroge l is greater t h a n 
u n i t y . 

T h e depression of the N a 2 0 / A l 2 0 3 rat io d u r i n g aging to prox imate ly 
u n i t y (probably caused b y the loss of h y d r o x y l groups) was f ound on ly i n 
the ca lculated composit ion of the so l id phase. T h i s was not f ound a n a 
l y t i c a l l y after washing the so l id phase w i t h water (the result of experiment 
G z , T a b l e I , was the only exception). I t seems, therefore, t h a t the c om
posit ion of washed sol id phase does not correspond to the properties of the 
so l id phase i n the hydroge l . 

I t is general ly bel ieved that the s i l i ca sol consists of co l lo idal partic les 
(15) ; the oxygen-s i l i con tetrahedra are present inside the partic les , a n d the 
h y d r o x y l groups m a y appear on ly on the surface. I n i t i a l l y the react ion 
w i t h a luminate takes place predominant ly on the surface, b u t our results 
on prolonged aging a n d c rys ta l l i za t i on indicate t h a t the co l lo ida l part ic les 
decompose s lowly , a n d th is results i n so l id a n d l i q u i d phase composit ions 
s imi lar to t h a t observed i f the zeolite were synthesized f r om metasi l icate . 

O u r results on the synthesis of zeolite Y under comparable condit ions 
indicate t h a t the f ormat ion of this zeolite depends strongly on the structure 
of po lymer ized s i l ica w h i c h reacts w i t h s o d i u m a luminate . Zeol i te Y was 
formed i n experiment S K I b u t not i n S K I I I . T h e hydrogel used i n exper i -
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216 MOLECULAR SIEVES 

ment SKIII differed from that used in experiment SKI in having a much 
lower S1O2/AI2O3 ratio in the solid phase, a much higher Si0 2 content, and 
practically no A1203 in the liquid phase. The NajjO concentration in the 
liquid phase was lower. 

Although it cannot be excluded that the inability of zeolite Y to crystal
lize in experiment SKIII is related to the composition of the liquid phase, 
it seems probable that this inability results from the different structure of 
Al 2 0 3 -Si0 2 bonds in the hydrogel which is related to the depolymerization 
of silica sol by NaOH. Further studies are necessary to elucidate this 
point. The method described here for studying the changes occurring in 
the solid and liquid phases of the aluminosilicate hydrogel during aging and 
crystallization seems to offer better insight in the phenomena occurring 
during zeolite synthesis. 
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Hydrogen Zeolite Y, Ultrastable Zeolite Y, 
and Aluminum-Deficient Zeolites 

G. T. KERR 

Mobil Research and Development Corp., Central Research Division, Princeton, 
N.J. 08540 

During the past decade, the literature has become fraught with 
confusion regarding hydrogen, "decationized," and "decat
ionated" zeolites and their various physical, chemical, and cata
lytic properties. A chronological review is presented of the de
velopment of understanding of the natures of true, normal hy
drogen zeolites and the so-called ultrastable varieties, with par
ticular emphasis on zeolite Y. A survey of the chemical, physi
cal, and catalytic properties of these materials is presented to
gether with a resumé of the state of knowledge of aluminum-
deficient zeolites. 

T p h e phenomenon of base or ca t i on exchange was first reported by W a y 
i n 1850 (1). I n 1858, E i c h h o r n reported t h a t t reatment of zeolites w i t h 

alkal ine or neutra l salt solutions resul ted i n cations being exchanged f r om 
the zeolite a n d replaced b y an equivalent number of cations f r om so lut ion 
(2). E i c h h o r n found t h a t the anion i n so lut ion p layed a passive role i n 
th is exchange. Zoch showed t h a t s t i lb i te re ta ined i t s c r y s t a l l i n i t y on ex
change, a n d he also showed t h a t e q u i l i b r i u m was a t ta ined between cations 
i n so lut ion a n d cations i n the zeolite (3). Some early workers a t t empted 
to prepare zeolites conta in ing hydrogen ions (4~9), more precisely h y d r o -
n i u m ions, b y exchange w i t h acidic solutions, using acids or salts of s trong 
acids a n d weak bases. I t appears t h a t i n a l l cases, a l u m i n u m was extracted 
f r om the zeolites. T h e sil icon-poor zeolites became amorphous, but the 
more s i l icon-r ich zeolites appeared crystal l ine as judged f r o m opt i ca l p rop 
erties, par t i cu lar ly birefringence. U n f o r t u n a t e l y , x - ray di f fract ion ana ly 
sis was not avai lable to these workers, a n d hence, i t is not abso lute ly c e r ta in 
t h a t c rys ta l l in i ty , i n the modern sense, was i n fact reta ined. I n 1930 H e y 
stated, " there is no evidence for the existence of hydrogen-zeol i tes" (10). 

D u r i n g the 1940's, m u c h effort was made to elucidate the nature of the 
act ive sites i n amorphous s i l i c a - a l u m i n a cracking catalysts (11). B y 
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1950, i t was generally agreed the sites were B r o n s t e d acids located at sur
faces avai lable to hydrocarbon molecules undergoing crack ing a n d the 
sites presumably h a d the s tructure shown i n I . A p p a r e n t l y most workers 

S i 
I 

H + Ο 

H O — A l — O — S i 
I 

Ο 

I 
S i 

I 
t h e n v isual ized the amorphous catalyst to be a h igh ly porous mater ia l , the 
sol id portions being re la t ive ly dense a n d impervious to hydrocarbons, a n d 
the act ive sites at the so l id surfaces of the type shown i n I . T h e electro
s tat i c valence rule dictates these sites t o be as strongly acidic as sul furic 
ac id . T h i s model precluded coordinat ion of t e t rahedra l a l u m i n u m to four 
oxygens, each i n t u r n being bonded to a si l icon. Such sites are v e r y 
strongly acidic as is perchloric acid. N o t u n t i l the 1960's, when consider
able w o r k was underway on hydrogen zeolites, was i t generally recognized 
t h a t i t is topological ly possible to have four-coordinate a l u m i n u m bonded 
to four s i loxy groups w i t h a l u m i n u m located at a surface avai lable to re la 
t i v e l y large molecules. I n v i e w of today ' s knowledge, i t seems inevi table 
t h a t such sites are common i n amorphous s i l i c a - a l u m i n a . 

Recent Developments in Hydrogen Zeolites with Emphasis on Zeolite Y 

B a r r e r first described the preparat ion of hydrogen forms of zeolites 
b y oxidat ive degradation of a m m o n i u m zeolites (12) 

4NH4Z + 302 4HZ + 6H20 + 2N2 (1) 

B a r r e r showed these hydrogen zeolites, mordenite a n d chabazite , to be 
crystal l ine using x - ray dif fraction, and stated, " H y d r o g e n zeolites are 
effectively crystal l ine a luminosi l i c ic acids, the salts of w h i c h are the ir d i 
verse cat ion exchange produc ts . " S z y m a n s k i , Stamires , a n d L y n c h (13) 
used simple t h e r m a l decomposit ion of an a m m o n i u m zeolite X i n an a t 
t e m p t to prepare the hydrogen zeolite 

NH 4 X -> HX + N H 3 (2) 

These workers conducted a n infrared s tudy on the presumed hydrogen 
zeolite a n d concluded, qu i te r i g h t l y , t h a t const i tut ive or chemical water 
is lost f r om the hydrogen i on conta in ing sol id at temperatures above 
400°C. I n v iew of recent studies, however, i t is un l ike ly tha t the zeolite 
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19. K E R R Hydrogen Zeolite Y 221 

structure was preserved dur ing the t h e r m a l decomposit ion of a m m o n i u m 
zeolite X(l 4). 

U y t t e r h o e v e n , Chr i s tner , a n d H a l l , i n a n elegant s tudy of the t h e r m a l 
decomposit ion products of a m m o n i u m zeolite Y , proposed a scheme t o 
expla in the loss of chemical water f rom the hydrogen f o r m of the zeolite 

T h e y assigned the terms " d e c a t i o n a t e d " to the hydrogen zeolite a n d 
" d e h y d r o x y l a t e d " t o the ac id anhydr ide . I n retrospect, these designa
t ions are unfor tunate ; other workers h a d already cal led the presumed 
ac id anhydr ide the "deca t i on i zed " f o rm (16). T o d a y b o t h terms are 
used ind iscr iminate ly , a n d the l i t erature is unclear as to what par t i cu lar 
substance any par t i cu lar author is referring. I n describing the a c id 
anhydr ide of hydrogen zeolites, the t e r m " d e h y d r o x y l a t e d " is descriptive 
i n the sense t h a t the concentrat ion of h y d r o x y l groups is d imin ished o n 
loss of const i tut ive water . However , the t e r m is s to ichiometr ica l ly i n 
correct since the zeolite loses hydrogen ions s imultaneously w i t h hydrox ide 
ions to y i e l d water . A more precise designation is " d e h y d r o h y d r o x y l a t e d . " 
K e r r , C a t t a n a c h , a n d W u suggested the terms " d e c a t i o n a t e d " a n d " d e -
ca t i on i zed " be dropped f r om usage a n d t h a t hydrogen or a c id zeolites be 
cal led s imply the hydrogen form—e.g., hydrogen zeolite Y (17). T h e 
t e r m " d e h y d r o x y l a t e d " seems to be used w i t h o u t confusion thus far, a n d 
i t s wide usage indicates i t w i l l probably persist. T h i s t e r m is now for
m a l l y used b y mineralogists. 

Uyt te rhoeven , Chr i s tner , a n d H a l l , i n the i r classic paper, were the 
first t o measure q u a n t i t a t i v e l y the protonic content of hydrogen zeol ite Y 
prepared b y careful ca l c inat ion of the a m m o n i u m f o r m (IS). T h e m e a 
surements u t i l i zed thermograv imetry a n d d e u t e r i u m exchange of the ac id 
form. Benes i publ ished the first thermograv imetr i c curves for the t h e r m a l 
decompositions of a m m o n i u m zeolite Y a n d a m m o n i u m mordeni te (18). 
These studies disclosed the temperature range over w h i c h a m m o n i a was 
evolved f r o m the samples; moreover, they ind i ca ted t h a t the q u a n t i t y of 
chemical water lost f rom the hydrogen zeolite Y agreed w i t h the va lue 
calculated f r o m the i n i t i a l a m m o n i u m i o n content . F o r the mordenite , 
Benesi f ound that the t o t a l weight loss above 350°C agreed w i t h the s u m 
of the ca lcu lated weight losses for a m m o n i a a n d chemical water . U n l i k e 
zeolite Y , f r o m w h i c h a m m o n i a a n d chemical water losses occur i n d is t inct 

(15). 
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222 M O L E C U L A R S I E V E S 

steps at l ow heat ing rates, there is always overlap of these losses f rom the 
mordenite . 

L a t e r , C a t t a n a c h , W u , a n d V e n u t o d id an elaborate t h e r m o g r a v i -
metr i c s tudy on the ca lc inat ion of a m m o n i u m zeolite Y and the resul t ing 
products (19). T h e y found t h a t the hydrogen zeolite reacted w i t h a n 
hydrous ammonia to y i e l d an a m m o n i u m zeolite ident i ca l i n a m m o n i a con
tent w i t h the i n i t i a l a m m o n i u m zeolite. F u r t h e r , these workers reported 
t h a t after loss of chemical water ( " d e h y d r o x y l a t i o n " according to U y t t e r 
hoeven, Chr i s tner , a n d H a l l or " d e c a t i o n i z a t i o n " according to R a b o , 
P i c k e r t , Stamires , a n d Boyle ) the sample became amorphous when ex
posed to moisture. T h i s observation conflicted w i t h the statement of 
R a b o et al. (16) i n wh i ch they emphasized the extreme s tab i l i ty of the ir 
"deca t i on i zed " Y . T h e d a t a of C a t t a n a c h , W u , a n d V e n u t o prove, be
y o n d any doubt, t h a t they obtained the expected n o r m a l hydrogen zeolite 
Y pr ior t o the loss of chemical water above 450°. R a b o et al.} however, 
d i d not prove t h a t the mater ia l f rom w h i c h they removed chemical water , 
was i n fact, the hydrogen zeolite. T h e y probably prepared, u n k n o w n to 
t h e m at the t ime , the u l t rastab le zeolite described below. 

The Nature of Ultrastable Faujasite and Aluminum-Deficient Zeolite Y 

I n 1967, M c D a n i e l a n d M a h e r reported a h ighly stable mater ia l , 
obtained f r o m what they considered to be a m m o n i u m zeolite Y , w h i c h 
they cal led " u l t r a s t a b l e " faujasite (20). Since th is mater ia l was obtained 
b y calc ining what appeared to be a m m o n i u m zeolite Y , i t was not unrea
sonable t h e n to assume that th is was an unusual ly stable f o rm of hydrogen 
zeolite Y . T h e y further reported t h a t th is mater ia l h a d a contracted 
la t t i ce compared w i t h the usual hydrogen zeolite, and i t also h a d a d i 
minished ion-exchange capacity . T h e y i m p l i e d t h a t the s tab i l i t y was the 
result of ca lc ining a p a r t i a l l y ammonium-exchanged sod ium zeolite Y pr ior 
t o a final a m m o n i u m i on exchange, whereby u l t i m a t e l y a l l s od ium ions 
were replaced b y a m m o n i u m ions. A m b s and F l a n k , i n 1969, suggested 
t h a t the s tab i l i t y of the u l trastable faujasite was the result of r emov ing 
essentially a l l the sod ium i o n f rom zeolite Y a n d replac ing i t w i t h a m 
m o n i u m i o n (21). 

F r o m 1967 to 1969, K e r r publ ished a series of papers on the quest ion 
of t h e r m a l a n d h y d r o t h e r m a l stabi l i t ies of sod ium a n d hydrogen zeolite Y 
(22-26). These studies ind i ca ted t h a t u p o n remova l of about one - th i rd 
of the a l u m i n u m from zeolite Y , using ethylenediaminetetraacet ic ac id 
( H 4 E D T A ) , the t h e r m a l and h y d r o t h e r m a l stabi l i t ies were m u c h enhanced. 
T h i s was observed for b o t h sod ium (23) a n d hydrogen (25) forms of the 
zeolite. T h e la t te r was prepared by careful ca lc inat ion of an a m m o n i u m 
zeolite f rom w h i c h about 3 0 % of the a m m o n i u m and a l u m i n u m h a d been 
removed. K e r r also showed that the t rue or n o r m a l hydrogen zeolite w i t h 
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19. K E R B Hydrogen Zeolite Y 223 

re la t ive ly poor t h e r m a l a n d h y d r o t h e r m a l s tab i l i t y could be converted to a 
h ighly stable f o rm b y heat ing the ac id i n a closed reactor at 800°C whereby 
the zeolite was assumed t o react w i t h the chemical water (22). T h e 
stabi l ized zeolite contained cat ionic a l u m i n u m w h i c h cou ld be removed b y 
i o n exchange using sod ium hydrox ide so lut ion. M o r e recent ly , K e r r 
s tated t h a t a zeolite Y , i n w h i c h over 9 5 % of the sod ium ions h a d been ex
changed b y a m m o n i u m ions (without intermediate calc inat ion) , y ie lded 
two d is t inct products , depending o n the geometry of the a m m o n i u m zeol ite 
bed dur ing ca lc inat ion at 500° C i n a stat ic atmosphere (26). B e d geom
etry w h i c h max imized r a p i d diffusion of gaseous products f r om the sample 
(shallow-bed calc ination) y ie lded the expected n o r m a l hydrogen zeolite 
i n w h i c h one protonic site was created for each a m m o n i u m i o n i n the i n i t i a l 
sample. C a l c i n a t i o n condit ions w h i c h impeded remova l of gaseous p r o d 
ucts f r om the zeolite (deep-bed calcination) y ie lded a product w h i c h 
appeared to be s imi lar i n m a n y respects t o the u l trastable faujasite of 
M c D a n i e l a n d M a h e r (20). W a r d (27) reported a n infrared s tudy of u l t r a -
stable faujasite prepared according t o M c D a n i e l a n d M a h e r (20), a deep-
bed calc ined a m m o n i u m zeolite Y sample according t o K e r r (26), a n d 
samples of a m m o n i u m zeolite Y calc ined i n a flowing s team atmosphere 
(2 psig at 500 a n d 650°C) according to H a n s f o r d (28). W a r d s t a t e d 
" t h a t a l l samples are s imi lar , at least i n gross properties, t o the "deep -bed" 
samples of K e r r . " 

M a h e r , H u n t e r , a n d Scherzer (29) reported the results of x - ray diffrac
t i o n analyses o n the ul trastable faujasite prepared b y the procedure of 
M c D a n i e l a n d M a h e r (20) together w i t h intermediate forms obta ined 
dur ing the process of preparing the final u l trastable form. T h e y found the 
u l trastable f o r m h a d undergone loss of f ramework a l u m i n u m t o a p p r o x i 
mate ly the same leve l as reported b y K e r r (26). M o r e o v e r , i n support of 
K e r r ' s findings, they found t h a t a p a r t i a l l y exchanged a m m o n i u m zeolite 
Y ( 8 0 % a m m o n i u m a n d 2 0 % sodium) after ca l c inat ion at 540°C lost a l u m 
i n u m on t reatment w i t h sod ium hydrox ide so lut ion. P r e s u m a b l y the 
ca lc inat ion was of the deep-bed t y p e ; the authors d i d not describe the 
sample geometry d u r i n g ca lc inat ion . O n the basis of the i r x - ray dif frac
t i o n analyses, M a h e r , H u n t e r , a n d Scherzer offered a n elaborate a n d de
ta i l ed mechanism to expla in the mode of f o r m a t i o n of several proposed 
species i n the u l trastable faujasite. A d d i t i o n a l d a t a , perhaps i n c l u d i n g 
some chemical studies, seem desirable to support firmly the i r mechanism. 

Jacobs a n d U y t t e r h o e v e n studied the nature of deep-bed calc ined 
a m m o n i u m zeolite Y a n d aluminum-def ic ient zeolite Y , the la t ter pre 
pared b y the H 4 E D T A technique (30). T h e y concluded t h a t the s t a b i l i t y 
of u l trastable faujasite was i m p a r t e d only b y cat ionic a l u m i n u m a n d t h a t 
a l u m i n u m deficiency i n itself d i d not contr ibute to s tab i l i ty . T h e i r con
clusion regarding a l u m i n u m deficiency was made on the basis of H4EDTA-
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t reated a m m o n i u m zeolite Y f rom w h i c h a m a x i m u m of on ly about 1 0 % 
of the a l u m i n u m h a d been removed. K e r r po inted out t h a t about 2 5 -
3 5 % a l u m i n u m remova l resulted i n increased s t a b i l i t y ; i t seems apparent 
t h a t Jacobs a n d U y t t e r h o e v e n d i d not remove sufficient a l u m i n u m to 
effect increased s tab i l i ty . However , the i r suggestion that cationic a l u m 
i n u m increases s tab i l i t y i n the ul trastable faujasite is reasonable since i t 
is wel l k n o w n t h a t m u l t i v a l e n t cations i n faujasites generally i m p a r t greater 
s tab i l i t y t h a n monovalent cations. M o s t l ike ly , the a l u m i n u m deficiency 
a n d the cationic a l u m i n u m each contr ibute t o the increased s tab i l i ty of 
u l trastable faujasite. 

R e c e n t l y P e r i reported a s tudy of u l trastable faujasites using poten-
t i ometr i c t i t ra t i ons , in frared spectroscopy, a m m o n i a sorpt ion, a n d ace ty l -
acetone extrac t i on of a l u m i n u m (31). H e concluded t h a t " d u r i n g f o r m a 
t i o n of u l trastable faujasite, A l migrates f rom te trahedra l sites i n the 
a luminosi l i cate framework t o cat ion positions outside the f ramework . " 
P e r i further s tated t h a t his studies "also indicate t h a t S i replaces the lost 
A l through recrysta l l i zat ion of the f ramework . " M a h e r , H u n t e r , a n d 
Scherzer previously suggested migrat i on of s i l icon in to sites vacated by 
a l u m i n u m (29). K e r r proposed t h a t upon a l u m i n u m remova l using 
H 4 E D T A the vacated a l u m i n u m sites are occupied b y four hydrogens as 
ind i ca ted i n react ion 5 (23). F r o m the standpoint of f o rmal charges, of 
course, the t r i va lent a l u m i n u m is replaced by three protons, the f our th 
pro t on being the or iginal hydrogen of the si lanol . K e r r later proposed the 
loss of const i tut ive water f r om these four s i lanol groups to f o r m new S i -
O - S i bonds i n the f ramework (25). T h i s suggestion has not been ver i f ied ; 
moreover, the concept of some type of " r e c r y s t a l l i z a t i o n " whereby a l l 192 
te trahedra l sites i n the faujasite un i t cel l are occupied b y (Si + A l ) is a n 
interest ing a n d logical a l ternat ive . However , no convinc ing evidence has 
been presented to resolve th i s i m p o r t a n t quest ion of the nature of the 
aluminum-def ic ient sites. 

The Three General Thermal Decomposition Products of Ammonium Zeolite Y 

Three general categories of products can be obtained on the t h e r m a l 
decomposit ion of a m m o n i u m zeolite Y : 

(1) T h e expected t rue or n o r m a l hydrogen zeolite as ind i ca ted b y 
R e a c t i o n 4: 

NH 4 Y -+ HY + N H 3 (4) 

(2) T h e ac id anhydr ide der ived f r o m the t rue hydrogen form, gen
era l ly ca l led dehydroxy la ted Y a n d assumed to be formed according to 
R e a c t i o n 3 of U y t t e r h o e v e n , Chr i s tner , a n d H a l l (15). 

(3) T h e u l trastable f o rm, first reported b y M c D a n i e l a n d M a h e r (20) 
a n d first chemica l ly character ized b y K e r r (22, 25, 26), who also suggested 
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19. K E R R Hydrogen Zeolite Y 225 

that i ts f ormat ion is the result of sample geometry inherent i n large-scale 
(100 grams) preparations. 

T h e chemistry a n d structure of the hydrogen f o r m of zeolite Y have 
been thoroughly invest igated (32) a n d are not considered further . T h e 
structure of the dehydroxy la ted zeolite proposed b y U y t t e r h o e v e n , C h r i s t 
ner, a n d H a l l (15) remains unchanged. R e c e n t l y W a r d , on the basis of 
infrared studies, suggested t h a t th is f o rm m a y be amorphous (27). T h e 
extreme ins tab i l i t y of dehydroxy lated zeolite Y to moisture complicates 
detai led s tudy (19). T h e e luc idat ion of the detai led nature of th i s m a t e r i a l 
lies i n the future. A t present, completely dehydroxy la ted Y is l i t t l e 
understood a n d presents a challenging v o i d i n our knowledge of the nature 
of a m m o n i u m zeolite Y t h e r m a l decomposit ion products . 

A m b s a n d F l a n k correct ly observed t h a t variables can be in t roduced 
into the ca lc inat ion of a m m o n i u m Y so that a " var iab l e series of p r o d u c t s " 
can be obta ined (33). However , there is no doubt t h a t the n o r m a l h y d r o 
gen zeolite can be obta ined f r om the a m m o n i u m f o rm b y careful ly con 
t ro l l ed ca lc inat ion. I n add i t i on , carefully contro l led ca l c inat ion of the 
ac id yields the dehydroxy lated form. T h e u l trastable f orm, w h i c h can be 
prepared by a number of procedures described below, differs drast i ca l ly i n 
s tab i l i t y a n d composi t ion f rom the other two forms. T h a t i t m a y conta in 
some sites s imi lar to , or perhaps ident i ca l w i t h , sites i n the hydrogen a n d 
dehydroxy la ted forms cannot be refuted. Unques t i onab ly , however, the 
ul trastable f o rm differs s ignif icantly f r om the other two forms. 

The Three General Methods for Preparing Ultrastable Faujasites 

(1) Direct Conversion of Ammonium Zeolite Y. T h e procedures of 
M c D a n i e l a n d M a h e r (20), H a n s f o r d (27), a n d K e r r (26) appear to have 
i n common react ion condit ions w h i c h effect hydro lys i s a n d r e m o v a l of a 
por t i on of the tetracoordinate a l u m i n u m ions f r o m the f ramework of the 
hydrogen form d u r i n g decomposit ion of the a m m o n i u m form at t empera 
tures of 400°C a n d above. 

(2) Direct Conversion of Hydrogen Zeolite Y. K e r r has reported t h a t 
the n o r m a l hydrogen Y can be converted d i rec t ly to the u l t rastab le f o rm b y 
heat ing i n a n inert stat ic atmosphere at 700-800° C (22) or heat ing i n a 
stat ic a m m o n i a atmosphere at 500°C (24). A t 700-800°C, chemica l 
water is t h e r m a l l y lab i l i zed and is envisioned b y K e r r to effect hydro lys i s 
of the ac id zeolite. A t 500° C a m m o n i a labi l izes chemical water whereby 
h y d r o l y s i s can occur. 

Perhaps a n over ly simple mechanism has been proposed b y K e r r t o 
expla in the f ormat ion of the nonframework a l u m i n u m found i n u l trastable 
faujasites prepared b y the two methods just described (22,26). 
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Si Si 

I I 
0 0 ο 

1 I H 

S i — 0 — A l 0 — S i — 0 + 3H 20 — * S i — O H H O — S i + A1(0H)3 I I H 

O H O 0 

Si S i
 ( 5 ) 

I I 
0 — A l 0 — S i — 0 + A1(0H)3 — • 

O H O 
0 0 

1 - I 
0 — A l — 0 — S i — 0 + A1(0H) 2

+ + H 2 0 (6) 

0 o 
(3) Controlled Calcination of Aluminum-Deficient Ammonium Zeolite 

Y . Kerr showed that about one-third of the ammonium and aluminum 
could be removed from ammonium Y using H 4 E D T A (25). Carefully 
controlled calcination of this material (under conditions which yield the 
relatively unstable, normal hydrogen form from the normal ammonium 
form) yielded a hydrogen zeolite of very high stability. Kerr proposed 
the following reaction steps to explain the stability (23,25). 

0 0 

0 — A l — 5 — S i — Ο + N H 4
+ + 0.5H 4EDTA —>• 

0 0 
0 0 

1 I 
0 — A l 0 — S i — 0 + 0 .5 (NH 4 ) 2 H 2 EDTA (7) 

A H O 
T h e resul t ing hydrogen sites are envisioned to undergo hydro lys is and 
neutra l i zat ion as shown i n E q u a t i o n s 5 and 6, respectively. T h e n the 
a l u m i n u m cat ion formed i n E q u a t i o n 6 is replaced b y a m m o n i u m i o n 

A1(0H)2
 + + (NH 4) 2H 2EDTA — N H 4

 + + A1NH 4EDTA + 2H20 (8) 
T h e three general procedures for prepar ing ul trastable zeolite Y have one 
effect i n c o m m o n : removal of a por t i on , 2 0 - 3 5 % , of the te t rahedra l 
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a l u m i n u m f rom the framework. T h i s r emova l appears t o i m p a r t i n 
creased s tab i l i ty . U n t i l our knowledge of the nature of the sites vacated 
b y the a l u m i n u m is more advanced, we can only conjecture as t o just how 
the increased s tab i l i t y arises. 

Acidic Sites and Catalytic Cracking Properties of Some 
Aluminum-Deficient Zeolites 

A n excellent comprehensive review was publ ished b y L e a c h on the 
app l i ca t i on of zeolites t o catalysis (34)- I t s coverage is m u c h broader 
t h a n t h a t a t tempted here. However , i n add i t i on to the h ighl ights of 
a luminum-def ic ient zeolites covered b y Leach , recent significant findings 
w i l l be reviewed. 

K e r r , P l a n k , a n d R o s i n s k i reported the preparat ion a n d ca ta ly t i c 
properties of a luminum-def ic ient zeolite Y mater ials (35). T o p c h i e v a 
a n d co-workers studied the ca ta ly t i c properties of cat ionic forms of a l u 
minum-def ic ient Y zeolites, the a l u m i n u m deficiency being effected b y the 
H 4 E D T A method (36-40). T h e y found that up to 5 0 % a l u m i n u m remova l 
increased b o t h s tab i l i ty a n d cumene cracking a c t i v i t y ; m a x i m u m a c t i v i t y 
was observed at the 5 0 % remova l level . Increased ca ta ly t i c c rack ing 
a c t i v i t y was observed by E b e r l y a n d K i m b e r l i n for mordenites f rom w h i c h 
about 8 0 % a l u m i n u m h a d been removed (41). Weiss et al. removed over 
9 9 % of the a l u m i n u m f rom a hydrogen mordenite a n d found the zeolite 
retained cata ly t i c a c t i v i t y of the type induced b y B r o n s t e d acids (42). 
A l t h o u g h the i n i t i a l a c t i v i t y of th is mater ia l was lower t h a n t h a t of more 
a l u m i n u m - r i c h mordenites, the aging rate was m a r k e d l y reduced, and i n a 
re lat ive ly short t i m e the aluminum-def ic ient catalyst was the most act ive . 

B e a u m o n t a n d B a r t h o m e u f recently studied the effective ac id i ty per 
B r o n s t e d ac id site (a0) of zeolites X a n d Y a n d the i r a luminum-def ic ient 
der ivat ives (43). T h e y found t h a t th is parameter increases monoton i -
ca l ly as the number of anionic sites per uni t cell decreases. I n a faujasite 
conta in ing 96 a l u m i n u m te trahedra per uni t cell ( S i / A l = 1.0) a0 = 0 ; 
for an aluminum-def ic ient faujasite conta in ing 28 ± 3 a l u m i n u m s per un i t 
cell ( S i / A l « 5.9) a0 = 1.0. T h e i r i m p o r t a n t finding t h a t the effective 
ac id i ty per site increases as the concentrat ion of sites decreases i n ac id 
zeolites is analogous w i t h the effective acidities of the ac id sites of d i -
carboxyl ic acids, Η Ο Ο Ο - ( Ο Η 2 ) ζ - Ο Ο Ο Η : where χ = 0, Kx/K2 = 875 
a n d where χ = 8, Κι/Κ2 = 9. A s the ac id sites are moved farther apart , 
their degrees of dissociation become more nearly equal . A s t r i k i n g ex
ample of th is effect is exhibi ted by the hexabasic ac id H 6 [ C o n W i 2 0 4 o ] . 
T i t r a t i o n of a n aqueous so lut ion of th is ac id w i t h N a O H so lut ion gives 
only one endpoint , and a l l six ac id sites par take equal ly i n the neutra l i za 
t i o n react ion (44)· T h e anionic sites of th is water-soluble f ramework 
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228 MOLECULAR SIEVES 

structure are sufficiently separated from one another so that each site be
haves independently of its neighbors. 

The relationship between acid site density and effective acidity may 
account for the interesting observation of Hopkins that maximum cracking 
activity of n-hexane was obtained over a partially dehydroxylated hydrogen 
zeolite Y (45). While the normal hydrogen form would contain a greater 
overall concentration of acid sites, the partially dehydroxylated form may 
have a greater overall acid activity because of the increased effective 
acidity of the remaining sites. 
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Transition-Metal Ion Exchange in 
Synthetic X and Y Zeolites 

Stoichiometry and Reversibility 

A. MAES and A. CREMERS 

Centrum voor Oppervlaktescheikunde en Colloidale Scheikunde, De Croylaan 42, 
B-3030 Heverlee, Belgium 

The ion-exchange reaction of the synthetic zeolites NaX and NaY 
with cobalt, zinc, and nickel ions is shown to be non-stoichiometric 
at low bivalent-ion occupancy, the hydrolytic sodium loss being 
about twice as large for NaX (~5 ions/unit cell) as for NaY. 
The effect is more pronounced at high temperatures and disap
pears at high occupancies. Reversibility tests in NaX toward 
zinc and cobalt ions, as studied by a temperature-variation 
method, show the temperature history to be an important factor 
in the irreversibility characteristics. The low-temperature 
partial irreversibility, induced by a high-temperature treatment 
(45°C) is interpreted in terms of a temperature-dependent oc
cupancy of the "small-cage" sites by divalent cations, which 
become irreversibly blocked at low temperature (5°C). 

'"P'he s tudy of the properties of zeolites, either synthetic or n a t u r a l , has 
A received a great deal of a t tent ion i n recent years. A m o n g the s y n 

thetic zeolites, the faujasites X a n d Y types have been most f requent ly a n d 
thoroughly studied. A s u m m a r y of the advances i n this area is found i n a 
recent rev iew b y Sherry (1 ). 

T h e structure of a n d possible cat ion locat ion i n these materials is fa i r ly 
wel l k n o w n (2, 3, 4, 5), a n d their ion-exchange behavior t oward a mul t i tude 
of pairs of ions, most ly inc lud ing sodium, has been measured a n d in ter 
preted i n terms of basic properties of ions, c rys ta l structures, a n d pore d i 
mensions. T h e major par t of these studies is w i t h a l k a l i - a n d a l k a l i n e -
earth cations, a l k y l a m m o n i u m ions, rare-earth cations, a n d si lver a n d 
t h a l l i u m ions (1). I n contrast, the i on adsorpt ion of t rans i t i on metals i n 
faujasite has received l i t t l e at tent ion . 

230 
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20. M A E S A N D C R E M E R S Transition Metal Ion Exchange 231 

T h e ca lculat ion of the aff inity scale, i n terms of differences i n free-
energy content between the var ious ionic forms of these materials , impl ies 
that one is deal ing w i t h e q u i l i b r i u m systems a n d t h a t the react ion is b o t h 
reversible a n d stoichiometric , i.e., hydro lys i s phenomena are absent i n the 
zeolite. W i t h i n certain l imi t s , these conditions are generally met ; how
ever, i t is apparent that some discrepancies between experimental d a t a 
have sometimes been a t t r ibuted (1) to a fai lure i n the ful f i l lment of one or 
more of these basic prerequisites. 

T h i s paper presents some data re lat ing to these aspects w h i c h have 
been obta ined i n the course of a n extensive experimental s tudy of the i o n -
exchange behavior of t rans i t i on -meta l ions i n X a n d Y zeolites. 

Experimental 

M a t e r i a l s . T h e zeolites s tudied are the convent ional synthet i c X 
a n d Y zeolites obtained f r om U n i o n C a r b i d e C o r p . , L i n d e D i v i s i o n ( X : 
lo t # 12.967-38; Y : l o t # 12.805-66). Before use, the samples are sat 
urated i n 100 g r a m batches w i t h 1M N a C l and d ia lyzed against d i s t i l l ed 
water u n t i l free of chloride. T h e y are then dr i ed at 50° C , ground , a n d 
stored at r o o m temperature over saturated N H 4 C 1 . T h e anhydrous u n i t -
cell composit ions of the resul t ing mater ials are Na 85Al 8 5Siio70384 a n d N a 5 4 -
AI54S1138O384, as calculated f r om standard chemical analys is . T h e average 
va lue for the N a : A l a t o m rat io i s 1 =fc 0.015. T h e corresponding ca t i on 
exchange capacities are 6.25 a n d 4.23 m e q / g r a m . T h e reagents used were 
analyt ica l -grade n i trates (zinc, n i c k e l , sodium) or chlorides (cobalt, 
sodium) depending on the pa i r of ions studied . T h e isotopes used were 
^ C o , 2 2 N a , 6 5 Z n , a n d 6 4 N i , as obtained f r o m N . I . R . ( M o l , B e l g i u m ) . R a d i o 
chemical assays were performed us ing either a P a c k a r d T r i c a r b (model 
2425) s c in t i l l a t i on spectrometer or a P a c k a r d automat i c s ingle-channel 
g a m m a sc in t i l l a t i on spectrometer. T h e V i s k i n g d ia lys is membranes 
( M e d i c e l l I n t . London ) were profusely washed w i t h d i s t i l l ed water be
fore use i n the d ia lys is equ i l ibr ia . 

M e t h o d s . T h e h y d r o l y t i c behavior of N a X was invest igated i n a 
N a C l concentrat ion range of 10 ~ 4 to 1 0 ~ 2 i l f , us ing atomic absorpt ion a n d 
rad iochemica l techniques. A p p r o p r i a t e amounts of zeolite were weighed 
into d ia lys i s membranes w h i c h were k n o t t e d at one end a n d a i r -dr i ed p r i o r 
to use. F i v e m l of N a C l so lut ion of k n o w n concentrat ion were added, a n d 
the membranes were closed and placed into po lyethylene tubes conta in ing 
k n o w n so lut ion vo lumes of the corresponding N a C l concentrat ion. T h e 
systems were then shaken for 24 h r at 22°C i n a n end-over-end shaker a n d 
the dialysates were analyzed for sod ium b y atomic absorpt ion . T h e 
h y d r o l y t i c s od ium loss was obta ined d i r e c t l y f r o m concentrat ion differ
ences. T h e radiochemica l procedure was ident i ca l i n every respect except 
for the fact t h a t the N a C l solutions were labeled w i t h 2 2 N a p r i o r to equ i l i b 
r i u m . T h e sod ium loss f rom the crysta ls was obtained d i re c t l y f r om the 
radioact iv i t ies of the or ig ina l solutions a n d e q u i l i b r i u m dialysates a n d the 
C . E . C . values w h i c h were determined b y t o t a l analys is of the samples (6.25 
and 4.23 m e q / g r a m ) . T h i s isotopic d i l u t i o n method was used for b o t h 
X and Y samples at O.OL/lf N a C l . 
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232 M O L E C U L A R S I E V E S 

T h e sto ichiometric measurements were made us ing a s i m i l a r d ia lys is 
t e chn ique . E x a c t l y 50 m g zeolite ( ± 0.1-0.2 mg) was weighed i n t o a d ia lys is 
membrane to w h i c h 5 m l O.OliV N a C l (or N a N 0 5 ) was p ipetted . T h e m i x 
ture was equi l ibrated w i t h 40 m l of a m i x e d electrolyte so lut ion of 0.01 t o t a l 
n o r m a l i t y , conta in ing sod ium and the b iva lent cat ion ( N i , Z n , Co ) i n var ious 
proport ions . E a c h combinat ion requires two ident i ca l experiments, i n v o l v 
i n g either a 2 2 N a or a labe l of the t r a n s i t i o n element. E q u i l i b r a t i o n s were 
made i n a n end-over-end shaker (5 or 25°C) for one to two weeks. T h e i o n 
d is t r ibut ions were calculated f r om the amounts of r a d i o a c t i v i t y of the 
i n i t i a l a n d the e q u i l i b r i u m solutions for assays of dupl i cate 5 m l samples. 
F o r precis ion, the t o t a l number of counts col lected i n the 2 2 N a - l a b e l e d 
samples was a lways about 10 6 . 

R e v e r s i b i l i t y tests were made for cobalt a n d z inc ions i n N a X u s i n g a 
t emperature -var ia t i on method w h i c h is based u p o n a compar ison of the l o w -
temperature equ i l ibr ia of two ident i ca l systems, one of w h i c h h a d been pre -
treated at a higher temperature . Samples of 50 m g N a X ( + 5 m l N a C l or 
O.OliV N a N 0 3 ) were equi l ibrated w i t h 40 m l of m i x e d solutions at 5° a n d 
45°C. A f t e r 24 hr , hal f of the samples at 45 °C were transferred to the 5 ° C 
thermostat and vice versa. A l l systems were then shaken for another 24 
h r , a n d the e q u i l i b r i u m solutions were assayed for cobalt or z inc . T h e 
i n i t i a l equivalent fractions of M + 2 i n the solut ions are 0.05, 0.1, and 1. 
E a c h i n d i v i d u a l experiment was per formed i n dupl i cate or t r ip l i ca te , a n d 
a l l assays were made i n dupl icate . 

T h e m a x i m u m loadings i n X zeolite were obta ined b y two different 
methods. I n the first method , k n o w n amounts of zeolite were exhaust ive ly 
saturated w i t h cobalt or z inc solutions (O.OliV) at b o t h temperatures for 10 
days a n d subsequently equi l ibrated w i t h labeled solutions of the same con
centrat ion d u r i n g three d a y s ; the m a x i m u m load ing was then obta ined 
f r o m the changes i n radioact ive content. T h e second method , w h i c h was 
l i m i t e d t o 45°C , differed f r o m the first i n that the zeolites were exhaus
t i v e l y saturated for two weeks w i t h O.OliV solut ions w h i c h contained a 
radioact ive labe l f r om the s tar t ; the m a x i m u m load ing was then obta ined 
f r o m its radioact ive content assayed after ac id d isso lut ion of the mater ia l . 

Results and Discussion 

H y d r o l y s i s of N a Zeol i tes X a n d Y . T h e h y d r o l y t i c behavior of N a X , 
as obta ined f rom a n a l y t i c a l measurements of excess N a + i o n i n the d i a l y 
sates, has been studied at five N a C l concentrations ( 1 0 - 4 , 5.10~ 4 , 10~ 3 , 
5.10~ 3 , 1 0 ~ 2 M ) a n d at various zeo l i te : so lut ion ratios v a r y i n g f r o m 0.78 
t o near ly 6 g r a m s / l i t e r . T h e precis ion at the highest N a C l concentrations 
is re lat ive ly poor, but i t appears that , w i t h i n experimental error, the excess 
N a concentrat ion i n the dialysates is prac t i ca l ly independent of the i n i t i a l 
N a concentrat ion at h igh zeolite contents. A t low zeolite content, there 
is a slight tendency for higher excess N a concentrations t o w a r d the l o w 
concentrat ion scale. T h e experimental values, expressed i n terms of 
sod ium loss f r o m the crysta l , v a r y f r om about 0.7 to near ly 3 i o n s / u n i t cel l 
at a zeolite content at about 0.8 g r a m / l i t e r . T h e results for the 1 0 _ 4 Μ 
N a C l systems, for w h i c h the precision is best, are shown i n T a b l e I ; the 
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20. M A E S A N D C R E M E R S Transition Metal Ion Exchange 233 

Table L Hydrolysis of NaX in 1 0 ~ 4 M NaCl at Different Zeolite Contents 
Zeolite Content, gram/liter Sodium Loss, ions/unit cell 

5.88 0.73 
2.45 1.49 
1.63 2.10 
1.13 2.60 
0.77 2.70 

data are averages of dupl icate measurements for w h i c h the agreement is of 
the order of 5 % . T h e p H values of the e q u i l i b r i u m solut ion, as occasion
a l l y measured, were a lways about 6. 

A d d i t i o n a l checks were made us ing a dialysis procedure i n w h i c h 
zeolite samples w h i c h h a d been isotopical ly equi l ibrated w i t h a 2 2 N a 0 . 0 1 M 
N a C l solut ion were d ia lyzed against d is t i l led water. A f t e r repeated wash
ings, the sod ium loss f r o m N a X reached a steady va lue of 2.8 ( ± 0 . 1 ) i o n s / 
un i t cell at a zeolite content of 0.44 g r a m / l i t e r , i.e., a value w h i c h is nearly 
ident ica l to the data i n Tab le I for a 10 ~ W N a C l concentration. U n d e r 
s imi lar conditions, the sod ium loss f r o m N a Y is m u c h less a n d corresponds 
to 1.5 ( ± 0 . 1 ) i o n s / u n i t cel l . These results were confirmed b y electrical 
c onduct iv i ty measurements on the respective dialysates; the conduc t iv i ty 
for N a X is about twice as large (7.5 X 10~ 6 mhos / cm) as for N a Y (3.9 X 
10~ 6 m h o s / c m ) . 

T h e h y d r o l y t i c behavior of bo th N a X a n d N a Y as measured at 1 0 - 2 i l f . 
N a C l b y isotopic d i l u t i o n methods has also been measured as a funct ion of 
the zeolite content. T h e results, a long w i t h s tandard deviations f r o m the 
mean, are summarized i n Tab le I I ; the figure i n parenthesis indicates the 

Table II. Hydrolysis of NaX and NaY at 1 0 " 2 M NaCl Obtained from 
Isotopic Dilution 

Zeolite Content, 
gram/liter Ν a Loss, ions/unit cell 

N a X 0.82 5.2 ± 0 . 5 ( 7 ) · 
2.1 1.8 ± 0 . 2 5 (2) 
7.5 0.75 ± 0 . 0 9 (3) 

N a Y 0.82 2.9 ± 0 . 3 (7) 
3.0 1.3 ± 0 . 0 4 (3) 

α Number of duplicates. 

number of duplicates. I t is apparent that the isotopic d i l u t i o n method 
leads to somewhat higher values for the sod ium loss f r o m the zeolite c rys 
tals. E v i d e n t l y the results obtained f r o m changes i n radioact ive content 
induced b y isotopic d i lu t i on i n the zeolite are f a i r l y sensitive to the va lue 
taken for the C . E . C . ; at worst, a 1 % error i n the C . E . C . va lue is reflected 
i n a 1 0 % difference i n the sod ium loss, a figure w h i c h is the order of repro
duc ib i l i t y of the measurement. Whatever the reason for the discrepancy 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

02
0

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



234 M O L E C U L A R S I E V E S 

between the two methods, i t is obvious that the h y d r o l y t i c sod ium loss i n 
N a X is near ly twice the va lue f ound for N a Y . I t is t empt ing to correlate 
this figure w i t h the proport ion of monovalent cations i n the "supercages" 
for X a n d Y whi ch is also about 2. Whether this is a n y t h i n g more t h a n a 
coincidence is difficult to decide. A t any rate, the difference i n behavior 
between N a X a n d N a Y corroborates the finding that the first one is gener
a l l y m u c h more sensitive to ac id breakdown t h a n the second, as evidenced 
b y the fact that N a X is completely dissolved i n O. l iV H C 1 a n d N a Y is not . 
F r o m a pure ly pract i ca l po int of v i e w i t m a y be concluded that the washing 
process, for the purpose of removing excess sod ium w i t h d ist i l led water, is 
not l i k e l y to induce any significant sod ium loss i n either mater ia l since the 
water :zeo l i te proportions are usual ly m u c h smaller t h a n the values used 
i n th is work . 

Sto ichiometry . T h e effect of b iva lent i on occupancy upon the s to i ch i -
ometry is shown i n F i g u r e 1. T h e sto ichiometry factor / is defined as the 
number of N a + ions d e s o r b e d / M 2 + ions adsorbed a n d the dev iat ion f r o m 
2 is a measure of the h y d r o l y t i c sod ium loss. A s before, i t appears that 
N a X is m u c h more sensitive to excess sod ium loss t h a n N a Y ; at l o w oc
cupancy of M 2 + , the data are comparable w i t h the results of T a b l e I I : 
6-8 i o n s / u n i t cell ( N a X ) a n d 2.5-3 ( N a Y ) , w h i c h again differ b y a factor 
of about 2. 

A t h igh M 2 + occupancy, / becomes 2.15 i n N a X w h i c h corresponds to 
a N a loss of about 3 i o n s / u n i t cell , whereas i n N a Y , / is exact ly 2. T h e 
effect o n / for the three cations studied is quite s imi lar a l though there is a 
sl ight tendency for h i g h e r / v a l u e s for n i cke l . 

Figure 1. Stoichiometry factor vs. bivalent ion occupancy in NaX (upper 
curve) and NaY (lower curve) at 25°C for cobalt (squares), nickel (circles), and 

zinc (triangles); ( ) confidence interval at 95% level 
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T h e effect of temperature on hydro lys is is shown i n F i g u r e 2 for n i cke l . 
A temperature decrease f r o m 22 to 5 ° C leads to a n apparent ly significant 
decrease of / i n N a X , whereas the N a Y behavior is barely different. A t 
h igh N i occupancy, the temperature has no effect on either X or Y . T h e 
extent of reproduc ib i l i ty is perhaps best i l lus t rated b y the C . E . C . values 
at h igh M 2 + occupancy: for N a Y at 12 < M 2 + < 18 i o n s / u n i t cell , the 
C . E . C . va lue as obta ined f r o m add i t i on of the separately determined ions 
is 4.19 ± 0.04 m e q / g r a m (the average of 20 determinations) , a va lue w h i c h 
is not s ignif icantly different f r o m the N a content of the mater ia l as f ound 
b y t o t a l analysis . F o r N a X at 20 < M 2 + < 28 i o n s / u n i t cel l , the C . E . C . 
va lue is 6.01 ± 0.06, a figure w h i c h corresponds to the aforementioned 
sod ium loss of 3 i o n s / u n i t cel l . A t loadings approaching saturat ion , the 
sto ichiometry factor i n N a X becomes 2 as evidenced b y the fact tha t the 
m a x i m u m occupancy of cobalt ions obtained b y exhaustive saturat ion at 
45°C is ident i ca l to the C . E . C . v a l u e : 6.27 ± 0 . 1 1 . 

5 10 15 20 25 M**ions/uc 

Figure 2. Effect of temperature upon stoichiometry factor for adsorption of 
nickel ions in NaX (circles) and NaY (triangles): · , A : 25°C; Ο, Δ : 5°C 

R e v e r s i b i l i t y . A p p a r e n t i r r evers ib i l i t y phenomena of i o n exchange i n 
N a X were studied w i t h zinc a n d cobalt ions us ing a temperature -var ia t i on 
method described i n the exper imental section. I n v i e w of the h igh selec
t i v i t y of N a X for b iva lent cations at l ow zeolite loading, the concentrat ion 
of b iva lent ions i n the e q u i l i b r i u m solut ion is qui te sensitive to s m a l l 
changes i n the surface composit ion. I n fact, the adsorpt ion remova l of 
b iva lent cations at l ow loading, below 0.2, is quant i ta t ive or near ly so 
(99 .5% or better) . Consequent ly the value of the e q u i l i b r i u m concentra
t i o n is an ideal cr i ter ion for assessing either revers ib i l i ty or e q u i l i b r i u m 
conditions. 
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T a b l e I I I shows the results at two loadings i n terms of the e q u i l i b r i u m 
concentrations of cobalt a n d zinc at two temperatures (5° a n d 45°C) a n d 
two temperature combinat ions : 24 hr at 5 ° C fol lowed b y 24 h r at 45°C 
a n d vice versa. T h e loadings are expressed w i t h respect to a 6.25 m e q / 
g r a m C . E . C . va lue a n d the e q u i l i b r i u m concentrations are the averages of 
three or two measurements as ind icated i n parenthesis. 

F o r b o t h ions, i t is apparent that the e q u i l i b r i u m concentrations (which 
are inversely proport ional to the select iv ity coefficient) at l ow temperature 
are two to three t imes larger t h a n the high-temperature values, w h i c h 
indicates the usual a n d rather i m p o r t a n t endothermic effect. I t is fur ther 
more apparent that there is a significant preference for zinc as compared 
w i t h cobalt ions, corresponding to a free energy of about 0.2 k c a l / e q u i v a -
lent . 

Table ILL Trace Region Equilibrium Concentrations of Cobalt and Zinc 
Ions in NaX at Two Temperatures and Two Temperature Combinations ; 

Total Normality is O.OliV 
Cobalt Eq. Cone. Zinc Eq. Cone. 

Temp., °C Z M
2 + (Ν Χ 10«) (Ν X 10") 

45 (2d) 0.087 0.66 ± 0.06 (3)» 0.49 ± 0.05 (3) 
5 (Id) + 45 (Id) 0.71 ± 0.07 (3) 0.57 ± 0.05 (3) 
45 (Id) + 5 (Id) 1.14 ± 0.13 (3) 0.72 =fc 0.08 (3) 
5 (2d) 1.83 ± 0 . 2 1 (3) 0.95 ± 0.08 (3) 
45 (2d) 0.173 2.14 ± 0.02 (2) 0.86 ± 0.04 (2) 
5 (Id) + 45 (Id) 2.49 ± 0.32 (2) 0.86 ± 0.02 (2) 
45 (Id) + 5 (Id) 4.01 ± 0.05 (2) 1.53 ± 0.03 (2) 
5 (2d) 5.17 ± 0 . 2 1 (2) 2.92 ± 0 03 (2) 

* Number of measurements in average. 

T h e most i m p o r t a n t po int is the effect of t h e r m a l h is tory upon the 
e q u i l i b r i u m level of cobalt a n d zinc ions i n solut ion. W i t h i n experimental 
error, the results obtained w i t h the " 4 5 ° C — t w o d a y " systems are ident i ca l 
to the 45° C systems w h i c h h a d received a pr ior one-day treatment at 5°C. 
T h e durat i on of the experiments has v e r y l i t t l e effect upon the e q u i l i b r i u m 
d i s t r ibut i on , as evidenced b y the fact t h a t the results obta ined b y long-
t e r m equi l ibrations at bo th temperatures a n d for bo th ions were nearly 
ident i ca l to those shown i n T a b l e I I I . M o s t i m p o r t a n t however is the 
finding that the e q u i l i b r i u m levels of cobalt a n d z inc at 5 ° C are signif i 
cant ly higher t h a n these w h i c h are obtained after a 45° C treatment . T h i s 
indicates tha t the 5 ° C d i s t r ibut i on over the various possible sites, as i n 
duced b y a 4 5 ° C pretreatment , differs f r o m the " n o r m a l " low-temperature 
d i s t r ibut ion i n that a significant por t i on of the adsorbed b iva lent ions 
w h i c h part i c ipate i n the 4 5 ° C e q u i l i b r i u m no longer do so at 5 °C . I n 
other words, when returned to 5°C , par t of the solid-phase meta l ions 
appear i rrevers ib ly sequestered i n sites where they are " o u t of r e a c h " at 
l o w temperature. 
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T h e temperature-dependent m a x i m u m loadings for cobalt a n d z inc 
are pert inent . T h e results obtained b y the first method are : 4.33 =t 
0.04 (Co) a n d 5.18 ± 0.05 (Zn) m e q / g r a m at 5 ° C ; 5.10 (Co) a n d 5.60 ± 
0.05 (Zn) at 45°C. T h e figures are the averages of two experiments. 
T h e second method leads to complete saturat ion of the zeolites for b o t h ions, 
corresponding to a C . E . C . value of 6.25 m e q / g r a m w i t h i n 1%. W e use 
the results obtained b y the first method as a basis for our subsequent 
analysis since the procedure resembles more closely the one used i n the 
temperature -var iat ion method. T h e data p e r m i t a d i s t inc t ion between 
a or easily accessible sites, corresponding to the m a x i m u m loading at 5 ° C , 
a n d β or di f f icult ly accessible sites w h i c h we take as the difference between 
the h igh a n d l o w temperature C . E . C . value. T h e capac i ty of the β sites 
is 0.77 (Co) a n d 0.42 (Zn) m e q / g r a m . A combinat ion of these data w i t h 
the results of Tab le I I I afford an indirect estimate of the 45° C d i s t r ibut i on 
of d ivalent cations between a a n d β sites. F i r s t l y , the " 5 ° C — t w o d a y " 
results are used for ca lculat ing the 5 ° C se lect iv i ty coefficient Kc' ( un 
corrected for solution-phase a c t i v i t y coefficients) : 

i n w h i c h Z M represents the loading of M 2 + normal i zed to the 5 ° C m a x i 
m u m occupancy. T h e Kc' value so obta ined is then used for ca l cu la t ing 
the new (normalized to the 5 ° C m a x i m u m ) l oad ing w h i c h is i n e q u i l i b r i u m 
w i t h the e q u i l i b r i u m solut ion at 5 ° C , subsequent to the 45° C treatment . 
T h e difference between these two figures, expressed i n absolute terms, 
corresponds to the number of mi l l iequivalents of M 2 + w h i c h were on β 
sites at 45° C a n d became " s h u t off" b y decreasing the temperature . A t 
the lower l oad ing (0.54 meq /gram) we ob ta in 0.11 (Zn) a n d 0.15 m e q / g r a m 
(Co) on the β sites whereas at the higher l oad ing (1.08 m e q / g r a m we find 
0.4 (Zn) a n d 0.45 (Co) m e q / g r a m . Express ing these numbers re lat ive 
to the β capacity , i t becomes immediate ly obvious that the M 2 + load ing o n 
β sites is several t imes larger t h a n on the a sites. T h i s indicates, contrary 
to some conclusions based on ca l c ium a n d b a r i u m adsorpt ion i n N a X (6), 
a higher aff inity of the M 2 + ions for the sites i n the di f f icult ly accessible 
regions. I n other words, the lack of penetrat ion of M 2 + i n the β sites is 
not of thermodynamic or ig in . T h i s reasoning rests on two assumptions : 
firstly that at the g iven h igh temperature, there is i n fact thermodynamic 
e q u i l i b r i u m between a a n d β sites, a n d secondly t h a t the low-temperature 
se lect iv i ty coefficient for the a sites is unchanged after " l i f t i n g " p a r t of the 
solid-phase M 2 + ions in to n o r m a l l y inaccessible regions at t h a t temperature. 
T h e second assumption is quite realistic i n v iew of the low- loading values. 

T h e results obtained at h igh loadings, as shown i n Tab le I V are en
t i re ly analogous a n d po int to a s imi lar effect. F o r purposes of comparison, 
the results obtained after one (Co) a n d two weeks (Zn) under otherwise 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

02
0

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



238 M O L E C U L A R S I E V E S 

ident i ca l conditions are also g iven. U n l i k e the low- loading conditions 
however, the e q u i l i b r i u m solut ion composit ion becomes re lat ive ly insensi
t i ve to smal l changes i n the so l id phase configuration. 

Table IV. Equilibrium Distribution of Cobalt and Zinc at High Loading at 
Two Temperatures and Two Temperature Combinations 

Temp., 
°C Szn Ζ Zn &Co Zco 

45 (2d) 0.491 ±0 .001 (2)· 0.776 ± 0 . 0 0 7 0.549 ± 0.002 (2) 0.665 ± 0 . 0 0 4 
5(ld) + 

45 (Id) 0.505 ± 0 . 0 0 5 (2) 0.751 ± 0 . 0 0 4 0.556 ± 0.001 (2) 0.652 ±0 .002 
45 (Id) + 

5 (Id) 0.522 ± 0 . 0 0 3 (2) 0.712 ± 0.006 0.567 ± 0.003 (2) 0.632 ± 0 . 0 0 5 
5 (2d) 0.534 ± 0 . 0 0 2 (2) 0.694 ± 0.005 0.581 ± 0.001 (2) 0 .604±0.002 
45 1-2 

weeks 0.500 0.760 0.546 0.646 
5 1-2 

weeks 0.540 0.682 0.569 0.593 
β Number of duplicates. 

I t is t empt ing to ident i fy the easily accessible regions i n the sol id 
phase w i t h the supercages a n d the di f f icult ly accessible sites w i t h the cubo-
octahedra a n d hexagonal prisms, par t i cu lar ly for z inc where the m a x i m u m 
loading corresponds to a " m a g i c " 82% va lue . S u c h is however no longer 
the case for cobalt for w h i c h , strangely enough, the 82% figure is reached 
at 45°C. T h e trace-region adsorpt ion data show however that , even at 
re lat ive ly l ow loading of either cobalt or z inc , a significant por t i on of these 
ions, corresponding to nearly three i o n s / u n i t cell , moves to regions w h i c h are 
inaccessible at low temperature (probably the "small -cage s i tes" ) . T h e 
apparent i r revers ib i l i ty observed a t l ow temperature m a y be understood 
i n terms of a temperature- induced water -s tr ipp ing effect as suggested b y 
Sherry (6). 

T h e most l i k e l y interpretat ion is the fo l l owing . A t moderate (and 
perhaps also a t low) temperatures, the i n i t i a l adsorpt ion of b iva lent cations 
induces a red is tr ibut ion of the N a ions i n the crysta l , as was suggested b y 
T h e n g , V a n s a n t , a n d U y t t e r h o e v e n (7) i n a s tudy of a l k y l a m m o n i u m ions 
i n zeolite, i.e., ions w h i c h at any rate are unable to penetrate the smal l 
cages. T h i s hypothesis was confirmed for zeolite Y i n an x - ray analysis 
by M o r t i e r , Costenoble, a n d Uyt te rhoeven (8) who found a significant 
increase i n N a occupancy of the " s m a l l cage s i tes" upon adsorpt ion of 
a l k y l a m m o n i u m ions of increasing cha in length. W h e n us ing b iva lent 
cations for w h i c h there are no a priori steric reasons to prevent t h e m f r o m 
entering the cubooctahedra, temporar i ly vacated "small -cage anionic 
s i tes" can be taken b y the b ivalent cations b u t on ly at moderate a n d h i g h 
temperatures. 
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Conclusions 

The temperature-dependent irreversibility demonstrates that the 
ion-exchange behavior of NaX towards bivalent cations depends strongly 
upon the thermal history of the sample. The rather pronounced 
differences in behavior of transition-metal ions, also observed in synthetic 
zeolite 4 A (9), is in very sharp contrast with the nearly identical, 
either hydrated or crystallographic, dimensions of these ions (10). Ob
viously, this observation raises important questions as to the value of the 
current interpretation (nearly) exclusively in terms of physical dimensions 
of ions and pore width. In contrast, the similarity of behavior in mont
morillonite is remarkably close: the Δ(?0 value for the replacement of 
Na by either Ni, Co, Cu, or Zn is —175 cal (± l l ) / equ iva len t , irrespective 
of the nature of the cation (11). Therefore, the understanding of their 
difference in behavior in zeolites must take other effects into consideration. 
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Thermogenesis of Specific Adsorption Sites 
of Zeolites and Their Effects on the Spectra 
of Adsorbed Aromatic Amines 

S. P. ZHDANOV and Ε. I. KOTOV 

I. V. Grebenshchikov Institute of Silicate Chemistry, USSR Academy of Sciences 
and A. A. Zhdanov State University of Leningrad, Leningrad, U.S.S.R. 

Concentrations of proton and non-proton sites in zeolites were 
changed by thermal treatment of Na, NH4 zeolites at different 
temperatures (100°, 250°, 350°, 450°, 550°, 650°, and 750°C). 
Molecules of Ν,N-dimethylaniline interact at 20°C with both 
the proton-donating and electron-deficient zeolite sites. Effects 
of these interactions are evident in the spectra of the adsorbed 
species. 

C i n c e the cata lyt i c a c t i v i t y of synthet ic zeolites was first revealed (1, 2), 
cata ly t i c properties of zeolites have received increasing at tent ion . T h e 

role of zeolites as catalysts , together w i t h their ca ta ly t i c po ly funct i ona l i ty , 
results f r o m specific propert ies of the i n d i v i d u a l ca ta ly t i c react ion a n d of 
the i n d i v i d u a l zeolite. These circumstances as we l l as the different 
exper imental condit ions under w h i c h they have been studied make i t 
difficult to generalize on the experimental data f r o m zeolite catalysis . A s 
new data have accumulated, new theories about the nature of the ca ta ly t i c 
a c t i v i t y of zeolites have evo lved (3-9). T h e most c ommon theories corre
late zeolite cata lyt i c a c t i v i t y w i t h the ir proton-donat ing a n d electron-
deficient functions. A s pro ton-donat ing sites or B r o n s t e d ac id sites one con 
siders h y d r o x y l groups of decationized zeolites; these are formed b y direct 
subst i tut i on of part of the cations for protons on decomposit ion of N H 4

+ 

cations or as a result of hydro lys is after subst i tut ion of a l k a l i cations for 
rare earth cations. A s electron-deficient sites or Lewis ac id sites one con
siders usual ly three-coordinated a l u m i n u m atoms, formed as a result of 
dehydroxy la t i on of Η-zeolites b y calc inat ion (8y 10-13). 

T h e influence of b o t h heat treatment of decat ionized zeolites a n d the 
nature of cations on the proton-donat ing a n d electron-deficient zeolite p r o p 
erties has been s tud ied (13-16). H o w e v e r , these w o r k s do not a l l ow one 
to fo l low c learly the m u t u a l l y dependent changes i n pro ton -donat ing a n d 

240 
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21. ZHDANOV AND KOTOV Thermogenesis of Sites 241 

electron deficient properties, on the one hand , a n d the changes i n adsor
p t i o n a n d cata lyt i c properties, on the other. 

Experimental 

T o s tudy the in terac t i on of adsorbed molecules w i t h act ive sites i n 
decationized zeolites we used opt i ca l electronic spectroscopy, w h i c h was suc
cessful (17-19) w i t h s i l i c a - a l u m i n a catalysts . T h e results (17-19) were t h e n 
extrapolated to zeolites (20-21). 

i V , i V - D i m e t h y l a n i l i n e was chosen as the adsorbate because i t s mole 
cules can interact w i t h b o t h proton-donat ing a n d electron-deficient zeolite 
sites; these interact ions are evident i n the spectra of the adsorbed species. 
Concentrat ions of pro ton and non-proton zeolite sites were changed b y 
t h e r m a l t reatment of N a , N H 4 - z e o l i t e s a t different temperatures . 

Synthet i c Na-faujasites w i t h different degrees of N I L * exchange a n d 
w i t h different S i / A l ratios i n the latt i ce were used as s tar t ing materials . 
Composi t ions of the samples invest igated were: 

1. Nao.39(NH4)o.5e(A102)(Si02)1.i7 2.53 H 2 0 
2. Nao.25(NH4)o.64(A102)(Si02)i.37 2.56 H 2 0 
3. Naa.o9(NH4)o.85(A102)(Si02)i.67 2.78 H 2 0 
4. Nao.24(NH4)o.75(A102)(Si02)2.56 3.48 H 2 0 

Samples l a , 2a, and 4a w h i c h are the a m m o n i a forms of zeolites 1, 2, and 4 
w i t h higher N H 4 + exchange (90%) were also studied. 

iV , iV -d imethy lan i l ine was adsorbed under v a c u u m at 20°C after p re -
treat ing the samples i n v a c u u m (ρ = 2 . 1 0 - 6 torr) for 15 hours at 100°, 
200°, 350°, 450°, 550°, 650°, a n d 750°C. Precaut ions were t a k e n to pre 
vent the adsorpt ion of water impur i t ies w i t h amine vapors . C o n c e n t r a 
t i o n of adsorbed amine amounted to about 15 molecules per 10 u n i t cells 
of the zeolites. 

Di f f erent ia l spectra of diffused reflection around 230-700 n m were 
measured w i t h a two-beam recording spectrophotometer w i t h corrected zero 
l i n e ; i t was constructed i n our laboratory t o measure the spectra of a d 
sorbed species. Spectra were recorded before and after i r r a d i a t i o n w i t h 
a P R K - 2 mercury l a m p for 15 minutes of the zeolite sample containing 
adsorbed amine. 

T h e diffused spectra were recorded under these conditions for a l l 
zeolites. F i g u r e 1 shows the spectra obtained for sample 3. Conclusions 
based o n the spectra are l i s ted i n T a b l e I . 

Discussion 

T h e object of this w o r k was to s tudy the influence of pretreated, 
decationized N H 4 - z e o l i t e s o n adsorbed iV , iV -d imethy lan i l ine molecules. 
Such influence is caused by , proton-donat ing a n d electron-deficient act ive 
sites i n decationized zeolites. Interact ion of a n aromat ic amine mole 
cule ( M ) w i t h the proton-donat ing site leads to the f o rmat ion of the M H + 

molecule i o n ; in terac t ion w i t h the electron-deficient site results i n the M + 

cat ion rad ica l . S tab i l i za t i on of these states b y adsorpt ion leads to the 
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M O L E C U L A R SIEVES 

Figure 1. Spectra of adsorbed species. Solid line: in the 
dark. Dashed line: after irradiation. 
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21. ZHDANOV AND KOTOV Thermogenesis of Sites 243 

appearance i n the aromat ic amine electronic spec trum of absorpt ion bands 
t y p i c a l for each case a n d different i n frequencies. Therefore, studies of 
the electronic spectra of aromatic amines adsorbed i n decationized zeolites, 
after t h e r m a l treatment at var ious temperatures, enable one to observe 
d irect ly the genesis a n d t rans format ion of proton-donat ing a n d e lectron-
deficient sites i n these zeolites. 

O u r spectroscopic invest igations enable us to d is t inguish three phe
nomena w h i c h produce a n d accompany molecular transformations i n 
decationized zeolites : 

(a) Phenomena connected w i t h t h e r m a l a c t i v a t i o n of zeolites, f o l 
l owed b y the f o rmat ion of specific adsorpt ion sites i n the absence of a d 
sorbed molecules of aromat ic amines. 

(b) P r i m a r y interac t ion between adsorbed molecules a n d adsorpt ion 
sites. These processes lead to the f ormat ion of the p r i m a r y interact ion 
products a n d new adsorpt ion sites. 

(c) Secondary processes, in c lud ing b o t h the in terac t i on of adsorbed 
molecules w i t h the p r i m a r y products a n d w i t h the new adsorpt ion sites, 
a n d a l l resul t ing interact ions between the newly formed products a n d sites. 

T h e r m a l A c t i v a t i o n of N H 4 - Z e o l i t e s . I n discussing the phenomena 
associated w i t h the effect of t h e r m a l a c t i v a t i o n of N H 4 - z e o l i t e s o n the 
electronic spectra of adsorbed iV , iV -d imethy lan i l ine , i t is he lp fu l to d iv ide 
the temperature i n t e r v a l into two regions: h i g h a n d low. T h e most 
general conclusion t h a t follows f r o m the observed changes i n the spectra 
of F i g u r e 1 a n d i n other spectra are w i t h regard to the generation of s trong 
electron-deficient sites i n N H 4 - X a n d Y zeolites after ca l c inat ion at t e m 
peratures above 350°-400°C. However , at lower pretreatment t e m 
peratures, the electronic spectra indicate the f o rmat ion of pro ton -donat ing 
sites i n the absence of electron-deficient sites. 

T h e most direct conf irmation of the f o rmat ion of proton-donat ing sites 
i n the h y d r o x y l groups at the expense of N H 4

+ decomposit ion after heat ing 
N H 4 - X a n d - Y zeolites was obta ined f r om the in frared spectra i n Refs . 8 
a n d 22. T h e m a x i m u m concentrat ion of O H groups determined i n such 
zeolites b y the intens i ty of the 3650 c m " 1 b a n d was at 250° -300°C. O n 
rais ing the temperature, the O H concentrat ion began to fa l l sharply , as 
shown b y I R spectroscopic data . A t the same t ime, the electron deficient 
sites began to appear i n the zeolites. T h e genesis of pro ton-donat ing a n d 
electron-deficient sites i n N H 4 - z e o l i t e s as a result of heat ing can be ex
p la ined b y the fo l lowing schemes: 

Η Η ΝΗ 4
+ 

Scheme I 
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N a + Η Η 

/ S A T S i ' S i ' SA1 + S i ' S S i ' N A T S S i ' S S i Al S i ' X 

/ \ / \ / \ / \ / \ / χ / χ / \ a i\ /\ /\ 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 I I I I I I I I I I I M I I I I I I I I I I 

Scheme Π 
N a + 

' Ν Α Ί ' S S i ' Ν Α ΐ ' X S i ' NA1 + S i ' N S i ' Al + Si N S i ' Al N S T N 

/ \ / \ / \ / \ / \ / \ / V _ / Y 
0 0 0 0 0 0 0 0 0 0 
I I I I I I I I I I 

/ \ / \ / \ A /\ / \ / \ 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Ι Ι Ι Ι Ι R 1 1 Ι Ι Ι Ι Ι Ι 

Scheme ΠΙ 

Scheme I i l lustrates the appearance of proton-donat ing sites i n the 
temperature region for stable O H groups when the N H 4

+ ions are s t i l l 
par t ia l l y i n the zeolites; at th is po int electron-deficient sites are not formed 
(low temperature region). Schemes I I a n d I I I describe the successive break
d o w n of proton-donat ing sites when the temperature is raised, according t o : 

δ_ δ+ + 
2 A101/2HOSi08/2 — SiO./ 2 + A10y2 + A104/2Si04/2 + H 2 0 

Schemes I—III do not differ s ignif icantly f r o m those reported i n the 
l i terature (8,12). F i r s t , the electron-deficient centers i n the zeolites must 
arise at the expense of proton-donat ing sites. Secondly, the nonproton 
centers formed i n decationized zeolites are essentially different f r o m each 
other. B o t h facts are confirmed b y the results of our investigations on the 
electronic spectra of decationized zeolites. 

Primary Processes. T h e spectra i n F i g u r e 1 give evidence for the 
interac t ion of adsorbed molecules of iV , iV -d imethy lan i l ine w i t h pro ton -

δ- δ+ + 
donat ing sites A 1 O / 2 H O S i O / 2 a n d w i t h electron-deficient sites S i O i / 2 . 
In terac t ion of a n aromat ic amine molecule w i t h the proton-donat ing site 
δ- δ+ 

( A 1 0 / 2 H O S i 0 8 / 2 ) leads t o the format ion of the M H + molecule i o n a n d to 
the corresponding change i n the site as a result of p r o t o n loss: 

δ- δ+ 
A10./ 2HOSiO/ 2 + M — A104/2Si04/2 + M H + 

F o r m a t i o n of M H + ions on adsorpt ion of iV , iV -d imethy lan i l ine a n d 
stab i l i zat ion i n the adsorbed state should be accompanied b y the appear
ance of the k n o w n 260-nm absorpt ion b a n d (18, 23). T h i s b a n d was ob
served i n our work i n the spectra of adsorbed ani l ine at l ow adsorpt ion. I n 
the spectra (Figure 1) this b a n d is not v is ib le because of the superposit ion 
of the M H + absorpt ion bands a n d the presence of the excess adsorbed N,N-
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21. Z H D A N O V A N D K O T O V Thermogenesis of Sites 245 

d imethylani l ine molecules ( M ) ; these molecules produce two absorpt ion 
bands, one at 250 a n d one at 300 n m . T h e s tab i l i zat ion can be repre
sented as: 

( C H a ) - / ) 
H N — f 

' Al Si 
/\ /\ 

0 0 0 0 
1 I I I 

+ 

Interact ion of the aromatic amine molecule ( M ) w i t h the S i O i / 2 e lectron-
deficient site must lead to the f o rmat ion of the M + cat ion rad i ca l a n d to a 
corresponding change i n site as a result of electron capture : 

Si0 3 / 2 + M SiOe/2 + M + 

T h e presence of free A 1 0 y 2 sites should be a condi t ion for s tabi l i zat ion of the 
cat ion-rad ica l : 

' Al Si S i N A l ' \ 
/\ / \ / \ / \ 

0 0 0 0 0 0 0 0 
I I I I I I I I 

F o r m a t i o n a n d s tab i l i zat ion of M + cation radicals of N , N - d i m e t h y l -
ani l ine must give rise to the appearance of the we l l k n o w n double absorp
t i o n b a n d at 430-470 n m (23). A c t u a l l y , the absorpt ion b a n d is present 
i n the curves in F i g u r e 1 i n those cases where the zeolite sample underwent 
h igh temperature pretreatment. Interact ion of ΛΓ,ΛΓ-dimethylaniline 
molecules w i t h A l O i / a sites was not c learly observed i n the spectra. I t w o u l d 
be most probably accompanied b y the appearance of a b a n d ~ 2 6 0 n m 
result ing f r o m format ion of a b o n d b y the 2pz e lectron pa i r of the ni trogen 
a t o m (18) according t o : 

AI N — f 

ο ο ο 

I n our opinion, the la t te r is a clear conf irmation of our v i ewpo int o n the 
+ 

nature of the electron-deficient site, S i O / 2 , y i e l d i n g a cat ion rad i ca l b y re 
m o v a l of one electron f r o m the molecule. 
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246 MOLECULAR SIEVES 

Secondary Processes . T h e presence of the double absorpt ion b a n d at 
540-600 n m (Figure 1) can be caused b y a react ion w h i c h proceeds w i t h 
par t i c ipa t i on of M H + a n d M + a n d results i n the f ormat ion of a product that 

can be stabi l ized b y two A104/2 sites: 

T h i s , product ( H + M - M + ) was observed i n frozen matrices (23). 
L e t us consider how H + M - M + is formed, us ing the scheme for t h e r m a l 

genesis of the act ive sites a n d the spectra i n F i g u r e 1. O n adsorpt ion of 
iV,2V-cumethylaniline i n zeolite 3 . in the dark, the 540-600-nm b a n d is ob
served on ly i n the samples heat treated at 350°, 450°, a n d 550°C—i.e. , 
when H + M - M + f o rmat ion is preceded b y format ion of b o t h p r i m a r y M H + 
a n d M + products . T h e intens i ty of bands shows that the most favorable 
conditions for H + M - M + format ion occurred after zeolite pretreatment at 
550° C when the excess M + cat ion radicals (430-470 nm) were f ound to 
gether w i t h the H + M + - M + product . W h e n the samples were treated at 
350° a n d 450°C, a l l M + cat ion radicals reacted. 

F igure 1 shows that photo i r rad iat ion of the samples pretreated at 350°, 
450°, 550° C causes a n increase i n intens i ty of the 540-600-nm H + M - M + 
band . T h i s indicates the f o rmat ion of add i t i ona l M + cat ion radicals under 
these conditions. T h e sl ight increase i n intens i ty of the 540-600-nm b a n d 
for the sample treated at 550° C , compared w i t h the samples t reated at 350° 
a n d 450°C, is apparent ly l i m i t e d b y the number of pro ton -donat ing sites 
a n d M H + ions associated w i t h i t . T h e absence of H + M - M + after M + 
cat ion radicals are formed (sample treated at 750° C ) can be caused b y the 
complete absence of proton-donat ing sites a n d consequently b y the i m 
poss ib i l i ty of f o rming M H + ions. Special a t tent ion should be p a i d to the 
effects caused b y photo i r rad iat i on of the samples heat treated at 200° a n d 
650°C. T h e appearance of H + M - M + i n the first case can be explained b y 
assuming that the photo irradiat ion itself produces some M + cat ion radicals 
f r o m excess of M H + ions. I n the second case excess M + cat ion radicals are 
observed on photo i rrad iat ion . T h e 540-600-nm b a n d was observed after 
treatment at 650°C i n type Y zeolites on ly (see T a b l e I ) . 

T h e effects of photo i r rad iat i on can be explained if one considers t h a t 
dur ing photo i r rad iat ion , molecules interact w i t h adsorpt ion sites when they 
are excited a n d their bas ic i ty is increased. Therefore the electron-deficient 
sites of samples treated at 650° a n d 750° C are not as " s t r o n g " as samples 

I I I I I I I I I I I I 
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21. ZHDANOV AND KOTOV Thermogenesis of Sites 247 

treated at lower temperatures; here one observes the format ion of M + 

cation-radicals i n the dark . 
T a b l e I l ists the results of spectroscopic studies of iV , iV-chmethylani l ine 

i n zeolite samples 1, 2, 3, a n d 4. T h e spectral data show that the correla
t i o n of the number of different types of sites depends on the temperature 
of p re l iminary t h e r m a l ac t ivat i on , a n d the amount of different types of 
sites depends on the composit ion of crystals for various samples of zeolites 
treated at one temperature. A m o n g the zeolites studied, sample 3 differs 
f rom samples 1,2, a n d 4 b y i ts a c t i v i t y i n the dark . T h e c r y s t a l composi 
t ions show that this sample has the highest degree of exchange of N a 4 " for 
N H 4

+ . 

Table I. Compounds Identified from the Adsorption 
Spectra of Ν,Ν-Dimethylaniline in Zeolites* 

Conditions 
of 

N,N-
dimelhyl- Pretrealment Temperature of Zeolites, °C 

aniline _ : 
Adsorption 100° 200° 350° 460° 550° 650° 750° 

Zeolite Sample 1 
Darkness, 

20°C M M M M M M M 
Photoirradia

tion M M M M + M M + M M + M M + M 
H + M - M + 

Zeolite Sample 2 
Darkness, 

20°C M M M M M M M 
Photoirradia

tion M M M M + M M + M M + M M 
H + M - M + H + M - M + H + M - M + 

Zeolite Sample 3 
Darkness, 

20°C M M M M M M + M M 
H + M - M + H + M - M + H + M - M + 

Photoirradia
tion M M M M M + M M + M M + M M + 

H + M - M + H + M - M + H + M - M + H + M - M + H + M - M + 

Zeolite Sample 4 
Darkness, 

20°C M M M M M M M 
Photoirradia

tion M M M M M + M M + M M + M M + 

H + M - M + H + M - M + H + M - M + H + M - M + 
α Compounds are identified and discussed in the text. 
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248 MOLECULAR SIEVES 

To determine the influence of the degree of exchange on zeolite ac
tivity, studies were done on samples la, 2a, and 4a (degree of N H 4

+ ex
change ̂ 90%). Results of spectroscopic investigations on the adsorption 
of iV,iV-dimethylaniline in samples la, 2a, and 4a showed that only sample 
4a is as active in the dark as sample 3 after pretreatment at 350°, 450°, and 
550°C. Samples la and 2a appeared to be inactive in the dark. Photo-
irradiation of samples la and 2a yielded almost the same results as for 
samples 1 and 2 except for a slight increase in intensity of the spectral 
bands for the former samples. 
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Influence of Cations on the Thermal 
Stability of Modified Y Zeolites 

H. BREMER, W. MÖRKE, R. SCHÖDEL, and F. VOGT 

Department of Process Chemistry, Technical College for Chemistry "Carl Schorle
mmer" Leuna-Merseburg, Merseburg, German Democratic Republic 

The thermal stabilities of cation exchanged Y zeolites as revealed 
by DTA exhibit variable behavior depending the nature of the 
cation and degree of exchange. This behavior is explained by 
IR and ESR (X- and Q-band) spectroscopic results. With 
regard to thermal stabilities three groups of ion-exchanged zeolites 
can be distinguished experimentally: (1) minimal stability at 
20-40% exchange (Mg2+, Ca 2 +, Co2+, Ni2+, Zn2+), (2) con
tinuously increasing stability with increasing degree of exchange 
(Ce3+, H +), and (3) continuously decreasing stability with in
creasing degree of exchange (Cu2+). These different thermal 
stabilities arise from specific interactions between the cation and 
the zeolite framework. 

C y n t h e t i c a n d n a t u r a l zeolites are becoming increasingly i m p o r t a n t as 
^ catalysts, carriers of catalysts , a n d adsorbents. Zeolites are especially 
suited to these purposes because their properties can be modif ied b y cat ion 
exchange. T h e l i terature describes several studies w h i c h show character
ist ic changes i n physicochemical properties result ing f r o m cat ion exchange—• 
e.g., ca ta ly t i c a c t i v i t y (1,2), acidic properties (3), adsorpt ion behavior (4)} 

structure of so l id (5,6), a n d t h e r m a l s tab i l i ty (7,8). 
T h e crystal l ine structure of modif ied zeolites determine a number of 

properties w h i c h are specific a n d favorable for ca ta ly t i c reactions. T h e 
complete or p a r t i a l loss of crystal l ine structure d u r i n g cata lyt i c reactions or 
regeneration is i n most cases accompanied b y decreased ca ta ly t i c a c t i v i t y . 
T h e r m a l s tab i l i t y or s t ruc tura l s tab i l i t y characteristics are therefore su i t 
able for eva luat ing such catalysts or supported catalysts . 

F e w systematic investigations of the behavior of the t h e r m a l s tab i l i t y 
of cat ion exchanged Y zeolites as a funct ion of m o d u l ( S i 0 2 / A 1 2 0 3 mole rat io ) , 
cat ion type , degree of exchange, a n d ac t i va t i on condit ions have been p u b 
l ished. T h i s work uses the results of I R a n d E S R spectroscopy to expla in 
the behavior of thermal s tab i l i t y of modif ied Y zeolites. 

249 
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250 M O L E C U L A R S I E V E S 

Experimental 

Materials. T h e zeolites studied are summar ized i n T a b l e I . T h e 
u n i t cells of the s tar t ing materials contain , i n the dehydrated f o r m : 

N a X (x = 2 .5) :86(H 0 . i7Nao.83) + 86 A 1 0 2 " 106 S i 0 2 

N a Y (x = 4 . 3 ) : 6 1 ( H 0 09Na 0 .9i) + 61 A 1 0 2 ~ 131 S i 0 2 

N a Y (x = 5 . 2 ) : 53 .5 (H 0 . i iNao .89 ) + 53 .5 A 1 0 2 ~ 138.5 S i 0 2 

Table I. Zeolites Studied 
Starting Material Modul (x) Modified Matenal 

NaX 2.5 CeNaX 
NaY 4.3 CeNaY 
NaY 5.2 CeNaY, MgNaY, 

CaNaY, CoNaY, 
NiNaY, CuNaY, 
ZnNaY, HNaY 

Conditions of Exchange. T o prepare the modif ied samples (Table 
I) i on exchange was done at 70° C w i t h O. l iV n i t rate solutions of the meta l 
(ammonium) ions. T h e degree of exchange was determined b y ana lyz ing 
the sol id for the amount of sod ium and exchanged m e t a l ions remaining . 

Pretreatment of Samples. F o r s tandardizat ion a l l samples used i n 
I R and D T A studies were pretreated i n a ir at 450°C, fol lowed b y a special 
a c t iva t i on procedure (described below). Samples for E S R studies were 
heated for 10 hours i n a ir at different temperatures (see Resul ts ) a n d for 
10 hours under v a c u u m (10~ 4 torr) at the same temperatures. 

Experimental Technique. T h e I R spectra of dehydrated samples 
were recorded b y U R 10 spectrometer ( V E B C a r l Zeiss Jena) . T o o b t a i n 
spectra for dehydrated zeolites, samples were ac t ivated for 10 hours i n air 
at 570° C , cooled to room temperature i n the presence of P 4 O i 0 , a n d ground 
w i t h N u j o l . T h e accuracy of the b a n d m a x i m u m determinat ion of the D o -
r i n g b a n d was ± 1 . 5 c m - 1 . I R character i zat ion of the zeolites after C O 
adsorpt ion was done i n a cel l w i t h N a C l windows as described b y D u n k e n 
and coworkers (9). T h e samples were heated at 550° C for 3 hours under 
v a c u u m . A f t e r cooling under v a c u u m to room temperature, C O was a d 
sorbed (pco = 450 torr ) , a n d the spectra were recorded. 

D T A studies were done w i t h a D T A apparatus (Netzsch-Geràtebau, 
G m b H , Selb) i n an argon atmosphere w i t h heat ing at 10° /min. E S R 
signals were t a k e n i n the X - b a n d w i t h an E R 9 spectrometer ( V E B C a r l 
Zeiss Jena) and i n the Q-band w i t h a 3 5 - G H z E S R - X Q spectrometer 
(Akademie der Wissenschaften der D D R , B e r l i n ) . 

Results 

T o determine the t h e r m a l s tab i l i ty of the zeolites as a funct ion of the 
m o d u l , cat ion type, a n d degree of exchange (a) we used the pos i t ion of the 
exothermic peak i n the D T A d iagram to indicate latt ice breakdown. T h e 
results are g iven i n F i g u r e 1. Three zeolite groups are dist inguished. I n 
the first group ( M g 2 + - , C a 2 + - , C o 2 + - , N i 2 + - a n d Zn 2 +-exchanged Y zeolites 
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22. B R E M E R E T A L . Thermal Stability of Y Zeolites 251 

(χ = 5,2)) the t h e r m a l s tab i l i ty at first decreases w i t h increasing degree 
of exchange; then i t increases, beginning w i t h 2 0 - 4 0 % degree of exchange. 
I n the second group ( C e 3 + - and u n e x c h a n g e d zeolites), the t h e r m a l s t a 
b i l i t y increases w i t h a. F o r C u 2 + - e x c h a n g e d zeolites t h e r m a l s tab i l i ty 
decreases w i t h increasing a. F igure l c shows that for C e N a X a n d C e N a Y 
zeolites the thermal s tab i l i ty increases w i t h the modu l . T h i s is i n accor
dance w i t h the l i terature (10). 

(b) 

940. ^ — 
CeNaY 

900. 

860. > C^NiNaY 

CuNaY 
820 

20 40 60 80 100 
*(%) 

20 40 60 80 100 
«(%) 

920 

900 

880 

860. 

(c) CeNaY (c) 
X ^ (x-52) 

CeNaY 
A (x-43) 

. CeNaX 
/ (x-2,5) 

20 40 60 80 100 
*(%) -

Figure 1. Thermal stability (°C) of cation-exchanged zeolites as a function of 
the degree of exchange (a) (a,b) and modul (c) 

T h e I R spectra of dehydrated zeolites show the fo l lowing changes as 
compared w i t h the spectrum of the N a Y zeolite. T h e frequency of the 
D 6 - r i n g b a n d at 570-600 c m - 1 (11) changes w i t h increasing degree of 
exchange i n different ways (Figure 2) : 

(a) M g 2 + - , C o 2 + - , N i 2 + - a n d Zn 2 +-modi f ied zeolites show a significant 
shift to higher wavenumbers at l ow values of a. 

(b) W i t h a r i s ing values of a we observed, for C a 2 + - e x c h a n g e d zeolites, 
a slight shift to smal ler wavenumbers and for C e 3 ^ c o n t a i n i n g zeolites a 
stronger shift . 

(c) C u 2 + - m o d i f i e d zeolites show, w i t h increasing a , a gradual shift to 
higher wavenumbers . 
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595. 

— 585 
'ε 
υ 13*575 c 
OJ 

(a) CoNoY 
Z^0^ MgNaY 

(b) . ΖηΝαΥ 

585. 

575 

585. 

575 \CeNaY 

595. 

585. 

te) ^^•NiNaY 
— C u N a Y 

— ' 7 
PaMaY 

575. 

20 40 60 80 100 
odVo) -

Figure 2. Frequency of the Ώβ-ring 
band vs. degree of exchange for ion-ex

changed zeolites 

I R character izat ion of the zeolite samples after C O - a d s o r p t i o n shows 
that for C a 2 + - a n d Z n 2 + - e x c h a n g e d samples c a t i o n - C O interact ion (band 
at 2200 c m - 1 ) is ind i cated on ly at h igh values of a (F igure 3). F o r M g 2 + -
(highest a = 61%) a n d C e 3 + - (highest a = 73%) conta in ing zeolites this 
characterist ic b a n d does not appear. I n agreement w i t h A n g e l l a n d Schaf-
fer (12), for C o 2 + - a n d N i 2 + - e x c h a n g e d zeolites this b a n d at 2200 c m " 1 

appears at low values of a. Its intens i ty rises suddenly at a = 4 0 - 5 0 % . 
W i t h C u 2 + - m o d i f i e d zeolites a strong interact ion w i t h C O occurs at l ow 
degrees of exchange. 

F i g u r e 4 shows l ow field components of t y p i c a l E S R spectra of de
h y d r a t e d C u N a Y samples of different C u 2 + concentrations. U p to a = 
1 9 % the spectra have characterist ic forms p e r m i t t i n g a n assignment of C u 2 + 

cations to two different positions (position 1 = gj\ pos i t ion 2 = g^) (13, 
14,15,16). I n the spectra of the samples w i t h higher a, the signal appear
i n g at g = 2.16 (marked b y arrows, C u 2 + - p o s i t i o n 3) prevai ls over those 
character iz ing positions 1 a n d 2 (13, 15). Q -band measurements of a 
C u N a Y sample (Figure 5 shows the l o w field part) show that the f o rmat ion 
of a new Cu-O-phase (position 3, m a r k e d b y arrows) begins at 300° C . 
I n add i t i on the five H F S lines indicate the presence of the two C u 2 + pos i 
t ions c i ted above. T o dist inguish the copper pos i t ion, E S R spectra of 
p a r t i a l l y rehydrated (22 °C , 6 5 % re lat ive h u m i d i t y ) a n d reduced ( H 2 , C O ) 
C u N a Y samples were recorded. I n F i g u r e 6 intens i ty ratios (/2//1) of 
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22. B R E M E R E T A L . Thermal Stability of Y Zeolites 253 

peaks 1 a n d 2 (Figure 4) are p lo t ted vs. r ehydra t i on t ime. T h e r a p i d de
crease i n the intens i ty rat io indicates that d u r i n g rehydrat i on , copper ions 
absorb water a n d change f rom pos i t ion 2 to pos i t ion 1. 

Dtscusston 

T h e t h e r m a l s tab i l i ty of modi f ied zeolites depends not only on 
the m o d u l (Figure l c ) but also on cat ion type a n d the degree of exchange 
(a) (F igure l a - c ) . F o r M g 2 + - , C o 2 + - , N i 2 + - , a n d Z n 2 + - exchanged zeolites, 
w h i c h show l i t t l e or no c a t i o n - C O interact ion at smal l values of a (i e., 
preferred occupat ion of positions S i resp. S ^ ) , there is a re lat ive ly strong 
m i n i m u m i n t h e r m a l s tab i l i ty at a = 2 0 - 4 0 % . T h e same cations cause 
significant lat t i ce d i s tor t i on i n the hexagonal p r i s m at l ow exchange de
grees after dehydrat ion , w h i c h is demonstrated b y the shift of the D 6 - r i n g 
b a n d to higher wave numbers (Figure 2). T h e increase i n the t h e r m a l 
s tab i l i ty again at higher degrees of exchange is explained as follows. M u l 
t iva lent cations M e 2 + a n d M e 3 + i n the S i pos i t ion reduce the diameter of 
the s ix-membered r i n g i n the hexagonal p r i s m because of strong po lar i za -

NaY 
(0) 

CuNaY 
(19) 

NaY 
(0) 
NiNaY 
(10) 
(2D 

(58) 

(68) 

(76) 

ZnNaY 

3 2100 2200 
Frequency (cm*) — * 

Λ 

(18) 

(81) 

CaNcY 
(8) 

(61) 

2100 ?200 2100 2200 

Figure S. IR spectra of CO adsorbed on ion-ex
changed zeolites. Numbers are degree of exchange 
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41 

29 
19 
10(5 

V f 2 
_ 

g; 

Figure 4. ESR spectrum (low field components) of CuNaY zeolites dehydrated at 
300° C and taken at room temperature in the X-band as a function of degree of ex

change (numbers on the left) 

t i o n (17). T h i s lat t i ce d is tor t ion should result i n a decrease i n t h e r m a l 
s tab i l i ty . T h e f ramework distortions should be p a r t l y compensated, 
a n d therefore the t h e r m a l s tab i l i ty should rise at h igh a values at w h i c h the 
S u a n d S u ' , positions are occupied. ( C a t i o n - C O interact ion is increased, 
F i g u r e 3.) I n contrast to h igh ly exchanged M g 2 + , C o 2 + , N i 2 + , a n d Z n 2 + 

zeolites, whose t h e r m a l s t a b i l i t y is lower t h a n t h a t of N a Y , the s tab i l i ty of 
C a 2 + zeolites at h igh a values exceeds that of N a Y . I n this case the m i n i 
m u m t h e r m a l s tab i l i t y is shown on ly w e a k l y a l though C a 2 + - i o n s preferably 
occupy S i positions as ind i ca ted b y the inaccessibi l i ty to C O molecules 
(Figure 3). I n good agreement w i t h the behavior of C a N a Y zeolites w i t h 
respect to t h e r m a l s tab i l i t y is the smal l frequency shift of the D 6 - r i n g b a n d 
w i t h increasing a, i n d i c a t i n g a slight d is tor t ion i n the hexagonal p r i s m . 
T h i s result is contrary to the data of Bennet t a n d S m i t h (18), who f ound 
under their exper imental condit ions considerable d is tort ion of the hexag
onal p r i s m i n the Ca- faujas i te structure. W e expla in the increasing ther 
m a l s tab i l i t y of H N a Y zeolites, especially at a > 4 0 % , b y condit ions d u r 
i n g pretreatment a n d D T A investigations, b y w h i c h the m o d u l is increased 
leading to more stable faujasites. M a h e r a n d co-workers (19) p r o v e d b y 
c rys ta l structure invest igat ions that on t h e r m a l treatment of N a N H 4 Y 
zeolites, A l is removed f r o m the anionic zeolite framework, a n d occupies 
cat ion positions as different species. I n our samples we could prove q u a l i -
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22. B R E M E R E T A L . Thermal Stability of Y Zeolites 255 

t a t i v e l y the existence of A l 3 + ions after exchange w i t h A g + ions. C o n 
sequently, i n these samples H A l N a Y zeolites are formed. T h e x - r a y 
investigations a n d the I R spectra of h igh ly exchanged H N a Y zeolites (20) 
also indicate a n increase of the m o d u l . T h e lat t i ce constants decrease 
w i t h increasing a whi le the I R b a n d of the symmetr i c valence v i b r a t i o n is 
shifted b y 25 c m - 1 to higher wavenumbers . T h e rise i n t h e r m a l s tab i l i t y 
w i t h increasing C e 3 + content (F igure l b ) is explained b y the existence of a 
sodalite u n i t complex as proposed b y Olson a n d co-workers (21). A s a 
consequence of the f ormat ion of such a complex the po lar i z ing effect of 
C e 3 + ions o n the lat t i ce oxygen should decrease a n d thus the la t t i ce d is 
t o r t i on also. T h e frequency decrease of the D 6 - r i n g b a n d at h i g h a agrees 
we l l w i t h this result (F igure 2b). 

Figure 6. ESR spectrum (low field components) of 
CuNaY zeolite (a = 29%) in the Q-band taken at 
room temperature as a function of dehydration tem
perature (numbers on the right are pretreatment 

temperatures) 
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256 M O L E C U L A R S I E V E S 

Comprehensive statements on the nature a n d extent of the in terac t i on 
between meta l cations a n d anionic zeolite framework are possible f r om 
ESR spectroscopic results on the C u N a Y zeolites. These studies show 
that i n a l l samples (a > 19%) copper ions m a y be present i n three d i s t i n 
guishable cat ion positions of the zeolite, where we differentiate two iso lated 
C u 2 + positions (position 1 = Su a n d pos i t ion 2 ^ Su/ a n d SiO a n d a C u -
O phase (cluster) i n the large cages (Figures 4, 5). Because the cluster 
phase can be proved at l ow degrees of exchange (a > 19%) we take in to 
account a n enrichment of C u 2 + ions i n the large cage a n d a n exhaust ion 
of C u 2 + ions i n the sodalite u n i t i n iso lated positions (Si/, Su/). I n good 
agreement w i t h t h a t result is the in terac t i on w i t h C O w h i c h begins at l ow 
values of a (F igure 3) a n d the smal l shift of the D 6 - r i n g b a n d frequency 
(F igure 2c). 

time (h) 

Figure 6. Influence of rehydration time on intensity 
ratio 

W i t h r i s ing values of a , we find a n increase of the ESR s ignal in tens i ty 
for the cluster phase (Figure 4) a n d a n increase i n the in tens i ty rat io I2/I1 
(22). T h i s m a y be explained b y the fact tha t the concentrat ion of C u 2 + 

ions i n the 2 posi t ion (Si/, Su/) rises. T h e loca l izat ion of C u 2 + cations i n 
the hexagonal p r i s m observed b y I m e l i k a n d co-workers (28) cannot be 
confirmed b y us, p robab ly because of different pretreatment condit ions. 
Insert ion of C u 2 + cations i n pos i t ion 2 (in our op in ion preferably Si/) 
causes a d i s tor t i on i n the hexagonal p r i s m a n d thus affects the t h e r m a l 
s tab i l i t y , decreasing w i t h increasing a (Figure l b ) . T h u s , there is a fre
quency shift of the D 6 - r i n g b a n d to higher wavenumbers (Figure 2c). O n 
the whole, the t h e r m a l stabi l i t ies of the exchanged Y zeolites differ f r om 
cat ion to cat ion b u t can be explained. 
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Modification of HY Zeolite by 
Reaction with Tetramethylsilane 

J. C. McATEER and J. J. ROONEY 

David Keir Building, The Queen's University, Belfast, Northern Ireland 

Samples of H Y zeolite were exhaustively treated with successive 
doses of tetramethylsilane in a static reactor at different temper
atures in the range 250°-650°C. Rate data for methane evolu
tion were obtained, and the kinetics were discussed. Silicon 
and some carbon were incorporated, giving gray materials 
parts of which were calcined in oxygen. Samples of the original 
H Y, the treated zeolite, and calcined materials were tested for 
their abilities to accept electrons from perylene and to isomerize 
cyclopropane and protoadamantane. The treated zeolite had 
good electron transfer properties but low and high activities for 
the isomerizations, respectively. However, the opposite was 
true for the calcined materials. These results are discussed in 
terms of the acidic properties of the modified zeolites. 

Tn the past four years there has been great interest i n how the v a r i a t i o n 
A of the s i l icon : a l u m i n u m rat io of zeolites affects the ir cata lyt i c a n d sorp-
t ive properties. W a r d (1) a n d T s u t s u m i et al. (2) f ound that cata ly t i c 
a c t i v i t y increased w i t h increase i n the s i l icon : a l u m i n u m rat io of X a n d Y 
zeolites. A s the A l content decreases, the i n t e r a l u m i n u m distance i n 
creases, a n d the cations or protons present experience weaker electrostatic 
shielding a n d f o r m strong B r o n s t e d acids (3). 

O t h e r workers (4, 5, 6, 7) have made Al-def ic ient sieves b y leaching 
a l u m i n u m f r o m the lat t i ce structure w i t h E D T A or H C 1 . These zeolites 
have h igh t h e r m a l s tab i l i ty (4). E x t r a c t i o n of A l removes selectively the 
a lumin i c sites t h a t are ca ta ly t i ca l ly inact ive . T h e number of sites of weak 
or m e d i u m ac id strength drops to zero (6). E b e r l y a n d K i m b e r l i n (7) 
invest igated the cata ly t i c properties of Al -def ic ient mordenite a n d found 
i t to be considerably more act ive t h a n convent ional mordenite for cumene 
cracking . 

W e report here a nove l method of increasing the s i l i c on -a luminum 
rat io of H Y zeolite b y react ion w i t h the organosil icon compound, t e t ra -

258 
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23. MCATEER AND ROONEY Modification of H Y Zeolite 259 

methylsi lane. Tetramethy ls i lane reacts w i t h surface s i lanol groups of 
amorphous s i l i ca -a lumina to produce methane a n d a s i l y la ted cata lyst 
(8, 9) wh i ch h a d the unique property of t rapp ing electrons transferred f r o m 
aromatic molecules, such as perylene, i n the environment of the isolated 
A l ions i n the surface. T h e cata lyt i c a n d chemisorpt ive properties of H Y 
zeolite modified b y the above technique are described i n this paper. 

Experimental and Results 

M a t e r i a l s . N a Y zeolite, S K - 4 0 , was suppl ied b y L i n d e C o . , N . Y . 
Tetramethy ls i lane was obtained f r om B r i t i s h D r u g Houses L t d . N a Y 
zeolite was i on exchanged into the N H 4 Y f o r m b y repeated s lur ry ing i n 
1 .6M N H 4 N 0 3 as described b y L u n s f o r d (10). T h e extent of i o n exchange 
was determined b y ana lyz ing the sod ium content of the filtrates f r om the 
exchange a n d washing processes us ing flame photometry . N H 4

+ Y used 
i n this s tudy was 8 9 . 6 % exchanged. 

Ac t ivat i on of N H 4
+ Y Zeol i te to give H Y Zeol i te . Samples of N H 4 Y 

zeolite (1 gram) were gradual ly heated i n f lowing oxygen saturated w i t h 
water vapor i n a muffle furnace f r om 20° to 600°C (100°C increase/hour) 
to remove adsorbed materials a n d cause deaminat ion a n d dehydroxy la t i on . 
A c t i v a t i o n i n d r y oxygen to 600° C caused serious loss of c rys ta l l in i ty , a n d 
the surface area decreased to less t h a n 400 m 2 / g r a m . T h e samples were 
then transferred to a static quartz react ion vessel (200 cm 3 ) a n d heated 
in vacuo to 600°C (100°C increase /hour , then 6 hours at 600°) . 

Trea tment w i t h Tetramethyls i lane . T e t r a m e t h y l s i l a n e ( T M S ) was 
purif ied b y the freeze-evacuate-thaw method, expanded into a vo lume of 
40 c m 3 at a pressure of 12 c m of H g , then introduced into the react ion vessel 
now at the react ion temperature i n the range 250° -650°C. T h e pressure 
increase result ing f r o m evolut ion of methane was measured b y a m a 
nometer. A f t e r 24 hours, res idual gases were p u m p e d off, another dose of 
T M S was added, a n d the reaction cont inued for 24 hours. T h i s cycle was 

350 °C 

1 F 

I ι ι ι ι ι ι ι ι ι l 
Ο 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0 1 0 0 0 

Time (min) 

Figure 1. Δρ, the increase in pressure of the system, vs. time of re
action of TMS at 350° C; Ο dose 1; π dose 2; Δ dose 3; · dose 4 
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260 M O L E C U L A R S I E V E S 

repeated u n t i l no increase i n pressure was observed. A t react ion tempera
tures between 250° -350°C plots of pressure increase (Ap) vs. t ime (t) are 
as shown i n F i g u r e 1. F r o m 400° -650°C the plots have a pa t t e rn such as 
t h a t shown i n F i g u r e 2. T h e percent increase i n weight of the catalyst 
after exhaustive T M S treatment at each temperature is g iven i n T a b l e I . 

Time (min) 

Figure 2. Ap vs. time of reaction at 550°C; Ο dose 1; • dose 2; Δ 
dose 3; · dose 4; • dose 5; A dose 6 

Table I. Increase in Weight of Y Zeolites Exhaustively Treated with 
Tetramethylsilane and the Surface Areas (m 2/gram) before and after 

Calcination in Oxygen 
T°C % wt Increase Materials A Materials Β 

250 2.32 711 720 
350 3.14 724 754 
450 4.22 695 710 
550 5.26 714 761 
650 4.87 724 757 

Zeol ite samples that were exhaust ively treated were gray i n color (ma
terials A ) . Por t i ons of each treated catalyst (0.3 gram) were calc ined at 
500°C i n oxygen for 6 hours, g i v ing a whi te product (material B ) . X - r a y 
analysis showed no deter iorat ion i n c rys ta l s tructure on t reatment w i t h 
T M S a n d subsequent calc inat ion. Surface area measurements us ing N 2 

adsorpt ion at —196°C a n d the P o i n t Β method are also g iven i n T a b l e I . 
T h e va lue for H Y zeolite, ac t ivated as described, pr i o r to T M S treatment 
was 840 m 2 / g r a m . 

Tests on Treated Catalysts. E L E C T R O N A C C E P T O R P R O P E R T I E S . 
Samples (0.1 gram) of mater ials A a n d Β were ac t ivated i n t u r n b y heat ing 
to 600°C in vacuo for 6 hours, cooled i n desiccator, a n d transferred to 
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23. MCATEER AND ROONEY Modification of H Y Zeolite 261 

5 ι -

οο 4 
" θ 

g 2μ 
S 

1 h 

J 
Ο KX) 200 300 400 500 600 700 

Temp, of TMS treatment e C 

Figure S. Perylene radical cation concentration vs. 
temperature of TMS treatment; H Y zeolite; 

Ο material Α; Δ material Β 

(b) 

(d) 

Figure 4- EPR spectra of perylene radical cation on: (a) HY zeolite; 
(6) A prepared at S50°C; (c) A prepared at 550°C; (d) Β prepared at 

450° C {amplitude increased by a factor of 25) 

1 0 " 3 A f so lut ion of perylene i n pur i f ied benzene. E S R spectra were re 
corded after 4 hours. F i g u r e 3 shows the perylene rad i ca l cat ion concen
t r a t i o n for the treated zeolites i n comparison w i t h that for s tandard H Y 
zeolite, evacuated at 6 0 0 ° C for 6 hours. T h e resolut ion of the p e r y l e n i u m 
signal on the samples of mater ia l A decreased w i t h increasing temperature of 
T M S treatment (Figure 4). T h e corresponding samples of materials Β 
have m u c h reduced electron transfer properties but give a wel l -resolved 
signal. 

C A T A L Y S I S . T h e isomerizat ion of cyclopropane to propylene a n d the 
rearrangement of protoadamantane to adamantane were studied on H Y 
zeolite a n d samples of materials A a n d B . 

F o r the cyclopropane react ion, the samples of s tandard H Y a n d 
materials A a n d Β were transferred to a static reactor (200 cm 3 ) coupled 
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262 M O L E C U L A R S I E V E S 

b y a gas sampl ing va lve to a G L C u n i t . Samples were evacuated at 
400°C for 4 hours a n d cooled to react ion temperature (130°C). S t a n d a r d 
doses of cyclopropane (4 c m of H g ) were introduced , a n d the reactions were 
moni tored . T h e react ion was first order but showed poisoning b y p o l y m e r 
i za t i on of propylene o n the catalysts . I n F i g u r e 5 the i n i t i a l rates are 
p lo t ted against the temperature of preparat ion of the samples of mater ia ls 
A a n d Β a n d compared w i t h the va lue of the s tandard H Y zeolite. I n 
contrast to F i g u r e 3, materials A have v e r y low a c t i v i t y for cyclopropane 
isomerizat ion , whereas samples of mater ia l Β have values of i n i t i a l rate 
comparable w i t h the va lue for H Y zeolite a n d i n some cases even exceed i t . 

T h e rearrangement of protoadamantane to adamantane was studied 
o n H Y zeolite a n d those samples of materials A a n d Β produced b y react ion 
w i t h T M S at 400°C. T h e catalysts (0.1 gram) were ac t ivated at 600°C 
for 6 hours in vacuo a n d were transferred to a flow system where the react ion 
was carr ied out at 240° C under N 2 at atmospheric pressure. T h e react ion 
is t o t a l l y selective, g i v i n g 9 6 . 7 % a n d 4 2 . 5 % conversion to adamantane on 
H Y a n d the A mater ia l , respectively, but on ly 7 .2% conversion on the Β 
mater ia l . 

8 
7 

S 6 

2 4 

Έ 3 
~ 2 

1 

0 100 200 300 400 500 600 700 
Temp, of TM S treatment °C 

Figure 5. Initial rate of cyclopropane isomeriza
tion vs. temperature of TMS treatment; HY; 

• material A; Ο material Β 

Discussion 

K i n e t i c s of Tetramethy ls i lane Reac t i on . Te t ramethy ls i lane reacts 
w i t h h y d r o x y l groups b y a sequence of successive reactions two of w h i c h are 
shown i n the scheme below. 

=Si—OH + Si(CH3)4 — C H 4 + =S—O—Si(CH 3) 3 (1) 

s=Si—OH + E=Si—0—Si(CH3)3 — C H 4 + =Si—O—Si(CH 3) 2—0—Si= (2) 

T h e i n i t i a l react ion (1) causes no pressure increase i n an isolated system but 
step 2 a n d subsequent reactions give further evolut ion of methane and a 
pressure increase. A l t h o u g h methane is evolved according to th i s scheme, 
the surface react ion is more complex, the gray color developed on T M S 
treatment ind i cat ing incorporat ion of carbon into the zeolite structure . 
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23. MCATEER AND ROONEY Modification of H Y Zeolite 263 

A t l ow temperatures there is a n i n i t i a l burst of methane d u r i n g w h i c h 
tetramethyls i lane is react ing w i t h more t h a n one site. A f t e r 100 minutes 
there is no further increase i n pressure (Figure 1). There are on ly a l i m i t e d 
number of cavities i n the zeolite i n w h i c h h y d r o x y l groups are close enough 
for the further react ion step 2 to take place. 

A t higher temperatures a n d i n i t i a l doses of T M S the react ion proceeds 
w i t h a steady increase i n pressure over 1000 m i n (Figure 2) . However , at 
h igh dose number (> 5) the isotherms resemble those for react ion at lower 
temperatures. F o r doses 1-4 at 550°, a n d 1-3 at 450°, increase i n pres
sure (Ap) vs. t ime plots obey the E l o v i c h equat ion for ac t ivated adsorpt ion : 

,Λ αθ 

dt 

where 0 is the f ract ion of the surface covered, = Ap the pressure increase, 
a is the i n i t i a l rate , a/RT is a pre-exponent ia l deceleratory constant. 

O n integrat ion we have : 

2.30SRT 
log (t + to) + c 

where t0 = RT/aa a n d c is a constant. 

P l o t s of Ap vs. log (t + t0) for doses of 1-4 of T M S at 550° C react ion t e m 
perature are shown i n F i g u r e 6. T h e i n i t i a l rates calculated f r o m the 
l inear plots of the graphs are g iven i n T a b l e I I . T h e i n i t i a l rates of r e 
act ion increase w i t h doses of T M S u n t i l a m a x i m u m is reached at ~ dose 
4 at 550° C , fol lowed b y a decline thereafter. A t elevated temperatures, 
protons i n zeolites are mobi le (11). T h i s m a y be the reason for agreement 
w i t h E l o v i c h kinetics a n d the surpr is ing increase i n i n i t i a l rates for the 
first few doses could arise f r o m a n increase i n ac id strength of the remain ing 
protons as the surface is increasingly s i ly lated . However , the concentra
t i o n of the remain ing protons eventual ly becomes too l ow to sustain the 
h igh i n i t i a l rates. A t higher dose number the kinet ics are more complex, 
the E l o v i c h equat ion is not obeyed, b u t there is a l inear re lat ionship be
tween 1/Ap a n d l/t for doses 4-6 at 550°C react ion temperature (Figure 7). 

Cata lyt i c and E l e c t r o n T r a n s f e r Proper t i es . T h e i somer izat ion of 
cyc lopropane on H Y zeolites ac t ivated at temperatures less t h a n 600°C is 
a t t r i b u t e d to catalys is b y B r o n s t e d ac id sites (12, 13), a n d the a c t i v a t i o n 
temperature for m a x i m u m a c t i v i t y was i n the range 300° -400°C (13). 
O n the other hand , rearrangement of protoadamantane to adamantane 
proceeds by hydr ide i o n abstract ion at Lewis ac id sites (14)· M a t e r i a l s 
B , therefore, appear to have good B r o n s t e d a c t i v i t y (Figure 5) a n d i n v i ew 
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M O L E C U L A R S I E V E S 

Log (Uto) 

Figure 6. Plots of Ap (cm of Hg) vs. log (t + to) for re
action of doses 1-4 of TMS at 550°C; Ο dose 1; • dose 2; 

A dose 3; · dose 4 

T a b l e I I . I n i t i a l rate (cm of H g / m i n ) 
4S0°C 550°C Dose number 

0.075 0.086 1 
0.10 0.30 2 
0.152 0.46 3 

0.68 4 

Figure 7. 1/Ap (cm of Hg) vs. 1/t (min) for reaction of doses 4~6 
of TMS at 550° C; · dose 4; m dose 5; A dose 6 
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23. MCATEER AND ROONEY Modification of H Y Zeolite 265 

of the low activity for protoadamantane isomerization, little Lewis acidity. 
Materials A have few acidic hydroxyl groups or Bronsted acid sites, as 
expected, but their Lewis acidity is still comparable with that of standard 
H Y zeolite. 

Flockhart et al. (15) found previously that prolonged activation at 
600° C in vacuo is the optimum treatment for producing maximum electron 
acceptor capacity in H Y zeolite. However, the number of electron accep
tor sites in our standard H Y samples were only slightly reduced by silyla-
tion and removal of hydroxyl groups (Materials A, Figure 3). Hirschler 
(16) has previously suggested that catalyst protons act as electron accep
tors, but the present work clearly reveals that this is not true since ma
terials A possess little Bronsted acidity. The decrease in resolution of the 
perylene radical cation signals with increasing degree of silylation of the 
zeolite (Figure 4) is probably caused by hindered rotation and tumbling 
of the perylenium ions (17, 18) as the result of formation of bulky surface 
groups. 
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Study of Hydrogen and Carbon Monoxide 
Interactions with Palladium-Y Zeolite 
by ESR and IR Spectroscopy 

C. NACCACHE, M. PRIMET, and M. V. MATHIEU 

Institut de Recherches sur la Catalyse, C.N.R.S., 39 Boulevard du 11 Novembre 
1918, 69100, Villeurbanne, France 

Oxidation states of palladium-loaded Y zeolites were measured 
by ESR and IR spectrometry. After treatment by oxygen at 
500°C the Pd is almost in the Pd(II) form, and few Pd (1%) 
are found in the Pd(III) form. After reduction by hydrogen at 
room temperature the Pd at zero oxidation state is almost atom
ically dispersed. The electron density of the Pd(0) is low 
because of its strong interaction with Lewis acid sites of the 
zeolite network; it could even form Pd(I) (8%) (detected by 
ESR). This species is easily reoxidizable to Pd(II) by treat
ment in oxygen at 300°C. For reduction temperatures above 
250°C, crystallites of metallic palladium are dispersed on the 
surface. 

transition metal ion-exchanged zeolites possess interesting properties. 
They have been used to obtain well dispersed metal catalysts. Early 

experiments dealt with platinum-loaded zeolites (1,2). 
Kubo et al. (3) and Boudart et al. (4) showed the effectiveness of the 

zeolites for preparing well dispersed platinum catalysts. Ni(I)-zeolites 
were also subjected to hydrogen reduction; the data gave strong evidence 
that nickel was not atomically dispersed and that metal atoms diffuse out 
of the pores to form crystals at the external surface of the zeolite (5,6). 

Another characteristic feature of the hydrogen-reduced transition 
metal zeolites is their acidic properties, as demonstrated by their catalytic 
behavior (7). Naccache and Ben Taarit (8) gave IR evidence of the sub
sequent formation of protons on hydrogen-reduced Cu(II)-Y zeolite. 
Furthermore, transition metal ions have various oxidation states. Owing 
to the shielding effect caused by the zeolite network and the electric fields, 
the transition metal ions may be stabilized in unusual oxidation states-—i.e., 
Ni(I) (9). 

266 
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24. N A C C A C H E E T A L . Palladium-Y Zeolite 267 

W e were interested i n the change i n the ox idat ion state of P d ( I I ) , i n 
corporated i n the zeolite, d u r i n g heat t reatment i n oxygen or in vacuo. 
H y d r o g e n a n d carbon monoxide interactions were also studied. T h e experi 
ments invo lved two techniques: E S R , w h i c h provides direct ident i f i cat ion 
of p a l l a d i u m i n an ionic state, a n d I R spectroscopy, w h i c h gives i n f o r m a 
t i o n on the superficial s tructure of the exchanged zeolite a n d on the a d 
sorbed species. 

Experimental 

T h e s tart ing mater ia l was a n N a - Y f o rm zeolite w i t h S i 0 2 / A l 2 0 3 = 4.8 
suppl ied b y the L i n d e C o . S o d i u m ions i n the zeolite were exchanged b y 
s t i r r ing a suspension of the zeolite i n a t e t ramminepa l lad ium i o n so lut ion 
prepared b y dissolv ing P d C l 2 i n a n a m m o n i a so lut ion. T h e exchanged 
zeolite was then washed u n t i l the wash water was free of chloride ions. 
T h e zeolite was dr i ed at 80°C i n a ir . T h e sample was analyzed b y flame 
photometry for the sod ium content a n d b y a co lor imetr ic method for 
p a l l a d i u m . Since the exchanged zeolite contained 12.5 P d ( I I ) ions a n d 
19.5 N a + ions, we concluded that 11.5 N a + were exchanged b y N H 4

+ . 
T h e samples were ac t ivated according to one of the fo l lowing t reat 

ments : (a) : ca lc inat ion i n a s tream of oxygen, then in vacuo at 500°C 
(sample A ) , (b) : sample A contacted w i t h hydrogen at r o o m temperature 
(sample B ) , (c) : ca lc inat ion under a pressure of 160 t o r r oxygen i n the 
presence of a l i q u i d ni trogen t rap , t h e n evacuat ion at 500°C (sample C ) . 
Care fu l l y puri f ied oxygen, carbon monoxide, a n d hydrogen were al lowed 
to react w i t h the samples. 

E S R measurements were carr ied out using a V a r i a n V-4502 X - b a n d 
spectrometer w i t h 100 k H z field modulat ion . V a r i a n dua l c a v i t y per 
m i t t e d g values a n d sp in concentrat ion measurements b y comparison w i t h 
a s tandard D P P H (d iphenyl p i c r y l hydrazine) sample. Measurements 
were carr ied out at r o o m temperature or at 77°K. 

F o r I R measurements the catalyst was compressed at 4 Χ 10 8 Pasca l . 
T h e disc (18 m m diameter , 20 -30 mg) was mounted i n a quar tz sample 
holder w h i c h was introduced i n the adsorpt ion / in f rared cel l (10). T o 
avo id the reduct ion of the P d ( I I ) ions b y hydrocarbons , the cell was 
grease free. Samples were act ivated according to t reatment c. Spectra 
were recorded o n a P e r k i n E l m e r model 125 grat ing spectrometer. T h e 
reference beam was attenuated, a n d the ins t rument was f lushed w i t h air 
freed of H 2 0 a n d C 0 2 . 

Results and Interpretation 

E S R . P r e l i m i n a r y work (11) showed t h a t sample C, because of the 
influence of oxygen a n d a m m o n i a d u r i n g the a c t i v a t i o n of the sample, 
exhib i ted two E S R signals s imultaneously . T h e g values were, s ignal 1: 
g± = 2.10 a n d |̂| = 2.33, s ignal 2: giso = 2.223. T h e re lat ive intensit ies 
depend s trongly upon the thickness of the cata lyst bed a n d on heat ing 
condit ions (11). I t was suggested t h a t the presence of these two species 
was the result of the influence of oxygen a n d a m m o n i a . T o a v o i d the 
s imultaneous presence of the two signals, heat t reatment (a) was adopted. 
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268 M O L E C U L A R S I E V E S 

Sample A gave on ly a s y m m e t r i c a l single l ine w i t h g = 2.223 (Figure 1). 
T h i s s ignal was observed at 77° Κ b u t not at r oom temperature . W h e n 
the P d - Y zeolite was heated at 500°C in vacuo w i thout oxygen pretreatment, 
on ly s ignal 1 was observed. T h e l ine w i d t h of the s ignal showed no t e m 
perature dependence. T h e signal was characteristic of powder paramagnetic 
species i n a n ax ia l c r y s t a l field s y m m e t r y . T h e pr inc ipa l g values were 
g\\ = 2.33 a n d g± = 2.10. 

Figure 1. ESR spectra of Pd-Y zeolites at 77°K heated at 600°C: 
(1) in vacuo, (2) in oxygen 

W h e n the different samples were exposed to oxygen, s ignal 1 d isap
peared, b u t s ignal 2 remained unchanged. I n contrast , when hydrogen 
was a l lowed to react at r oom temperature on the different sample, s ignal 2 
disappeared whi le s ignal 1 increased i n intens i ty . 

T h e condit ions for f o rmat ion of species 1 ( in reducing atmosphere) a n d 
the i r sens i t iv i ty t o w a r d oxygen suggest tha t they m a y be P d ( I ) ions. F o r 
m a t i o n i n a n ox id iz ing atmosphere a n d sens i t iv i ty t o w a r d hydrogen for 
species 2 suggest tha t they m a y be P d ( I I I ) ions. T h i s assignment based 
u p o n the chemical behavior of species 1 a n d 2 m a y be also der ived f rom 
theoret ical considerations. P a l l a d i u m ions were introduced i n the zeolite 
as [ P d ( N H 3 ) 4 ] 2 + ions. P d ( I I ) forms a square p lanar complex w i t h a m 
monia . T h e 4d a n d 5d t rans i t i on meta l ions experience a stronger c rys ta l 
field t h a n the 3d ions. Hence the P d ( I I ) ions w i t h a 4d 8 electronic con
f igurat ion are diamagnetic a n d cannot be invest igated b y E S R . O n the 
other h a n d , P d ( I I I ) a n d P d ( I ) are paramagnetic . 

P d ( I ) i on has a 4 d 9 electronic configuration. Consequent ly , this i on 
behaves i n a tetragonal field i n the same manner as C u ( I I ) i on . T h e g 
values ca lculated f rom the c rys ta l field theory (12) are : 
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24. N A C C A C H E E T A L . Palladium-Y Zeolite 269 

011 = 9e + 8λ/Δ#ι and gL = ge + 2\/AE4 

where ge, λ, AEh a n d Δ2£4 are, respect ively , the free electron g va lue , the 
spin-orbi t constant, a n d the c r y s t a l field s p l i t t i n g of the d orb i ta ls . Since λ 
is a lways posit ive , one can expect g\\ > g± > ge w h i c h is consistent w i t h the 
observed g values for species 1. I t is interest ing to compare the magni tude 
of the g values for the P d ( I ) a n d C u ( I l ) ions i n dehydrated Y zeolites. T h e 
g values for C u ( I I ) i n zeolite are g\\ = 2.32 a n d gL = 2.06 (8) ; as the values 
for λ are 1412 cm"" 1 for P d ( I ) a n d 828 c m " 1 for C u ( I I ) (12), the c r y s t a l field 
s p l i t t i n g is larger for p a l l a d i u m t h a n for copper. Hence , the p a l l a d i u m 
ions must be more cova lent ly bonded to the lat t i ce oxygen ions t h a n are the 
copper ions. 

P d ( I I I ) ions have a 4 d 7 electronic configuration. I n a s trong c r y s t a l 
field, the electrons t end to be pa ired , a n d the ground state corresponds to a 
single unpa i red electron w h i c h has a twofo ld o r b i t a l degeneracy, w h i c h is 
not removed b y a t r i g o n a l or cubic c rys ta l field. T h e o rb i ta l degeneracy 
m a y be removed b y a tetragonal d is tort ion . I n this case, one could be 
expect the g tensor to have a n a x i a l s y m m e t r y . K r i g a s a n d Rogers (13) 
reported values of g\\ = 2.012 a n d g± = 2.149 for ( P d C l 5 ) 2 ~ i o n i n a t e 
tragonal c r y s t a l field. I t appears t h a t the isotropic E S R signal observed 
m a y be interpreted b y the effect of the d y n a m i c J a h n - T e l l e r d i s tor t ion . 
T h e J a h n - T e l l e r theorem stated t h a t a degenerated ground state system is 
d istorted to remove the o r b i t a l degeneracy. Since there are three e q u i v a 
lent static d is tort ions , the J a h n - T e l l e r d i s to r t i on axis m a y resonate among 
the three equivalent directions to produce the observed isotropic spectrum. 
T h e d y n a m i c J a h n - T e l l e r effect has been suggested to account for the 
isotropic E S R signal of P d ( I I I ) of a l u m i n a (14). 

E S R quant i ta t i ve measurements showed that the concentrat ion of 
P d ( I I I ) a n d P d ( I ) ions generated d u r i n g the ca l c inat ion of the P d - Y zeolite 
i n oxygen or in vacuo were s m a l l compared w i t h the t o t a l p a l l a d i u m 
content ; about 1 % of the p a l l a d i u m was found as either P d ( I I I ) or P d ( I ) 
forms. Nevertheless , the fo l lowing reactions m i g h t describe the processes 
occurr ing d u r i n g the ca lc inat ion i n oxygen or in vacuo (11): 

2 P d 2 + + H 20 + Vi 0 2 — 2 P d 3 + + 2 O H " 

in vacuo 

2 N H 3 + 3 O 2 " + 6 Pd 2 + N 2 + 3 H 2 0 + 6 P d + 

Hence , the f o rmat ion of P d ( I ) d u r i n g the ca lc inat ion in vacuo results f r o m 
the reducing effect of a m m o n i a w h i c h desorbs d u r i n g the heat t reatment . 
A t t a c k of lat t i ce oxygen ions b y a m m o n i a w o u l d f o rm t r igona l a l u m i n u m 
ions. 
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270 M O L E C U L A R S I E V E S 

E F F E C T S O F H Y D R O G E N A D S O R P T I O N O N P D - Y Z E O L I T E S A M P L E S . 

T h e oxidized samples i n w h i c h P d ( I I I ) ions have been detected, when ex
posed to hydrogen at 25°C, turned b lack instantaneously , a n d E S R mea 
surements showed that the P d ( I I I ) ions h a d disappeared. S imultaneous ly , 
a s t rong E S R s ignal developed. 

T h e signals i n F i g u r e 2 are assigned to P d ( I ) ions located a t two 
different sites, A a n d B . T h e i r respective g values are : site A,g\\ = 2.41, 
g± = 2.11 a n d site B , gu = 2.28, g± = 2.10. E S R quant i ta t i ve measure
ments showed that about 8 % of the loaded p a l l a d i u m was i n the f o rm of 
P d ( I ) after hydrogen adsorpt ion . Subsequent to the E S R experiments, the 
hydrogen u p t a k e b y sample ( A ) was measured b y a vo lumetr i c method . 

β / / : 2 . 4 1 g „ : 2 . 2 8 

J dpph 

Figure 2. ESR spectrum at 77°K of Pd-Y zeolite heated at 500°C 
after hydrogen adsorption at 25° C 

A t l o w hydrogen pressures < 5 0 torr , hydrogen adsorpt ion was a slow 
process. However , at pressures >100 t o r r a n d after 48 hours, 7.6 X 10~ 4 

m o l e / g r a m of hydrogen was consumed. Based on the reduct ion scheme: 

P d 2 + + H 2 -*Pd° + 2 H + 

the hydrogen chemisorpt ion data suggest t h a t under these exper imental 
condit ions, about 8 0 % of the loaded p a l l a d i u m was converted in to a meta l 
f o rm. T h e sample reduced b y hydrogen at 25 ° C wras then degassed at room 
temperature a n d a l lowed to react w i t h oxygen a t r o o m temperature . N o 
oxygen uptake was observed. M o r e o v e r , i f the sample was again degassed 
at r oom temperature , no hydrogen uptake was obtained b y a d d i n g hydrogen 
to the sample at 25°C . 

Hence , i t appears t h a t upon reduct ion at room temperature , the re
duced p a l l a d i u m exists i n the zeolite cavit ies , a n d perhaps the a tomica l ly 
dispersed p a l l a d i u m i n the zeolite f ramework loses i ts meta l l i c properties 
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24. N A C C A C H E E T A L . P(dladium-Y Zeolite 271 

regarding hydrogen a n d / o r oxygen adsorpt ion . P a r t i a l e lectron transfer 
between P t clusters a n d the carr ier m a y occur (4, 15). Hence , as the 
p a l l a d i u m is dispersed a tomica l ly , we suggest t h a t a Pd° a t o m transfers one 
4d electron to a nearby strongly electrophil ic site, thus be ing converted in to 
P d ( I ) i on . T h i s could expla in the f o rmat ion of P d ( I ) ions, as observed b y 
E S R measurements, u p o n hydrogen absorpt ion. 

C A R B O N M O N O X I D E A D S O R P T I O N . Since the use of isotopic l abe l ing 
molecules should help to ident i fy the paramagnet ic species, experiments 
were carr ied out w i t h 1 2 C O a n d w i t h carbon monoxide enriched to 9 0 % i n 
1 3 C O ; 1 3 C has a nuclear sp in 1 / 2 . U p o n exposure of sample A to C O , a s m a l l 
t r ip le t E S R signal appeared. T h e s ignal grew i n in tens i ty for several days. 
S imultaneous ly , the P d ( I I I ) s ignal decreased, a n d the a s y m m e t r i c a l E S R 
signal a t t r i b u t e d to P d ( I ) developed. 

Sample Β behaved i n the same manner . T h e t r ip l e t f r o m C O adsorp
t i o n grew w i t h the t im e . F u r t h e r m o r e , the E S R s ignal of P d ( I ) ions i n sites 
Β decreased. 

C O adsorpt ion o n sample C r a p i d l y resulted i n the f o r m a t i o n of the 
t r ip le t s ignal (Figure 3 ) . T h e add i t i ona l strong s ignal at a round g = 2 . 1 is 
the result of P d + ions probab ly local ized i n sites I , w h i c h are h idden f r o m 
the surface and , hence, inaccessible to carbon monoxide. T h e g values are 
P i = 2 . 1 9 2 , g2 = 2 . 0 6 1 a n d g* = 2 . 0 3 8 . T h e spec t rum of F i g u r e 3 was no 
longer observed after the sample h a d been degassed for 1 hour at r o o m 
temperature . 

I 
Figure 3. ESR spectrum at 77°K of 12CO adsorbed on 

Pd-Y zeolite heated at 500°C in vacuo 
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272 M O L E C U L A R S I E V E S 

1 3 C O adsorbed o n sample G gave the spec t rum of F i g u r e 4. T h i s 
spec t rum cou ld be reso lved in to three sets of t r ip l e t s , each t r i p l e t i s cen
tered a r o u n d gi, g2 a n d g*. 

T h e f o rmat ion of a C O rad i ca l is ru l ed out for the fo l lowing reasons: 
(1) W i t h the 1 2 C O - 1 3 C O mixture , 1 3 C O radicals w o u l d give two t r i p 

lets centered a r o u n d the 1 2 C O tr ip le t , a n d the intens i ty rat io should be 
equal to the 1 3 C / 1 2 C r a t i o ; th is was not observed (Figure 4) . 

(2) T h e exper imental g values observed for the species formed u p o n 
C O adsorpt ion are larger t h a n those calculated for the C O rad i ca l adsorbed 
o n M g O (16). 

T h u s , we believe t h a t the species formed i n C O adsorpt ion m a y be 
C O 

/ 
a t t r i b u t e d to a complex of the t y p e P d + , two molecules be ing a d -

\ 
C O 

sorbed on a P d ( I ) i on . T h e free 4d e lectron is h i g h l y delocal ized on the C O 
molecules. Hence , the hyperfine s tructure is the result of the in terac t i on of 
the free electron w i t h two 1 3 C nuc le i g i v i n g rise to three sets of t r ip le ts as 
shown i n F i g u r e 4, w i t h re lat ive intensit ies of 1 : 2 : 1 . D e t a i l e d analysis of 
the E S R spectra w i l l be g iven elsewhere. 

I n f r a r e d Spectroscopy. T h e spec t rum of the so l id C showed o n l y weak 
a n d unresolved h y d r o x y l bands (F igure 5). T h e i n t r o d u c t i o n of C O under 
a n e q u i l i b r i u m pressure of 50 torr d i d not modi fy the *>OH bands. A f t e r 
evacuat ion of the carbon monoxide at r o o m temperature , the I R spectrum 
showed two bands at 2135 a n d 2110 c m - 1 caused b y s trongly chemisorbed 

Figure 4. ESR spectrum at 77°K of nCO adsorbed on Pd-Y 
zeolite heated at 500° C in vacuo 
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3800 3500 1700 1500 

Figure 5. Reduction by hydrogen. IR spectra of solid 
C: (a): initial sample, (b) 200 torr hydrogen for 6 hours 
at 25°C, (c) 200 torr hydrogen for 16 hours at 200°C, then 

evacuated at room temperature 

C O . These bands decreased i n in tens i ty after a subsequent desorpt ion a t 
100°C a n d disappeared upon evacuat ion at 200°C. I f C O was again 
adsorbed o n the sample, the previous bands were observed w i t h weaker 
intens i ty . W h e n the so l id t reated under oxygen at 500° C was evacuated at 
200° C , the C O bands were weaker t h a n for the so l id C . W h e n the d e a m -
monia t i on temperature was reached at a fast rate , C O adsorpt ion also gave 
rise to weak bands at 2100, 1935, a n d 1895 c m - 1 ; the responsible species 
were revers ib ly adsorbed at r o o m temperature . 

T h e i n t r o d u c t i o n of hydrogen at 100 t o r r on so l id C produced a n 
increase of the J>OH bands, w h i c h are now we l l resolved (3640-3540 c m - 1 ) 
(Figure 5). T h e in tens i ty of these bands increased s lowly w i t h the t i m e ; 
the m a x i m u m va lue was reached after 6 hours ; at the same t ime , the water 
f o rmat ion was detected b y i ts 6H 2O b a n d at 1640 c m - 1 . A f t e r evacuat ion of 
hydrogen at r o o m temperature , the adsorpt ion of carbon monoxide gen
erated bands at 2135, 2110, 2100, 1935, a n d 1895 c m " 1 . T h e last three 
bands were pressure dependent. E v a c u a t i o n a t 25 ° C produced a p a r t i a l 
r emova l of the 2100 c m " 1 band , a n d the 1935-1895 c m - 1 bands d i s -
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274 M O L E C U L A R S I E V E S 

appeared almost completely a n d were shifted towards lower frequencies 
(Figure 6). T h e 2135 a n d 2110 c m - 1 bands were not removed b y evacua
t i o n at r o o m temperature , b u t the i r intensit ies were weaker t h a n for the 
so l id C (F igure 6). 

R e d u c t i o n at 200°C under hydrogen produced a n increase of the von 
bands (F igure 5). A d s o r p t i o n of C O gave bands at 2100, 1935, a n d 1895 
c m " 1 (F igure 7), removed b y evacuat ion of the sample at 25°C. N o more 
C O strongly chemisorbed was observed. I f the reduct ion at 200° C was 
fo l lowed b y a t reatment under v a c u u m at the same temperature , C O gave 
reversible bands at 2105, 1935, a n d 1895 c m - 1 (F igure 7 ) ; weak bands of 

2000 1900 1 800 1700 1 BOB 

Figure 6. CO adsorption. IR spectra of solid C: (a) treated with 
hydrogen at 200°C, evacuated at 25°C, (b) sample A + CO at room 
temperature (p = 50 torr), (c) sample Β evacuated at 25° C, id) 
sample C desorbed at 200°C, CO added at 25°C (p = 50 torr), (e) 

and evacuated at 25° C 
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24. N A C C A C H E E T A L . Palladium-Y Zeolite 275 

2310 2100 

Figure 7. CO adsorption. IR spectra of 
solid C: (a) contacted with CO at 25°C (p 
= 50 torr) and evacuated at room tem
perature, (b) treated by hydrogen (j) = 
220 torr) for 3 hours at 25°C and evacuated 
at 25° C, CO added at room temperature 
(p = 50 torr), (c) sample (b) evacuated at 

room temperature 

i r revers ib ly adsorbed C O were also detected at 2135 a n d 2110 cm"" 1 (F igure 
7). 

W a t e r seemed to i n h i b i t the strong chemisorpt ion of C O ; to ver i fy 
th is assumption , water was chemisorbed on so l id C before the adsorpt ion 
of C O . I n the first minutes , v e r y weak vCo b a n d (2135, 2110 c m - 1 ) were 
observed, a n d a b a n d at 2100 c m - 1 appeared w h i c h increased s lowly i n 
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in tens i ty . A f t e r one hour 's contact , the sol id seemed to be inact ive since 
no more chemisorpt ion was detected; th is phenomenon w i l l be discussed 
elsewhere. 

R e d u c t i o n b y hydrogen at 200°C is p a r t i a l l y reversible because the 
sample obta ined could be reoxidized b y oxygen t reatment between 200° a n d 
400°C. T h e two bands (2135, 2110 c m - 1 ) were present i n the spec trum of 
adsorbed C O , b u t no b a n d can be observed below 2110 c m - 1 . 

W h e n treatment b y oxygen was performed after chemisorpt ion of C O 
on so l id C treated b y H 2 at 25°C, the bands at 2100, 1935, a n d 1895 c m " 1 

were e l iminated at r o o m temperature w i t h f o rmat ion of C 0 2 . T h e bands 
of s trongly chemisorbed C O are more stable a n d disappeared b y heat ing 
under oxygen at 200°C. 

B y increasing the hydrogen reduct ion temperature , the in tens i ty of 
the 2100 c m - 1 b a n d of adsorbed C O decreased progressively, a n d at t e m 
peratures > 250°C, a new weak b a n d at 2070 c m - 1 appeared. T h i s b a n d 
was p a r t i a l l y removed b y evacuat ion at r oom temperature . 

I N T E R P R E T A T I O N . T h e sol id C has few O H groups as seen f r om 
F i g u r e 1. I f the cata lyst is on ly desorbed at 200° C , the observed bands 
at 3640 a n d 3540 c m - 1 are s imi lar to those of H Y zeolites (17). I n con
trast to the a lka l ine earth exchanged Y zeolites (18, 19), the spectra of 
our solids present no b a n d i n the 3610-3570 c m - 1 range, and the existence 
of ( P d O H ) + groups seems u n l i k e l y . 

T h e react ion of H 2 on so l id C produces, besides water molecules, the 
same O H groups as above. T h i s reduct ion , as discussed below, gives Pd°. 
T h i s phenomenon m a y be interpreted i n two ways : 

Ο 
/ \ 

(1) b y remova l of a n oxygen a t o m f rom a S i A l bridge w i t h 
f o rmat ion of water, par t of w h i c h can dissociate a n d give O H groups. 
T h e electrons produced b y this react ion reduce the P d ( I I ) ions to P d 
atoms. A s a mat ter of fact, the m o b i l i t y of the oxygen of N a Y zeolites 
increases i f the N a + ions are exchanged b y C u ( I I ) (20)) P d ( I I ) ions seem 
to have the same effect, 

(2) a n d b y the fo l lowing reac t ion : 

P d 2 + + H 2 — Pd° + 2H + , 

w i t h s tab i l i za t i on of the protons formed i n this w ray b y the zeolite network. 
T h i s scheme can expla in the format ion of the O H groups but fails to account 
for the presence of water . 

T h e s tretch ing frequency of chemisorbed C O is sensitive to the elec
t ronic dens i ty of the site (21, 22). Therefore, the var iat ions of the spectra 
of adsorbed C O after var ious treatments of the so l id allows the de te rmi 
n a t i o n of the state of p a l l a d i u m i n the zeolite. 

T h e s t rong ly chemisorbed C O is character ized b y two sharp bands at 
2135 a n d 2110 c m - 1 . T h e y appear together w i t h a constant rat io of i n -
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24. N A C C A C H E E T A L . Palladium-Y Zeolite 277 

tensities ( H F / L F ~ 3). T h e site of this s trong chemisorpt ion must be 
oxidized p a l l a d i u m ions because these bands decrease upon hydrogen t reat 
ment. T h e P d 3 + a n d P d + i o n s detected b y E S R are present i n amounts too 
s m a l l to be responsible for such s t rong bands ; therefore, o n l y the P d 2 + 

ions could be the chemisorpt ion sites. 
I n connection w i t h the s tructure of ca rbony l meta l complexes, these 

bands seem to be the result of the symmetr i c a n d the ant i symmetr i c s t re tch 
ing v ibrat i ons of two C O molecules bonded l inear ly w i t h the same P d ( I I ) 
i on . I m e l i k et al. (23) have shown t h a t p a l l a d i u m ions are t r i g o n a l l y co
ord inated i n S i , sites (d O m - P d = 2 A ) . Because of chemisorbed C O , the 
p a l l a d i u m ions acquire a t r igona l b y p y r a m i d a l coordinat ion. 

Three structures (24) are possible for the ( O i i i ) 3 P d ( C O ) 2 complex : 
(1) T r a n s structure was never reported for any compound, a n d under 

the selection rules on ly one band is expected: the symmetr i c v i b r a t i o n is 
forbidden. T h e latter could be al lowed because the P d ( I I ) ions are not 
exact ly i n the plane of the three Ο π ι atoms, a n d one C O could be located i n 
the hexagonal pr i sm. I f this is the case, the symmetr i c v i b r a t i o n (2135 
c m - 1 ) w o u l d have a smaller intens i ty t h a n the always al lowed a n t i s y m 
metric v i b r a t i o n (2110 c m - 1 ) . F u r t h e r , the presence of C O i n the hex
agonal p r i s m is v e r y un l ike ly . 

(2) C i s structure, w i t h two C O ' s i n equator ia l positions, is possible. 
T h e selection rules prov ide two bands, but this structure is not i n agreement 
w i t h the i n i t i a l t r igonal s y m m e t r y of the p a l l a d i u m . 

(3) C i s structure, where C O groups occupy one ax ia l a n d one equa
tor ia l pos i t ion, w o u l d present two bands ; th is configuration is the on ly one 
which agrees w i t h a l l experimental observations. T h e two C O ' s are free to 
v ibrate i n the sodalite cage a n d po int towards the hexagonal windows of the 
supercages. 

T h e intensities of the bands of i r revers ib ly chemisorbed C O change 
according to the p r e l i m i n a r y t reatment of the sample. T h i s suggests t h a t 
other adsorbates, e.g., water, can i n h i b i t the C O chemisorpt ion on the 
P d ( I I ) ions. W e observe that : 

(1) Desorp t i on at 200°C of the sol id after oxygen treatment gives C O 
bands weaker t h a n after desorption at 500°C. 

(2) Preadsorpt ion of water on sol id (C) s trongly decreases the i n 
tensities of the previous bands, but the phenomenon is compl icated b y a 
simultaneous reduct ion of P d ( I I ) ions i n presence of C O a n d water . I t has 
previous ly been shown that p a l l a d i u m (II) complexes i n aqueous solutions 
are reduced i n meta l b y carbon monoxide (25). 

W e a k l y adsorbed C O is character ized b y a b a n d around 2100 c m - 1 

a n d b y bands below 2000 c m - 1 (1935 a n d 1895 c m - " 1 ) . A l l these bands are 
formed upon C O adsorpt ion fo l lowing hydrogen reduct ion of the P d ( I I ) 
ions. N o intermediate species can be detected d u r i n g th is reduct ion , a n d 
the P d + ions observed b y E S R are present i n amounts too s m a l l to give 
s trong bands. T h e reversible chemisorpt ion must take place on the Pd°. 

C O adsorbed on a meta l M , gives bands above 2000 c m - 1 w h i c h are 
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assigned to C O l inear ly bonded ( M - C O ) a n d bands below 2000 c m " 1 are 
assigned to C O br idged between two m e t a l atoms (26). 

T h e frequency of the l inear C O is higher t h a n t h a t found for P d f i lms 
(vco = 2085 c m - 1 ) (27) or for supported p a l l a d i u m ( P d / S i 0 2 ) , vco = 
2060 c m - 1 ) (28). T h e increase i n frequency reported i n this s tudy is the 
result of the decrease of the backdonat i on f r o m the d m e t a l orb i ta ls to the 
τ * o r b i t a l of C O . Y zeolites have v e r y s trong L e w i s ac id sites; these sites 
should be able to decrease the electronic density of the p a l l a d i u m atoms 
bonded to C O . T h e decrease of the i n t e n s i t y of the b a n d at 2100 c m " 1 b y 
increasing the hydrogen reduct ion temperature could be explained b y the 
f o rmat i on of agglomerates of p a l l a d i u m s t i l l i n in terac t i on w i t h a Lewis 
a c i d site. 

T h e i m p o r t a n t carrier effect is on ly possible w i t h h i g h l y dispersed 
pal lad ium— i . e . , easily ox id ized p a l l a d i u m . I R results corroborate th is 
assumpt ion . U p o n reduct ion b y hydrogen at 200° C , t reatment w i t h oxy 
gen at 300°C produces P d ( I I ) ions. R e v e r s i b i l i t y is on ly p a r t i a l , a n d the 
disappearance of the m e t a l can be explained b y the ox idat ion of p a r t of the 
meta l l i c p a l l a d i u m into b u l k p a l l a d i u m oxide. 

F o r reduct ion temperatures higher t h a n 250°C, the 2100 c m - 1 b a n d 
is weak, a n d a new b a n d at 2070 c m - 1 appears. T h e la t te r can be assigned 
to C O chemisorbed on wel l -organized crystal l i tes on the outer surface of 
zeolites. T h e carr ier effect is weak, a n d the observed frequency is v e r y 
close to the reported va lue for a non-acidic carrier (28). 

R e d u c t i o n b y hydrogen produces water as reported previous ly . T h e 
increase of C O frequency f r o m 2100 to 2105 c m - 1 when water is desorbed 
at 200°C under v a c u u m pr i o r to the C O adsorpt ion shows t h a t water is 
p r o b a b l y coordinate ly bonded to p a l l a d i u m atoms a n d s l ight ly increases 
the electronic density of the meta l , as expected for L e w i s bases. W e ob
served the same effect on supported p l a t i n u m (22). 

Conclusion 

L o a d e d p a l l a d i u m is usua l l y found as P d ( I I ) ions i n zeolites. H o w 
ever, oxygen t reatment leaves few p a l l a d i u m ions i n the unusua l P d ( I I I ) 
f o r m whi le in vacuo ca l c inat ion forms P d ( I ) ions. 

O n a theoret ica l basis, P d ( I I I ) a n d P d ( I ) ions are p robab ly located 
i n a d is tor ted octahedral or t r i gona l c r y s t a l field (Si or Si/, Su/ sites) rather 
t h a n i n a square p lanar environment . T h e ESR spectra of adsorbed C O 

C O 
/ 

arise f r om the P d ( I ) complex. T h e f o rmat ion of a τ b o n d between 
\ 

C O 
P d ( I I ) a n d C O w o u l d result f r om the over lap of the f i l led 4d orb i ta ls of the 
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metal ion with the τ* vacant antibonding orbitals of the CO molecule; 
this is consistent with our IR results which showed that vco of the ad
sorbed molecule shifts toward a lower wave number compared with vco 
of the gas. 

Egerton and Stone (29), taking into account that synthetic sodalite 
zeolites did not adsorb CO molecules, concluded that CO does not enter 
the sodalite cages of the Y zeolites. However, the strong electric fields 
present in zeolites could also produce changes in the adsorptive properties 
of the solids; thus the energies associated with the cationic sites in crystal
line zeolites must be considered. From our IR results, we concluded that 
CO molecules were located in the volume of the sodalite cages. Thus, the 
steric effect alone cannot explain the different adsorptive properties ex
hibited by sodalite and faujasite. 

Palladium ions were reduced by hydrogen at room temperature. The 
zeolite thus formed has hydroxyl groups identical to those found in de-
cationated Y zeolites and probably has a Bronsted acid character. Fur
thermore, hydrogen reduction produces metallic palladium almost atomi-
cally, dispersed within the zeolite framework as demonstrated by our IR, 
volumetric, and x-ray (23) results. Palladium atoms are located near 
Lewis acid sites which have a strong electron affinity. Electron transfer 
between palladium atoms and Lewis acid sites occurs, leaving some palla
dium atoms as Pd(I). Reduction by hydrogen at higher temperatures 
leads to a solid in which metal palladium particles are present. The be
havior of these particles for CO adsorption seems to be identical to that of 
palladium on other supports. 
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Isotopic Enrichment of the Product of a 
Neutron Capture (n, γ) Reaction in 
Lanthanide- and Actinide-Exchanged Zeolites 

DAVID O. CAMPBELL 

Oak Ridge National Laboratory, Oak Ridge, Tenn. 37830 

This paper describes a new reaction which may yield useful 
amounts of the product isotope following neutron capture by 
lanthanide or actinide elements. The trivalent target ion is 
exchanged into Linde X or Y zeolite, fixed in the structure by 
appropriate heat treatment, and irradiated in a nuclear reactor. 
The (n, γ) product isotope, one mass unit heavier than the target, 
is ejected from its exchange site location by γ recoil. It may 
then be selectively eluted from the zeolite. The reaction has been 
demonstrated with several rare earths, and with americium and 
curium. Products typically contain about 50% of the neutron 
capture isotope, accompanied by about 1% of the target isotope. 
The effect of experimental variables on enrichment is discussed. 

T o u r i n g the past few years there has been considerable interest i n p r o -
duc ing substant ia l amounts of certa in art i f i c ia l isotopes w h i c h have 

special properties tha t give t h e m unique va lue . E x a m p l e s inc lude rad io 
act ive isotopes of the n a t u r a l elements a n d also isotopes of the t r a n s u r a 
n i u m elements. S u c h isotopes are produced b y nuclear reactions on n a t 
u r a l l y occurr ing elements, and the desired product generally appears as a 
v e r y minor component i n the unreacted s tar t ing mater ia l , or target. I t is 
usua l ly desirable, a n d sometimes essential, tha t the product be separated 
f r o m the target . I f the product a n d target are different elements, as i n 
the product ion of p l u t o n i u m b y i r r a d i a t i n g u r a n i u m i n a nuclear reactor, 
chemical separations can be devised. However , i f they are isotopes of the 
same element, the separation becomes m u c h more diff icult. 

T h e present work (1) was m o t i v a t e d b y the desire to produce isotopes 
such as 2 4 7 C m i n g r a m or m u l t i g r a m amounts , b u t the same methods are 
applicable to a l l the chemical ly s imi lar t r i va lent act inide a n d lanthanide 
elements. C u r i u m - 2 4 7 has the highest atomic number , four beyond u r a -

281 
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n i u m , of a n y isotope t h a t is stable enough to p e r m i t one to carry out c on 
vent i ona l chemical studies w i t h o u t h a v i n g to ut i l i ze special h a n d l i n g f a c i l 
it ies t h a t are avai lab le i n on ly a few nuclear insta l lat ions . 

C u r i u m is produced i n s m a l l amounts as a by -product of nuclear power 
product i on , b u t this mater ia l consists p r e d o m i n a n t l y of the shor t - l i ved a n d 
extremely hazardous 2 4 4 C m isotope. U n d e r prolonged i r r a d i a t i o n , a 
series of neutron captures occurs, f o r m i n g a l l the isotopes up to 2 4 9 C m . 
T h e 2 4 7 C m content i n such instances never exceeds about 1%, a n d i t s 
separation f r o m the other isotopes, b y factors u p to 10 6 , w o u l d be a p r o d i 
gious task . 

F o r several decades there has been research directed t o w a r d the a t 
ta inment of enrichment , or separation of the product isotope of a nuclear 
react ion, as a direct result of the nuclear react ion itself. I n pr inc ip le th i s 
p r o b l e m was so lved i n 1934 b y the S z i l a r d - C h a l m e r s react ion . I n th i s 
instance advantage is t a k e n of the react ion product ' s recoi l energy, w h i c h 
is sufficient to break a chemical bond . T h u s , the product a t o m m a y be 
converted to a chemical state un l ike t h a t of the or ig inal , unreacted target 
atoms, a n d hence be chemica l ly separated. 

I n the or ig inal w o r k (2) e t h y l iodide was i r rad ia ted w i t h neutrons, con 
v e r t i n g some of the 1 2 7 I t o the radioact ive 1 2 8 I isotope. W h e n the e t h y l 
iodide was shaken w i t h a n aqueous so lut ion , the 1 2 8 I concentrated i n the 
aqueous phase a n d was enriched about tenfo ld . Subsequently , th is reac
t i o n has been appl ied to a number of covalent organic compounds a n d also 
to Werner complexes (e.g., Ρ i n phosphate) . E n r i c h m e n t factors of 
about 10 are t y p i c a l , a l though larger values occur i n some instances. E n 
r ichments are often l i m i t e d because unreacted target atoms are also ejected 
f r o m the molecules b y var ious side reactions. Y i e l d s of 5 0 % are f a i r l y 
c o m m o n . 

I n pract ice , the S z i l a r d - C h a l m e r s react ion has not been v e r y successful 
for product ion of substant ia l quant i t ies of any isotope a l though i t often 
works we l l for tracer or l o w i r r a d i a t i o n levels. W h e n greater levels of 
neutron i r r a d i a t i o n became feasible w i t h development of nuclear reactors, 
i t was f ound that b o t h enrichment factors a n d product y ie lds decreased 
as neutron exposures increased to the values required for significant isotope 
produc t i on . 

I n the w o r k reported here, w h i c h was directed t o w a r d the a t ta inment of 
a n isotopic enrichment of the t r i va lent act inide a n d lanthanide elements, 
the prob lem was compounded b y the fact tha t these elements do not read i ly 
f o r m appropriate compounds, l ike iodine i n e t h y l iodide. T h e y do f o r m 
some stable organic chelates, and , indeed, i t is possible t o o b t a i n a S z i l a r d -
Cha lmers react ion w i t h such compounds. However , the ir r a d i a t i o n 
damage resistance does not appear adequate to p e r m i t useful p roduc t i on 
of a n isotope l ike 2 4 7 C m , w h i c h requires a t h e r m a l neutron exposure a p -
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proaching 1 0 2 1 neutrons c m - 2 . Organic compounds are general ly not 
stable at such h i g h exposures. 

Inorganic compounds m a y be more stable to rad ia t i on damage t h a n or 
ganic compounds, a n d their decomposit ion products are less deleterious. 
A c c o r d i n g l y , a search was made for inorganic compounds w h i c h w o u l d con 
t a i n these t r i va lent ions i n a nonexchangeable state and , at the same t ime , 
a l low reco i l atoms ejected f r om their pos i t ion i n the structure to be sepa
rated . S z i l a r d - C h a l m e r s reactions have been reported for certain i n o r 
ganic systems, for example c lays (3), bu t y ie lds a n d enr ichment factors 
were b o t h l ow . 

In format ion publ ished d u r i n g the past few years about the faujasite class 
of zeolites ind i cated that they present a possibly unique system i n w h i c h 
the necessary condit ions might be met . Sherry (4, &) reported t h a t rare 
earths, as compared w i t h a l k a l i or a lka l ine earth metals , are readi ly exchanged 
into L i n d e X f r o m di lute aqueous solutions, a n d t h a t they strongly favor 
the zeolite phase. W h e n such a n exchanged zeolite is dehydrated b y 
heat ing to 350-700°C, the lanthanide ions move in to the s m a l l pore system 
(6, 7) after w h i c h they are not read i ly exchanged back out of the c rys ta l . 
S m i t h (8) has reviewed the structure of lanthanide X a n d Y zeolites. 

T h u s , the target isotope, a lanthanide or t r i va lent act inide, cou ld be 
exchanged in to the zeolite, a n d fixed i n the structure b y heat ing . T h e 
question is, t h e n : what happens to the product fo l lowing a nuclear reac
t ion? T h e product of a neutron capture react ion receives u p to 100-200 
e V of reco i l energy, because of p r o m p t y emission. T h i s is sufficient not 
on ly to break a chemical bond b u t also to t ransport the a t o m a short d i s 
tance through the c rys ta l , a n d thus eject i t f r o m the smal l pore system 
where i t or iginated. I f a reasonable number of these recoi l atoms come to 
rest i n the large pore system, they m a y be subject t o recovery b y i o n ex
change, a n d thereby y i e l d an enriched product . A t the same t ime , the 
atoms of the unreacted target a n d of the zeolite itself are subject to nuclear 
react ion a n d atomic displacement, m a i n l y because of fast neutrons a n d the 
7 rad ia t i on always present w i t h t h e r m a l neutrons, a n d these processes t end 
to degrade the desired separation. 

I n the classical S z i l a r d - C h a l m e r s react ion a specific b o n d or group of 
bonds is broken b y the recoi l energy. T h i s react ion is analogous, but i t is 
not clear whether such specific bonds are broken , or i f p h y s i c a l factors 
related to pore t r a p p i n g are invo lved . T h e mechanism of the interact ion 
between the t r i va lent metals a n d zeolites is not completely understood . 

Experimental 

N e a r l y a l l the present w o r k was done w i t h L i n d e X a n d L i n d e Y 
zeolites, obtained f r o m U n i o n C a r b i d e C o r p . ; these were exchanged w i t h 
one or two of the rare e a r t h s — y t t r i u m , l a n t h a n u m , praseodymium, neo-
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d y m i u m , e rb ium, t h u l i u m , a n d y t t e r b i u m — o r the actinides a m e r i c i u m a n d 
c u r i u m . T h e actinides are n a t u r a l l y radioact ive , a n d the stable rare 
earths were i r rad ia ted to give radiotracers . A l l meta l analyses were based 
on count ing appropriate y r ad ia t i on , us ing a 3 X 3 i n c h N a l ( T l ) c rys ta l 
detector a n d a 512-channel pulse-height analyzer for the rare earths a n d a 
l i t h i u m - d r i f t e d g e r m a n i u m detector for the actinides. 

E a r l y w o r k was done w i t h a sized f ract ion (about 0.1 m m ) obta ined b y 
gr ind ing zeolite pellets w h i c h contained a signif icant amount of b inder . 
Subsequently , the pure zeolite powder was used. I n a l l cases the zeolite 
was washed w i t h a large vo lume of d i lute salt so lut ion , sometimes con
t a i n i n g a s m a l l amount of acetate buffer at about p H 5.5, a n d precautions 
were t a k e n to a v o i d h y d r o l y t i c prec ip i ta t ion of the metals . 

T h e meta l ions were exchanged in to the zeolites b y b a t c h equ i l ibrat ion 
either w i t h a measured amount of the rare earth or act inide i n d i lu te 
aqueous so lut ion for preparat ion of p a r t i a l l y exchanged zeolites or w i t h 
excess meta l to achieve a greater exchange. T o achieve m a x i m u m ex
change, th is zeolite was ign i ted to 500°C a n d again contacted w i t h a s o l u 
t i on conta in ing excess meta l . T h e exchanged zeolites were not analyzed , 
but composit ions were k n o w n approx imate ly f r om mater ia l balance con
siderations. 

Produc t s were recovered b y b a t c h e lut ion , us ing a v a r i e t y of salt s o lu 
t ions for eluents a n d a large l iquid-to -zeo l i te phase rat io (w i th in the range 
10 to 200). I n a few cases, the exchanged zeolites were eluted w i t h o u t 
pr ior heat t reatment to determine the behavior of the meta l before i t was 
fixed i n the smal l pore structure . I n most cases, the zeolite was ign i ted 
at 500-700°C to fix the meta l before subsequent manipulat ions , i n c l u d i n g 
i r rad ia t i on . 

T h e amount of unreacted target element that e luted was determined b y 
measuring i ts r a d i o a c t i v i t y d i rec t ly i n the case of actinides, a n d b y a c t i v a 
t i o n analysis i n the case of lanthanides . T h e d i s t r ibut i on of the r a d i o 
act ive neutron capture product was determined b y count ing b o t h the eluate 
a n d the eluted zeolite. A l l i rradiat ions were done i n the O a k R i d g e R e 
search reactor i n a pneumat ic tube fac i l i ty w i t h a t h e r m a l neutron flux 
of about 4 Χ 1 0 1 3 neutrons c m - 2 s e c - 1 or, for a few l ong i rradiat ions , i n a 
tube adjacent to the reactor core at the fluxes stated i n T a b l e V I . 

Results and Discussion 

T y p i c a l results for the overa l l isotopic separation for L i n d e X ex
changed essentially completely w i t h praseodymium are shown i n T a b l e I . 
Genera l ly , 5 0 - 6 0 % of the neutron capture product , 1 4 2 P r , was e luted f r om 
the zeolite, a long w i t h about 1 % of the unreacted 1 4 1 P r target . I n most 
cases, the isotopic enrichment factor (the rat io of specific a c t i v i t y of meta l 
i n the eluate to the average specific a c t i v i t y of a l l the metal) was i n the 
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25. CAMPBELL Lanthanide- and Actinide-Exchanged Zeolites 285 

range 50-80 . S i m i l a r results are reported i n T a b l e I I for L i n d e X ex
changed w i t h l a n t h a n u m a n d e r b i u m ; exchanges w i t h n e o d y m i u m , t h u 
l i u m , a n d y t t e r b i u m gave comparable results . E n r i c h m e n t factors v a r y 
somewhat, but the react ion is general ly appl icable to b o t h l i ght a n d heavy 
rare earths. Resu l ts w i t h L i n d e X a n d Y were essentially ident i ca l . 

Several variables were studied, i n c l u d i n g the extent of l oad ing or ex
change of meta l i n the zeolite, the heat t reatment before i r r a d i a t i o n , the 
composit ion a n d temperature of the eluent, a n d the e lut ion t ime . T h e 
first two of these h a d a major effect on the react ion, but the others were 
less c r i t i ca l . A wide range of condit ions y ie lded results s imi lar to those 
shown, a n d no experiment has g iven s igni f icantly better enrichment . 

T a b l e L 1 4 2 P r E n r i c h m e n t by Zeol i te E l u t i o n 
% of Isotope in Fraction 

Description U2Pra ulPr 

(A) Irradiate 25 mg of P r X 1 min 
Elute with 

3 m l of 10M L i C l , 5 min, 25° 61.6 0.68 
3 ml of 1QM L i C l , 25 min, 25° 5.9 0.32 
3 m l of 10M L i C l , 90 min, 25° 1.1 — 

Remaining in zeolite 31.4 99 

(B) Irradiate 100 mg of P r X 0.5 min 
Elute with 

1 m l of 11M L i C l , 10 min, 25° 49 0.76 
1 ml of IIM L i C l , 15 min, 90° 13 0.54 

Remaining in zeolite 38 98 
α Neutron capture product. 

T a b l e I I . N e u t r o n Capture Produc t E n r i c h m e n t w i t h R a r e E a r t h s 
% of Isotope in Fraction 

Description U0Laa mLa 

(A) Irradiate 25 mg of L a X 4 min 
Elute with 

4 m l of 0.5M Ca(N0 3) 2,10 min, 25° 65.8 1.49 
4 m l of 0.5M Ca(N0 3) 2 , 30 min, 25° 3.3 0.33 
4 m l of 0.5i¥ Ca(N0 3) 2,30 min, 25° 1 0.03 

Remaining in L a X 30 98 

(B) Irradiate 100 mg of E r X 15 sec 
Elute with 

1 m l of 10M L i C l , 5 min, 25° 36 1.5 
1 m l of 1QM L i C l , 10 min, 90° 10 0.8 
1 m l of 10M L i C l , 20 min, 90° 8 3.6 

Remaining i n E r X 46 94 
β Neutron capture product. 
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P r o d u c t E l u t i o n . Severa l salt solutions, i n c l u d i n g L i C l , N a 2 S 0 4 , 
N H 4 N O 3 , a n d C a ( N 0 3 ) 2 , have been used as eluents. I n some cases a l ow 
concentrat ion of formate or acetate was added to buffer the so lut ion at p H 
5-5.5. A l l the solutions were about equal ly effective as l o n g as the con 
centrat ion was > 2 - 4 M for the monovalent cations a n d 0 . 5 M for the C a -
( N 0 3 ) 2 ; at lower concentrations the f ract ion e luted decreased. C o n c e n 
t r a t e d L i C l was used i n i t i a l l y because i t was a suitable m e d i u m for subse
quent processing of the product , but more d i lute salt solutions are less 
v iscous a n d more convenient to w o r k w i t h . 

T h e t o t a l t ime required for e lut ion of the product f r o m the zeolite 
was not s tudied systemat ica l ly , b u t most of the recoverable m e t a l was 
e luted i n less t h a n 5 m i n . Subsequent e lut ion , even for days a n d w i t h 
fresh so lut ion , removed l i t t l e of the r emain ing product . T h u s , the recover
able p o r t i o n of the product was e luted r a p i d l y , whi le the nonrecoverable 
p o r t i o n behaved s i m i l a r l y to the unreacted target mater ia l . E l u t i o n t e m 
perature h a d l i t t l e effect between 25 a n d 90°C. 

T a b l e ΙΠ. Target E l u t i o n f r o m U n i r r a d i a t e d L a X 
% 1 8 9 L a in Each Eluate 

Description? First Second Third 

Elute 80 mg of L a X 1.75 0.22 0.016 
Divide into 15-mg fractions and treat each 

as shown below 
Evaporate at 25°, 64 hours, elute 1.1-1.4 0.15-0.3 — 
Heat to 120°, 64 hours, elute 3.3 0.28 — 
Heat to 250°, 1 hour, elute 2.5 0.30 — 
Heat to 500°, 30 min, elute 1.4 0.42 — 

α All samples eluted with 4 ml of 0.5M Ca(N03)2 for 5-30 min. 

Target E l u t i o n . A s l ong as the heat t reatment was adequate ( ~ 6 0 0 ° C ) , 
the amount of target m a t e r i a l e luted i n the ac t iva ted product was u s u a l l y 
less t h a n 1 % of the t o t a l target present, b u t occas ional ly more. I n most 
cases this cou ld be reduced to less t h a n 1 % b y e lut ing a n d d r y i n g the zeolite 
several t imes before i r r a d i a t i o n . Successive e lut ion removed progressively 
smal ler fractions of the target isotope, as shown i n T a b l e I I I , d o w n to 
hundredths of a percent i n the t h i r d e lut ion . D r y i n g i n the temperature 
range f r o m about 100 t o 250°C caused the amount of subsequently e luted 
mater ia l t o increase to several percent. E v e n superfic ial d r y i n g i n air at 
r o o m temperature caused a n increase, often to about 1%. 

A f t e r several e lut ion a n d d r y i n g cycles, i t was possible t o m a i n t a i n 
target e lut ion at a few tenths of a percent i n un i r rad ia ted contro l tests but 
not i n ac tua l i r r a d i a t i o n tests. Some temperature increase occurs d u r i n g 
i r r a d i a t i o n , and , as shown i n T a b l e I I I , temperatures above 100°C cause a 
m a r k e d increase i n target e lut ion . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

02
5

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



25. CAMPBELL Lanthanide- and Actinide-Exchanged Zeolites 287 

One might expect some of the meta l t o be exchangeable after heat 
t reatment , possibly i n pores at the c rys ta l surface or i n other accessible 
sites. A f t e r such loosely he ld mater ia l is e luted, however, one w o u l d ex
pect the r e m a i n i n g m e t a l t o r e m a i n fixed. T h e fact t h a t t reatment such 
as evaporat ion at r o o m temperature can cause a n increase i n target e lut ion 
indicates t h a t , even under v e r y m i l d condit ions , a s m a l l f rac t ion of the 
meta l atoms m a y exchange or migrate f r o m inaccessible sites t o sites ac 
cessible t o e lut ion . 

T h i s aspect of the prob lem is c r i t i c a l because i t is the e lut ion of target 
mater ia l w h i c h di lutes the product a n d u l t i m a t e l y l i m i t s the isotopic en 
r i chment t h a t can be obtained. U n d e r the rather poor ly contro l led c o n d i 
tions of reactor i r rad iat ions , target e lut ion was general ly near 1%. A s u b 
s tant ia l decrease i n target e lut ion w o u l d rea l ly m a k e th is process a t t rac t ive , 
a n d indeed th is is the p r i m a r y factor t h a t can prov ide a signif icant i m 
provement i n the process. 

Zeolite Loading. T h e lanthanide loading , or f rac t ion of the exchange 
capac i ty occupied b y lanthanide , has a large effect on product y ie lds . W h e n 
less t h a n hal f the exchange capac i ty was lanthanide (the rest be ing c a l 
c ium) , the neutron capture product y i e l d was substant ia l ly decreased, as 
shown b y the results for P r X i n T a b l e I V . T h e y i e l d increased w i t h i n 
creased l oad ing u p t o loadings of about 6 0 % , above w h i c h i t remained es
sent ia l ly constant. Since target e lut ion m a y be somewhat greater for v e r y 
h igh ly exchanged zeolites, the o p t i m u m load ing is p robab ly i n the range of 
6 0 - 8 0 % of the exchange capac i ty . T h i s is r ead i ly achieved b y a single 
equi l ibrat ion w i t h excess target isotope present. 

I f more t h a n one rare earth is present, i t is necessary o n l y t h a t the 
t o t a l l oad ing be h i g h for the combinat i on of elements. T h e results for 
three zeolites, a l l conta in ing the same 3 0 % load ing of p raseodymium, are 

Table IV. Effect of Mixed Loading on Yields 
% of Isotope in Each Fraction 

Fraction0 1 4 2 p f & 1 4 i p r niErb 

P r X LI 15.1 0.7 — — 
L2 15.5 0.6 — — 
Zeolite 69.4 99 — — 

P r E r X LI 50.8 0.5 34.6 0.8 
L2 13.2 0.4 16.1 0.8 
Zeolite 36 99 49.3 98 

P r Y X LI 57.4 1.2 — — 
L2 9.2 0.5 — — 
Zeolite 33.4 98 — — 

a PrX, 30% Pr-70% Ca-exchanged Linde X ; PrErX, 30% Pr-70% Er-exchanged 
Linde X ; PrYX, 30% Pr-70% Y-exchanged Linde X. Irradiate 50 mg of each for 1 
min, and elute with (LI) 1 ml of 10M LiCl, 5 min, 25°, followed by (L2) 1 ml of 10M 
LiCl, 16 hours, 25°. 

6 Neutron capture product. 
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288 M O L E C U L A R S I E V E S 

T a b l e V . Ef fect of L o a d i n g on 2 4 2 A m E n r i c h m e n t 
% of Isotope in Fraction 

Fraction0 2A2Amb 241Am 

AmX Eluate 
Zeolite 

AmYX Eluate 
Zeolite 

3.6 
96.4 
58 
42 

0.3 
99.7 
4.4 

95.6 
a AmX, 30% Am-70% Ca-exchanged Linde X ; AmYX, 30% Am-70% Y-ex-

changed Linde X. Irradiate 10 mg of each for 1 min; elute with 2 ml of 11M LiCl, 20 
min, 25°. 

b Neutron capture product. 

given i n T a b l e I V . W h e n the rest of the capaci ty was ca l c ium, the y i e ld 
was low, b u t when the t o t a l rare earth load ing was h i g h , f r o m a dd i t i on of 
either e r b i u m or y t t r i u m , the product y i e l d was h ig h . F r o m the d a t a 
for P r E r X i t was possible t o determine the behavior of the two rare earths 
when present i n combinat ion , a n d the results were v e r y s imi lar t o those 
obta ined when each element was present separately b u t at a h i g h l oad ing 
(Tables I a n d I I ) . 

A c t i n i d e Zeol i te Tes ts . A l t h o u g h less work has been done w i t h a c t i 
nides t h a n w i t h lanthanides , certain differences i n behavior have appeared 
consistently . I t is not k n o w n whether these differences, w h i c h are a lways 
unfavorable , are caused b y the actinides themselves or b y impur i t i es . 
M o s t w o r k was done w i t h 2 4 3 A m a n d 2 4 1 A m a l though a few tests inc luded 
2 4 4 C m , w h i c h has a m u c h greater a emission t h a n a n y target of interest . 

C u r i u m a n d a m e r i c i u m were more diff icult t o l oad t h a n lanthanides , 
a n d exchange to greater t h a n 3 0 % of capac i ty was seldom achieved. A s 
w i t h lanthanides , y ie lds of the neutron capture products were l o w at such 
l o w loadings. F o r t u n a t e l y , however, as shown i n T a b l e V , a d d i t i o n of 
y t t r i u m t o g ive a h i g h t o t a l l oad ing resulted i n a h i g h product ( 2 4 2 A m ) 
y i e l d . 

E l u t i o n of target meta l ( 2 4 1 A m i n T a b l e V ) was i n v a r i a b l y greater, i n 
the range 3 - 6 % , t h a n w i t h rare earths. T h i s resulted i n lower enrichment 
factors , i n the range 10-20 instead of >50. A s w i t h lanthanides , successive 
elutions removed less a n d less target meta l , b u t such m i l d t reatments as 
d r y i n g the zeolite w o u l d cause th is t o increase again to several percent. 

Ac t in ides , u n l i k e lanthanides , are a emitters . Tests made w i t h 
2 4 3 A m , 2 4 1 A m , a n d 2 4 4 C m , w h i c h have a r a d i a t i o n intensit ies (or a decay 
constants) i n the rat io 1 :17 :435, gave v e r y s imi lar results i n regard to bo th 
target e lut ion a n d product y i e l d . Therefore, i f a r ad ia t i on is responsible 
for the difference, the effect is independent of a in tens i ty . 

Effect of Pro l onged I rrad iat ion . O p t i m u m product enr ichment re 
quires i r r a d i a t i o n to a t h e r m a l neutron exposure i n the range of 1 0 2 0 n e u 
trons c m - 2 , depending on the nuclear properties of the isotope be ing used. 
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25. CAMPBELL Lanthanide- and Actinide-Exchanged Zeolites 289 

A v a i l a b l e i r r a d i a t i o n faci l i t ies generally have large fluxes of fast neutrons 
a long w i t h the t h e r m a l . F a s t neutrons m a y undergo col l is ion w i t h the 
atoms i n the zeolite, d isplac ing t h e m f r o m their c rys ta l positions a n d de
stroy ing the zeolite structure . T h u s , t h e r m a l neutrons are absorbed b y the 
target to g ive the desired product , b u t the ac company ing fast neutrons 
destroy the zeolite structure w h i c h is responsible for the isotopic separation. 
T h e prob lem is to ob ta in a sufficient product y i e l d before the structure is 
degraded. 

I rradiat ions w i t h P r X zeolite, T a b l e V I , showed t h a t above an ex
posure of 10 1 9 t h e r m a l neutrons c m - 2 , w h i c h is the range of interest , the 
1 4 2 P r y i e l d decreased, the 1 4 1 P r target content increased, a n d the e n r i c h 
ment factor decreased f r o m >60 to ~ 4 . T h e fast neutron exposure was a p 
prox imate ly one- th ird the t h e r m a l . I n each test 10 m g of P r X was i r 
radiated , a l lowed to decay for several days , a n d t h e n eluted w i t h 2 m l of 
7M L i C l . E x p e r i m e n t a l condit ions d u r i n g these i rradiat ions were not 
we l l defined. 

T a b l e V I . 1 4 2 P r E n r i c h m e n t i n L o n g Irradiat ions 
% of Isotope in 

Time of 
Irradiation 

20 min 
6 hours 
2 hours 
6 hours 
3 days 
7 days 
7 days 

Flux, 
neutrons 

cm~2 sec-1 

4.5 
4 
8 
9 
2 
1.4 
2.5 

1013 

1011 

1012 

1012 

1018 

1014 

1014 

Exposure, 
neutrons 

5 X 
9 X 
6 X 
2 X 
5 X 
9 X 

1.5 X 

1016 

1015 

1016 

1017 

1018 

1019 

1020 

Product 
142 pr& 

66 
66 
60 
56 
50 
21 
13 

1 4 i p r 

0.5 
0.9 
0.8 
0.9 
2.1 
5 
4 

Neutron capture product. 

I t has been reported that L i n d e X mainta ins i ts c r y s t a l l i n i t y , gas a b 
sorpt ion , a n d ion-exchange properties u p to about 10 1 9 fast neutrons c m - 2 , 
bu t these properties were r a p i d l y lost at higher exposures (£) . Since r a d i a 
t i o n damage is p redominant ly caused b y fast neutrons, i t w o u l d be a d 
vantageous to use a neutron source w i t h a substant ia l ly smaller fast c o m 
ponent. S u c h faci l it ies can be b u i l t , a n d experiments i n th is d i rec t ion are 
p lanned . 

A t th is t ime i t is not clear whether or not the isotopic enrichment de
scribed here can be accomplished at a neutron exposure h i g h enough to 
y i e l d a rea l ly useful product , b u t indicat ions are t h a t a h igh ly thermal i zed 
neutron source m a y y i e l d such products . A n a l ternat ive development, 
w h i c h w o u l d y i e l d a higher enrichment factor or comparable enrichment at 
lower neutron exposures, w o u l d be some means to decrease target e lut ion 
to m u c h less t h a n 1%. 
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Physicochemical Properties of High 
Silica L and Clinoptilolite Zeolites 

G. V. TSITSISHVILI 

Institute of Physical and Organic Chemistry, Academy of Sciences of the Georgian 
SSR, Tbilisi, U.S.S.R. 

Physicochemical properties of L zeolites and of clinoptilolite 
were studied by adsorption, chromatographic, spectral, and ther
mogravimetric methods. The sodium form of L zeolite is char
acterized by better adsorption with respect to water and benzene 
vapor and by higher retention volumes of C1-C4 hydrocarbons 
and CO than potassium and cesium forms. The activation 
energy of dehydration determined by the thermogravimetric 
method decreases on going from the sodium to cesium form of L 
zeolite. When calcium is replaced by potassium ions in clino
ptilolite, the latter shows a decreased adsorption with respect to 
water vapor. The infrared spectra of the L zeolite at different 
levels of hydration show the existence of several types of water 
with different bond characters and arrangements in the lattice. 

T T i g h si l ica zeolites at tract great a t tent ion since they are characterized 
b y re lat ive ly h i g h t h e r m a l s tab i l i t y a n d considerable ac id resistance. 

Phys i cochemica l properties of h igh si l ica zeolites, despite a number of 
invest igations, have not been sufficiently s tudied . T h e same is t rue for 
L - a n d c l inopt i lo l i te zeolite. T h e data on synthesis, structure, adsorpt ion 
properties, decat ionizat ion, dea luminizat ion , adsorpt ion heats, a n d other 
properties of the above-mentioned zeolites have been g iven (1-15). R e 
sults of studies of physicochemical properties of L zeolites a n d of n a t u r a l 
a n d modif ied c l inopt i lo l i te are g iven here. 

Experimental 

A d s o r p t i o n properties were s tudied w i t h a microbalance at 20° ± 
0.05°C. Zeolites were dehydrated at 300° -400°C u n t i l a res idual pres
sure of 1 0 ~ 6 t o r r a n d a constant sample weight were reached. 

Chromatograph i c separation was s tudied on 0.5-1.0 m m grains, w h i c h , 
after p r e l i m i n a r y t h e r m a l a c t i v a t i o n at 500°C, were loaded in to a chro -

291 
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matographic c o l u m n 100 c m long w i t h a diameter of 0.4 c m . T h e carr ier 
gas was h e l i u m , ve loc i ty was 50 m l / m i n , a n d the detector was a k a t h a r o m -
eter ( thermal c o n d u c t i v i t y type ) . 

In f rared absorpt ion spectra were s tudied on samples of 15 m g / c m 2 . 
P u m p i n g was done for 2 hours in vacuo at 1 0 ~ 5 t orr . Spectra were recorded 
w h e n the sample was cooled at 0.53 c m ' V s e c - 1 (16). 

Thermograv imetr i c studies were done w i t h der ivatograph (17). 
T h e r m a l curves were recorded at 10° /min. T h e s tandard was A 1 2 0 3 heat 
t reated at 1600°C. 

Results and Discussion 

W e have studied the potass ium f o r m of zeolite L (batch 385-386), the 
same zeolite enriched w i t h sod ium a n d cesium ions ( N a L a n d C s L ) , a n d 
a sample of potass ium L-zeo l i te (sample A ) . B o t h zeolites were experi 
menta l batches. T h e chemical composit ion of dehydrated zeolites is g iven 
i n T a b l e I . 

T a b l e I . C h e m i c a l Compos i t ion of D e h y d r a t e d Zeol i tes 
Oxide Components, wt % 

Cs20 + 
Sample K20 Na*0 Na^O AWz Si02 

K L (385-386) 18.08 2.40 — 20.17 60.07 
NaL 8.12 6.96 — 23.31 61.07 
CsL 6.10 — 29.05 17.00 48.38 
I0L(A) 17.16 2.22 — 20.09 61.08 

T h e zeolite f r o m D z e g v i (the Georg ian S S R ) was used for s tudy (18). 
N a t u r a l zeolite was enriched w i t h potass ium ions a n d dealuminized. E n 
r i chment of exchangeable ions of L zeolites a n d of c l inopt i lo l i te was done 
b y m u l t i p l e treatment w i t h 0.5N solutions of the corresponding nitrates . 
Decat i on i za t i on a n d dea luminizat ion were done by treat ing the n a t u r a l 
zeolite w i t h solutions of hydrochlor i c ac id 0.25-12.0iV. T h e S i 0 2 / A l 2 0 3 

rat io increased f r o m 8.0 to 69.5, a n d the C a O content decreased f r o m 6.30 
t o l . 0 0 w t % (Table I I ) . 

P o t a s s i u m i o n content increased f r o m 1.18 w t % for K 2 0 (natural 
c l inopti lo l i te) to 6.17 w t % . T h e C a O content decreased f r o m 6.30 to 
2.29 w t % , t h a t of N a 2 0 f r o m 2.00 to 0.54 w t % a n d of M g O f r o m 1.81 to 
1.40 w t % . 

W e studied adsorpt ion properties of L-zeol ites w i t h respect to water 
a n d benzene vapors. T h e experimental data are g iven as isotherms for 

Table I I . C h e m i c a l Compos i t i on of D e h y d r a t e d Natural Clinoptilolite 
Oxide 

Components Si02 AWz Fe203 CaO MgO K20 NoW 

W t % 68.04 14.40 3.99 6.99 2.00 1.30 2.22 
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benzene vapor (Figure 1 a n d T a b l e I I I ) for different points of adsorpt ion 
interpo lated b y the isotherms. T h e adsorpt ion vo lume, corresponding to 
the p r i m a r y porous structure, is filled at a re lat ive pressure of P/Ps = 0.2. 

T h e d a t a i n T a b l e I I I show t h a t benzene a n d water are adsorbed most 
strongly o n N a L a n d most w e a k l y o n C s L . T h u s , the amount adsorbed 
increases w i t h the electric field of the cation—i.e., inverse ly w i t h ionic 
radius (19,20). 

Figure 1. Isotherms of adsorption of benzene 
vapor on L-zeolites: (1) NaL, (2) KL, (3) CsL, 

U) KL(A) 

T a b l e ΠΙ . A d s o r p t i o n V a l u e s (a, m m o l e / g r a m ) at 20°C 
H2O CQHQ 

P/P. 
0.005 0.010 0.020 0.050 0.100 0.005 0.010 0.020 0.050 0.100 

KL (38&-
386) 4.75 5.12 5.58 6.25 7.15 1.14 1.18 1.24 1.34 1.46 

NaL 5.50 5.75 6.05 6.57 7.45 1.16 1.20 1.26 1.37 1.49 
CsL 3.20 3.45 3.80 4.43 5.20 0.95 0.99 1.05 1.17 1.25 
K L (A) 5.25 5.57 5.85 6.25 6.75 1.09 1.11 1.14 1.18 1.22 
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1+2+3 
6 I 

Min. 20 5 16 5 5 10 8 6 4 0 
Figure 2. Separation of air mixture (1), CH*(2), CO(3), ftffeOi), ^Η^(δ), CzH%(6), 

CzH*(7), CiHw(8). Chromatographic column temperature, lIfi°C 

Chromatographic properties of L zeolites have been studied l i t t l e (7). 
A s a result of this work we have established w h e n the potass ium (original) 
f o r m of zeolite L is used w i t h the model mix t ure of C i - C 4 hydrocarbons a n d 
C O , methane is e luted after carbon monoxide at a l l c o l u m n temperatures ; 
the same is t rue for potass ium X-zeo l i tes (21). I n bo th the potass ium a n d 
exchanged forms of L-zeol ites a n d i n hydrogen X-zeo l i tes (22), at a n y 
temperature of the chromatographic co lumn, each saturated hydrocarbon 
e lut ion is fol lowed b y a n unsaturated compound w i t h the same number of 
atoms i n the molecule— i.e., carbon monoxide, methane, ethane, ethylene, 
propane, propylene a n d butane (Figure 2 ) . T h i s mixture of gases is sepa
rated at a lower c o l u m n temperature t h a n for X-zeo l i tes , apparent ly as a 
result of a lower cat ion concentrat ion i n the L-zeo l i te un i t cel l . F o r ces ium-
conta in ing samples, the retent ion volumes decrease, especially w i t h u n 
saturated compounds. 

In frared spectra of zeolite L i n the range of frequencies of valence a n d 
deformation v ibrat ions of water have not been studied m u c h (8). A l 
though we elucidate the bonds of water molecules w i t h the frame, the n a 
ture of the residual water is of interest (23). O u r studies of zeolite L 
(sample A ) show t h a t i ts spec trum i n the range of frame v i b r a t i o n fre 
quencies coincides w i t h the data of Ref . 9. 

T h e spectrum of the zeolite K L , obtained after evacuat ion at 6 0 0 ° C 

was t a k e n as the curve of complete transmission. Infrared spectra of the 
zeolite K L after evacuat ion at different temperatures are g iven i n F i g u r e 3. 
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1550 1650 1750 3100 330 0 3500 3700 
FREQUENCY,CmH FREQUENCY, C f l H 

Figure 3. Infrared spectra of KL zeolite in the range of deformation (A) and 
valence (B) vibrational frequencies of water molecule after evaluation at dif

ferent temperatures (°C): (1)40; (2)100; (3)820; (4)410; (5)500 

E v a c u a t i o n of a i r -dry zeolite K L at r o o m temperature leads to desorption 
of most of the or ig inal water . T h i s water is not as strongly b o u n d w i t h 
the sorbent a n d is apparent ly local ized i n the m a i n channels of the zeolites 
(3). T h e spectrum has t w o m a x i m a at 1640 a n d 3450 c m - 1 , showing 
par t i c ipa t i on of water molecules w i t h a strong hydrogen bond . 

I n the spectrum of zeolite K L , a t the temperature of evacuat ion (100°-
500°C) , stronger water -bound bands (3665, 3685, 3700 c m " 1 a n d 1602, 
1630, a n d 1650-1660 c m - 1 ) are found. Absorbance of these bands de
creases above 400°C. A para l le l i sm i n the absorbance decrease is shown 
for the 1602 a n d 3700 c m - 1 bands (preserved t o 600°C) a t increased de
h y d r a t i o n temperature. These bands are not recovered o n r e h y d r a t i o n , 
a t either l ow or at h igh temperatures. W a t e r molecules are, ev ident ly , 
local ized i n the secondary system of channels (3). Perhaps water is l o ca l 
i zed i n cancr in i te cells. 

T h e in f rared spectra of zeolite K L show single molecules of res idual 
water, p robab ly bound w i t h potass ium ions as a result of a n unshared elec
t r o n pa ir f r o m a n oxygen a t o m (24). 

Potass ium, sodium, a n d cesium forms of the L zeolite were s tudied b y 
the thermogravimetr i c method. T h e r e is a n endothermal effect on the 
i n i t i a l po tass ium zeolite K L - D T A curve w i t h i n 50 ° -300°C caused b y the 
loss of adsorbed water . M o s t of the water (15.1%) is lost i n th is n a r r o w 
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temperature range. T h e t o t a l amount of water lost on heat ing to 1000° C 
is 16 .6%. 

T h e nature of the exchanged i o n i n a zeolite determines the amount of 
equi l ibrated adsorbed water , decreasing f r o m 1 6 . 3 % for N a L to 1 2 . 5 % for 
C s L . A c t i v a t i o n energies of the dehydrat ion process were calculated for 
these zeolites b y the method g iven i n Ref . 25. T h e i r values for sod ium, 
potass ium, a n d cesium forms are 4.52, 2.31, a n d 1.85 k c a l / m o l e . T h e 
results show that the smaller the cat ion radius is (i.e., the stronger i ts 
field), the higher the a c t i v a t i o n energy is . 

W e have studied the effect of chemical modi f i cat ion o n adsorpt ion 
properties of n a t u r a l c l inopt i lo l i te (18). Studies of water vapor adsorpt ion 
show a decrease i n adsorpt ion for D z e g v i c l inopt i lo l i te , decationized a n d 
dealuminized on the water ba th , w i t h increased ac id concentration, c om
pared w i t h the adsorpt ion of the n a t u r a l c l inopt i lo l i te . T h e m a i n c o n t r i b u 
t i o n to adsorpt ion is f r o m p r i m a r y porosity . 

Benzene vapor adsorpt ion on n a t u r a l a n d acid-treated c l inopt i lo l i te 
occurs o n the surface of secondary pores. A c i d modi f i cat ion leads t o 
secondary poros i ty—larger micropores f orm. 

Po tass ium ions i n the n a t u r a l c l inopt i lo l i te (3.5-5.2%) affect adsorp
t i o n only s l ight ly w i t h respect to water vapor . n -Hexane as w e l l as ben 
zene vapors are adsorbed on the secondary porous structure of the zeolite 
OW). 

W e used argon-oxygen-n i t rogen as a model to s tudy chromatographic 
properties of n a t u r a l c l inopt i lo l i te a n d of i ts potass ium forms. T h e c o l u m n 

300° 

Figure 4- Thermogram of the natural (1) and potassium 
clinoptilolites [wt % K20 in parenthesis]: 2(3.46); 3(3.72); 

4(3.96); 5(5.22); 6(6.17) 
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temperature varied from 0° to 70°C. Taking clinoptilolite with relatively 
low replacement of C a 2 + by K + (potassium ions to 3.72%) the following 
sequence of elution was observed: argon, nitrogen, oxygen, and for sam
ples with potassium ions to 6.17%, there was another sequence of elution: 
argon, oxygen, nitrogen. This is probably the result of a smaller oxygen 
molecule diameter relative to a nitrogen molecule (2.8 and 3 A). When a 
few calcium ions are substituted by potassium ions in clinoptilolite, a small 
broadening of the window probably takes place; this permits an oxygen 
molecule to penetrate into zeolite pores, and nitrogen molecules are ad
sorbed only on the "external surface" (27). On further substitution of 
C a 2 + by K + window broadening results from an increase of their diameter 
and this permits adsorption in the zeolite cavities. 

Dzegvi clinoptilolite and its potassium substituted forms were studied 
thermogravimetrically (28). The differential gravimetric analysis and the 
differential thermal analysis gave curves of similar shape for the samples 
studied. Water loss occurred in stages in a wide temperature range (see 
Figure 4). Increasing substitution of C a 2 + by Κ + in clinoptilolite causes 
these curves to smooth out because of energy homogenization of adsorption 
centers. The main endothermal effect is shifted toward higher tempera
tures, and the water content in a zeolite decreases with increasing potassium 
content. Thus, our results show that chemical modification of L-zeolites 
and of clinoptilolite (despite high silicon:aluminum ratio) affects their 
physicochemical properties considerably. 
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Synthetic Zeolites as Models for 
Biological Systems 

A. DYER, G. G. HAYES,1 G. O. PHILLIPS, and R. P. TOWNSEND2 

Cockcroft Building, University of Salford, Salford M5 4WT, Lancashire, England 

Synthetic X and Y zeolites were used as models for two distinct 
biological systems. First, Zn-exchanged forms of zeolites were 
compared with the crystalline zinc-activated enzyme carboxy
peptidase A. Second, drug migration through zeolite-poly
styrene compacts was studied to compare it with human skin and 
pigskin. The drug used was salicylic acid. Analogies were 
drawn from observed self-diffusion kinetics by using calculated 
ΕA, ∆S≠, and ∆G≠. The major conclusion in the enzyme in
vestigations supported previous evidence that in the enzyme the 
zinc ion is bound to both protein and water. The drug migra
tion studies showed that zeolite X-polystyrene disks could be 
used as a model for pigskin dermis and that zeolite Y-poly
styrene disks are suitable models for human dermis. 

'he use of zeolites as model i o n exchangers is w e l l k n o w n (1). So far 
A most of the work i n this area has been concerned w i t h k inet ic analogies 

between resins and zeolites. T h i s work extends the comparison to b i o 
logical systems where previous experimenters (2, 3) have used, w i t h a d 
vantage, the concepts of i on exchange and diffusion kinet ics . 

T h e u t i l i t y of zeolite models i n this context w i l l be considered later , 
but B a r r e r et al. (4) have already po inted out an impor tant resemblance— 
i.e., l ike zeolites, m a n y biological systems contain sites "o f local ized po lar 
i t y or charge ar is ing f r om the d i s t r ibut i on of the opposing po lar i ty or charge 
over a macromolecular s t ruc ture . " T o this , a second generalization m a y 
be added : i n b o t h zeolites (6) a n d prote in structures (6), water seems to 
exist i n some structured state w h i c h lies between those of ice a n d l i q u i d 
water. 

1 Present address: Aspro-Nicholas Ltd., Slough, Bucks, England. 
2 Present address: Department of Chemistry, Imperial College, London, England. 
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W i t h these two broad concepts as ideals, we completed pre l iminary 
investigations into the v a l i d i t y of zeolite models i n two dist inct n a t u r a l 
systems. 

Model L The Use of Synthetic Y Zeolites as Models for the Migration 
of Zn2+ Ions in the Enzyme Carboxypeptidase A 

Carboxypept idase A ( C P A ) is a proteolyt ic enzyme secreted i n the p a n 
creas as a zymogen w h i c h can be converted to the enzyme b y the catalyt ic 
act ion of t r y p s i n (7). I t is a metal loenzyme w i t h zinc invo lved at the 
active site (8). C P A was chosen for the fo l lowing reasons: (1) the s truc 
ture has been resolved to a h igh degree of sophist icat ion (9-11) ; (2) i t can 
be prepared i n a robust , crystal l ine , f orm while reta in ing i ts p r i m a r y s truc 
ture and enzymatic a c t i v i t y (12) ; (3) the zinc i on is mobile , a n d can be 
replaced b y a var i e ty of other d ivalent cations (Co 2 +, C u 2 + , F e 2 + , M n 2 + ) 
(13) ; (4) i t is readi ly avai lable i n a reasonably pure form a n d has a water 
content of about 5 0 % b y weight. B r o a d l y , the crystal l ine enzyme resembles 
the zeolites i n (a) its interconnected channels and its re lat ive ly r i g i d 
stereoregular structure, (b) the presence of a zinc i on i n a " p o c k e t " of each 
of the molecules compris ing the crysta l , (c) the presence of z inc i n loosely 
bound sites (2), and (d) the water content. 

Experimental 

Zeolites. W e used the most open of the avai lable synthet ic zeolites, 
a n d Zn-exchanged forms of 1.87 Y a n d 2.62 Y were prepared as described 
prev ious ly (14). (The numer i ca l prefixes refer to the S i - A l content of the 
zeolites). 

Enzyme. C P A (Calb iochem lot 900846) was puri f ied a n d prepared i n 
a c rys ta l l ine f o r m b y the procedure of Quiocho (2,16). 

Particle Size. C r y s t a l s of zeolite a n d C P A were sedimented to ensure 
a reasonably even part ic le size d i s t r ibut i on . P a r t i c l e sizes were determined 
b y electron microscopy (Table I ) . 

Self-Diffusion Studies. D i f fus ion kinet ics were determined, as pre
v i o u s l y described (14, 17,18), w i t h the appropriate scal ing d o w n i n sample 
size for enzyme experiments. T h e tracer used was 6 6 Z n as suppl ied b y the 
R a d i o c h e m i c a l Center , A m e r s h a m , a n d was determined i n so lut ion b y 

Table I. Particle Size Measurements and Water Contents 
% Water 

in Sample 

Crystals 

CPA (Dry) 

Shape Dimensions 
Error by 

(estimated) Weight 

1.87 Y 1 4 

2.62 Y 1 4 

Rough spheres 
Rough spheres 

Needles 4.33 /xm Cross section ± 2 0 % 
1.96 Mm 
0.54 /xm diameter ± 10% 
0.58 /mi diameter 

25.0 
26.5 

~50 
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l i q u i d s c int i l la t i on count ing . F o r zeolite studies, 4 m l of 0 . 0 5 M zinc 
chloride so lut ion was used i n contact w i t h 100 m g of labeled so l id . I n the 
enzyme determinat ion 10~ 3 i l f zinc chloride i n a buffered so lut ion ( p H 7.0) 
of constant ionic strength was the exchanging m e d i u m w i t h 1 m l of th is 
so lut ion i n contact w i t h 4 m g of labeled C P A . 

Thermal Analysis. T h e water contents of C P A a n d zeolite were mea
sured b y thermogravimetr i c analysis ( T G A ) . Di f ferent ia l t h e r m a l analyses 
( D T A ) were done for comparison. T h e instrument used was a D u P o n t 
900 w i t h a T G A attachment . 

Results 

Self-diffusion coefficients were calculated b y C a r m a n - H a u l equations 
(16-18). Examples of the percentage at ta inment of e q u i l i b r i u m w i t h root 
t ime plots (Wt/W vs. V/t) and of the dimensionless t ime plots ( r vs. t) 
are shown i n Figures 1 a n d 2, respectively. F u r t h e r ca lculat ion (17, 18) 

Figure 1. Self-diffusion rales on Zn2+ from CPA 

gaves values of D0, EA, AS*, a n d AG* w h i c h are shown i n T a b l e I I . A r -
rhenius plots used to determine Ε κ are i n F igure 3. Values of AS* were 
calculated f r om the relationship 

Do = exp(AS±/R)2.72(Td*/h) 

where d is the j u m p distance (600 pm) . 
F o r C P A the geometries of b o t h a cy l inder a n d slab were analyzed . 

A t given experimental conditions, C a r m a n - H a u l equations predict sub
s tant ia l ly different curves for the assumption of slab a n d cy l inder geom
etries. T h e fact tha t b o t h equations gave values of D0, Ε χ, AS*, a n d 
AG* i n close agreement (Table I I ) showed that the values obtained for 
the dimensions of the enzyme crystals (Table I) were reasonable. Of the 
two geometries, the cy l inder is probab ly the more reliable since the d i f fu -
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302 M O L E C U L A R S I E V E S 

sion was assumed to be isotropic . F o r the slab anistropy, however, i t 
was assumed, that on ly diffusion at r ight angles to the faces of the slab 
was important . D T A curves are i n F igure 4, a n d water contents f rom 
T G A are i n T a b l e I . 

f x I O 

Figure 2. τ vs. I plots constructed from solutions to the 
Carman-Haul equation (cylinder) 

Table II. Self-Diffusion Parameters0 (Zeolite-Enzyme) 

System 

Zn 1.87 Y 1 4 

Zn 2.62 Y 1 4 

Zn 1.87 Y 1 4 

Zn2.62 Y 1 4 

Zn CPA 
(slab) 

Zn CPA 
(cylinder) 

1 AS Φ and Δ(τΦ values calculated at 298°K. 

Temp. 
Range, °C 

Do, 
meters2/sec kJ/mole 

AS*, 
Jdeg-1 

mole-1 

AG*, 
kJ/ 
mole 

64-108 
75-106.5 

-36 to -12 
-36 to -12 

3.0 Χ 10" 1 0 

1.1 X 10" 1 0 

2.9 Χ 106 

2.6 Χ 101 

60 ± 3 
54 ± 3 

120 ± 6 
88 ± 4 

-83 
-91 
224 
127 

82 
78 
50 
52 

11-35 1.3 Χ 108 136 ± 7 255 58 

11-35 4.3 Χ 108 140 ± 7 264 59 
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I 5 1
 * m e m Λ 

3·2 3-4 3-6 3-8 4 0 4-2 

ι / τ χ ι o 1 

Figure 3. Arrhenius plots for Zn2+ migration in CPA (cylinder) (X) and 
1.87 Y (low-temperature range)14 (Ο) 

Ο 

V y 

IOO 200 300 

Figure 4. DTA curves for (a) Zn 2.62 7 1 4, 
(b) Zn CPA, and (c) apoenzyme 

Discussion 

There is a general s imi la r i ty between the migrat ion of Z n 2 + i n 1.87 Y 
and C P A . I t has been suggested that i n 1.87 Y the movement of Z n 2 + 

i n the temperature range —36 to —12°C is f rom a n aquated environment 
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i n w h i c h i t is re lat ive ly t i g h t l y bound (14). T h i s gives support to the x - ray 
evidence (9) that i n C P A Z n 2 + is bound to bo th prote in and water . 

T h e h igh posit ive AS* values are consistent w i t h (a) the movement of 
Z n 2 + away f rom a crystal lographical ly ordered site a n d (b) a h igh degree 
of reordering of water molecules dur ing the diffusion process. T h i s latter 
po int reconciles the opinions that the water present i n the zeolite cages and 
i n the region of the enzyme active site is s tructured (or " i c e - l i k e " ) . T h u s 
the opinion of P r i v a l o v (19) that the water is important to enzymatic ac
t i o n is supported. 

•t mi l/* 

Figure 5. Self-diffusion rates of 1AC-salicylic acid 
through polystyrene-zeolite X disks 

W h e n the values of self-diffusion parameters for Z n 2 + i n 1.87 Y and 
2.62 Y i n the temperature range 64-108°C are considered, the EA values 
are appreciably lower and AS* values are negative. T h i s has been ex
p la ined (14) as ar is ing f rom zinc bound p r i m a r i l y to the aluminosi l icate 
framework, causing an ordering of water molecules as i t diffuses away, the 
water at these temperatures being unstructured . T h e t h e r m a l analysis 
d a t a do reinforce these tentat ive suggestions i n that noticeable endotherms 
occur about 230°C i n the D T A of bo th Z n 2.62 Y and Z n C P A . T h i s can 
be ascribed to water bound direct ly to Z n 2 + a n d is absent i n the D T A of 
the apoenzyme (Figure 4). 
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27. D Y E R E T A L . Models for Biological Systems 305 

Model IL The Use of Zeolite-Polystyrene Disks as Models in the 
Study of Drug Penetration through Skin 

A simple p icture of the structure of s k i n is to consider i t as a n in ter 
woven mass of prote in po lymer chains containing channels a n d voids filled 
w i t h aqueous matter . These channels i n s k i n dermis are about 10 A i n 
diameter (20). M a n y substances have been used to s imulate s k i n i n d r u g 
penetrat ion studies, but they a l l have the disadvantage that l i t t l e is k n o w n 
about their inherent structures. Genera l examples i l lus t rat ive of th is 
fault are the common use of agar gels and cellulose films. 

T h e zeolites seem to have the fo l lowing favorable points as alternatives 
to the more t rad i t i ona l models: (1) they have reproducible and w e l l -
established structures ; (2) they are robust ; (3) a resemblance to proteins 
exists i n the apparent ly structured zeolite water at low temperatures ; (4) 
l ike sk in the water content of zeolites is h igh relat ive to their v o l u m e ; (5) 
there is a n approximate correlation i n intermolecular channel dimensions. 
These points have encouraged us to compare the migrat ion of a drug (sali 
cyl ic acid) through h u m a n s k i n a n d p igsk in w i t h a s imi lar process through 
disks of zeol i te -polystyrene composit ion. 

IO 
50°C 

SO 

Figure 6. Self-diffusion rates of uC-salicylic acid 
through full-thickness pigskin 
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I K>l ι ι ι ι I 
30 3-1 3-2 3-3 3-4 

I / Τ Χ i o a 

Figure 7. Arrhenius plots for 14C-salicylic acid migration 
through (a) polystyrene-zeolite X , (b) polystyrene-zeolite Y, 
(c) human skin (dermis), (d) pigskin (full thickness), (e) 
human skin (full thickness), (/) pigskin (dermis), and (g) pigskin 

(stripped) 

Experimental 

Materials. T h e zeolites used were X a n d 2.62 Y . These were c om
pacted i n a 13 -mm diameter K B r press i n the rat io of 3 : 1 zeolite to e m u l 
s ion p o l y m e r polystyrene b y weight. T h e resul t ing disk was about 0.35 
m m t h i c k . 1 4 C - l a b e l e d sal icy l ic a c id was suppl ied b y the R a d i o c h e m i c a l 
Center , A m e r s h a m . T h e p i g s k i n used was f rom the re la t ive ly hair-free 
s tomach region of freshly k i l l e d pigs, a n d the h u m a n s k i n was undiseased 
s tomach s k i n of pos t -mortem or ig in . 

Pre t reatment . A l l disks were al lowed to equi l ibrate over saturated 
sod ium chlor ide so lut ion for 1 week. Fat - free s k i n was stored frozen, a l 
lowed to thaw, a n d l i g h t l y dr i ed of surface moisture before use. 

Self-Diffusion E x p e r i m e n t s . D i f fus ion was measured i n a U - t u b e cel l 
constructed i n halves w h i c h could be c lamped together w i t h the disk or 
s k i n separat ing the arms of the U . C e l l s were secured on the arms of a 
shaker i n a thermostat b a t h . U n l a b e l e d aqueous sal icy l i c ac id so lut ion (3 
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27. DYER E T A L . Models for Biological Systems 307 

Table I I I . Self-Diffusion Parameters- (Zeolite Disk-Skin) 
Δ/S*, / AG* 

System D0, meters2/sec kJ/mole degf-1 mole-1 kJ/mole 

Polystyrene-
zeolite Χ 2.5 X 10~7 38 ± 4 -23 +43 

Polystyrene-
zeolite Y 1.1 χ ί ο - 1 1 12 ± 4 -106 +41 

Pigskin 
(Full thickness) 2.9 72 ± 4 + 111 +36 

Pigskin 
(Dermis) 3.1 Χ 10"7 31 ± 6 -22 +35 

Pigskin 
(Stripped)* 4.8 X 10~6 38 =fc 4 + 11 +31 

Human Skin 
(Dermis) 1.8 Χ 10"5 42 ± 4 + 12 +36 

Human Skin 
(Full thickness) 6.1 Χ ΙΟ" 1 2 18 ± 2 -73 +37 

a AS* and AG* values calculated at 298°K. 
h Stripped refers to removal of part of the stratum corneum by adhesive tape applica

tion. 

X 1 0 ~ 3 M ) was added to b o t h arms of the cel l . T h e cel l was then al lowed 
to shake overnight at the react ion temperature. 

T o commence measurements, 1 m l of labeled so lut ion was added to 
one a r m (donor), a n d at the same t ime a n equal vo lume of unlabeled so lu 
t i o n was dispensed to the remain ing a r m (receptor). A l i q u o t s of 0.1 m l 
were w i t h d r a w n f r o m b o t h arms at suitable t ime intervals over 4 -5 days. 
T h e a c t i v i t y of samples f r om the receptor side was determined b y l i q u i d 
s c int i l la t i on count ing , a n d Wt/Wm vs. Λ/Ϊ plots were constructed. T h e 
temperature range studied was 20-50°C. ( N o t e : sal icyl ic ac id was 
shown not to penetrate disks composed of polystyrene alone, a n d self-
diffusion k inet ics were reproducible between different disks of the same 
polystyrene /zeo l i te composit ion) . 

Results 

Self-diffusion coefficients were calculated f r om straight- l ine Wt/Wm 

vs. y/t plots , and A r r h e n i u s plots were constructed (Figures 5, 6, a n d 7, 
respectively) . Values of D0, EA, AS*, and AG* were est imated again, 
a n d are i n T a b l e I I I . A value of d = 500 p m was assumed for the s k i n 
studies. 

Discussion 

Zeol i te -po lystyrene disks seem to offer reasonable models for com
parison i n general, a n d are mechanical ly stable and reusable. There seem 
to be special s imilarit ies between zeolite X disks a n d p igsk in dermis a n d 
between zeolite Y disks and h u m a n dermis. T h e use of these models is 
being extended to investigate the use of "veh i c l es " i n drug transport . 
These are compounds w h i c h increase the rate of drug transport through 
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308 MOLECULAR SIEVES 

skin, but little is known of their mode of action. One theory is that they 
disrupt the "biological water" (i.e., protein-bound water) in skin, and zeo
lites may prove valuable extending this line of thought. 

Conclusions 

The use of zeolites to mirror biological systems is feasible in the two 
cases studied. Further work is in progress to extend the enzyme investiga
tion. This is concerned with the replacement of Z n 2 + by other metal ions, 
particularly those which are known to deactivate the enzyme. The work 
on skins will be extended to study vehicular transport of drugs in relation 
to known pharmaceutical preparations. 
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Applied Aspects of Zeolite Adsorbents 

HANJU LEE 
W. R. Grace & Co., Davison Chemical Division, Washington Research Center, 
Clarksville, Md. 21029 

New applications of zeolite adsorption developed recently for sep
aration and purification processes are reviewed. Major 
commercial processes are discussed in areas of hydrocarbon 
separation, drying gases and liquids, separation and purification 
of industrial streams, pollution control, and nonregenerative 
applications. Special emphasis is placed on important 
commercial processes and potentially important applications. 
Important properties of zeolite adsorbents for these applications 
are adsorption capacity and selectivity, adsorption and desorp
tion rate, physical strength and attrition resistance, low catalytic 
activity, thermal-hydrothermal and chemical stability, and 
particle size and shape. Apparent bulk density is important 
because it is related to adsorptive capacity per unit volume and 
to the rate of adsorption-desorption. However, more important 
factors controlling the raies are crystal size and macropore size 
distribution. 

/ ~ V n e of the major i n d u s t r i a l appl icat ions of zeolites is i n the area of a d -
sorpt ion processes. Zeolite adsorbents are not on ly the most i m p o r t a n t 

adsorbents t oday , b u t the i r importance is increasing, m a i n l y because of the 
fo l lowing unique adsorpt ive propert ies : (a) selective adsorpt ion of mole
cules based on molecular dimensions, (b) h i g h l y preferential adsorpt ion of 
polar molecules, (c) h igh ly hydroph i l i c surface, a n d (d) v a r i a t i o n of prop 
erties b y i o n exchange. 

C o n t r a r y t o ca ta ly t i c appl icat ions , zeolite adsorbents are m o s t l y a p 
p l i ed i n a fixed-bed operation. A number of columns packed w i t h zeolite 
adsorbent (s) are interconnected w i t h a n automat i c va lve sys tem t o f a c i l i 
t a t e a continuous flow of the i n d u s t r i a l s t ream being processed. E a c h bed, 
however, goes through a stepwise cycl ic operation, a n d d u r i n g each cycle 
the adsorbed molecules i n the zeolite bed are desorbed b y ra is ing t h e bed 
temperature , l ower ing the bed pressure, d isp lac ing the adsorbate w i t h 
another adsorbate, or combinat ion . 

311 
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312 M O L E C U L A R S I E V E S 

F o r a fixed-bed operation, zeolite adsorbents should have a reasonable 
size to a v o i d a n excessive pressure drop. Synthe t i c zeolites and some n a t 
u r a l zeolites produced i n a fine size powder have t o be formed in to spheres, 
extrudates, or pellets usua l ly w i t h a n inert b inder . Some commerc ia l 
molecular sieve adsorbents, however, are called "b inder less " because t h e y 
conta in a m u c h higher (up t o 95%) zeolite content t h a n most zeolite a d 
sorbents. 

I m p o r t a n t properties of zeolite adsorbents for a fixed-bed app l i ca t i on 
are adsorpt ive capac i ty a n d select iv i ty , adsorpt ion-desorpt ion rate , 
phys ica l s trength a n d a t t r i t i o n resistance, l ow cata ly t i c a c t i v i t y , t h e r m a l -
h y d r o t h e r m a l s tab i l i ty , chemical s tab i l i ty , a n d part ic le size a n d shape. 
A p p a r e n t b u l k density of zeolite adsorbents is i m p o r t a n t because i t is re 
la ted t o the adsorptive capaci ty per un i t vo lume a n d also somewhat to rate 
of adsorpt ion a n d desorption. However , more i m p o r t a n t properties r e 
la ted t o the rates a n d therefore t o the ac tua l useful capacity w o u l d be the 
zeolite c rys ta l size a n d the macropore size d i s t r ibut i on . A l t h o u g h the 
u l t i m a t e basis i n selecting a zeolite adsorbent for a specific app l i ca t i on 
w o u l d be the performance, the price, a n d the projected service life of a 
product , these factors depend largely upon the above properties. 

M a j o r i n d u s t r i a l adsorpt ion processes using zeolite adsorbents m a y be 
classified as fol lows: (I) hydrocarbon separation processes, (II) d r y i n g 
gases a n d l iquids , (III) separation a n d pur i f i cat ion of i n d u s t r i a l streams, 
( IV) po l lu t i on contro l appl icat ions, a n d (V) nonregenerative appl icat ions . 
Some i m p o r t a n t commercia l processes i n each of these areas are dis
cussed brief ly. 

Hydrocarbon Separation Processes 

π-Paraffin Separat ion. η-Paraffins are separated f rom a mixture of 
paraffins b y using a C a A molecular sieve w Thich has an effective pore 
diameter of about 5 A . Because of i t s pore size, a C a A molecular sieve 
adsorbs on ly η-paraffins, and the effluent f rom a molecular sieve bed con
tains m a i n l y isoparaffins a n d a s m a l l amount of aromatics ex ist ing i n the 
feed stream. T h e adsorbed η-paraffins are later desorbed f rom the bed and 
recovered. 

T h e use of n-paraffins recovered include octane value enhancement of 
gasoline, solvents a n d r a w materials for biodegradable detergents, fire re 
tardants , plasticizers, alcohol , f a t ty acids, synthet i c proteins, lube o i l 
addit ives , a n d α-olefins. A detai led discussion on n-paraffin separation 
processes is avai lable (1). 

M a j o r commerc ia l processes i n η-paraffin separation are U . O . P . ' s 
M o l e x process (2-5), B . P . ' s process (6-8), E x x o n ' s E n s o r b process (9, 10), 
U n i o n Carb ide ' s IsoSiv process (11-13), Texaco 's T . S . F . process (14, 15), 
Shell 's process (16), a n d V E B L e u n a Werke ' s Parex process (17). Excep t 
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28. L E E Applied Zeolite Adsorbents 313 

for the M o l e x process, a l l others operate under vapor phase a n d use the 
fixed-bed, cycl ic adsorpt ion technology. T h e processes are different, how
ever, i n operat ing pressure a n d temperature , m e t h o d of τι-paraffin desorp
t i on , a n d other operat ing condit ions. M o s t processes operate under iso
thermal a n d isobaric condit ions w i t h desorption of η-paraffins b y displace
ment. Displacement agents often ment ioned i n patent l i t e rature are l ow 
bo i l ing η-paraffins such as n-pentane a n d n-hexane, a n d a m m o n i a or a l k y l -
amines. Inert gases such as n i trogen or hydrogen are ment ioned also, b u t 
they m a y serve as carrier gases rather t h a n displacement agents. Some 
processes u t i l i z e a pressure swing operat ion, especially for separat ing l o w 
carbon number η-paraffins. I n pressure swing operation, the desorpt ion 
pressure is substant ia l ly lower t h a n the adsorpt ion pressure to furnish 
enough d r i v i n g force for a reasonably fast mass transfer . 

I n cases where product p u r i t y is i m p o r t a n t , a n intermediate step 
(purge step) is used between adsorpt ion a n d desorption steps. P u r g i n g 
removes isoparaffins exist ing i n the v o i d space between molecular sieve 
adsorbents a n d macropores w i t h i n each adsorbent part ic le pr i o r to desorp
t i on step. Because most impur i t i es can be removed f r o m the adsorbent bed 
i n the purg ing step, the η-paraffins recovered i n the subsequent desorption 
would be re lat ive ly pure. T h e operat ing temperature for vapor-phase 
operat ion must be above the highest bo i l ing po int of the feed s t ream b u t 
generally lower t h a n 800° F to avo id cracking . 

T h e M o l e x process developed by U . O . P . is unique not on ly i n i t s 
l iquid-phase operat ion but also i n i t s adsorpt ion system (1-3). I t s a d 
sorpt ion system consists of a single adsorpt ion tower w i t h m u l t i p l e i n l e t -
outlet points a n d a special r o tary va lve . T h e adsorpt ion tower has m a n y 
smaller adsorpt ion chambers interconnected i n series, a n d i t operates 
under the so-called " s i m u l a t e d m o v i n g b e d " operation. Ins tead of m o v i n g 
the adsorbent bed, the s imulated m o v i n g bed operates by s imultaneously 
advanc ing i n l e t - o u t l e t points periodical ly . A t any t ime , the adsorber 
has four zones—viz., adsorpt ion, p r i m a r y rect i f i cat ion, desorption, a n d 
secondary rect i f i cat ion zones, a n d these zones advance s imultaneously as 
the r o tary va lve turns periodical ly . Desorpt i on of ra-paraffins is achieved 
by displacement. 

T h e rate of τι-paraffin desorption generally controls the overal l pro 
duct ion rate (18, 19). T h e diffusion of τι-paraffins i n commerc ia l 5 A m o 
lecular sieves is reported to be contro l led b y either micropore diffusion or 
macropore diffusion, or both , depending on the molecular sieve c r y t a l size 
a n d macropore size d i s t r ibut i on of the adsorbent (20). A 5 A molecular 
sieve adsorbent w i t h smaller c rys ta l size a n d o p t i m u m macropore size d is 
t r i b u t i o n w o u l d have a faster adsorpt ion-desorpt ion rate and , therefore, 
a higher effective capacity . 

^ - X y l e n e S e p a r a t i o n - U . O . P . ' s P a r e x Process . T h e cont inued r a p i d 
increase i n the p-xylene demand as a r a w m a t e r i a l for polyester products i n 
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recent years necessitated the development of a new xylene separation 
process. U . O . P . developed a new adsorpt ion process for separating p-
xylene f r om a C 8 aromatics mix ture conta in ing xylenes a n d ethylbenzene 
(21, 22). ( U . O . P . ' s Parex process should not be confused w i t h V E B L e u n a 
Werke ' s ( E . G e r m a n y ) Parex process w h i c h is a n n-paraff in separat ion 
process (see preceding section).) T h e hardware for the Parex process seems 
t o be s imi lar t o t h a t for the U . O . P . M o l e x process for n-paraff in separation, 
a n d i t uses the continuous l i q u i d phase, s imulated m o v i n g bed operation. 
T h i s process, i n a p i l o t -p lant operation, demonstrated t h a t i t can separate 
p-xylene f r om various types of feedstocks w i t h 9 9 . 5 % p u r i t y a n d recovery 
as h igh as 9 8 . 4 % (21). T h e h igh p-xylene recovery i n p a r t i c u l a r is be
l ieved to be a significant improvement over convent ional c rys ta l l i za t i on 
processes. P a t e n t s issued t o U . O . P . i n regard to aromatic separation 
suggest t h a t the adsorbent used is a synthet i c faujasite conta in ing cations of 
group I A , group I I A , or b o t h (23-25). Recent patent l i t erature (27, 28) 
also c laims t h a t sod ium mordeni te a n d modif ied t y p e - Y zeolite conta in ing 
predominant ly potass ium ions can separate p-xylene f rom a xylene m i x t u r e 
a n d a C 8 aromat ic mix ture , respectively. However , neither is k n o w n to 
be commercial ized yet . 

O l e f i n Separat ion . U . O . P . ' s O L E X P R O C E S S . U . O . P . ' S other h y d r o 
carbon separation process developed recently—i .e . , the Olex process—is 
used to separate olefins f r om a feedstock conta in ing olefins a n d paraffins. 
T h e zeolite adsorbent used, according to patent l i terature (29, 30), is a 
synthet i c faujasite w i t h 1 -40 w t % of at least one cat ion selected f rom 
groups I A , I I A , I B , a n d I I B . T h e Olex process is also bel ieved t o use the 
same s imulated moving-bed operat ion i n l i q u i d phase as U . O . P . ' s other 
hydrocarbon separation processes—i.e., the M o l e x a n d P a r e x processes. 

U N I O N C A R B I D E ' S O L E F I N S I V P R O C E S S . U n i o n Carb ide ' s Ole f inSiv 
process is used m a i n l y t o separate n-butylenes f r om isobutylene (31). T h e 
basic hardware is the same as for the IsoSiv process for n-paraff in separa
t i o n , a n d the process uses a r a p i d cycle, fixed-bed adsorpt ion. Since th i s 
process separates s t ra ight - cha in olefins f rom branched-chain olefins, i t is 
reasonable to assume t h a t a 5 A molecular sieve is used as the adsorbent. 
P r o d u c t puri t ies are c la imed t o be above 9 9 % for b o t h n-buty lene a n d 
isobutylene streams. 

Drying Gases and Liquids 

A l l zeolites have a h igh ly hydroph i l i c surface a n d are v e r y efficient 
desiccants. C o n t r a r y to other nonzeol it ic desiccants such as s i l ica gel a n d 
ac t i va ted a lumina , zeolite adsorbents have type I adsorpt ion isotherms for 
water—i .e. , a h igh water adsorpt ion capaci ty at a l ow concentrat ion of 
water . T o obta in extremely d r y gases a n d l iquids , therefore, zeolite a d 
sorbents are strongly preferred over amorphous desiccants. T h e 3 A m o -
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lecular sieve adsorbent i n par t i cu lar has the add i t i ona l advantage of selec
t i v e adsorpt ion of water because of i t s sma l l pore size, a n d i t is v e r y useful 
i n d r y i n g polar l iqu ids a n d gases. 

C r a c k e d G a s D r y i n g . E t h y l e n e a n d propylene are two of the most 
i m p o r t a n t petrochemical r a w mater ia ls today . T h e y are manufac tured 
b y a t h e r m a l c rack ing of ethane, propane, or n a p h t h a . One of the i m 
por tant separat ion-pur i f i cat ion steps i n the produc t i on of ethylene a n d 
propylene is r emova l of water before low temperature separation. A l 
t h o u g h a l u m i n a has been the most c ommonly used desiccant i n d r y i n g 
cracked gas i n the past, 3 A molecular sieve adsorbents have a n overal l 
economic advantage (32), a n d m a n y cracked gas p lants are us ing the 3 A 
molecular sieves today . 

T h e m a i n advantages of 3 A molecular sieve over a l u m i n a a n d s i l i ca 
gel are i t s higher capac i ty and, therefore, smaller adsorpt ion tower size a n d 
i ts longer service life. T h e degradation of 3 A molecular sieve i n cracked 
gas d r y i n g is not f rom a chemical destruct ion of zeolite crystals but ra ther 
f rom an accumulated deposit of carbon mater ia l on the zeolite. Since a 
regular 3A— i .e . , potassium-exchanged type A , is not t h e r m a l l y stable 
enough to w i t h s t a n d an in situ carbon burnoff operation, i t is replaced w i t h 
a fresh charge of 3 A molecular sieve when i t has accumulated excessive 
carbon a n d other hydrocarbon derivat ives . A recent patent (33), however, 
described a rare ear th conta in ing 3 A molecular sieve h a v i n g sufficient 
thermal s tab i l i ty to w i t h s t a n d n o r m a l carbon burnoff condit ions. T h i s 
should prolong the service life of the zeolite adsorbent and , therefore, 
enhance the advantage of zeolite adsorbent i n cracked gas d r y i n g over n o n -
zeolitic desiccants. 

O t h e r L i q u i d a n d G a s D r y i n g . A p p l i c a t i o n s of zeolite adsorbents i n 
d r y i n g other i n d u s t r i a l gases and l iqu ids are w e l l k n o w n a n d have been 
discussed i n Refs . 34~36. Therefore, a l though i t is an i m p o r t a n t a p p l i c a 
t i on , i t is not discussed here. 

Separation and Purification of Industrial Streams 

P u r i f i c a t i o n of A i r P r i o r to L ique fac t i on . Separat ion of a ir b y c r y o 
genic f ract ionat ion processes requires r e m o v a l of water vapor a n d carbon 
dioxide to avo id heat exchanger freeze-up. M a n y p lants t oday are us ing a 
1 3 X ( N a - X ) molecular sieve adsorbent to remove b o t h water vapor a n d 
carbon dioxide f r om air i n one adsorpt ion step. Since there is no necessity 
for size selective adsorpt ion, 1 3 X molecular sieves are generally preferred 
over type A molecular sieves. T h e 1 3 X molecular sieves have not on ly 
higher adsorpt ive capacities but also faster rates of C 0 2 adsorpt ion t h a n 
type A molecular sieves. T h e rate of C 0 2 adsorpt ion i n a commerc ia l 1 3 X 
molecular sieve seems to be contro l led b y macropore diffusion (37). T h e 
o p t i m u m operat ing temperature for C 0 2 r emova l b y 1 3 X molecular sieve is 
reported as 160-190°K (38). 
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Natural Gas Purification. N a t u r a l gas conta in ing water vapor , sul fur 
compounds (most ly hydrogen sulfide), and carbon dioxide is puri f ied b y 
molecular sieve adsorbents. Since, w i t h the exception of feed preparat ion 
for L N G , the complete r e m o v a l of carbon dioxide is usual ly not necessary, 
the molecular sieve bed is used m a i n l y to remove water vapor a n d sul fur 
compounds. T h e adsorpt ion step is cont inued even after the carbon d i 
oxide breakthrough but is stopped before the hydrogen sulfide break
through . 4 A a n d 5 A molecular sieves are generally used to remove water 
a n d hydrogen sulfide f r om n a t u r a l gas a l though 1 3 X can be used when the 
n a t u r a l gas contains a significant amount of large sulfur compounds. 
T h e r e is, however, some evidence t h a t N a - X can produce C O S ca ta ly t i ca l l y 
f r o m H 2 S a n d C 0 2 . O t h e r i m p o r t a n t applications of molecular sieves i n 
n a t u r a l gas pur i f i cat ion include pur i f i cat ion of pipeline n a t u r a l gas for 
l iquefact ion , d r y i n g n a t u r a l gas pr ior t o cryogenic hydrocargon recovery 
us ing a turboexpander, a n d sweetening n a t u r a l gas feed to a m m o n i a plants 
(89-42). 

Oxygen Enrichment of Air. Recent developments i n app l i ca t i on of 
oxygen or oxygen-r i ch a ir i n biological wastewater t reatment p lants gen
erated a necessity for a low cost, on-site oxygen generator. M a n y waste
water treatments i n the U . S. require less t h a n 100 tons per d a y of con
ta ined oxygen. F o r the low-to - intermediate range, the pressure swing 
adsorpt ion process us ing zeolite adsorbents is compet i t ive w i t h , or a d 
vantageous over, the convent ional cryogenic a ir separat ion process (48, 44)· 

C o m m e r c i a l processes k n o w n today are : Esso Research a n d Eng ineer 
i n g processes (45-48), t h e W . R . Grace process (43), t h e U n i o n C a r b i d e 
process (49), the L ' A i r L i q u i d e process (50), the B a y e r - M a h l e r process 
(51), a n d the N i p p o n Steel process (52, 53). Differences between these 
processes are type of zeolites used, number of adsorbent beds, operat ing 
pressures, a n d cycl ic operat ing steps. T h e pressure swing adsorpt ion pro 
cess can produce up t o 9 5 % oxygen, the remainder m a i n l y argon, a n d is 
definitely advantageous over the cryogenic air separat ion process at below 
25 tons-per-day capacity . Other p o t e n t i a l appl icat ions of oxygen r i c h a ir 
produced b y pressure swing adsorpt ion processes are po l lu t i on contro l i n 
the p u l p a n d paper i n d u s t r y , secondary smelt ing p lants , r i ver a n d pond 
aeration, feed gas to ozone generators, medical appl icat ions a n d chemical 
ox idat ion processes. 

Pollution Control. Zeol ite adsorbents can effectively remove p o l 
lu tants such as S 0 2 , H 2 S , a n d N O * f r o m i n d u s t r i a l off-gas streams at near 
ambient temperature (54-57). Since water vapor usual ly exists along w i t h 
these acidic compounds, a n acid-stable or acid-resistant zeolite adsorbent 
is necessary for a long service life. U n i o n C a r b i d e announced three new pro 
cesses for p o l l u t i o n contro l recently . T h e y are the P u r a S i v - H g process 
for mercury vapor removal , the P u r a S i v - N process for N O ^ remova l f rom 
n i t r i c a c id p lant off-gas, a n d the P u r a S i v - S process for S 0 2 r e m o v a l f rom 
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28. LEE Applied Zeolite Absorbents 317 

sulfuric acid plant off-gas (58). A recent British patent (57) described a 
process using a molecular sieve bed preadsorbed with 0.1-10 wt % of am
monia before the gas stream containing acidic gases is introduced. 

Nonregenerative Applications 

Applications of zeolite adsorbents are not limited to the fixed-bed, 
cyclic operation discussed above. Some applications involve no regenera
tion and therefore no cyclic operation. Important nonregenerative ap
plications are drying Freon-type refrigerants and manufacture of dual-
pane windows. Every refrigerator and air conditioner using halogenated 
hydrocarbon refrigerants require a desiccant cartridge to keep the refriger
ants super dry. The 3A molecular sieve can effectively dry refrigerants, 
but its catalytic activity to decompose refrigerant should be suppressed. 
In the dual-pane window application, zeolite adsorbents are often used to
gether with other adsorbents such as silica gel to keep the vapor pressure of 
gases inside the dual pane window sufficiently low. It is important to re
move water vapor and organic solvent vapors from the sealing compound 
to avoid fogging in winter months. 
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A Correlation of the Calculated 
Intracrystalline Void Volumes and 
Limiting Adsorption Volumes in Zeolites 

D. W. BRECK and R. W. GROSE 
Union Carbide Corp., Tarrytown Technical Center, Tarrytown, Ν. Y. 10591 

The limiting adsorption volumes for various adsorbates (H2O, 
N2, O2, neopentane) in the zeolites A, X, L, mordenite, omega, 
and a synthetic offretite type have been determined from iso
therms. These have been compared with the void volumes calcu
lated from the known crystal structures. For most adsorbates 
the measured and calculated void volumes are in good agreement. 
However, helium and nitrogen exhibit anomalous behavior. A 
void volume-framework density relation for zeolites is given. 

' T ' h e adsorption of gases and vapors on dehydrated zeolites is charac-
terized by the rectangular type I adsorption isotherm. The saturation 

capacity for an adsorbate, χ 8, corresponds to complete filling of the zeolite 
micropores and may be obtained from the isotherm. The adsorbate in 
most cases has a density, d&, equal to that of the normal liquid at that tem
perature. Consequently, the total micropore volume, Vp, available in 
the dehydrated zeolite may be calculated 

Vp is in cm 3 /gram, X s i s in grams/gram, and da is in grams/cm 3 . This 
has generally been referred to as the Gurvisch rule (1) and is frequently 
obeyed by many different adsorbates on different types of microporous 
adsorbents including silica gel and carbon. It also applies to dehydrated 
zeolites (2). 

Unlike the usual amorphous, microporous adsorbents, it is possible to 
calculate the theoretical micropore volume of a dehydrated zeolite from 
the known crystal structure. We have performed these calculations here 
for several of the better known zeolites including zeolite A , zeolite X , zeo
lite L , mordenite (Zeolon), (3) zeolite omega, (4) and the zeolite Ο (offretite 

319 
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type) (5y 6). These zeolites are characterized b y two types of micropores. 
One type is large enough to accommodate molecules such as n-paraffins 
or isoparaffin hydrocarbons , a n d the other type w i l l accommodate on ly 
smal l po lar molecules such as water. Consequent ly , where appl icable , 
we have calculated bo th the t o t a l pore vo lume a n d the vo lume of the large 
pores on ly a n d compared these values w i t h observed pore volumes as de
termined f r o m e q u i l i b r i u m adsorpt ion measurements a n d the G u r v i s c h 
rule . 

Experimental 

Zeolites A , X , L , omega, a n d Ο were synthesized i n h igh p u r i t y . T h e 
" l a r g e - p o r t " mordenite (Zeolon 100) was obtained i n the N a a n d hydrogen 
forms f r o m the N o r t o n C o . Synthesized zeolites L , omega, a n d Ο were 
converted to the a m m o n i u m forms b y i on exchange. N H 4 a n d T M A ions 
were removed b y ca lc in ing the zeolites i n 0 2 at 450°C for 24 hours. I n 
zeolites L a n d O, res idual K + ions were assumed to occupy sites i n the 
cancrinite cages or double six rings. A d s o r p t i o n isotherms were deter
mined b y a conventional grav imetr i c apparatus of the M c B a i n - B a k r type . 

T h e t o ta l pore vo lume of the voids was determined f r om the amount of 
adsorbed water at saturat ion assuming that the water is present as a n o r m a l 
l i q u i d w i t h an average density assumed to be that of l i q u i d water . Other 
adsorbates u t i l i z ed i n this s tudy include the gases oxygen a n d n i trogen at 
the ir respective bo i l ing points a n d η-butane a n d neopentane at r o o m t e m 
perature. 

Results 

Zeol i te A . T h e structure of zeolite A contains two types of v o i d s : (1) 
the a cage, 11.4 A i n diameter , a n d (2) the β cage (or sodalite u n i t ) , 6.6 A 
i n diameter (7). T a b l e I compares experimental ly determined pore 
volumes of zeolite A w i t h the v o i d vo lume as calculated f r om the structure 
(no influence of cations considered). Since the sod ium zeolite A does not 
adsorb n o r m a l paraffins, d a t a are inc luded for the calcium-exchanged 
form. A l s o shown i n co lumn 5 is the v o i d fract ion, V f , as calculated b y 

F , = XBd0/da (2) 

where dc is the density of the dehydrated zeolite c rysta l as calculated f r om 
the u n i t cel l composit ion a n d vo lume. 

A l s o g iven i n each table are the u n i t cel l vo lume, V , a n d n , the number 
of un i t cells per g r a m of outgassed zeolite. T h e last c o lumn gives the ob
served pore vo lume i n units of cubic Angstroms . T h e calculated t o t a l 
v o i d vo lume is 0.32 c m 3 / g r a m whereas the vo lume f r o m the large a cages 
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29. BRECK AND GROSE Introcrystalline Voids in Zeolites 321 

(which adsorb n o r m a l paraffins) is 0.27 c m 3 / g r a m (8). F u r t h e r , the t o t a l 
v o i d vo lume is equivalent to the measured pore volumes for the adsorbates 
water a n d nitrogen. T h e vo lume of the a cages is equivalent to the oxygen 
pore vo lume. 

T h e amount of adsorbed water a n d nitrogen i n zeolite A cannot be 
accounted for on the basis tha t they are n o r m a l l iqu ids filling just the large 
a cages. E i t h e r these adsorbates occupy the t o t a l v o i d vo lume , inc lud ing 
the β cages, or the density of the adsorbed phase is considerably greater t h a n 
the n o r m a l l i q u i d density at the temperature concerned. T h i s anomaly 
on the par t of water a n d ni trogen is observed i n several zeolites (see below). 
W a t e r molecules m a y occupy the β cages, but the nitrogen molecule cannot 
enter the β cages at l ow temperatures. 

T a b l e I . V o i d V o l u m e i n Zeol i te A 
Temp, 

Zeolite Adsorbate °C grams/gram cmz/gram vf V P , A 3 

NaA H 2 0 25 0.289 0.289 0.45 842 
C 0 2 - 75 0.30 0.252 0.39 725 
o2 

-183 0.242 0.213 0.33 612 
CaA H 2 0 25 0.305 0.305 0.48 885 

o2 -183 0.276 0.242 0.38 700 
N 2 -196 0.239 0.297 0.47 857 
ft-C^io 25 0.131 0.226 0.35 655 

For CaA, d0 = 1.57 grams/cm 3 , V = 1843 A 3 , η = 3.46 X 10 2 0/gram, 7 p(calcd) = 
Va + νβ = 926 A 3 / U C = 0.32 cmVgram, Va = 775A 3 /UC = 0.27 cm 3 /gram. 

T h e presence of a large cat ion m a y substant ia l ly reduce the pore 
vo lume. I o n exchange b y t h a l l i u m reduced the pore vo lume b y about 
250 A 3 per u n i t cell (7). Replacement of sod ium b y ca l c ium increases the 
pore vo lume since the t o t a l cat ion density is reduced. T h e D u b i n i n -
P o l a n y i pore vo lume filling theory gave a measured value of the l i m i t i n g 
adsorpt ion vo lume, W0} for l ight hydrocarbons i n calc ium-exchanged zeolite 
A of 0.23 c m 3 / g r a m . T h i s is i n close agreement w i t h the value xs = 0.226 
for n o r m a l butane (Table I) (9). 

Zeol i te X . T h e pore vo lume i n zeolite X as determined f rom the a d 
sorpt ion of var ious molecules i n c l u d i n g water, gases, a n d hydrocarbons is 
shown i n T a b l e I I . T h e water pore vo lume is equivalent to 7908 A 3 per 
un i t cel l . F o r most molecules, except for water a n d nitrogen, i t is ap 
parent t h a t on ly the large super-cages are occupied. T h e t o t a l pore vo lume 
of these large cages was determined f rom the adsorpt ion of oxygen a n d is 
about 6900 A 3 per u n i t cel l . A b o u t 1200 A 3 corresponds to the eight β 
cages w h i c h are avai lable on ly to water . T h e calculated in terna l vo lume 
of a single β cage is 151 A 3 . T h e vo lume of each large 26-hedron has been 
calculated to be 822 A 3 per u n i t cel l (10). T h e t o t a l v o i d vo lume i n zeolite 
X is 7832 A 3 . T h i s is i n good agreement w i t h the observed va lue of 7908 
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A 3 . T h e t o t a l calculated v o i d vo lume for the large voids is 0.296 c m 3 / 
g r a m which is consistent w i t h the observed pore volumes for oxygen a n d 
hydrocarbons as shown i n T a b l e I I . These results agreed closely w i t h 
those of B a r r e r a n d Suther land (11). T h e i r results, as or ig inal ly publ ished, 
were recalculated on the basis of outgassed zeolite a n d give a t y p i c a l value 
of about 0.31 c m 3 / g r a m for n o r m a l paraffin hydrocarbons. T h e v o i d frac
t i o n i n zeolite X is nearly 5 0 % of the t o t a l c rysta l vo lume. 

T a b l e I I . V o i d V o l u m e i n Zeol i te X e 

Temp, 
°C Adsorbate 

Temp, 
°C grams/gram cm3/gram Vt Fp,A3 

H 2 0 25 0.355 0.36 0.51 7908 
C 0 2 - 78 0.395 0.33 0.48 7360 
o 2 -183 0.356 0.31 0.45 6923 
N 2 -196 0.279 0.35 0.50 7680 
n-C 5 Hi 2 25 0.184 0.30 0.42 6581 
Isooctane 25 0.186 0.27 0.39 6006 
Neopentane 25 0.157 0.26 0.38 5860 

dc = 1.43, V = 15530 A 3 / U C , η = 0.45 X 1020/gram, 7p(calcd) = 7832 A 3 / U C , 
total = 0.352 cm3/gram, Vp (large voids only) = 6576 A 3 = 0.296 cm8/gram 

a Sodium cation form. 

D u b i n i n et al. measured the l i m i t i n g adsorption of H 2 0 and N 2 on X 
zeolites a n d compared these data w i t h calculated v o i d volumes. T h e i r 
d a t a for H 2 0 a n d N 2 compare w i t h ours a n d also show that the measured 
H 2 0 a n d N 2 pore volumes are the same, 0.34-0.35 c m 3 / g r a m (19), 

Zeol i te L . S i m i l a r d a t a for zeolite L are shown i n T a b l e I I I (12). I n 
zeolite L , the m a i n adsorpt ion channels para l l e l the c d irect ion of the hex
agonal c r y s t a l structure a n d are formed b y near ly p lanar 12-membered 
rings w i t h a diameter of 7.4 A (13). These channels are l inked on ly through 
v e r y smal l apertures w h i c h w i l l not pass even H 2 0 molecules. T h e l i n k e d 
cancrinite units f o rm a two-dimensional pore system which does not con
nect w i t h the m a i n channels. I t is possible f r o m the structure to estimate 
the v o i d vo lume a n d compare this w i t h the measured values. A s shown i n 
T a b l e I I I water molecules must occupy v o i d space w h i c h is not avai lable 
to oxygen. S i m i l a r results were obtained for argon and k r y p t o n . N i 
trogen, however, does appear to fill vo ids w h i c h are not avai lable to these 
other molecules. I f the structure is correct, the addi t ional space avai lable 
to water must consist of the smal l voids f rom the cancrinite-type structure 
units wh i ch l i n k together to f orm the channel wal ls . T h e calculated v o i d 
vo lume of the m a i n channels is 614 A 3 per u n i t cel l . T h i s value compares 
w i t h the measured pore vo lume of 619-642 A as determined f r om the a d 
sorpt ion of oxygen a n d η-butane. N i t r o g e n is again anomalous since i t 
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T a b l e III . V o i d V o l u m e i n Zeol i te L« 
Temp, X s , 7p, 

Adsorbate °C grams/gram cmz/gram Ff 7p ,A* 

H 2 0 25 0.210 0.21 0.36 784 
o 2 - 1 8 3 0.196 0.172 0.29 642 
N 2 - 1 9 6 0.146 0.181 0.31 675 
n-C4Hio 25 0.096 0.166 0.28 619 
Isobutane 25 0.087 0.157 0.27 587 
Neopentane 25 0.081 0.132 0.22 493 

do = 1.70, F = 2205 A 8 / U C , n = 2.68 Χ 1020, Fp(calcd) = 614 A 8 (large channel) 
= 0.15 cmVgram, F p(calcd) t otai = 686 A 8 = 0.18 cm3/gram 

α NH4-exchanged L; N H 3 thermally removed. Composition: K2.4AI9.0S127O72. 

cannot occupy the cancrinite cages. W a t e r m a y enter the cancrinite uni ts 
w h i c h are not occupied b y K + ions. 

" L a r g e - P o r t " M o r d e n i t e . T h e t o t a l v o i d v o l u m e for mordenite has 
been est imated f r o m the structure (14)- I n a d d i t i o n t o the m a i n c-axis 
channels, s m a l l permanent gas molecules seem to occupy vo ids i n n i che -
type cavities w h i c h l ie on the sides. B a r r e r a n d Peterson observed t h a t 
η-paraffins a n d isoparaffins were excluded f r o m the m a i n channels i n so
d i u m mordenite . However , our results show t h a t the m a i n channels are 
read i ly avai lable t o hydrocarbons such as neopentane (Table I V ) . T h e 
t o t a l est imated v o i d vo lume i n mordenite is , therefore, 0.21 c m 3 / g r a m , of 
w h i c h 0.11 c m 3 / g r a m consists of the m a i n channels. P r e v i o u s l y , D u b i n i n 
et al. (IS) est imated the t o t a l v o i d vo lume i n mordenite as 0.16 c m 3 / g r a m 
a n d observed that the l i m i t i n g adsorpt ion volumes for n i trogen, argon, a n d 
water were also 0.16 c m 3 / g r a m . 

O m e g a . S i m i l a r results for water , oxygen, nitrogen, and hydrocarbons 
for the zeolites omega a n d zeolite Ο (offretite type) are shown i n Tab les V 
a n d V I . T h e hydrocarbon pore v o l u m e observed i n zeolite omega cor
responds to the calculated v o i d space of the m a i n channel . T h i s is based 
u p o n the assumption t h a t the t e t r a m e t h y l a m m o n i u m i o n has been t h e r 
m a l l y decomposed. T h e gmel in i te - type cage i n the structure of omega 
contributes about half of the t o t a l v o i d space of 0.19 c m 3 / g r a m , a n d a d 
sorpt ion d a t a show that this space must be occupied b y water a n d the gases 
N 2 a n d 0 2 . 

Interpretat ion of in frared spectra of zeolite omega is inconsistent w i t h 
the proposed structure (16) a n d is more consistent w i t h a structure based 
on sodal ite-type un i t s (17). T h e adsorpt ion sa turat i on values can o n l y be 
accounted for b y the proposed s tructure i f i t is assumed t h a t H 2 0 a n d N 2 

can occupy the gmel inite - type cages. However , th is proposed structure 
does not provide for access to the gmel ini te - type uni ts f r o m the m a i n 
channel w h i c h are large enough to pass N 2 . Access to the two d imens iona l 
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Table IV. Void Volume in Mordenite (Zeolon 100) 
Cation Temp, Xs, 
Form Adsorbate °C grams/gram cm3/gram 7, VV}A* 

N a a H 2 0 25 0.165 0.165 0.30 831 
0 2 -183 0.172 0.151 0.27 760 
N 2 -196 0.138 0.171 0.31 861 
Neopentane 25 0.059 0.096 0.17 485 

H* o 2 -183 0.201 0.176 0.30 844 
Isobutane 25 0.049 0.089 0.15 424 
Neopentane 25 0.054 0.088 0.15 422 

a Na6.8Al7.4Si4c.eO9e, d0 = 1.80, V = 2794 A 3 , η = 1.99 Χ 1020. 
6 Nao.29Al5.8Si42.2O9e, d0 = 1.71, V = 2794 A 3 , η = 2.09 Χ 1020. Total Fp(calcd) = 

1086 A 8 / U C = 0.21 cm3/gram, Fp(calcd) (large channel) = 554 A = 0.11 cm3/gram (lft. 

Table V. Void Volume in Zeolite Omega* 
Temp, Xb, 7 p , 

Adsorbate °C grams/gram cm1/gram Ff VP,A* 

H 2 0 25 0.213 0.213 0.36 780 
o 2 -183 0.166 0.146 0.25 533 
N 2 -196 0.157 0.194 0.33 712 
n-C 4 Hi 0 25 0.034 0.059 0.10 215 
Neopentane 25 0.033 0.054 0.091 197 

a N H 4 exchanged; N H 3 and T M A removal thermally. Composition: Na2.2Al8.8-
S127.2O72. d0 = 1.69, F = 2168 A 3, η = 2.73 Χ 1020. Total Fp(calcd) = 679 A 3 / U C = 
0.19 cmVgram. Fp(large channel) = 335 A 3 / U C = 0.091 cm3/gram. 

Table VI. Void Volume in Zeolite Ο (Offretite Type)» 
Temp, χ8, F, 

Adsorbate °C grams/gram cm3/gram F £ F P , A ' 

H 2 0 25 0.269 0.269 0.43 498 
o 2 -183 0.250 0.219 0.35 406 
N 2 -196 0.219 0.271 0.43 503 
n-C4Hio 25 0.104 0.180 0.17 333 
Neopentane 25 0.048 0.078 0.076 145 

0 N H 4 exchanged; N H 8 and T M A removed thermally. Composition: K0.99AI4-
Sii408 e. d0 = 1.59, F = 1164, η = 5.4 X 1020. Total FP(calcd) = 452 A 3 / U C including 
cancrinite cage = 0.24 cm3/gram. Fp(calcd) (main channel plus 17-hedron) = 416 
A 3 / U C = 0.21 cm3/gram. Fp(calcd) (main channel) = 244 A 3 / U C = 0.13 cm3/gram. 

channel system comprised of these uni ts can be avai lable on ly at the c rys ta l 
surface, s imi lar to zeolite L . 

Offretite Type. T h e synthet ic offretite-type zeolite, T M A - O , consists 
of a framework structure formed b y l i n k e d cancr in i te - type uni ts i n columns 
a n d enclosing a large C-axis channel (18). These co lumns are further jo ined 
b y gmel ini te - type uni ts . T h e calculated t o t a l v o i d space i n c l u d i n g the 
cancr in i te u n i t s is 0.244 c m 3 / g r a m . T h e measured adsorpt ion pore v o l 
umes shown i n T a b l e V I show that even a hydrocarbon such as n-butane 
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occupies the gmel ini te - type 17-hedra. I t also indicates t h a t the smaller 
cancr inite cages m a y be occupied b y water . 

T h e measured pore vo lumes are consistent w i t h the offretite s tructure . 
W a t e r appears t o occupy the t o t a l v o i d vo lume (0.24 c m 3 / g r a m ) , oxygen 
a n d n-C 4Hio appear t o occupy the m a i n channels a n d gmel in i te - type cages 
(0.21 c m 3 / g r a m ) , a n d neopentane can occupy on ly the m a i n C-axis channel 
(0.13 c m 3 / g r a m ) . N i t r o g e n is anomalous (discussed below). 

Discussion 

T h e measured pore volumes for var ious adsorbates are re lated i n 
F i g u r e 1 to the calculated v o i d vo lume , 7 P . N i t r o g e n a n d water give 
consistently higher values when compared w i t h oxygen. A l t h o u g h the 
measured pore vo lume occupied b y water is i n reasonable agreement w i t h 
the t o t a l vo ids calculated f r o m the structures, i t is not reasonable t o c on 
clude that n i trogen can also occupy these vo ids (10). A t l o w tempera 
tures n i trogen is not adsorbed b y zeolite A , a n d N 2 molecules do not pass 
t h r o u g h the eight-membered r ings a l though oxygen molecules are r a p i d l y 
occ luded (8). B y comparison, the s ix -membered r i n g of the sodalite u n i t 
or β cage has a free diameter of 2.6 A . N i t r o g e n has a k inet i c diameter of 
3.64 A as compared w i t h 3.46 A for oxygen. Consequent ly , n i t rogen 
cannot enter the smaller β cages at l ow temperatures. Perhaps n i trogen 
interacts w i t h cations i n the large cages of the s tructure so as to increase 
the density of the adsorbed phase b y 2 0 % over the n o r m a l l i q u i d dens i ty . 
A l s o , S 0 2 w i t h a k inet i c diameter of 3.6 A is not adsorbed b y h y d r o x y -
sodalite at r o o m temperature (23). 

I f we assume that n i trogen does occupy the v o i d vo lume accessible to 
other gases such as argon or oxygen, then , based u p o n the v o i d vo lume of 
c a l c i u m A , sod ium X , a n d other zeolites, the average density of the a d 
sorbed n i trogen is about 0.95 g r a m / c m 3 as compared w i t h 0.80 g r a m / c m 3 

for l i q u i d ni trogen at i t s bo i l ing po int . T h i s va lue corresponds to the 
densi ty of l i q u i d ni trogen at a temperature of 4 6 ° K . A t 4 6 ° K l i q u i d n i 
trogen has a vapor pressure of 0.14 t o r r . T h u s , the adsorbed n i trogen be
haves as i f i t s bo i l ing po int were 31° below n o r m a l . 

3 H a n d 4 H e behave i n a v e r y anomalous manner at 4 .2°K. T h e d a t a 
of D a u n t a n d R o s e n y i e l d values of χ 8 on zeolite X of 290 c m 3 N T P / g r a m 
a n d 309 c m 3 N T P / g r a m , respect ively , after correct ion for the presence of 
2 0 % inert b inder (20). These values of χ 8 correspond to v o i d vo lumes of 
0.42-0.44 c m 3 / g r a m based on n o r m a l l i q u i d h e l i u m . I t is not l i k e l y t h a t 
h e l i u m penetrates the sodalite cages for the reasons discussed above. F r o m 
the calculated vo lume of the super-cage, one can estimate the mean densi ty 
of the adsorbed h e l i u m . F o r 3 H e th is is 0.17 g r a m / c m 3 a n d for 4 H e , 0.18 
g r a m / c m 3 . T h e calculated molar vo lume of the adsorbed h e l i u m is 23 
c m 3 / m o l e . F o r compar ison the molar vo lume of h e l i u m at 4 .2°K is 32. 
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" t Zt 
fi Z CT L L , O O t A X A t X t 

V P ( ca l c ) c m ' / g 

Figure 1. Relationship between the measured adsorption volumes, Vp (measd) and 
calculated void volume Vp of several zeolites. The dashed line corresponds to Vp 

(measd) = Vp (calcd). The symbols represent the zeolites as described in Tables I-VI: 
A,X,L,Z (mordenite Zeolon), omega (Ω), and offretite-type 0. Vertical shaded areas 
containing plotted values of Vp (measd) correspond to calculated values of Vp for the 
main pore systems. The narrow area, 0*, corresponds to the main c-axis void of 
zeolite 0. The value of Vp for Zt = Vp for zeolite 0. Symbols with the subscnpt t 
(At, Z t , etc.) represent values of Vp for the total void volume shown by narrow shaded 
areas. The neopentane (NP) volumes lie consistently below the dashed line thus show
ing a packing effect. In all of these zeolites of varying structure, the H20 and N2 

volumes correspond with complete filling of the total voids even though this is not possible 
in the case of 2V2 in zeolites A, X, and L. 

U s i n g the D u b i n i n equat ion (21), C o i n t o t has determined the l i m i t i n g 
adsorpt ion vo lumes , W0, for zeolite A to be 0.26 for water , 0.267 for a m 
monia , a n d 0.282 c m 3 / g r a m for S O 2 as compared w i t h a ca lculated va lue of 
0.290 (22). F o r zeolite X the calculated v o i d vo lume was 0.31. These 
figures are l o w when compared w i t h those g iven above. T h e zeolite Ρ 
exhib i ted a d u a l behavior of two l i m i t i n g adsorpt ion vo lumes, 0.08 c m 3 / 
g r a m for l ow pressures a n d 0.23 c m 3 / g r a m near the saturat ion pressure. 

I t is of interest t o relate the v o i d vo lume as calculated f r o m water 
adsorpt ion vo lume to the framework densi ty of the zeolites—i .e. , the den
s i t y of the zeolite s tructure w i t h no considerat ion of the nonframework 
atoms (cations a n d water ) . T h e f ramework density m a y be expressed i n 
terms of grams per cubic centimeter or i n terms of the number of te trahedra 
per u n i t vo lume of 1000 A 3 . A plot of the f ramework density for zeolites 
of k n o w n structure vs. the v o i d f ract ion , Vf, as determined f r o m water 
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adsorpt ion, is shown i n F i g u r e 2. W h e n expressed as tetrahedra per 1000 
A 3 , the f ramework density is re lated to the density i n un i t s of grams per 
cubic centimeter b y a factor of near ly 10—i.e., a f ramework densi ty of 20 
corresponds to a density of 2.0 g r a m s / c m 3 . 

F igure 2 shows that those zeolites w h i c h conta in the larger po lyhedra l 
uni ts a n d double rings have v o i d fractions greater t h a n 0.3 corresponding 
to f ramework densities of less t h a n 17. T h e p a c k i n g of the double -r ing 
uni ts i n con junct ion w i t h the larger po lyhedra l uni ts results i n lower density 
zeolite frameworks. T h e m a x i m u m observed v o i d f ract ion appears to be 
0.5. T h e ac tua l f ramework structures consist of densely packed oxygen 
tetrahedra w i t h a density the same as t h a t of the tetrahedra i n forms of 
s i l i ca such as quartz . T h e re lat ion of v o i d f ract ion to f ramework density 
corresponds to a straight l ine d r a w n between points corresponding to 1 0 0 % 
vo ids a n d 0 f ramework density a n d corresponding to the densi ty of nephe-
l ine at a v o i d f ract ion of zero ; the exper imental grouping is quite good. 

A 0 \ Ο C h a b a z i t e 

ZK-5 

Τ O t 5 Offretite 

L Q %& Sodalite Hydrate 

Philliprite Q Mordenite 
Ο O Meqglite 

0.3 
Vf 

Natrolite Q Bikitaite 

V 
Analcime Q 

Nepheline 

1 I I I I I % — 
10 12 14 16 18 20 22 24 26 

d, Tetrahedra/1000 A 3 

Figure 2. Relation between the measured void volume, expressed as the void fraction 
Vf, and the framework density, d. The dashed line connects the points corresponding to 
Vi = 1.0 at d = 0 and Vf = 0 atd = 26. The line is therefore expressed by 7 f = 
d/26 + 1. The points corresponding to natrolite and analcime deviate because the 
water molecules in these structures are tightly bound to cations and framework atoms 
indicating a "feldspathoid" character. The point representing sodalite hydrate cor
responds to no occluded NaOH which is normally present. Typically, synthetic sodalite 
hydrate, or basic sodalite, contains occluded NaOH, and the void fraction is accordingly 

much less, about 0.19 cm3/cm3. 
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328 MOLECULAR SIEVES 

The known zeolite structures suggest that the maximum observed void 
fraction is about 0.5; values of 0.6 have been postulated (13). Stability-
factors may rule out the likelihood of the formation of such a zeolite. The 
framework density of a zeolite with a void fraction of 0.6 is 10 tetrahedra 
per 1000 A 3 which corresponds to the density of normal water. Not con
sidering cations, the hydrated density of such a structure would be 1.6 
grams/cm3. Hypothetical structures related to that of zeolite L have been 
proposed by Barrier and Villiger (13). In one series these structures pro
vide for a channel parelleling the hexagonal c axis formed by 18-membered 
rings. The free diameter of this channel is about 16 A. These structures 
would provide for a void fraction of about 0.6. Based upon the relation
ship shown in Figure 2 and using the hypothetical structure N N F as an 
example, the void fraction V{ for this structure would be about 0.55 cor
responding to a framework density of 11.5 tetrahedra/1000 A 3 . 

Summary 

We have compared and calculated void volumes in zeolites of diverse 
structure. In general, good agreement between the observed and calcu
lated void volumes is found. Exceptions are shown by nitrogen, water, 
and helium. Adsorbed nitrogen at low temperatures is denser than the 
liquid. Secondly, we have shown a simple relationship between the total 
measured void fraction of a dehydrated zeolite and the packing density 
of tetrahedra in the framework structure. This relationship is linear, 
giving a framework density of 25-26 tetrahedra per 1000 A 3 corresponding 
to 0 void fraction. At the other extreme the maximum observed void 
volume appears to be 0.5 cm 3/cm 3 which corresponds to a framework den
sity of about 13. A zeolite containing a void space of more than 50% 
has not been discovered. Pore volumes determined from adsorption satu
ration capacities of H 2 0, N 2 , 02, and hydrocarbons are consistent with 
void volumes calculated from known structures of the zeolites A, X , mor
denite (Zeolon), and Ο (offretite). Pore volumes measured on the zeolites 
L and omega are not totally consistent with the reported structures. 
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Sorption and Diffusion of Light 
Hydrocarbons and Other Simple 
Nonpolar Molecules in Type A Zeolites 

D. M. RUTHVEN, K. F. LOUGHLIN, and R. I. DERRAH 
Department of Chemical Engineering, University of New Brunswick, Fredericton, 
N.B., Canada 

The results of experimental studies of the sorption and diffusion 
of light hydrocarbons and some other simple nonpolar molecules 
in type-Α zeolites are summarized and compared with reported 
data for similar molecules in H-chabazite. Henry's law constants 
and equilibrium isotherms for both zeolites are interpreted in 
terms of a simple theoretical model. Zeolitic diffusivities, 
measured over small differential concentration steps, show a 
pronounced increase with sorbate concentration. This effect 
can be accounted for by the nonlinearity of the isotherms and the 
intrinsic mobilities are essentially independent of concentration. 
Activation energies for diffusion, calculated from the tempera
ture dependence of the intrinsic mobilities, show a clear correla
tion with critical diameter. For the simpler molecules, transi
tion state theory gives a quantitative prediction of the experi
mental diffusivity. 

T n recent experimental w o r k i n this laboratory (1-3) we have studied 
·*· the kinet ics a n d equ i l ibr ia of sorpt ion of l ight hydrocarbons a n d some 
other s imple non-polar molecules, i n 5A zeolite. T h e c rys ta l s tructure of 
the A - t y p e zeolites is among the simplest of the zeol it ic lattices (4). I n 
th is paper we show t h a t m a n y features of the sorpt ion kinetics a n d equ i 
l i b r i a m a y be explained b y s imple theoret ical considerations. 

Henry's Law Constants 

T h e e q u i l i b r i u m rat io of sorbate concentrations i n the adsorbed a n d 
v a p o r phases is g iven b y the rat io of the relevant p a r t i t i o n funct ions. A t 
sufficiently l o w concentrations, so t h a t v e r y few cavities are occupied, 

330 
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30. RUTHVEN E T A L . Sorption and Diffusion 331 

the equ i l i b r ium isotherm becomes l inear (c = Kp) w i t h the H e n r y con
stant g iven b y 

F o r the sorpt ion of hydrocarbons i n type-Α zeolites at o rd inary tempera 
tures, the region of l inear i ty of the i sotherm is l i m i t e d to v e r y l o w pres
sures, a n d H e n r y constants are usual ly obtained b y extrapolat ion f r om 
measurements outside the l inear region. 

T h e temperature dependence of the H e n r y constants is governed b y 
the usual v a n ' t Hof f equat ion 

where q0 is the l i m i t i n g heat of sorpt ion at zero concentration. Values 
of Ko a n d q0) ca lculated f r om experimental H e n r y constants, are l is ted i n 
T a b l e I . T h e values of q0 for b o t h paraffins a n d olefins show the expected 
approx imate ly l inear increase w i t h carbon number (5-7) a n d are i n general 
agreement w i t h reported values (8-12) obtained m a i n l y b y chromato 
graphic methods. T h e H e n r y constants a n d heats of sorpt ion for methane 
a n d ethane i n 4 A a n d 5 A zeolites are qui te s imi lar , (18,14) suggesting t h a t 
for these sorbates, po lar izat ion energy makes on ly a minor contr ibut ion 
to the energy of occlusion. 

I n pr inc iple , the H e n r y constant m a y be predicted theoret ical ly b y 
evaluat ion of the configuration integra l for a n occluded molecule. Such 
calculations are subject to the considerable uncertainties i m p l i c i t i n t h e 
oret ical potent ia l calculations (17), a n d the u t i l i t y of this approach is now 
l i m i t e d to s imple spherical molecules such as the iner t gases (18, 19). A 
fa ir estimate of the s tandard entropy of sorpt ion or of the va lue of K0 m a y , 
however, be obtained f r o m a s imple ideal ized model . 

I f the guest molecule is assumed to be confined, i n the thermodynamic 
sense, w i t h i n a par t i cu lar cav i ty , i f the in terna l v ibrat iona l a n d r o t a t i o n a l 
states of the molecule are unaltered b y occlusion, a n d i f the potent ia l field 
w i t h i n a c a v i t y is sufficiently u n i f o r m so t h a t the movement of the molecule 
w i t h i n the c a v i t y can be represented as three-dimensional t rans lat ion w i t h i n 
the free vo lume of the c a v i t y (φ), t h e n the appropriate expression for the 
ra t i o of p a r t i t i o n funct ions becomes s i m p l y 

Κ = fz exp[(Ua - Uz)/RT]/f0'kT 
(1) 

Κ = KQ €SKp(q0/RT) (2) 

Λ/Λ' = Φ/e (3) 

a n d for the heat of sorpt ion 

qo= Ug- U8 + RT (4) 

whence 

2To = 0/fc!Te a (5) 
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332 M O L E C U L A R S I E V E S 

Table I. Values of K0 and q 0 Giving Temperature Dependence of Henry 
Constants for Sorption in 5 A Zeolite and Chabazite according to Equation 2 

Theor Theor 
Exptl Values 

Theor Theor 
Exptl Values 

φ, A* KQ x 10* K0xiœ 

Sorption in 5A Zeolite 
C H 4 285 137 190 4.54 
C 2 H 6 239 95 77 6.6 
C3H8 206 80 124 8.1 
W-C4H10 167 53 86 10.2 
C 2 H 4 256 113 109 8.0 
C 3 H 6 213 77 79 10.0 
C F 4 157 51 38 5.9 
N 2 293 138 10 5.71 
C 0 2 284 123 9.2 10.8 

Sorption in H-Chabazite 
C H 4 94 57 33.8 4.88 
C 2 H 6 71 30 19.1 7.36 
C 3 H 8 55 19 26.9 8.91 
n-C4Hio 35 11 10.7 10.9 
N 2 100 77 5.5 4.78 
C 0 2 94 40 1.0 9.06 

a Kis is in molecule cavity - 1 torr - 1 , and q9 is in kcal mole - 1. Experimental values 
for hydrocarbons and C F 4 in 5A zeolite are from Refs. 14, and 25. Values for C0 2 

and N 2 in 5A zeolite are calculated from low-pressure isotherms of Fukunaga et al. (15) 
and Linde (16); data for H-chabazite are from Barrer and Davies (7). Theoretical 
values of K9 are calculated from Equation 5 at mean temperatures of experimental 
range. Actual cavity volumes are 776 A 3 for 5A zeolite and 390 A 3 for H-chabazite. 

T h e c a v i t y of the A - t y p e zeolite is approx imate ly spherical w i t h diameter 
11.4 A . I f the occluded molecule is regarded as a h a r d sphere, the free 
diameter of the cav i ty (the distance through w h i c h the center of the oc
c luded molecule can move) w i l l be reduced b y a distance σ corresponding 
to the v a n der W a a l s diameter of the molecule. T h e free vo lume of the 
cav i ty , a n d hence the value of K0, m a y be est imated on this basis. T h i s 
method of calculat ion is equal ly appl icable to other zeolites w h i c h consist 
of discrete cavities interconnected through smal l (eight-membered) oxygen 
windows. 

Values of K0 est imated i n this w a y for several nonpolar molecules 
i n type-Α zeolite a n d i n chabazite are compared w i t h experimental da ta i n 
T a b l e I . F o r most of the hydrocarbons i n bo th zeolites the predicted a n d 
exper imental values agree to w i t h i n about ± 3 5 % . T h e accuracy w i t h 
w h i c h the experimental values of K0 are k n o w n is not h igh since these values 
are calculated f r o m the intercepts of plots of In Κ vs. 1/T. A v a r i a t i o n i n 
K0 of 35% corresponds on ly to an error of about 0.25 k c a l / m o l e i n the va lue 
of qo, a n d this is of the same order as the experimental uncerta inty . 

T h e predicted value of K0 is sensitive to the ampl i tude of the molec
u lar mot i on of the occluded molecule, but i t is insensitive to the detai led 
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30. RUTHVEN E T A L . Sorption and Diffusion 333 

nature of this mot ion . T h u s , representation of the occluded molecule 
as a three-dimensional osci l lator w i t h ampl i tude equal to the free diameter 
of the c a v i t y leads to predicted values of K0 w h i c h are siri i i lar to the values 
obtained assuming three degrees of t rans lat iona l freedom. T h e a p p r o x i 
mate agreement observed between the theoret ical a n d exper imental values 
of K0 m a y be t a k e n as evidence t h a t the occluded molecules are effectively 
confined w i t h i n p a r t i c u l a r cavit ies , but not adsorbed at specific local ized 
sites w i t h i n the cavities, a n d that the r o t a t i o n a l a n d i n t e r n a l v i b r a t i o n a l 
freedom of the molecules is not s igni f icantly modif ied b y occlusion. 

T h e results of theoret ical potent ia l calculations (18, 19) suggest con
siderable energetic heterogeneity w i t h i n the zeolite cavities. I n such 
calculations the probe molecule is , however, represented as a po int center 
of force, a n d for po lyatomic molecules the effect of molecular r o t a t i o n 
w i l l reduce a n y such var iat ions i n potent ia l t h r o u g h the cav i ty . F o r such 
systems the ideal ized model , w h i c h assumes a u n i f o r m potent ia l throughout 
the free vo lume, m a y not be too unreal ist ic . 

T h e importance of quadrupole in terac t ion i n zeolit ic sorpt ion has 
been po inted out b y B a r r e r a n d S t u a r t (20). S u c h effects are c learly i l l u s 
t ra ted b y the data for sorpt ion of n i trogen a n d carbon dioxide i n b o t h H -
chabazite a n d 5 A zeolite. F o r these molecules, w h i c h have large q u a d r u 
pole moments , the experimental values of Ko are m u c h smaller t h a n the 
theoret ical values predicted f r om the ideal ized model suggesting either 
local ized sorpt ion at specific sites w i t h i n the c a v i t y or restr icted ro ta t i ona l 
freedom. 

Isotherm Equation 

A t higher sorbate concentrations, such that a n appreciable f ract ion 
of the cavities conta in more t h a n one occluded molecule, the equat ion for 
the e q u i l i b r i u m isotherm m a y be expressed as (21) 

Ζια + 2Z2a* + ... + sZza" + . . . + nZnan 

c = (o) 
1 + Zia + Z2a* + . . . + Z&* + . . . + Zna» 

where Zs represents the configuration in tegra l for a c a v i t y conta in ing s 
molecules, η (integer) is the saturat ion l i m i t g iven b y η ^ ν/β, a n d a is the 
a c t i v i t y of the sorbate. T o express the i sotherm equat ion i n terms of 
k n o w n or measurable quantit ies , we use as a n approx imat i on for the c o n 
figuration integrals 

(7) 
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f r o m w h i c h , since Zxa = Kp, we obta in (22) 

K v + ( K p m , 2 β / ν γ e x p ( g g ) + . , , + J g g L ( 1 , η β / ν Υ e x p ( ^ ) 

1 + Kp + i (tfp)«(l - 20/„)*exp(*g) + . . . + ^ ( 1 - ηβ/ν)»βχρ(^ 

(8) 

These expressions depend on approx imat ing the effects of sorbate-sorbate 
interact ion i n a m u l t i p l y occupied c a v i t y as a reduct ion i n free v o l u m e 
because of the finite size of the molecules (factor (1 — ββ/ν)), together w i t h 
a decrease i n the average potent ia l energy f r om the intermolecular a t t r a c 
t i o n (exponential term) . 

E q u a t i o n 8 gives the i so therm i n terms of the H e n r y constant a n d the 
molecular vo lume of the sorbate β. T h e other quantit ies i n the equat ion 
are k n o w n constants. T h e equation has the correct asymptot i c behavior 
i n t h a t at l o w pressures i t reduces to H e n r y ' s law, whi le at h igh pressures 
the saturat ion l i m i t , g iven b y c η ^ ν/β, is approached. T h e effective 
molecular vo lume of the sorbate m a y be est imated b y l inear in terpo la t i on 
between the molecular vo lume of the saturated l i q u i d at its n o r m a l bo i l ing 
po int a n d the v a n der W a a l ' s covolume (6) at the cr i t i ca l temperature (23). 
T h e H e n r y constant m a y be determined f r om experimental measurements 
i n the low-concentrat ion region or, i n pr inc ip le , b y eva luat ion of the con
figuration integra l for a molecule w i t h i n a zeolite cav i ty . A l t e r n a t i v e l y , 
the equat ion provides a useful w a y to determine the H e n r y constant for 
exper imental d a t a obtained outside the region of l inear i ty of the i so therm. 

T h e approx imat ions i n v o l v e d i n the der iva t i on of E q u a t i o n 8 are 
severe, b u t the equat ion provides a useful representation of the exper i 
m e n t a l isotherms for the sorpt ion of a range of l i ght hydrocarbons i n 4 A 
a n d 5 A zeolites (24, 25). T h e equat ion is i n pr inc ip le equal ly appl icable 
to chabazite a n d other zeolites i n w h i c h the pore structure can be treated 
as a n assemblage of discrete cavities. Representat ive isotherms for sorp
t i o n i n 5 A zeolite a n d i n H-chabaz i te (7) are shown i n F i g u r e 1, a n d the p a 
rameters used i n the ca lculat ion of the theoret ical curves ( E q u a t i o n 8) are 
g iven i n T a b l e I I . T h e H e n r y constants for H-chabaz i te are t a k e n d i rec t ly 
f r o m values g iven b y B a r r e r a n d D a v i e s (7) whi le the experimental po ints 
are calculated f r o m the empir i ca l v i r i a l i sotherm. F o r these systems the 
forms of the isotherms calculated f r o m E q u a t i o n 8 are s imi lar to those 
obta ined f r o m the v i r i a l equat ion. T h e advantage of the model i so therm 
is t h a t i t requires on ly a single empir i ca l parameter (the H e n r y constant) 
whi le the v i r i a l equat ion requires three coefficients. 

F o r a l l of the systems analyzed so far, the effect of the exponential terms 
i n E q u a t i o n 8 is smal l , a n d a n almost equal ly good representation of the 
exper imental isotherms can be obtained b y considering only the effect 
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30. RUTHVEN E T A L . Sorption and Diffusion 335 

of the reduct ion i n the free vo lume of a c a v i t y when i t contains several 
molecules (i.e., Zs = (Z/sl) (1 - s β/ν)8). 

A s a consequence of the assumed temperature dependence of the mo 
lecular vo lume of the sorbate, the isosteric heats of sorpt ion, calculated 

Figure 1. Equilibrium isotherms for sorption in 5 A zeolite and H-chabazite: 
data of Glessner and Myers (26), · ; data of Barrer and Davies (7), O; data 
of Derrah (3), X ; theoretical lines from Equation 8. 

T a b l e I I . Parameters for Calcu lat ion of Theoret i ca l Isotherms shown i n 
F i g u r e 1 

K, molecule 
β,αΑ* e/k, °K cavity-1 torr-1 v, Az 

CH4-Chabazite 67.4 148 2.3 390 
C2H6-Chabazite 102 243 0.13 390 
C 2 H 6 -5A 106 243 0.04 776 
C 3 H 6 -5A 131 303 1.3 776 
C4H10-5A 170 297 15.0 776 

0 Values of β were calculated by linear interpolation as noted in the text. 
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f r o m E q u a t i o n 8, show a definite increase w i t h increasing sorbate concen
t r a t i o n . T h i s effect, w h i c h has been observed exper imental ly for several 
systems (5, 7, 10), appears to be caused b y repuls ion effects (finite size of 
the sorbate molecules increasing w i t h temperature) rather t h a n b y in te r -
molecular a t t rac t i on as has been sometimes assumed. S u c h considerations 
w i l l , however, a p p l y on ly to nonpolar molecules such as hydrocarbons . 
F o r polar molecules, the opposite t r e n d (isosteric heat decreasing w i t h 
concentration) is often observed (10). 

T h e useful range of app l i cab i l i ty of E q u a t i o n 8 is restr icted to about 
6 0 % of saturat ion . A t higher concentrations the equat ion becomes v e r y 
sensitive to the va lue used for the molecular vo lume, a n d the restr i c t ion 
of the saturat ion l i m i t to a n integral number of molecules becomes a serious 
l i m i t a t i o n . S u c h difficulties are more pronounced for re la t ive ly large 
sorbate molecules. 

Equilibrium Isotherm for Mixtures 

T h e extension of the isotherm equation to mult i component systems is 
straightforward. T h e configuration integral for a c a v i t y containing i 
molecules of species A a n d j molecules of species Β is approx imated b y 
the expression 

Z(h J) (1 ~ ~ 3β*/ν)ι+1 expj ^ j (9) 

where 2, τβΑ + jfiB ζ ν, Z(l, 0)pA/kT = KApA, a n d Z(0, l)pB/kT 
= KBPB- T h e corresponding expression for the isotherm for the b i n a r y 
mixture is (27) 

CA = 

(ΚΑρΑγ(ΚΒρΒ)>'(1 - 0Α/Ό - j7W*>)t+'exp 
KAPJ, + ΣΣ -

ji 
Ρ vkT 

(KAPAy(KBPBy(l - ίβΑ/ν - ^ B / « ; ) » ^ e x p ( ^ A C A ^ B 6 B ) 
1 + KAPA + KBPB + ΣΣ 

ji iljl 
(10) 

where i + j ^ 2 a n d ίβΑ + jfiB ^ v, w i t h a s imi lar expression for cB. A t 
sufficiently l o w sorbate concentrations, such t h a t v e r y few cavities conta in 
more t h a n one molecule of either A or B , this expression approaches a n 
extended L a n g m u i r equat ion. T h e v a l i d i t y of this equat ion has not ye t 
been tested i n deta i l since avai lable experimental d a t a are l i m i t e d . Some 
theoret ical calculations i l lus t ra t ing the effects of the re lat ive values of 
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the H e n r y constants a n d molecular vo lumes on the X-Y d iagram have, 
however, been made (27). 

Sorption Kinetics 

T h e kinetics of sorpt ion were studied grav imetr i ca l ly b y measuring 
the transient uptake curves for a sample of zeolite when subjected to smal l 
dif ferential step changes i n sorbate pressure (28). D i f fus iv i t i es were ca l cu 
la ted b y match ing the experimental curves to the appropr iate so lut ion of 
the diffusion equation, corrected to take account of the shape a n d size 
d i s t r ibut i on of the zeolite crystals . T h e diffusivities were strongly con
centrat ion dependent, so the use of the F i c k i a n diffusion equat ion is a v a l i d 
approx imat ion on ly for smal l dif ferential changes i n concentrat ion. D i f 
fusivit ies calculated f r om adsorpt ion a n d desorption curves showed no 
significant difference. If, however, the sorpt ion curves are measured over 
too large a concentrat ion step, the adsorpt ion process becomes m u c h faster 
t h a n desorption. T h i s effect m a y be q u a n t i t a t i v e l y explained b y con
sidering the concentrat ion dependence of the d i f fus iv i ty (29), b u t i n p r a c t i 
ca l systems nonisothermal effects m a y also become i m p o r t a n t under these 
conditions (30). 

T h e v a r i a t i o n of d i f fus iv i ty w i t h sorbate concentrat ion is i l lustrated 
i n Figuré 2 w h i c h shows the experimental d a t a for cyclopropane at four 

24 k 

C (molecules / c a v i t y ) 

Figure 2. Concentration dependence of diffusivity for cyclopropane in δ A zeolite. 
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different temperatures. I f the d r i v i n g force for the zeolit ic t ransport pro 
cess is the gradient of chemical potent ia l , then the d i f fus iv i ty is related 
to the intr ins i c m o b i l i t y (1/K) a n d to the l i m i t i n g d i f fus iv i ty at zero sorbate 
concentrat ion (Z)0) b y the expression 

RT o In a D ο In ρ 
κ ο In c ο In c 

T h e theoret ical lines i n F i g u r e 2 are calculated assuming constant values 
of D 0 w i t h the der ivat ive a In ρ/a In c calculated f r om the best f i t t ing 
theoret ical e q u i l i b r i u m isotherm ( E q u a t i o n 8). T h e theoret ical lines give 
an adequate representation of the experimental d a t a suggesting that the 
concentrat ion dependence of the d i f fus iv i ty is caused b y the nonl inear i ty of 
the re lat ionship between sorbate a c t i v i t y a n d concentrat ion as defined b y 
the e q u i l i b r i u m isotherm. T h e di f fus iv i ty data for other hydrocarbons 
showed s imi lar trends, a n d i n no case was there evidence of a concentrat ion-
dependent mob i l i t y . S i m i l a r observations have been reported b y B a r r e r 
a n d D a v i e s for diffusion i n H-chabaz i te (7). 

1 0 3 / T - Deg-K-

Figure 3. Temperature dependence of limiting diffusivity for sorption in 
5 A zeolite: data for CO2from Sargent and Whitford (37), X ; theoretical 
line from Equations 14 and 16, — ; data of Gar g (31), 
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Table ΙΠ. Critical Diameters, Activation Energies, and Values of D * 
for Diffusion in 4 A and 5 A Zeolites 

Exptl Theor Z>* X 10*,' 
E. heal β Χ 10*, cm2 sec"1 

Critical 
mole - 1 cm 2 sec H 1 

Non-
Diameter* Az 4A 6A 4Α SA rotating Rotating 

C 2 H 4 4.07 2.75 0.2 0.24 133 
C H 4 4.08 7Aa 2.98 5.8 7.2 6.2 170 
C 2 H 6 4.36 7.4 3.02 1.28 1.01 332 
CaHe 4.95 3.46 0.25 0.008 96 
1-C 4H 8 4.95 3.44 0.18 0.062 1660 
irans-2-C4H8 4.95 3.46 0.26 0.028 750 
CeHg 5.1 8.7e 3.50 1.24 p.82 0.014 90 
n-CJIio 5.1 8.5e 4.0 0.42 0.73 0.002 57 
C3H6(A) 5.2 4.34 1.06 0.015 25 
m-2 -C 4 H 8

d 5.58 9.2 15k — — 
α From Habgood (34). 
h From Brandt and Rudloff (36). 
c From Walker et al. (36). 
d Data for cis-2-butene are from McGrath (32). 
* Critical diameters are calculated from molecular diijnensions taking the van der 

Waals diameter of an Ή atom as 2.3 A. 
f The value of / + = 1 except for C H 4 (see Table IV). Theoretical values of D* are 

not calculated for cis-2-CîH.s as values of KQ are not available. 

The temperature dependence of the limiting diffusivity may be cor
related by an Eyring equation 

Do = D*e~El*T (12) 

where Ε is the diffusional activation energy. Plots of log D0 vs. 1/T for 
several sorbates in 5A zeolite are shown in Figure 3. The data for ethane 
are of particular interest since they were obtained by two independent 
methods. Most of the data were obtained from gravimetric sorption 
curves, measured at several different sorbate concentrations, and corrected 
to zero concentration according to Equation 11. The values of Garg (31) 
were obtained directly from the analysis of experimental saturation and 
regeneration breakthrough curves for a molecular sieve column, measured 
for low concentrations of ethane in helium (<2%). The data obtained 
by both methods agree, within the accuracy of the experimental measure
ments, thus providing useful confirmation of both the experimental tech
niques and the theoretical analysis. 

The diffusional activation energies, listed in Table III, show a clear 
correlation with the critical diameters of the sorbite molecules (calculated 
as the diameter of the smallest cylinder which cati circumscribe the mole
cule). The data for the olefins are of particular interest since propylene, 
1-butene, and trans-2-butene, which all have the same critical diameter, 
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have essentially the same ac t i va t i on energy. T h e larger c r i t i ca l d iameter 
of the isomeric as-2-butene is reflected i n a m u c h higher energy of a c t i v a 
t i o n . 

Theoretical Prediction of Diffusivity 

T h e transport process w i t h i n the zeolite pore system involves the passage 
of sorbate molecules through the windows between adjacent cavities. F o r 
molecules w i t h c r i t i ca l diameters s imi lar to the free aperture of the w indow 
(^4 .2 A for type A zeolites), a n ac t ivated diffusion process is to be ex
pected, a n d a molecule at the center of the w i n d o w m a y be identi f ied as 
the t rans i t i on state. F o r the A - t y p e latt ice the fo l lowing expression for 
the l i m i t i n g d i f fus iv i ty m a y be der ived f r om absolute rate theory (14) 

kT&2 f * 
Do - — <j- exp[(*7, - U*)/RT] (13) 

on jz 

E q u a t i o n s 1 a n d 2 m a y be used to express fz a n d Uz i n terms of the p a 
rameters KQ a n d q0, w h i c h are k n o w n f r o m e q u i l i b r i u m data 

2 ) 0 = £ F Ti e x p [ " W + q o ) / R T ] ( 1 4 ) 

bn Ko fg 

or 

Λ " £ l F 7 ^ E = U ' + q o ( 1 5 ) 

ΟΛ A o Jg 

Theoret i ca l predic t ion of the di f fus iv i ty thus depends only on est imat ing 
the rat io of p a r t i t i o n functions / « * / / / a n d t n e po tent ia l energy of a molecule 
at the center of the w indow (U'). 

A s s u m i n g t h a t the in terna l v i b r a t i o n a l freedom of the t rans i t i on state 
molecule is the same as for the gaseous molecule, we m a y consider the two 
extreme cases represented b y freely ro tat ing a n d nonro ta t ing -nonrock ing 
t rans i t i on states 

free rotation 

no rotation 

ία / ' trans/ro 

/+ Γ h2 ~ l ' / 2 f + 
— = — — - (16) 
'trane [βτπΑΤ J β 

[ J L r t r j L f i ( 1 7 ) 
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F o r the larger molecules the potent ia l wel l at the center of the w i n d o w w i l l 
be narrow, a n d the p a r t i t i o n fmic t i on / " 1 " , corresponding to freedom of the 
center of g r a v i t y of the molecule i n the plane of the w indow, m a y be t a k e n 
as 1. 

I n T a b l e I I I experimental values of Z>* are compared w i t h the the 
oret ical values calculated f r o m E q u a t i o n s 15-17. F o r ethylene a n d ethane, 
the assumption of a nonrotat ing , nonrock ing t rans i t i on state 1 w i t h / + = 1 
gives a good approx imat ion to the experimental value of Z)*. F o r the 
larger molecules the experimental values of Z)* l ie between the two the 
oret ical l i m i t s suggesting a significant contr ibut i on to fz* f r o m restr ic ted 
ro ta t i on or r o ck ing osci l lat ion of the t rans i t i on state. T h e values of K0 

a n d g 0 for sorpt ion i n 4 A a n d 5 A zeolites are s imi lar , a n d , i n accordance 
w i t h theory , th is is reflected i n s imi lar values of D * for the two zeolites. 
T h e large difference i n diffusional a c t i va t i on energies m a y be a t t r i b u t e d to 
differences i n U'. These results have been discussed i n greater deta i l 
elsewhere (33). 

Table IV. Comparison of Theoretical and Experimental Diffusivities for 
Simple Molecules in 5 A Zeolite 

CH* OF* C02 

rpa 250 400 273 
/rot. 28 5700 242 
/+ 2.2 13 1 
ufb - 1 . 6 8 +3 .3 - 2 . 8 3 
Ζ)* Χ 108 (nonrotating) c 6.2 0.034 3.3 
D* Χ 108 (rotating) 0 170 192 800 
Ec 2.86 9.19 8.0 
D* X Wd 7.2 250 
Ed 2.98 9.15 

a Τ = mean temperature of experimental data. 
b U' for C0 2 is taken from Sargent and Whitford (37). 
c Theory. 
d Experimental. 

F o r the s imple symmetr i c molecules a more detai led analysis is possible 
since the potent ia l energy of the t rans i t i on state m a y be calculated the 
oret ical ly . T h e value of / + m a y be est imated f r om the theoret ical po 
tent ia l profile using a harmonic osci l lator approx imat ion . F o r methane 
a n d tetrafluoromethane such calculations give a good approx imat ion to the 
experimental d i f fus iv i ty data , assuming free r o t a t i o n of the tetraf luoro
methane molecule b u t negligible r o ta t i on of methane (14)- T h i s difference 
i n behavior can be understood b y considering the re lat ive magnitudes of 
the ro ta t i ona l p a r t i t i o n functions. T h e results of these calculations are 
summar ized i n T a b l e I V . 

T a b l e I V also gives values of D * a n d Ε for diffusion of carbon dioxide 
i n 5 A zeolite, calculated on the assumption t h a t / + = 1, us ing the values 
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of K0 a n d q0 f r om Tab le I a n d the value of V ca lculated f r om potent ia l 
theory b y Sargent a n d W h i t f o r d (37). T h e theoret ical l ine for a freely 
ro ta t ing t rans i t i on state is compared w i t h Sargent a n d W h i t f o r d ' s experi 
menta l tracer d i f fus iv i ty d a t a i n F i g u r e 3. T h e theory gives a fa ir repre
sentat ion of the exper imental da ta , and , i n v i e w of the re lat ive ly large m o 
ment of iner t ia , the assumption of a freely r o ta t ing t rans i t i on state m a y 
not be unreasonable. 

Conclusion 

A l t h o u g h the theoretical models presented i n th is paper are simple 
idealizations of complex systems, the theory provides a useful unders tand 
i n g of m a n y aspects of the sorpt ion a n d diffusion of s imple nonpolar mole 
cules i n type-Α zeolites a n d i n H-chabaz i te . T h e extent to w h i c h such 
theories are applicable to other systems has not yet been invest igated. 

NomencUture 

a a c t i v i t y of sorbate ( = p/kT for idea l vapor phase) 
b v a n der W a a l s covolume ( A 3 m o l e c u l e - 1 ) 
c sorbate concentrat ion (molecules c a v i t y - 1 ) 
D zeolit ic d i f fus iv i ty ( c m 2 s e c - 1 ) 
-Do l i m i t i n g d i f fus iv i ty at zero sorbate concentrat ion ( c m 2 

s e c - 1 ) 
-D* constant i n E q u a t i o n 12 ( cm 2 s e c - 1 ) 
Ε diffusional a c t iva t i on energy (kcal m o l e - 1 ) 
/ . p a r t i t i o n funct ion for a n occluded molecule (corrected 

for zero-point energy) 
/** p a r t i t i o n funct ion for t rans i t i on state molecule (cor

rected for zero-point energy) 
/ / p a r t i t i o n function per u n i t vo lume for gaseous sorbate 

molecule ( c m - 3 ) 
/ ' t r a n s t rans lat ional par t i t i on funct ion per u n i t vo lume for 

gaseous sorbate molecule ( c m - 3 ) 
/ r o t . r o tat iona l p a r t i t i o n funct ion for gaseous sorbate molecule 
/ + p a r t i t i o n funct ion corresponding to freedom of the 

center of g r a v i t y of the molecule i n the plane of the 
w i n d o w 

h P l a n c k ' s constant 
I moment of iner t ia of sorbate molecule (grams cm 2 ) 
k B o l t z m a n n ' s constant 
Κ H e n r y ' s constant 
Ko parameter i n E q u a t i o n 2 
m mass of sorbate molecule (grams) 
ρ e q u i l i b r i u m sorbate pressure (Torr ) 
R gas constant 
Τ temperature (°K) 
qo l i m i t i n g isosteric heat of sorpt ion at zero sorbate concen

t r a t i o n (kcal m o l e - 1 ) 
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UK — Uz zero-point energy of an occluded molecule (kcal mole"1) 
U' = Ug — Uz* difference in potential energy between sorbate molecule 

in gas phase and at the center of the window of the 
zeolite lattice (kcal mole - 1) 

ν volume of zeolite cavity (A3) 
Z9 configuration integral for s molecules in a cavity 
i, j, n, s integers 
o free volume of zeolite cavity (A3) 
β effective molecular volume of an occluded molecule (A3) 
e molecular constant in potential function 
δ lattice parameter ( = 12.3 A for 5A zeolite) 
κ reciprocal mobility of sorbate molecule 
f symmetry number 
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Theoretical Prediction of Breakthrough 
Curves for Molecular Sieve 
Adsorption Columns 

D. R. GARG and D. M. RUTHVEN 
Department of Chemical Engineering, University of New Brunswick, Fredericton, 
Ν. B., Canada 

Prediction of the breakthrough performance of molecular sieve 
adsorption columns requires solution of the appropriate mass
-transfer rate equation with boundary conditions imposed by the 
differential fluid phase mass balance. For systems which obey 
a Langmuir isotherm and for which the controlling resistance to 
mass transfer is macropore or zeolitic diffusion, the set of non
linear equations must be solved numerically. Solutions have 
been obtained for saturation and regeneration of molecular sieve 
adsorption columns. Predicted breakthrough curves are com
pared with experimental data for sorption of ethane and ethylene 
on type A zeolite, and the model satisfactorily describes column 
performance. Under comparable conditions, column regener
ation is slower than saturation. This is a consequence of non
linearities of the system and does not imply any difference in 
intrinsic rate constants. 

I^he breakthrough curve for a f ixed-bed adsorpt ion co lumn m a y be pre -
dieted theoret ica l ly f r om the so lut ion of the appropriate mass-transfer 

rate equat ion subject to the boundary condit ions imposed b y the differ
ent ia l fluid phase mass balance for a n element of the co lumn. F o r mo lecu 
l a r sieve adsorbents th is prob lem is compl i cated b y the non l inear i ty of the 
e q u i l i b r i u m i so therm w h i c h leads to nonl inearit ies b o t h i n the dif ferential 
equations a n d i n the boundary condit ions. T h i s paper summarizes the 
p r i n c i p a l conclusions reached f r o m a recent numer i ca l so lut ion of th is 
prob lem (1). T h e approximat ions i n v o l v e d i n the analysis are real ist ic 
for m a n y prac t i ca l systems, a n d the v a l i d i t y of the theory is confirmed b y 
comparison w i t h experiment. 

345 
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346 M O L E C U L A R S I E V E S 

Theoretical Prediction of Breakthrough Curve 

W e consider a packed co lumn, i n i t i a l l y at e q u i l i b r i u m w i t h the feed 
s tream, subjected at t ime zero to a step change i n the in let concentrat ion of 
adsorbable component. T h e fo l lowing approximat ions are introduced to 
s imp l i f y the analysis . (1) T h e feed s tream is assumed to consist of a 
d i lute m i x t u r e conta in ing on ly a single adsorbable component. (2) T h e 
system is assumed to be i so thermal , a n d pressure drop through the co lumn 
is neglected. (3) T h e fluid ve loc i ty is t a k e n to be un i f o rm across a n y 
section of the co lumn, a n d ax ia l dispersion is neglected (plug flow assump
t ion ) . (4) T h e size of the adsorbent pellets is assumed to be sufficiently 
s m a l l so t h a t changes i n the fluid phase concentrat ion over a single pellet 
m a y be neglected. (5) E q u i l i b r i u m between fluid phase a n d adsorbed 
phase is assumed to obey a L a n g m u i r equation. 

g = — (1) 
qs 1 + be 

A l t h o u g h the assumptions of the L a n g m u i r model are general ly not f u l 
filled for molecular sieve adsorbents, th is equat ion has been found to pro 
v ide a useful empir i ca l representation of the isotherms (2). T h e p a r a m 
eters b a n d qB must , however, be regarded s i m p l y as empir i ca l constants. 

Subject t o the approx imat ions noted above, the dif ferential fluid phase 
mass balance for a n element of the c o l u m n m a y be w r i t t e n 

,?5 + $5 + l S _ o (2) 
àz bt m bt 

a n d the i n i t i a l a n d b o u n d a r y condit ions for a step change i n feed concentra
t i o n at t i m e zero are 

saturation q(z, 0) = 0, c(0, t) = c0, c(z, 0) = 0 (3) 

regeneration q(z, 0) = q0, c(0, t) = 0, c(z, 0) = Co (4) 

T h e der ivat ive àq/àt represents the rate of mass transfer f r o m the fluid 
phase to the zeolite crystals . T h e f o r m of the mass-transfer rate equat ion 
depends on the nature of the contro l l ing resistance. 

C o m m e r c i a l molecular sieve pellets consist of s m a l l zeolite crystals 
f o rmed in to a macroporous pellet generally w i t h the a i d of a n inert c lay 
b inder . I n the present analysis the pellets are considered to be spherical , 
a n d each pel let is assumed to conta in a n assemblage of u n i f o r m l y sized 
spherical zeolite crystals . T h i s idea l i zat ion must be t reated w i t h caut ion 
since zeolite crystals are not spherical , a n d the range of c rys ta l sizes present 
i n some commerc ia l molecular sieve pellets m a y be qui te large (3). 
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31. GARG AND RUTHVEN Breakthrough Curves 347 

There are three d is t inct mass-transfer resistances: (1) the external 
resistance of the fluid film surrounding the pellet , (2) the dif fusional resist
ance of the macropores of the pellet , a n d (3) the diffusional resistance of 
the zeolite crystals . T h e external mass-transfer resistance m a y be es t i 
mated f r om well -establ ished correlations (4, 5) a n d is general ly negligible 
for molecular sieve adsorbers so t h a t , under prac t i ca l operat ing condit ions, 
the rate of mass transfer is contro l led b y either macropore diffusion or 
zeolitic diffusion. I n the present analysis we consider on ly systems i n 
w h i c h one or other of these resistances is dominant . I f b o t h resistances 
are of comparable importance the analysis becomes more diff icult . 

T h e d r i v i n g force for t ransport w i t h i n the zeolite crystals appears to 
be the gradient of chemical potent ia l rather t h a n the concentrat ion g r a d i 
ent, and , for systems w i t h a nonl inear e q u i l i b r i u m isotherm, the d i f fus iv i ty 
is therefore concentrat ion dependent (6-8). 

D D alna D dine 
Dz = D* — — = D* — (5) 

ο In q ο In q 

T h i s equat ion, w i t h a constant va lue for Z)*, has been shown to prov ide a 
satisfactory correlat ion of experimental d i f fus iv i ty d a t a for several zeolit ic 
systems (6-8). F o r a system w h i c h obeys the L a n g m u i r i sotherm, E q u a t i o n 
5 becomes 

D, = (6) 
1 - q/q* 

T h e appropr iate f o rm of the diffusion equation, when zeolit ic diffusion is 
the contro l l ing resistance, is thus 

aq _ D* a Γ r2 agi 

at = r2 àrll - q/q,àr] 

w i t h the i n i t i a l a n d boundary condit ions g iven b y 

q(r} 0) = 0 (saturation) or q0 (regeneration) (8) 

q(rz, t - ζ/υ) = bqsc(l + 6c)"1 (9) 

aq/àr(0, t - ζ/υ) = 0 (10) 

T h e average solid-phase concentrat ion, w h i c h is re lated to the fluid-phase 
concentrat ion b y E q u a t i o n 1, is g iven b y 

3 r 
qrWr (11) 
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T h e so lut ion of E q u a t i o n s 2 -4 a n d 7-11 gives the theoret ical breakthrough 
curve for the case of zeol it ic diffusion contro l . 

I f zeol it ic diffusion is sufficiently r a p i d so t h a t the sorbate concentra
t i o n through a n y par t i cu lar c rys ta l is essentially constant a n d i n equ i l ib 
r i u m w i t h the macropore fluid just outside the c rys ta l , the rate of mass 
transfer w i l l be contro l led b y t ransport through the macropores of the 
pellet. T r a n s p o r t t h r o u g h the macropores m a y be assumed to occur b y a 
diffusional process characterized b y a constant pore diffusion coefficient 
D p . T h e relevant f o rm of the diffusion equation, neglecting accumulat ion 
i n the fluid phase w i t h i n the macropores w h i c h is generally s m a l l i n com
parison w i t h accumulat ion w i t h i n the zeolite crystals , is 

g g = p D p Α Γ ρ * Ί (i2) 

at w(l - e p ) R2 aR L aR J 

a n d for a L a n g m u i r i sotherm 
aq = epDp a Γ R2 agi 

àt w(l - ep)bqM2àRl(l - q/q*)2àRj 

w i t h the appropr iate i n i t i a l a n d boundary condit ions g iven b y 

g(R, 0) = 0 (saturation) or q0 (regeneration) (14) 

q(Rp, t - ζ/υ) = 6gBc(l + 6c)"1 (15) 

(0, < - Φ) = 0 (16) 

T h e average adsorbed phase concentrat ion at a n y po int i n the co lumn is 
g iven b y 

" £p3 J o 
qRHR (17) 

T h e breakthrough curve for the case of macropore diffusion contro l m a y 
thus be obtained f rom the so lut ion of E q u a t i o n s 2-4 a n d 13-17. 

T h e equations were transformed in to dimensionless f o r m a n d solved 
b y numer i ca l methods. Solut ions of the diffusion equations (7 or 13) 
were obta ined b y the C r a n k - N i c h o l s o n method (9) whi le E q u a t i o n 2 was 
solved b y a f orward finite difference scheme. T h e theoret ical b reakthrough 
curves were obtained i n terms of the fo l lowing dimensionless var iables 

K = QO/QS = &Co(l + fcco)"1; φ = c/c0; X = bqBz/mvr; Τ = (t — z/v)/r 
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31. G A R G A N D R U T H V E N Breakthrough Curves 349 

where the t i m e constant τ = r2
2/D* for zeolit ic diffusion contro l , a n d τ = 

Rj>2bqsw(l — e p ) / D p € p for macropore diffusion contro l . T h e computat ions 
are b u l k y , a n d to generate the solutions for prac t i ca l co lumn lengths re 
quired considerable computer t ime . F o r the l inear case (bc0 0, λ = 0) 
the breakthrough curves calculated b y the numer i ca l method agreed we l l 
w i t h the ana ly t i c so lut ion of Rosen (10, 11) thus conf irming, at least for a 
l inear system, the v a l i d i t y of the computat iona l a lgor i thm. 

T y p i c a l theoret ical b reakthrough curves are shown i n F igures 1 a n d 
2 for a range of λ values at one par t i cu lar X va lue . A more extensive s u m 
m a r y of the numer i ca l so lut ion, for the case of zeol it ic diffusion contro l , has 
been g iven b y G a r g (1). F o r the l inear system the breakthrough curves 
are symmetr i c , a n d the curves for saturat ion a n d regeneration of the co lumn 
are m i r r o r images. T h i s s y m m e t r y disappears at the higher values of λ, 
a n d the saturat ion breakthrough curve approaches a step funct ion whi le 
the regeneration curve develops a pronounced t a i l . T h u s i t is clear t h a t 
for nonl inear systems the regeneration process w i l l be m u c h slower t h a n 
co lumn saturat ion under comparable conditions. 

A t sufficiently large values of X the saturat ion curves approach a 
" constant p a t t e r n " f o rm, a n d thereafter the concentrat ion front progress 
through the co lumri at a steady ve loc i ty , governed b y the capac i ty of the 
adsorbent a n d the feed concentrat ion, w i t h no further change i n the shape 
of the curve. S u c h behavior is characterist ic of systems w i t h a favorable 
e q u i l i b r i u m isotherm (12). T h e constant pa t te rn l i m i t is reached when 
the dimensionless concentrat ion profile i n fluid phase a n d adsorbed phase 
become prac t i ca l ly coincident, a n d the asymptot i c f o rm of the break-

l.0i 

τ 

Figure 1. Theoretical breakthrough curves for zeolitic diffusion control at X = 1.0: 
saturation ( ), regeneration (- ) 
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350 MOLECULAR SIEVES 

Figure 2. Theoretical breakthrough curves for macropore diffusion control at X = 
1.0: saturation ( ), regeneration ( ) 

Figure 3. Comparison of asymptotic constant pattern saturation breakthrough 
curves for λ = 0.445: (1) zeolitic diffusion control with Dz independent of con

centration, (2) zeolitic diffusion control, (3) macropore diffusion control 

t h r o u g h curve m a y be der ived s i m p l y f r om the so lut ion of the dif ferential 
rate equat ion ( E q u a t i o n 7 or 13) subject to the condi t ion 

Φο = g/go (18) 
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31. GARG AND RUTHVEN Breakthrough Curves 351 

Curves ca lculated i n th is w a y for macropore contro l a n d zeol it ic diffusion 
contro l are compared i n F i g u r e 3 for one par t i cu lar va lue of λ. A l s o shown 
i n th is figure is the theoret ical curve for zeol it ic dif fusion contro l w i t h a 
constant d i f fus iv i ty . Differences between the shapes of these curves are 
not large a l though the case of zeolit ic diffusion contro l w i t h a constant 
d i f fus iv i ty leads to substant ia l ly greater t a i l i n g . 

t - m i n u t e s 

Figure 4- Comparison of experimental and theoretical breakthrough curves 
for CiHv-He in SA molecular sieve: (0 and X) experimental results for 
saturation and regeneration, respectively; ( ) Rosen linear solution; 
( ) present nonlinear solution for λ = 0.05 and D*/rt

2 = 2.20 X 
10~z sec'1 

Comparison of Experimental and Theoretical Breakthrough Curves 

E x p e r i m e n t a l breakthrough curves for the saturat ion a n d regeneration 
of a c o l u m n packed w i t h L i n d e 5 A molecular sieve, w i t h a feed s tream con
t a i n i n g a s m a l l concentrat ion of ethane i n h e l i u m , are shown i n F i g u r e 4. 
E x p e r i m e n t a l details are summar ized i n T a b l e I . F o r th is system the 

Table I. Details of Experimental Conditions and Diffusional 
Time Constants» 

V, DP€P/ 
Sor- SOT- CO, Temp, cm/ z, D*/rz

2, Rp
2bqe X 

bate bent % °C sec cm m bqs sec"1 w(l — ep) 

C 2 H 6 Linde 2.14 50 11.2 91.5 1.08 313 2.20 Χ 10"8 19.50 Χ 10"8 

5A 
C 2 H 4 Linde 1.99 24 22.0 5.2 1.16 24,692 1.19 Χ 10"4 6.46 X 10"* 

4A 
α Operating pressure was atmospheric in all cases. 
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dev iat ion of the isotherms f r o m l i n e a r i t y is smal l (λ = 0.05), b u t the effect 
o n the breakthrough curve is s t i l l s ignif icant. T h e slope of the saturat ion 
curve is apprec iab ly greater t h a n t h a t of the regeneration curve , a n d the 
mean of the two curves lies close to the theoret ical curve for a l inear system 
ca lculated f r o m Rosen 's analysis (10, 11). T h e theoret ical curves, ca l cu 
la ted f r om the dimensionless so lut ion of the nonl inear prob lem using the 
same values of bqs a n d D * / r z

2 for b o t h saturat ion a n d regeneration give a 
good representation of the exper imental d a t a . F u r t h e r m o r e , the values of 
D * (calculated assuming rz = 1.8 μ) (3) agree w e l l w i t h d i f fus iv i ty d a t a 
obta ined b y a n independent grav imetr i c s tudy of the sorpt ion of ethane i n 
5 A zeolite crystals , thus p r o v i d i n g a v e r y satisfactory conf irmation of the 
v a l i d i t y of b o t h the exper imental technique a n d the theoret ica l analysis 

A l s o shown i n T a b l e I are the est imated values of the t ime constant 
for macropore diffusion based on est imated macropore diffusivities. F r o m 
the rat io of the t ime constants for macropore diffusion and zeol it ic diffusion, 
i t is clear t h a t the assumption of zeol it ic diffusion contro l is a v a l i d a ppr ox i 
m a t i o n for these systems. 

F i g u r e 5 shows the exper imental breakthrough curves obtained b y 
Sheth (14) for sa turat ion a n d regeneration of a 4 A molecular sieve c o lumn 
w i t h a feed s tream conta in ing a smal l concentrat ion of ethylene i n h e l i u m . 
T h e e q u i l i b r i u m iso therm for this system is h i g h l y nonl inear, and , as a 
result of th is , the saturat ion a n d regeneration curves have quite different 
shapes. H o w e v e r , the theoret ical curves ca lculated f r om the nonl inear 
analysis us ing the same values of the parameters bqs a n d D*/rg

2 for b o t h 

Figure 5. Comparison of experimental and theoretical breakthrough curves 
for C2Hi-He system in 4A molecular sieve: (O and X) experimental results for 
saturation and regeneration, respectively; ( ) present nonlinear solution 

for λ = 0.667 and D*/r* = 1.19 X W~* sec'1 

(18). 

80 
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31. GARG AND RUTHVEN Breakthrough Curves 353 

saturat ion a n d regeneration give a good representation of the observed be
havior . A n equal ly good fit was obtained for the exper imental curves 
measured at other temperatures a n d ethylene concentrations. F o r th is 
system the v a l i d i t y of the assumption of zeolit ic diffusion contro l was v e r i 
fied d i rec t ly b y v a r y i n g the size of the molecular sieve pellets (14), a n d 
th is is confirmed b y the re lat ive magnitudes of the dif fusional t ime con
stants g iven i n T a b l e I . 

Conclusion 

T h e form of the breakthrough curves for molecular sieve adsorpt ion 
columns is v e r y sensitive to the nonl inear i ty of the e q u i l i b r i u m isotherms, 
but , for condit ions of zeolit ic diffusion contro l , the theoret ical analysis 
has been shown to prov ide a sat is factory pred ic t ion of the observed be
havior . W h e n the dev ia t i on of the i sotherm f rom l inear i ty is s m a l l , 
Rosen 's l inear so lut ion gives a sat is factory representation of the mean of 
the saturat ion a n d regeneration breakthrough curves. T h i s provides a 
v e r y useful method of ca l cu lat ing the d i f fus iv i ty f r o m exper imental break
through curves, but , for the app l i ca t i on of this method , b o t h the saturat ion 
a n d regeneration curves must be avai lable . M a t c h i n g the i n d i v i d u a l 
breakthrough curves to the l inear so lut ion m a y lead to v e r y signif icant 
errors i n the calculated d i f fus iv i ty values even when the dev ia t i on f rom 
l inear i ty is quite smal l . 

W h e n the i so therm is h i g h l y nonl inear , the regeneration breakthrough 
curve becomes v e r y slow compared w i t h the saturat ion curve, b u t th is 
difference m a y be q u a n t i t a t i v e l y accounted for b y the nonl inear analysis 
us ing the same diffusional t ime constants for adsorpt ion a n d desorpt ion. 
T h e observed difference between sa turat i on a n d regeneration rates 
i n molecular sieve columns a n d the corresponding difference between 
adsorpt ion and desorption rates i n "s ingle p a r t i c l e " grav imetr i c experi 
ments has l ed several previous investigators (14-16) to conclude t h a t the 
diffusivities for adsorpt ion a n d desorption are different. T h e present 
analysis a n d our earlier analysis (17) of the "s ingle p a r t i c l e " prob lem sug
gest t h a t these differences arise s i m p l y f r om the nonlinearit ies of the system 
rather t h a n f r o m any fundamenta l difference i n the ac tua l rate constants. 

I n the experimental systems considered here, the contro l l ing resistance 
was i n each case zeol it ic diffusion, b u t systems i n w h i c h macropore resist
ance is dominant are equal ly common. A s examples one m a y cite the 
sorpt ion of l i ght hydrocarbons i n the D a v i s o n 5 A molecular sieves w h i c h 
conta in m u c h smaller zeolite crystals a n d correspondingly smal ler macro -
pores t h a n the equivalent L i n d e products (18). 

P r o b a b l y the most serious approx imat i on i n the present analysis is the 
assumpt ion t h a t the system is i so thermal since this l i m i t s the a p p l i c a b i l i t y 
of the theory to v e r y l ow concentrat ion systems. Nevertheless , the theory 
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354 M O L E C U L A R S I E V E S 

provides insight in to the behavior of molecular sieve columns w h i c h m a y 
be of va lue even when the approximat ions of the model are not exact ly f u l 
filled. 

Nomenclature 

a a c t i v i t y of sorbate 
b L a n g m u i r e q u i l i b r i u m constant 
c sorbate concentrat ion i n b u l k phase 
c 0 sorbate concentrat ion at c o lumn inlet 
c l o ca l sorbate concentrat ion i n macropore 
Dz zeol it ic d i f fus iv i ty (based on so l id area) 
Z>* l i m i t i n g zeol it ic d i f fus iv i ty at zero sorbate concentrat ion 
Dp macropore d i f fus iv i ty (based on pore sectional area) 
m ra t io of bed v o i d space to zeolite c rys ta l vo lume = e / ( l — e') 
q l o ca l sorbate concentrat ion i n a zeolite c r y s t a l 
q average sorbate concentrat ion for a c r y s t a l 
q sorbate concentrat ion averaged over a pellet 
q* sorbate concentrat ion i n e q u i l i b r i u m w i t h l oca l sorbate concentra

t i o n i n fluid phase 
qs sa turat i on sorbate concentrat ion i n L a n g m u i r equat ion 
q0 i n i t i a l (or final) u n i f o r m sorbate concentrat ion i n zeolite c rys ta l 

i n e q u i l i b r i u m w i t h fluid phase concentrat ion c 0 

r r a d i a l coordinate for zeolite c r y s t a l 
rz radius of zeolite c r y s t a l 
R r a d i a l coordinate for pel let 
Rp pel let radius 
t t i m e 
Τ dimensionless t ime = (t — ζ/ν)/τ 
ν l inear fluid ve l o c i ty 
w v o l u m e f ract ion of zeolite crystals to t o t a l so l id mater ia l i n a pellet 
X dimensionless distance bqaz/mvr 
ζ d istance measured f r o m bed in let 
e v o i d f rac t i on of bed 
€ p v o i d f rac t ion of pel let 
1 — e' ra t i o of zeolite c rys ta l vo lume to t o t a l bed vo lume = (1 — e) 

(1 - € P ) W 

φ c/co 
λ qo/qs = bco(l + feco)"1 

r rz
2/D* for zeol it ic diffusion contro l or Rp

2 bqsw(l — e P ) / D P e P 

for macropore diffusion contro l 
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Ion-Exchanged Forms of Zeolite L, Erionite, 
and Offretite and Sorption of Inert Gases 

R. M. BARRER and I. M. GALABOVA 
Physical Chemistry Laboratories, Imperial College, London, SW7 2AY, England 

Li-, Να-, K-, Cs-, Ba-, and La-enriched forms of zeolite L, Na
-and K-enriched forms of erionite, and Η-enriched forms of L, 
erionite, and offretite have been compared as sorbents of Ar, Kr, 
and Xe. The exchanges to give the enriched forms were par
tial only, and the influence of the exchanges upon isotherm con
tours and heats was complex, but several regularities have been ob
served. Reversible isotherms were analyzed to give isosteric heats 
and differential entropies, S8, as functions of amount sorbed. The 
temperature coefficients of S8 for Kr in Η-enriched forms of 
zeolite L, erionite, and offretite give heat capacities near those 
of classical oscillators. Further analysis for krypton has given 
the equilibrium constants and standard energies and entropies 
of sorption. The entropies confirm the heat capacities as re
gards the physical state of sorbed krypton. 

C i n c e i ts d iscovery (1) a n d character izat ion (2), zeolite L has been recog-
^ n ized as a po tent ia l ly interest ing molecular-sieve sorbent. T h e s t ruc 
ture is now k n o w n (8) a n d measurements have been made of u p t a k e b y th i s 
zeolite of isobutane, benzene, cyclohexane, a n d η-paraffins C i to C 7 (4) 
a n d of a m m o n i a , hydrogen chloride, a n d a m m o n i u m chloride (5). T h e 
Η-form of zeolite L has also been compared w i t h t h a t of chabazite i n the 
sorpt ion of C i to C 4 η-paraffins (β). T h e range of p a r t i a l l y exchanged 
cationic variet ies of zeolite L ana lyzed a n d character ized elsewhere (7) 
prov ided a further o p p o r t u n i t y to s tudy the role of the cat ion u p o n the 
sorpt ion properties, us ing the rare gases as probes because of the i r spher ica l 
nonpolar structures. O n l y dispersion, close-range repuls ion, a n d p o l a r i z a 
t i o n energy terms contr ibute here to the gas-zeolite bond . 

I t was also of interest to compare sorpt ion b y the ion-exchanged forms 
of zeolite L w i t h corresponding forms of erionite a n d offretite, i n v i e w of 
the s t r u c t u r a l s imi lar i t ies a n d differences among the three zeolites (3, 8) 
a n d the growing interest i n erionite a n d offretite. P r e v i o u s sorpt ion 
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32. BARRER AND GALABOVA Ion-Exchanged Zeolites 357 

measurements i n these two zeolites are l i m i t e d a n d sometimes c o n t r a 
d i c tory (9, 10) j resul t ing i n par t f r o m confusing the ir identit ies (8, 11) a n d 
i n par t f r o m the frequent presence of s tack ing faults i n ofifretite of a k i n d 
w h i c h cause i t to resemble erionite as a sieve. However , i n th is l aboratory 
synthet ic ofïretites w i t h o u t s tack ing faults have been prepared (12), a n d 
the ir wide-pore sieve behavior has been demonstrated (18). H-ofïretite 
free of s tack ing faults was used i n th is work . 

Experimental 

T h e parent zeolites were synthet ic offretite, zeolite L , a n d a n a t u r a l l y 
occurr ing erionite f r o m P i n e V a l l e y , N e v . , of ~ 9 0 % p u r i t y . T h e ele
mentary analysis of the zeolites l ed to the fo l lowing u n i t cel l composit ions : 

Zeol ite L : K8.34Nao.6o [AI8.34S127.66O72 ]16. 9 H 2 0 
Offret i te : K 1 . 8 5(TMA)i . 9 8 [Al3 .77Si 1 4 .230 3 e]6 .5H 2 0 
E r i o n i t e : K 2 . 1 9 N a 4 . 3 1 C a 0 . 3 0 t A l 7 . 6 6 S i 2 8 . 3 3 O 7 2 l i 7 . 5 H 2 O 

wherein the a luminos i l i cate f ramework compos i t ion is g iven i n the square 
brackets . T h e sl ight excess of bases over A l i n zeolites L a n d offretite m a y 
arise f r o m entrainment , the s l ight deficiency i n erionite f r o m the impur i t i e s . 

I o n exchange was effected w i t h strong aqueous solutions of chlorides 
for 3 days at r o o m temperature . T h e Η-forms of zeolite L a n d erionite 
were prepared f r o m NHi -exchanged forms b y heat ing these i n a s t ream of 
oxygen at 350° C for 1 day . H-of fret i te was prepared b y heat ing the p a r 
ent crystals conta in ing T M A ions ( T M A = t e t r a m e t h y l a m m o n i u m ) at 
500°C i n a s tream of oxygen. T h e cat ionic composit ions a n d other char 
acteristics are recorded i n T a b l e I . Comple te exchanges were not f ound 
under the condit ions employed. T h i s accords w i t h the k n o w n s t r u c t u r a l 
characterist ics of the three zeolites w h i c h have some cations i n s m a l l 
cages i n w h i c h they are i m m o b i l i z e d a n d so are not n o r m a l l y exchangeable. 

Table I. Chemical Characteristics of Ion-Exchanged Forms 
H20 No. of Unit 

Ion Content/Unit %H20, Molecules/ Cells/ 
Product Cell (Equiv.) Dry wt. Unit Cell g X 10-™ 

Zeolite L H 27.5a 33.9* 2.73 
L i L12.05K6.1 24.6 33.0 2.50 
Na Na 2 . 2K 6 .o 15.8 21.5 2.37 
Κ 12.3 17.0 2.31 
Cs Cs2.ieK6.o 11.5 17.7 2.19 
Ba ( 1 /2Ba) 2 .32K 5 .9 16.6 23.7 2.34 
La (V3La) 2 . 4K 5 .8 17.6 24.3 2.40 

Erionite Η Ηβ.ιΚι.ο 21.9a 26.56 2.78 
Na Na 5 . iK 2 . 0 17.1 22.0 2.60 
Κ K 5 . 3 Nai. 8 13.5 18.0 2.54 

Offretite Η H2.95K0.88 20.7a 12.96 5.30 
α Includes hydroxyl water. 
b Molecular zeolitic water only. 
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T h e exchange forms were examined b y x - r a y powder photography , 
w i t h P b ( N 0 3 ) 2 as reference s tandard , us ing a G u i n i e r camera a n d C u K a 

rad ia t i on , a n d also i n a Guinier-Lenné heat ing camera. D i f f e rent ia l 
t h e r m a l analyses were made w i t h samples pre-cooled to 78 °K , a n d t h e r m o -
grav imetr i c analyses were also made. 

T h e sorbates used were A r (spectroscopically pure) , K r (between 
99 a n d 1 0 0 % p u r e ; balance X e ) , a n d X e (between 99 a n d 1 0 0 % pure, 
balance K r ) . S o r p t i o n measurements were made vo lumetr i ca l l y . T h e 
sorbents were p a r t i a l l y outgassed at r o o m temperature t o about 1 0 ~ 5 

m m H g a n d the temperature wras then increased d u r i n g outgassing to 
350°C at a rate not more t h a n 70°C /hr . Outgass ing was cont inued at 
350° C for 24 h r a n d finally the temperature was decreased to r o o m t e m 
perature over a n i n t e r v a l of at least 3 hr . Between runs i n v o l v i n g rare gases 
outgassing was effected at 200° C for 5 h r . 

C r y o s t a t s described elsewhere (14) were used between 123° a n d 273°K. 
Temperature contro l was w i t h i n ± 0 . 1 ° C a n d temperature was read us ing 
appropr iate vapor-pressure thermometers . F o r s t i l l lower temperatures 
l i q u i d n i trogen a n d l i q u i d oxygen were used. 

Propert ies of Exchange F o r m s . T h e u n i t cel l dimensions a n d vo lumes 
of the exchange forms of zeolite L are g iven i n T a b l e I I . T h e u n i t cells are 
changed on ly m a r g i n a l l y b y exchange even for the hydrogen-enriched m o d i 
fication. A b o u t 2.1 to 2.4 equivalents of L i + , N a + , C s + , B a 2 + , a n d L a 3 + 

are present per u n i t ce l l , a n d are considered to be i n the m a i n channels w h i c h 
conta in the on ly read i ly accessible cat ion sites. (3). F o r monovalent enter
i n g ions a n d w i t h increasing i o n size the a d imension reaches a m a x i m u m 
a n d the c d imension a m i n i m u m i n the N a - e n r i c h e d f o r m . W i t h increasing 
i o n va lency ( K + , B a 2 + , a n d L a 3 + ) a decreases s l i ght ly b u t c is v i r t u a l l y 
unchanged. 

I n the Lenné-Guinier heat ing camera the t o t a l heat ing t i m e was 30 h r . 
Changes i n u n i t cel l dimensions w i t h temperature are shown for zeolite L 
i n F i g u r e 1. A n increase i n a was often accompanied b y a decrease i n c 
a n d at 500°C, the temperature at w h i c h zeolit ic water was lost , i n a l l forms 
save those bear ing L i a n d H the a a n d c dimensions h a d regained the i r 

T a b l e I I . U n i t C e l l s a n d C a t i o n Composi t ions i n Zeo l i te L 

Results 

Cation 
Content/ 
Unit Cell a, A c, A 

Cell Dimensions Unit Cell 
Vol A3 Cation Radii, A 

CS2.ieK6.0 
(V2Ba)2.32K5.9 
(V3La)2.4K5.8 

18.36 7.60 
18.41 7.55 
18.48 7.51 
18.45 7.53 
18.45 7.55 
18.44 7.53 
18.35 7.53 

2217 
2216 
2223 
2220 
2224 
2216 
2195 

0.60, 1.33 
0.95, 1.33 
1.33 
1.69, 1.33 
1.35, 1.33 
1.15, 1.33 
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32. BARRER AND GALABOVA Ion-Exchanged Zeolites 359 

Figure L Variation with temperature of a and c dimensions 
of unit cells for (#6.8 KU5)-L (o), (}/2Βα)2Λ K69-L (A), and 
(1/3La)2A Kb.«-L (•). Full lines refer to a, dashed lines to c. 

room-temperature values. T h e y u s u a l l y showed m a x i m a a n d m i n i m a , 
respectively, at about 200°C, when the water loss must be occurr ing freely. 

F o r the erionites a n d for H-of fret i te a decreased a n d c increased mono-
ton i ca l l y w i t h increasing temperature . T h e overa l l result of these changes 
was a m a r g i n a l d i m i n u t i o n of the u n i t ce l l vo lumes i n A 3 as fol lows : 

K - e n r i c h e d er ionite : 2299 (20°C) to 2237 (500°C) 
Na -en r i ched er ionite : 2320 (20°C) to 2308 (500°C) 
Η-enriched er ionite : 2313 (20°C) to 2304 (500°C) 
Η-enriched offretite: 1142 (20°C) to 1140 (500°C) 

F o r H - a n d L i - e n r i c h e d forms of zeolite L a n d for H-of fret i te the weight 
loss cont inued u p to 1000°C b u t for other forms w e l l defined l i m i t s of weight 
loss h a d occurred before 500° C . I n the Η-zeolites th is indicates dehydrox -
y l a t i o n subsequent to the loss of zeol it ic water . I n H-of fret i te the weight 
loss also includes t h a t caused b y r e m o v a l of N ( C H 3 ) 4 cations. I n L i - L 
some hydro lys i s y i e l d i n g L i O H seems possible, g i v i n g L i 2 0 at elevated t e m 
perature . 
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360 M O L E C U L A R S I E V E S 

T h e dif ferential t h e r m a l analysis , thermograv imetr i c analysis , a n d 
x - r a y results establish t h a t the cat ionic modif ications are stable under the 
outgassing condit ions used i n the sorpt ion measurements. 

A r g o n at 77.2°K. Isotherms of A r at 77.2°K i n forms of zeolite L are 
shown i n F i g u r e 2a ; F i g u r e 2b compares these isotherms i n N a - and K -

14 * 18 & 

Figure 2. Comparison of isotherms of Ar at 77.3 Κ 
(a) Curve 1, H-L; curve 2, Li-L; curve 3, Na-L; curve 
4, K-L; curve 5, Cs-L; curve 6, Ba-L; curve 7, La-L. 
(b) Curve 1, Na-Eri; curve 2, K-Eri; curve 3, Na-L; 
curve 4, K-L. (c) Curve 1, H-Off; curve 2, H-Eri; 
curve 3} H-L. Θ = adsorption points; Δ = desorp
tion points. In this and other figures "Nm/u.c." de
notes the number·, N, of molecules per unit cell. In 
offretite in Figure 1c, the number of molecules per 2 

unit cells is plotted. 
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enriched forms of L a n d er ionite ; a n d F i g u r e 2c compares the H -
enriched forms of zeolite L , erionite, a n d offretite. Because of differ
ences i n the atomic weights and valences of the exchange ions, different 
numbers of u n i t cells occur per g r a m of the var ious outgassed exchange 
forms. A c c o r d i n g l y the sorptions have a l l been calculated as the number , 
Νj of molecules of argon per u n i t ce l l of sorbent, or per two u n i t cells i n the 
case of H-offret ite . These are then the uptakes i n molecules per 72 frame
work oxygens i n a l l three zeolites. T h e volumes of c rys ta l per 72 frame
work oxygens are almost the same (7). Considerable differences existed 
among the isotherms for the forms of zeolite L enriched i n different cations, 
b o t h i n sorpt ion capac i ty a n d i sotherm contour (Figure 2a), a n d among the 
Η-enriched forms of the three zeolites (Figure 2c). T h e K - e n r i c h e d f o rm of 
erionite excludes argon at 77.2°Κ whi le the N a -enr i ched modi f i cat ion admits 
th is molecule readi ly (Figure 2b). T h e K + ions therefore b lock the 8-r ing 
windows g iv ing access to the 23-hedral cages i n erionite whi le the smaller 
N a + i o n s do not . 

A p p a r e n t saturat ion capacities (Table I I I ) were calculated b y p l o t t i n g 
p/N against ρ (ρ denotes the e q u i l i b r i u m pressure when Ν molecules are 
sorbed per u n i t cell ) . T h e l i m i t i n g slopes at the highest exper imental 
pressures were t a k e n to be l/NBat where i V B a t denotes the number of mole
cules filling a u n i t cel l . T h e micropore volumes, W0, were also est imated 
f r om plots of [log (ps&t/p)]2 against amount sorbed (15) w h e r e p B & t denotes 
the saturat ion vapor pressure at the temperature T. These plots were 
near ly l inear for smal ler pressures but , as for n i trogen at 77 .3°K on act ive 
carbons (16), they became curved as ρ approached pB&t. T h e l inear parts 
of the curves were extrapolated to give intercepts f r om w h i c h W0 a n d WQ' 
i n T a b l e I I I were obtained. These appear to be consistent w i t h the values 
of iV Sat a n d w i t h the water contents of T a b l e I . 

Table III. Apparent Saturation Capacities and Micropore 
Volumes for Argon 

Enriched in: 

Cs Li Ba H La Κ Na 

Zeolite L: 
NBAt (molecules/ 

unit cell) 9.7 11.7 12.8 13.2 13.3 13.5 14.2 
W0 (cmVgram) 0.097 0.110 0.128 0.137 0.138 0.135 0.143 
W0' (A 3 /unit cell) 430 450 530 500 570 540 580 

Κ Να Η Η 

Erionite: Offretite: 
iVsat (molecules/unit cell) 1.4 13.1 13.4 15.0° 
Wο (cmVgram) 0.019 0.159 0.179 0.187° 
Wo' (A 8 /unit cell) 70 630 650 690» 

a per 2 unit cells. 
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362 M O L E C U L A R S I E V E S 

Sorpt ion of A r , K r , a n d X e i n the Rang e 123° to 273°K. T h e sorpt ion 
of K r i n the three Η-zeolites is compared i n F igures 3a, b, a n d c. P e r 
72 framework oxygens (2 u n i t cells of offretite; 1 of erionite a n d of zeolite 
L ) offretite shows the highest capac i ty . T h e isotherms for K r i n L i - , N a - , 
K - , a n d Cs-enr iched forms of zeolite L , i n w h i c h the size of the u n i v a l e n t 
ions is changed, are shown i n F i g u r e 4. I n the L i - e n r i c h e d f o rm the capac
i t y for K r is l ow, despite the s m a l l size of this i on . T h e influence of the 
valence of the enter ing i o n is shown for A r i n K - a n d Ba -enr i ched forms of 
L i n F i g u r e 5. 

P c m H g P c m H g Ρ c m H g 

Figure 3. Effect of temperature upon and comparison of isotherms of Kr in (a) H-L, 
(6) H-Off, and (c) Η-Εή. The unit cell of offretite has half the volume of the unit cells 

of zeolite L or of erionite. Θ = adsorption points; Δ = desorption points. 

T h e excellent revers ib i l i ty of a l l the isotherms is apparent f r o m Figures 
3 to 5. Isosteric heats, qst, were accordingly determined f r o m the re la t ion 

Curves of isosteric heats as functions of amount sorbed were obta ined for A r 
a n d X e i n B a - , N a - , a n d K - e n r i c h e d forms of zeolite L , for K r i n H - e n r i c h e d 
forms of zeolite L , or erionite, a n d offretite, a n d for K r i n H - , L i - , N a - , K - , 
C s - , B a - , a n d La -enr i ched forms of L . Some results are shown i n F i g u r e s 
6a, b , a n d c, respect ively . T h e abcissae give the amounts sorbed, η, i n 
c m 3 at S T P per c m 3 of in t racrys ta l l ine free vo lume , us ing the micropore 
vo lumes W0 of T a b l e I I I to evaluate η. T h i s scale provides sat is factory 
means of c ompar ing the sorbents. 

F o r X e i n B a - , N a - , a n d K - f o r m s of zeolite L heats are i n the order 
B a > N a > Κ so t h a t a n influence of ca t i on appears w h i c h is i n the sequence 
of the po lar i z ing power. A rather s m a l l po lar i za t i on energy c o n t r i b u t i o n 
to qBt is then sufficient to account for most of the differences. A l l heats 
decline monoton ica l ly w i t h amount sorbed b u t often i n rather specific ways . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

03
2

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



B A R R E R A N D G A L A B O V A Ion-Exchanged Zeolites 

» 4 0 So 
P cm Hg 

Figure 4. Effect of cations Li+, Na+, K+, and Cs+ 
upon the sorption of Kr at various temperatures in (a) 
Li-L; (6) Na-L; (c) K-L, and (d) Cs-L. ο = 

adsorption points; Δ = desorption points. 

30 40 50 

Pcm Hg 

Figure a. Influence of ion valence upon the sorption of Ar: (a) Ar in 
K-L; (6) Ar in Ba-L. The two ions have approximately the same 
crystallographic radii, ο = adsorption points; Δ = desorption points. 
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Figure 6. Differential heats of sorption, Δ#ι (—Δ#ι 
= qst) as functions of amount sorbed, η, per cm5 of 
intracrystalline free volume, η is given in cm3 at stp 
per cmz of intracrystalline free volume, (a) Xe in Ba-L 
(curve 1), in Na-L (curve 2), and in K-L (curve 8). 
(b) Kr in Η-off (curve 1), in H-Eri (curve 2), and in 
H-L (curve 8). (c) Kr in H-L (curve l),in Li-L (curve 
2), in Na-L (curve 3), in K-L (curve 4), in Cs-L (curve 
a), in Ba-L (curve 6), and in La-L (curve 7) (1 kcal = 
4.19 KJ; λ denotes heat of vaporization of liquid Kr). 

T h u s the shapes of the curves i n F i g u r e 6a are such as t o suggest a l o w X e -
X e in terac t i on h u m p superposed u p o n a monoton ica l ly dec l in ing c o n t r i b u 
t i o n t o qBt ar i s ing f r o m X e - l a t t i c e interact ion . F o r 0 < η < 300 the largest 
heats for K r were observed for La -enr i ched L , b u t for larger uptakes i n th is 
zeolite g B t for L a - L decl ined rather sharp ly . T h e smallest heats were 
observed w i t h the H - a n d K - e n r i c h e d variet ies . T h e sequence of heats 
v a r i e d w i t h amount sorbed as exemplif ied be low: 
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32. B A R R E R A N D G A L A B O V A Ion-Exchanged Zeolites 365 

η = 100, L a > N a > C s > B a > L i > Κ > Η 
η = 200, L a > N a > B a > C s > L i > Κ, Η 
η = 300, L a > B a > C s , N a > L i > Κ, H 
η = 400, B a > C s > L a , N a > L i > Κ, H 

T h e behavior is therefore more complex t h a n can be explained i n terms on ly 
of the po lar i z ing power of the respective exchange cations. T h e size of the 
ions determines also the extent to w h i c h these ions are screened b y be ing 
embedded i n or exposed on the channel wal ls of anionic oxygens. Changes 
i n valence also change the i r numbers . T h i s m a y be the reason w h y after a 
certa in uptake the heat for K r i n L a - L declines rather sharp ly b u t i t does 
not exp la in the sustained h i g h heat i n B a - L (F igure 6c) (which was also 
found for A r i n this zeolite) . T h e i n i t i a l heats for K r for a l l forms of zeo
l i t e L are rather s imi lar , cover ing the range 18.9 to 22.3 k J / m o l e (4.5 to 
5.3 k c a l / m o l e ) . H e a t s for K r i n the Η-zeolites (Figure 6b) a l l decrease 
w i t h amount sorbed i n a s imi lar w a y a n d at a l l values of η are i n the se
quence H-of fret i te > H-er i on i te > H - L . 

Di f f e rent ia l Entrop ies i n Η-Zeolites. T h e dif ferential entropies, 
Ss, of k r y p t o n i n the three Η-zeolites were der ived for each u p t a k e f r o m 
the re la t ion 

S8 = 8/ + R\np0/P + Γ1Ç£dT-qf (2) 

J298 1 1 

where Cp = 5/2/2 is the constant pressure heat capac i ty a n d Sg
e = 164 

J / m o l e / ° K (39.2 c a l / m o l e / ° K ) is the s tandard entropy of k r y p t o n gas a t 
298°K a n d at the s tandard pressure ρθ = 1.01 X 1 0 W m ~ 2 (1 a t m ) . S8 

decl ined monoton i ca l ly w i t h amount sorbed, most r a p i d l y i n H-of fret i te 
a n d least r a p i d l y i n H - L . T h e m a x i m a a n d m i n i m a found on ly i n curves 
of S8 against uptake i n the most energetical ly heterogeneous gas-zeolite 
systems (17, 18) do not occur w i t h K r i n the three Η-zeolites. A t each 
temperature the curves of Ss against amount sorbed r u n near ly para l l e l 
courses. 

F o r a g iven uptake a n d temperature T, aS s/àT = Cp where Cp is the 
dif ferential mo lar heat capac i ty of sorbed fluid. T h i s expression can be 
approx imated b y Tm ASS/AT = Cp where Tm is the mean temperature 
corresponding w i t h the i n t e r v a l AT over wh i ch ASS is the entropy change, 
a n d where Cp refers to the temperature Tm. F o r classical oscil lators CP 

should be 24.9 J / m o l e / d e g , a n d thus i t is interest ing to compare CP c a l c u 
l a t e d as above w i t h th is va lue . ASS/AT d i d not v a r y m u c h w i t h amount 
sorbed, so t h a t Cp f ound for one uptake is t y p i c a l . Several values of Cp 

are g iven below. A l l are near b u t a l i t t l e below the classical osci l lator va lue . 
Ν 

(molecules/ Cp 

System Tm/K unit cell) (J/mole/deg) 
K r i n H-offretite 179.2 2 22.6 
K r i n H-erionite 164.7 4 20.ο 
K r i n H - L 166.2 3 22.2 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

03
2

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



366 MOLECULAR SIEVES 

Discussion 

Apparent Saturation Capacities. F o r the ion-exchanged forms of 
zeolite L the apparent saturat ion capacities i V s a t towards A r at 77 .3°K are 
i n the sequence (Table I I I ) 

Na > Κ > La > H > Ba > Li > Cs 

T h i s order is not t h a t expected solely on the basis of the amount of i n t r a 
crysta l l ine free vo lume occupied b y the exchange ions, since th is w o u l d lead 
to the highest capacities for the H - a n d L i - e n r i c h e d forms. F a c t o r s other 
t h a n i on size therefore contr ibute to iV B a t . F i r s t , the exchanges are a l l 
incomplete (Tab le I I ) , a n d a l though m u c h Κ m a y b e t r a p p e d i n 11-hedral 
cages at room temperature , th is Κ m a y m i x w i t h the exchange ions i n the 
m a i n channels, a n d some of these la t te r ions m a y move in to 11-hedral 
cages d u r i n g the outgassing a t 350°C. I n the H - L there is not m u c h po 
tass ium (Table I I ) b u t i n th is case a n d probab ly t h a t of L i - L there is some 
la t t i ce react ion. T h e sequence of the heats a n d the i r var iab le dependences 
on concentrat ion m a y also arise i n par t f r o m m i x e d cat ion populat ions i n 
the m a i n channels. 

Virial Isotherm Equation. N o i so therm equat ion based on ideal ized 
p h y s i c a l models provides a generally v a l i d descr ipt ion of exper imenta l iso 
therms i n gas-zeolite systems (19). Ins tead (6, 20, 21, 22) one m a y m a k e 
the assumpt ion t h a t i n a n y gas-sorbent mix ture the sorbed fluid exerts a 
surface pressure (adsorption thermodynamics ) , a mean hydros ta t i c 
stress intens i ty , Ps (volume filling of micropores) , or t h a t there is a n osmotic 
pressure, π (solution t h e r m o d y n a m i c s ) ; a n d t h a t these pressures are re 
l a t e d to the appropr iate concentrations, C, b y equations of p o l y n o m i a l 
(vir ial ) f o rm, i l lus t ra ted b y E q u a t i o n 3 for osmotic pressure: 

^ = 1 + A,C + A2C* + AzC* + . . . (3) 

T h e n b y a thermodynamic argument the i sotherm equat ion obta ined is 

Κ = I exp (2A1C + (3/2)A2C + (4/3)43C3 + . . . (4) 

Κ denotes the e q u i l i b r i u m constant , C is i n moles d m ~ 3 of so lut ion , a n d the 
coefficients A depend u p o n Τ b u t not o n C. T h i s i so therm equat ion a p 
proaches H e n r y ' s l a w as C becomes s m a l l enough a n d has a lready been 
shown adequate, for a suitable choice a n d number of coefficients A , t o 
represent exper imental isotherms w e l l (4, 6, 20). One to three such co
efficients were needed accord ing to the rec tangular i ty of the isotherms. 
I t lends itself to t h e r m o d y n a m i c analysis of gas-sol id d i s t r i b u t i o n equ i -
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32. B A R R E R A N D G A L A B O V A Ion-Exchanged Zeolites 367 

l i b r i a , a n d w i l l be used i n the present discussion. T h e coefficients A are 
considered further i n the A p p e n d i x . 

A n a l y s i s of Isotherms. T h e va lues of Κ a n d of the A terms i n E q u a 
t i o n 4 were found f r o m smoothed plots of l og (C/p) against C. T h e i n t e r 
cept on the ordinate is log K, wh i l e the A terms fo l low f r o m smoothed 
values of [log Κ — l og (C/p) ] t a k e n at s u i t a b l y spaced values of C to g ive as 
m a n y s imultaneous equations as the number of coefficients A needed ( w i t h 
K) to represent the exper imental i sotherm. A useful v a r i a n t of E q u a t i o n 
4 is 

#i = ^ exp (2At'C. + (3/2)A'Ce
2 + . . . ) (5) 

Cs is i n moles d m ~ 3 of in t racrys ta l l ine free v o l u m e a n d C ( E q u a t i o n 4) a n d 
Cs are re lated b y C = Cs ρ W0 where ρ is the dens i ty of the h y d r a t e d zeolite 
crystals a n d W0 is g iven i n T a b l e I I I . Cg is i n m o l d m ~ 3 of gas phase, a n d 
thus Κι has the advantage of be ing dimensionless. 

Va lues of Kx are g iven for k r y p t o n i n T a b l e I V for selected t empera 
tures together w i t h the coefficients K0 i n the re la t i on Κχ = K0 exp — ΑΕΘ/ 
RTj a n d the s tandard energies a n d entropies AE6 a n d AS? denned, respec
t i v e l y , b y 

RT>d-^ = AE° and (6) 

AS6 = (ΑΕΘ - ΑΑΘ)/Τ (7) 

where ΑΑΘ = RT In Ki. T h e va lues of ΑΕΘ were obta ined f r o m the slopes 
of the observed l inear plots of l og Ki against rec iproca l temperature . 

A m o n g the forms of zeolite L conta in ing un iva l ent exchange ions the 
sequence of exothermic i ty i n AEe is 

H-L > Li-L, Na-L > K-L > Cs-L 

T h u s , the s tandard energy of b i n d i n g of K r decreases when the size of the 
cations increases. T h e above cations should , as a result of the i o n exchange, 
be p r i m a r i l y i n the m a i n channels of zeolite L , where the K r molecules are 
also located. T h e sequence i n ΑΕΘ does not therefore depend on ly u p o n 
dispersion a n d close-range repuls ion since the exothermal resul tant of these 
w o u l d be expected to increase, other things be ing equal , w i t h cat ion size 
a n d hence p o l a r i z a b i l i t y . T h e po lar i za t i on energy, however, w o u l d be
come smaller w i t h increasing cat ion size a n d even though i ts magnitude is 
p robab ly rather s m a l l i t could account for the observed t r e n d . 
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Table IV. Equilibrium Constants, Energies, and Entropies for K r 
Sorptions at Selected Temperatures 

-ΑΕΘ, -AS*, 

kJ/ J/ 
Zeolite T, K° Ko mole mole/°K 

H-Off. 144 .4 ±.Ί± Χ 10δ 2.8 8 X 10-•2 20.0 29.5 
163. ,8 6.6ι Χ 104 29.7 
190 .7 8.6i Χ 103 29.4 
213. .8 2.19 Χ 103 29.5 
231. ,8 8.8i Χ 102 29.8 

H - E r i . 141, .9 4.6s Χ 104 3.7 6 X 10" -2 17.0 30.6 
171, 3 7.02 Χ 103 25.2 
183 .4 2.45 Χ 103 27.4 
211. 5 7.24 Χ 102 25.4 
229. 3 1.80 Χ 102 30.9 

H - L 142. 5 1.78 Χ 104 3.2 3 X 10" -2 15.4 26.6 
161. 7 4.05 Χ 103 27.1 
189 .9 6.92 Χ 102 26.7 
210. 1 2.68 Χ 102 26.8 
230. 6 1.21 Χ 102 26.8 

L i - L 143. 5 2.67 Χ 104 8.65 Χ ΙΟ-2 15.1 20.4 
162 .1 6.08 Χ 103 20.5 
176. .6 2.40 X 10s 20.7 
195. 3 9 . U Χ 102 20.5 
221. 0 3.09 Χ 102 20.5 

N a - L 130 .0 1.16 Χ 105 Ι.17 X 10" - 1 15.1 18.9 
144. .8 3.13 Χ 104 18.0 
153 .6 1.75 Χ 104 17.1 
175. 2 3.55 Χ 103 18.0 
195. 2 1.27 Χ 103 17.8 

K - L 132 .9 1.78 Χ 105 2.82 Χ ΙΟ- 1 14.8 10.6 
160. 9 1.59 Χ 104 11.3 
177. 3 6.3ι Χ 103 10.5 
192. 3 2.82 Χ 103 10.7 
209. 6 1.32 Χ 103 10.7 

C s - L 143. 2 2.32 Χ 104 Ι.45 Χ ΙΟ-1 14.2 15.3 
176. ,7 2.46 Χ 103 15.3 
193. ,4 1.04 Χ 103 15.3 
211. .7 5.07 Χ 102 15.1 
223 ,8 3.22 Χ 102 15.2 

B a - L 134, 5 1.12 Χ 105 Ι.4ι Χ 10" - 1 15.2 16.2 
140 3 6.3ι Χ 104 16.2 
162. 3 1.05 Χ 104 16.3 
182. ,7 2.95 Χ 103 16.6 
209 3 8.32 Χ 102 16.6 

L a - L 141 .5 5.0i Χ 104 1.4ι Χ 10 - 2 17.8 35.9 
159 .9 8.9i Χ 103 35.9 
175 .9 2.57 Χ 103 35.9 
196. .4 7.08 Χ 102 36.1 
218. 2 2.27 Χ 102 36.3 
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32. B A R R E R A N D G A L A B O V A Ion-Exchanged Zeolites 369 

A role of po lar izat ion energy is also i m p l i c i t i n the ΑΕΘ sequence 
K - L < B a - L < L a - L . K + a n d B a 2 + have almost the same ionic r a d i i , b u t 
the po la r i z ing power of B a 2 + g reat ly exceeds t h a t of K + , a n d t h a t of L a 3 + 

s i m i l a r l y exceeds t h a t of B a 2 + . A c c o r d i n g l y the po lar i za t i on component 
of b o n d i n g energy of K r molecules adjacent to the cations w o u l d decrease 
i n the order L a 3 + > B a 2 + > K + , i n the observed sequence for ΔΕΘ. 

T h e magnitude of — ΑΕΘ i n H - L is also interest ing, since each hydrogen 
is not present as a bare pro ton b u t as a s i lano l h y d r o x y l , associated w i t h a 

Η 

\ 
Lewis ac id site prov ided b y t r i v a l e n t A l , i.e., a pa i r > A l ' + Ο is 

\ 
S i < 

present. T h e considerable energy of b i n d i n g of K r i n H - L is also seen i n 
H-er ion i te a n d H-of fret i te , the sequence be ing H - O f f > H - E r i > H - L . 

S t a n d a r d Entrop ies of Sorpt ion . T h e s tandard entropies of sorpt ion 
are almost independent of temperature over the temperature in terva l s 
i n v o l v e d (excluding fluctuations f r o m exper imental uncertainties) b u t 
v a r y considerably i n magnitude among the different crystals . T h e larger 
the va lue of — AE9, the larger tends to be t h a t of — ASe, a l though this overa l l 
re lat ion between ΔΕΘ a n d AS9 is also subject to specific fluctuation. ASe 

is a measure of the loca l izat ion of the in tracrys ta l l ine k r y p t o n as compared 
w i t h the gaseous k r y p t o n . 

T h e ac tua l values of ASe m a y be considered i n re la t ion to each of three 
clear-cut s i tuat ions . I n the first the in t racrys ta l l ine molecules are as
sumed to have two t rans la t i ona l modes (2T) a n d one s imple harmonic 
v i b r a t i o n a l mode ( I V ) w i t h respect to the l oca l environment , for w h i c h 
AS6 = ASi; the second assumes I T a n d 2 V for w h i c h AS* = ASn; a n d 
the t h i r d assumes 3 V w i t h AS6 = ASUi- T h e n (23) 

ASie = 72Δ£ιι* = ι/βΔ&π* and 

I n th is re la t ion m is the mass of a K r molecule, e = 2.78, ν is the v i b r a t i o n 
frequency, a n d δ = 4.04 A is the diameter of K r . T h e frequency ν can be 
evaluated on] y approx imate ly f r o m the re lat ion 

V AEemAx ——— 

where νχτ = 1 X 1 0 1 2 s e c " 1 when ΑΕΑτ = 6.27 k J / m o l e . πΐχχ denotes the 
mass of the argon a t o m . These two relations l ead at Τ = 166.6°K to the 
values of ASi a n d of Ki g iven i n T a b l e V . O n the basis of these values of 
ASi a n d f r o m the s imple re la t i on between ASi, ASn, a n d ASni, K r i n 
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370 M O L E C U L A R S I E V E S 

Table V. Values of ASie and of Kx at a Common Temperature of 166.6°K 
(ASi* is in J/mole/°K) 

H- K- H- Ba- Na- La- Li- Cs- H-
Sorbent Off. L Eri. L L L L L L 

-ASie 10.8 9.5 10.1 9.7 9.6 10.3 9.6 9.4 9.7 
ΙΟ" 3 X K, 55.5 11.5 9.4 7.9 6.1 4.8 4.6 4.3 2.7 

K - L behaves as though i t h a d two free translat ions a n d one v i b r a t i o n (2T + 
I V ) ; i n C s - L , B a - L , a n d N a - L ASe is intermediate between values ex
pected for 2 T + I V a n d I T + 2 V ; i n L i - L i t is a lmost t h a t for I T + 2 V ; 
whi le i n the Η-zeolites a n d i n L a - L the K r behaves as oscil lators. 

T h e classical heat capac i ty values for 2 T + I V , I T + 2 V , a n d 3 V are, 
respect ively , 16.5, 20.7, a n d 24.9 J / m o l e / ° K , a n d m a y be compared w i t h 
the values g iven earlier for the three Η-zeolites, for w h i c h the calculat ions 
of ASe suggest l oca l i zat ion of K r (i.e., 3 V ) . T h e values of the heat capac i ty 
previously discussed l ie between those expected for I T + 2 V a n d 3 V , 
respectively, i n reasonable agreement w i t h 3 V f rom the entropy. S i m i l a r 
magnitudes for heat capac i ty values have been observed for K r a n d X e i n 
other zeolites (24). 

T h e values of Kx recorded i n T a b l e V for the common temperature of 
166.6 Κ show the thermodynamic aff inity sequence of the zeolites for K r 
(AAB = — RT In Ki). A m o n g the sorbents H-of fret i te is outstanding . 

Conclusion 

T h e comparison of sorpt ion equ i l ib r ia a n d energetics of iner t gases i n 
a range of ion-exchanged forms of zeolite L is diff icult to interpret f u l l y . 
T h i s m a y be the result of incomplete exchanges f ound w i t h the zeolites 
studied a n d of possible rearrangements a n d m i x i n g of the cations i n the 
exchange forms d u r i n g outgassing at 350°C. Nevertheless some regu
larit ies have been observed. 

T h e v i r i a l i so therm equat ion, w h i c h can represent exper imental iso
t h e r m contours we l l , gives H e n r y ' s l a w at l ow pressures a n d provides a 
basis for ob ta in ing the fundamenta l constants of sorpt ion equ i l ibr ia . A 
further step is to employ s tat is t i ca l a n d q u a n t u m mechanica l procedures to 
calculate e q u i l i b r i u m constants a n d s tandard energies a n d entropies for 
comparison w i t h those measured. I n th is d i rec t ion moderate success has 
a l ready been achieved i n other systems, such as the gas hydrates (26, 26) 
a n d several gas-zeolite systems (14, 17, 18, 27). I n the present w o r k ASe 

for k r y p t o n has been interpreted i n terms of s tat i s t i ca l thermodynamic 
models. 

Appendix 

Solution Thermodynamics and the Coefficients A. T h e sorbate-
zeolite so lut ion consists of in t racrys ta l l ine sorbate molecules plus l a t t i c e -
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32. B A R R E R A N D G A L A B O V A Ion-Exchanged Zeolites 371 

forming un i t s of the zeolite, w h i c h are convenient ly chosen as uni ts con
t a i n i n g t w o framework oxygens as i n S i 0 2 , i.e., Μ.χΚ\βϊι-χ02 where M de
notes an equivalent of cations. T h e osmotic pressure, π, i n E q u a t i o n 3 
m a y be equated to the hydrostat i c pressure w h i c h w o u l d be required to 
raise the chemical po tent ia l of the lat t i ce - forming uni ts of zeolite i n the 
so lut ion to this po tent ia l i n the sorbate-free zeolite. T h e lower ing of 
chemical potent ia l , Δμ, of these lat t i ce uni ts i n the so lut ion is Γ 

J o Ρ ' 

Α μ = ρ ν ι ο _ ¥ £ Ι , ~ D P ( 9 ) 

M 2 

A l s o , however, for the so lut ion 

Δμ = CRT In xi (10) 

I n these expressions v±° is the molar vo lume of la t t i ce - f orming un i t s of 
molecular weight Mh

m a is the amount sorbed i n g r a m per g r a m at pres
sure p; M2 is the molecular weight of sorbate ; φ is the osmotic coefficient; 
a n d Xi is the mole f ract ion of lat t i ce un i t s i n the so lut ion . I f x2 is the mole 
f ract ion for the sorbate, then after di f ferentiat ing E q u a t i o n s 9 a n d 10 w i t h 
respect to p, equat ing the r i ght -hand sides, a n d some rearrangement the 
i so therm equat ion takes the f o r m 

1 — ^ f {φ In (1 - x2)}dx2 = - * (11) 
x2 dx2 ρ 

I n der iv ing E q u a t i o n 11 the smal l t e r m ρ Vi° i n E q u a t i o n 9 has been 
omit ted . F o r osmot ica l ly ideal solutions φ = 1 and the corresponding 
i so therm becomes 

X2 = (M1/M2)a = 

ρ {l + (Μ,/Μ^ρ 

T h u s , i n terms of a, the sorpt ion i so therm for osmot ica l ly ideal solutions is 
of T y p e I I I i n B r u n a u e r ' s c lassif ication (29) a n d reduces to H e n r y ' s l aw 
for ( M ! / M 2 ) a « l . 

F o r the non- ideal case (φ ψ* 1) we m a y wr i t e 

^ = - φ 1 η ( 1 - χ 2 ) = Φ ^ ( ΐ + | 2 + Y + . · . ) (13) 

However , x2 = C/(Ci + C) where Ci denotes the moles of la t t i ce un i t s per 
l i t er of so lut ion. A l s o d = 1/υχ

Ό (υχ° i n d m 3 ) , so that w i t h y = C Vi° 
we have x2 = (y/l + y). I f φ is also expressed as a p o l y n o m i a l i n y, 
i.e. 

φ = 1 + ay + by* + cy* + dy* + . . . (14) 

where a to d are coefficients, then E q u a t i o n 13 reduces to 
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37,2 MOLECULAR SIEVES 

CRT= ( Γ + j y ) ν + / 2 ( T T 7 ) + / 3 \ m ) + J 
(15) 

When the relevant terms in this expression are divided by (1 + y), (1 + y)2, 
etc. multiplied out, and summed as far as those in y*, Equation 3 is recovered 
with 

Αι = (a — V 2>i° 
A 2 = (6 - Vie + V a X O 2 

A 3 = (c - V * + Via ~ 1A)(vi°)3 

A 4 = (d - V2c + V * ~ V-e + 

(16) 

These coefficients appear i n the virial isotherm Equation 4. Even for 
osmotically ideal solutions the coefficients A do not vanish i n Equation 4. 
One has in this case 

At* = - V2V10; At* = Vsfo 0) 2; A3

id = - V 4 ( 0 8 ; At* = V > ( 0 4 

If the series in Equation 4 is truncated, for example after the term in C 3 , 
then neither the A nor the Aid wi l l have exactly the above values because 
the experimental A must then do duty for the higher omitted terms. 

If the volume of the unit cell is ν dm 3 and the number of framework 
oxygens in it is 2n then the molar volume of each unit is Vi° = vN0/n where 
N 0 is Avogadro's number. For faujasite, Linde L , erionite, and offretite 
V1° is respectively 0.048, 0.037, 0.039, and 0.039 dm 3 . Thus for expected 
values of C, y = Cvi° wil l normally be less than unity. 
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Heats of Adsorption of CO2 and 
SO2 on Molecular Sieves 

ANDREW A. HUANG and IMRE ZWIEBEL 
Worcester Polytechnic Institute, Worcester, Mass. 01609 

Calorimetric (isothermal) heats of adsorption were measured be
tween 0°C and 100°C for CO2 on 5A, Na-mordenite, H-morden
ite, and Na-X sieves, and for SO2 on Na-mordenite and H-mor
denite using a Bebbe-type instrument The CO2 heat curves were 
horizontal on 5A sieve and were of the type obtained on hetero
geneous surfaces on the mordenites and the Na-X sieve. Neither 
the isotherm nor the heat of adsorption data could be correlated 
with uniform surface models. Using Halsey and Taylor's site 
distribution model, Hill's isotherm for mobile interacting ad
sorbates was extended to heterogeneous surfaces. The resulting 
equilibrium expression correlated the adsorption data over an ex
tended region, and its differentiated form for the isosteric heat 
predicted the measured calorimetric data. The isotherms and 
the calculated heats for the SO2-mordenite systems were anom
alous. 

T n presenting the adsorpt ive properties of molecular sieve zeolites, most 
A authors (1, 2) report isosteric heats. These are obta ined f r o m the 
app l i ca t i on of the t h e r m o d y n a m i c a l l y der ived C l a u s i u s - C l a p e y r o n type 
equat ion to exper imental ly measured e q u i l i b r i u m d a t a . A t a constant 

* - -'timl 
adsorbent l oad ing the e q u i l i b r i u m pressure is p lo t ted as a func t i on of the 
inverse temperature on semilogar i thmic coordinates, a n d the slopes of the 
s tra ight - l ine isosteres y i e l d the isosteric heats. 

A l t e r n a t i v e l y , a n appropr iate i so therm expression m a y be subst i tuted 
i n E q u a t i o n 1 to o b t a i n a n expl i c i t re lat ionship between the isosteric heat of 
adsorpt ion a n d the adsorbent l oad ing (8). T h e v a l i d i t y of these ca l cu 
la ted heats is based u p o n the assumptions t h a t the di f ferential adsorpt ion 

374 
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33. H U A N G A N D zwiEBEL Heats of Adsorption 375 

process is b o t h i so thermal a n d isobaric (4), t h a t the gas phase obeys the 
ideal gas law , t h a t the adsorbent is " i n e r t , " t h a t the v o l u m e of the a d 
sorbed phase is negligible compared w i t h the v o l u m e of the gas phase, a n d 
that the i sotherm equat ion adequately describes the adsorpt ion mechanism. 

U p to now few invest igators have reported ca lor imetr i ca l ly measured 
heats of adsorpt ion data for molecular sieves {6-8). T h i s paper s u m m a 
rizes the results of C 0 2 a n d S 0 2 adsorpt ion measurements on several molec
u lar sieve zeolites us ing a modif ied Beebe (9) ca lor imeter operated i n a n 
i so thermal mode (10). A p p r o x i m a t e l y 4 grams of powdered commerc ia l 
sieve samples, pel let ized, to prevent clogging of a re ta in ing screen, were 
charged to the calor imeter a n d degassed at 360° C a n d near zero pressure 
( < 1 0 - 5 torr ) for 20 hours. Predetermined a n d measured doses of the gas 
were charged to the i n s t r u m e n t ; each sample was sufficiently s m a l l t h a t 
the temperature of the system never increased b y more t h a n 0.2°C. T h e 
est imated precision of the measured heats of adsorpt ion was =fc 6 % . 

Results and Analysis 

T h e C 0 2 ca lor imetr ic heats a n d the exper imental isosteric heats ob
ta ined f r o m E q u a t i o n 1 compare favorab ly for the 5 A sieve (Figure 1), a n d 
they agree moderate ly w e l l for the H - m o r d e n i t e (Figure 2). F o r the N a X 
system (Figure 3), however, the comparison is at best qua l i ta t ive . S i m i l a r 
results were obta ined at other temperatures i n the 0 ° C - 1 0 0 ° C region. 

20 

ο 0.2 0.4 0.6 0.8 1.0 

Fractional Coverage θ 

Figure 1. Heat of adsorption on δ A sieve 
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15 
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Figure 2. Heat of adsorption on H-mordenite 
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Figure 3. Heat of adsorption on NaX sieve 
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33. H U A N G A N D zwiEBEL Heats of Adsorption 377 

T h e predicted isosteric heats, based on the L a n g m u i r a n d the B E T 
equations (with the coefficients obta ined b y fitting the l inear ized forms of 
these equations to the exper imental data) i n con junct ion w i t h E q u a t i o n 1, 
depart s igni f icantly f r om calor imetr ic d a t a over a wide range of adsorbent 
loadings. T h i s is t rue even i n the regions where these e q u i l i b r i u m equa
tions correlate the adsorpt ion d a t a qui te we l l , i.e., Θ ^ 0.6 ( w i t h nm de
t e rmined f r o m the L a n g m u i r p lots a t the i so therm temperature i n ques
t i on ) . T h e observed deviat ions m a y be a t t r i b u t e d to the l i m i t a t i o n s 
associated w i t h these adsorpt ion models. Neg l ig ib le adsorbate-adsorbate 
interact ions, immob i l e adsorpt ion , a n d adsorbent homogeneity are the 
most l i k e l y assumptions t h a t are not appl icable to systems at h a n d . 

U s i n g the e q u i l i b r i u m equat ion developed b y H i l l (11) a n d adapted b y 
K i s e l e v (12) 

θ θ 
Wo = h In In φ = In Κλ + Κφ (2) 

1—0 1 - θ 

w h i c h accounts for the interact ions a n d the adsorbate m o b i l i t y , a more 
sat is factory pred ic t ion w o u l d be expected. H o w e v e r , th is was not re 
a l ized . W h e n the exper imental da ta are p l o t t ed on the appropr iate co
ordinates, curves w i t h m i n i m a are obta ined instead of s tra ight l ines w i t h 
posit ive slope (see F i g u r e 4) . T h e dramat i c deviat ions f r o m theory , es
pec ia l ly at the l o w adsorbent l oad ing regions, suggest t h a t adsorbent 
heterogeneity p lays a most i m p o r t a n t role i n the adsorpt ion on sieves. 
T h i s w o u l d be expected since the electrostatic fields associated w i t h the 
ionic species w i t h i n the crysta l l ine m a t r i x n a t u r a l l y contr ibute to adsorbent 
nonuni formit ies . 

H a l s e y a n d T a y l o r (13) adapted the L a n g m u i r model to adsorpt ion on 
heterogeneous surfaces b y assuming a n exponential site energy d i s t r i b u t i o n 
a n d integrat ing over a n inf inite c o n t i n u u m of posit ive energies. F o l l o w i n g 
s imi lar procedures, H u a n g (10) modif ied H i l l ' s equat ion to heterogeneous 
surface adsorpt ion . T h e resul t ing i sotherm equat ion is 

Wn = In Kx + Κφ (3) 

θ + x 

where Wu = + In — In φ (3a) 

S u b s t i t u t i n g E q u a t i o n 3 in to E q u a t i o n 1 the corresponding expression for 
the isosteric heat becomes 

* - { 1 + ϊ [ ! Μ Ι - · + · [ ^ ] . · + 

T h e va lue of em, the average adsorpt ive energy f r o m the adsorbent hetero-
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Figure 4. Correlation of C02 isotherms according to 
Η ill's model (Equation 2) 

geneity, m a y be evaluated f r o m the e q u i l i b r i u m d a t a p lo t ted o n l o g a r i t h 
mic coordinates a n d the app l i cat ion of nonl inear least-squares curve - f i t t ing 
techniques to the slope of the curve. T h e constants Ki a n d K2 are e v a l u 
ated f r o m the stra ight - l ine plots of Wn vs. 0, as ind i ca ted b y E q u a t i o n 3 
a n d shown i n F i g u r e 5. T h e resul t ing constants Kx a n d em v a r y exponen
t i a l l y w i t h the inverse temperature whi le K2 has a l inear inverse temperature 
dependence. U s i n g the appropr iate values of the coefficients i n E q u a t i o n 
4 values of the heats of adsorpt ion can be predicted . T h e resul t ing agree
ment w i t h the exper imental results (see F igures 1-3) shows significant 
improvement over the s imple homogeneous model cases. 

Discussion 

T h e heat of adsorpt ion data of the C 0 2 - 5 A sieve system exhibi t homo
geneous surface properties as shown b y the re la t ive ly i n v a r i a n t heat of 
adsorpt ion . T h e agreement between the calor imetr ic heats a n d those 
predic ted b y E q u a t i o n 1 are reasonably good, a n d the app l i ca t i on of E q u a 
t i o n 4 provides l i t t l e improvement . O n the other h a n d , the C 0 2 - N a X 
sieve system a n d the C 0 2 - H - m o r d e n i t e system show significant hetero
geneous character . I n these cases the model described b y E q u a t i o n s 3 a n d 
4 is necessary to ob ta in acceptable predict ions. 
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33. H U A N G A N D Z W I E B E L Heats of Adsorption 379 

T h e N a X a n d mordenite results agree qui te we l l w i t h previous ly 
publ ished C 0 2 adsorpt ion d a t a (1). T h e 5 A sieve results, however, are 
quite different b o t h i n f o rm a n d i n magnitude (1); these can best be ex
p la ined b y differences i n the q u a l i t y a n d character of the adsorbents w h i c h 
is supported b y independent ly measured isotherm data . 

E q u a t i o n 4 m a y be v iewed as a three-constant extension of the s impler 
equations, a n d the resul t ing improvement i n agreement between the pre 
dict ions a n d the exper imental values m a y be a t t r i b u t e d to the inc lus ion of 
extra a r b i t r a r y constants. I f so, s imi lar models, such as the K i s e l e v equa
t i o n , w h i c h has the same number of constants, w o u l d be expected to prov ide 
the desired predict ions. However , neither this nor other models d i d 
correlate the experimental data . Therefore, us ing models t h a t include 
terms that describe the s t ipulated preva i l ing phenomena (heterogeneity, 
m o b i l i t y , adsorbate interactions) provides a more real ist ic model of the 
ac tua l mechanism a n d thus enables more accurate predict ions. T h e 
app l i ca t i on of exper imental da ta to the proposed technique requires on ly 
s l ight increase i n effort, w h i c h is negligible when computers are employed, 
despite the fact t h a t the equations are more complex t h a n the expressions 
der ived f r o m the s imple models. 

N o n p h y s i c a l adsorpt ive effects m a y s igni f icantly complicate the sys
t e m behavior . T h e adsorpt ion of S 0 2 on mordenite (both H a n d N a forms) 

12 

ο 1 5-A Sieve 
Δ , H - M o r d e n î t e 

0 .1 .2 .3 4 .5 .6 .7 
Fractional Coverage θ 

Figure 5. Correlation of C02 isotherms according to the 
heterogeneous model (Equation 3) 
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Figure 6. S02 heat of adsorption 

shows rather anomalous behavior . A s reported earlier (2, 15, 16), the 
adsorpt ion a n d desorption curves do not coincide, a n d convent ional h y s 
teresis models cannot be used to describe the observed phenomena. I n 
fact, just as w i t h water , a res idual amount of S 0 2 is retained b y the a d 
sorbent even when the isothermal degassing is cont inued for v e r y l o n g 
times (more t h a n 90 hours) . T h i s " i r r e v e r s i b l y " adsorbed S 0 2 is t empera 
ture dependent; at 0 ° C i t approx imate ly corresponds to the cat ion content 
of the sieve, a n d a t about 250° -300°C i t complete ly disappears. T h e 
predicted a n d exper imental heats of adsorpt ion d a t a are rather interest ing 
(Figure 6). T h e curves diverge at the l ow adsorbent loadings. N o n e of 
the phys i ca l adsorpt ion models is adequate to account for th is behav ior ; 
however, such results are c ommonly observed for systems character ized b y 
chemisorpt ion. 

These observations suggest tha t the heterogeneous effect i n the S 0 2 -
modenite system represents a n extreme case, so m u c h so t h a t chemisorp-
t i v e bonds m a y be s t ipu lated (probably between the S 0 2 a n d the cations) . 
These effects w o u l d , of course, invo lve energy emission a n d show u p i n the 
ca lor imetr ic measurements. H o w e v e r , the specif ic ity of the adsorpt ion 
w o u l d t end to show a re la t ive ly temperature- insensit ive i so therm i n the 
low-pressure region, thus render ing the isosteric techniques of ob ta in ing 
heats of adsorpt ion / chemisorpt ion ineffective. 
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Nomenclature 

Ki equilibrium constant for adsorbate-adsorbent interactions 
K2 equilibrium constant for adsorbate-adsorbate interactions 
η amount adsorbed, mmoles/gram 
nm amount adsorbed at Langmuir monolayer coverage, mmoles/gram 
Ρ equilibrium gas pressure, torr 
P0 saturation vapor pressure, torr 
qs isosteric heat, kcal/(gram mole) 
g s

H calculated isosteric heat of adsorption derived from the modified Hill 
isotherm equation 

R gas constant, kcal/(gram mole)_ 1 ° K _ 1 

Τ absolute temperature, °K 
W H left-hand side of the modified Hill equation 
W0 left hand side of HilPs isotherm equation 
em average adsorptive energy from adsorbent heterogeneity, kcal/(gram 

mole) 
Θ fractional surface coverage, n/nm 

φ relative gas phase pressure, P/Po 
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Analytical Method Applying Polanyi's 
Theory to Adsorption on Synthetic Zeolites 

J. L. GINOUX, J. C. LANG, and L. BONNETAIN 
Ecole Nationale Supérieure d'Electrochimie et d'Electrométallurgie de Grenoble, 
Laboratoire de Chimie Minérale, Domaine Universitaire, 38401 St. Martin d'Hères, 
Grenoble, France 

An analytical method for applying Polanyi's theory at temper
atures near the critical temperature of the adsorbate is described. 
The procedure involves the Cohen-Kisarov equation for the char
acteristic curve as well as extrapolated values from the physical 
properties of the liquid. This method was adequate for adsorp
tion on various molecular sieves. The range of temperature, 
where this method is valid, is discussed. The Dubinin-Radush
kevich equation was a limiting case of the Cohen-Kisarov's 
equation. From the value of the integral molar entropy of 
adsorption, the adsorbed phase appears to have less freedom 
than the compressed phase of same density. 

T n the f ield of chemical engineering the design of adsorpt ion towers oper-
A a t i n g i n a cyc l ic w a y requires a precise knowledge of the re lat ionship 
between the amount adsorbed a n d the e q u i l i b r i u m temperature a n d pres
sure over a large range of these parameters, w h i c h f requent ly includes the 
c r i t i ca l temperature of the adsorbate. O n another h a n d , P o l a n y i ' s theory 
gives a sat is factory correlat ion between exper imental isotherms i n the range 
where the phys i ca l properties of the l i q u i d are k n o w n (near the n o r m a l 
b o i l i n g temperature) . H o w e v e r the theory does not give th is correlat ion 
i n a n a n a l y t i c a l way . I n th is paper a n a n a l y t i c a l method appl icable at 
temperatures w h i c h span the c r i t i c a l temperature of the adsorbate is pre 
sented. T h i s method is based on the P o l a n y i ' s theory a n d on extrapo lat ion 
methods of the phys i ca l properties of the l i q u i d i n th is range of temperature . 

Theory 

P o l a n y i ' s Theory . L e t ps be the saturat ion pressure of the v a p o r of the 
adsorbate at a temperature T, a n d e the decrease i n G i b b s free energy d u r i n g 

382 
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34. G I N O U X E T A L . Polanyi's Theory 383 

the i so thermal passage of one mole of the adsorbate f r o m the l i q u i d phase 
to the adsorbed state exh ib i t ing a n e q u i l i b r i u m pressure ρ : 

e = RT I n - (1) 
V 

L e t q (expressed i n c m 3 N T P / g r a m of adsorbent) be the corresponding 
adsorbed amount , ρ ( g r a m / c m 3 ) the dens i ty of the adsorbed phase, a n d 
Vm ( c m 3 N T P / g r a m of adsorbate) the specific v o l u m e of the gaseous phase 
under n o r m a l condit ions (1 a t m , 0 ° C ) . T h e v o l u m e W ( c m 3 / g r a m of 
adsorbent) occupied b y the adsorbed phase is then expressed b y : 

(2) 

P o l a n y i ' s theory (1) states bas i ca l ly t h a t the e vs. W curve— i .e . , the 
so-called characterist ic curve , is temperature i n v a r i a n t . 

Character is t i c C u r v e Equat i on . T h e first a n a l y t i c a l equat ion of the 
characterist ic curve was proposed b y D u b i n i n a n d R a d u s h k e v i c h (2) as : 

-w.—[-G)"] 
where W0 is the l i m i t i n g va lue of W obtained at saturat ion of the adsorbent 
(e = 0, ρ = ps) w h i c h also corresponds to the whole microporous vo lume . 
Θ is the degree of filling, a n d Ε is a constant w h i c h depends u p o n the adsor-
bate -adsorbent system. 

E q u a t i o n 3 was ver i f ied exper imenta l ly (3) over wide ranges of t e m 
perature a n d e q u i l i b r i u m pressure for the adsorpt ion of var ious vapors on 
act ive carbons w i t h different parameters for the microporous structure . 
F o r adsorpt ion on zeolites, th is equat ion fitted the exper imental results 
w e l l o n l y i n the range of h i g h values of θ (4, 5, 6, 7). A m o n g other equa
t ions proposed for the characterist ic curve (4, 6, 8, 9, 10) we chose to use 
the C o h e n (4) a n d K i s a r o v ' s (10) equat ion, w h i c h starts f r om the fo l lowing 
adsorpt ion i sotherm equat ion : 

<L . ( 4 ) 

qm 1 + kpn 

where qm is the m a x i m u m adsorbed amount , reached for inf inite values of 
p. E q u a t i o n 4 has been k n o w n for m a n y years a n d was successfully a p 
p l i ed to the adsorpt ion of C 0 2 a n d var ious hydrocarbons on microporous 
carbons (11,12) a n d of water o n zeolites (13,14). 

C o h e n po inted out t h a t i t was necessary to make two assumptions : 
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384 M O L E C U L A R S I E V E S 

RT (5) 
A 

k = exp 
C M - RT In pt 

A 
(6) 

i n order for E q u a t i o n 4 to be consistent w i t h P o l a n y i ' s theory. Parameters 
A a n d E M depend on ly upon the adsorbate-adsorbent system. 

A c c o r d i n g to the classical assumpt ion that the adsorbed phase density 
depends on ly u p o n the temperature a n d not u p o n the amount adsorbed, 
one m a y express the characterist ic curve equat ion as : 

Ext rapo la t i on of ps. A c c o r d i n g to L e w i s et al. (16) the In ps vs. T~l 

curve was l i n e a r l y extrapolated at temperatures above the c r i t i ca l , a n d we 
replaced ps b y i ts fugac i ty fs at any temperature i n E q u a t i o n 1, m a k i n g 
al lowance for non- idea l i ty of the gas at the pressure ps. 

A d s o r b e d P h a s e D e n s i t y . T a k i n g into account that isosteres a n d 
saturated vapor pressure curves are l inear for coordinates In ρ vs. T~l, 
B e r i n g a n d D u b i n i n ' s m e t h o d (16) a l l owed us to der ive ρ vs. Τ b y E q u a t i o n 
6, a long a n isostere. Neg le c t ing the dependence of ρ on q re lat ive to tha t 
of ρ on T, according to a c lassical assumption , we obta ined ρ = f(T) w i t h 
adjustable parameters . 

P o l a n y i ' s theory is adequate i n a large d o m a i n near the n o r m a l b o i l i n g 
temperature of the adsorbate, w i t h ρ t a k e n equal to the density of pt of the 
l i q u i d . T h u s the adjustable parameters were adjusted to give a common 
tangent for the two curves ρ vs. Τ a n d ρ ζ vs. Τ, at a reference temperature 
To, w h i c h is the n o r m a l b o i l i n g temperature , or the t r ip l e po int temperature 
for C 0 2 . T h e fo l l owing equat ion was obta ined (17) : 

(7) 

(8) 

where : 

Po — (ρι)τ=τ0 

do = 
/ 1 dpA 
\ PidTj 

a n d a is a n adjustable parameter . 
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34. G i N O U X E T A L . Polanyi's Theory 385 

Experimental Verification 

M e t h o d . T h e v a l i d i t y of E q u a t i o n 7 for exper imental isotherms at 
var ious temperatures can be demonstrated wi thout any assumpt ion con
cerning the dependance of ρ on T. T h e test consists, at each t empera 
ture , i n l ook ing for a va lue of qm g i v ing a temperature- independent straight 
l ine i n a p lot In (q/(qm — q)) vs. e, according to : 

1 η _ 2 _ , ρ _ (9) 
Qm - q A 

T h i s test was successfully carr ied out (18), a n d resul t ing values of qm 

exhib i t a dependance upon T, f i t t ing w e l l w i t h E q u a t i o n 8 (17). H o w 
ever, such a method is ra ther long , a n d i n th is work , we preferred to look 
for a a n d Wo b y successive i terat ions . A unique s tra ight l ine was achieved 
i n a p lot of E q u a t i o n 7 i n the f o l l owing f o r m : 

In — = (10) 
Wo - W A 

T h i s search for values of W0 a n d a was done b y a computer us ing a 
least-squares method . 

E x p e r i m e n t s . E x p e r i m e n t a l adsorpt ion isotherms were determined 
w i t h a classical manometr ic apparatus i n the e q u i l i b r i u m pressure range 
1-760 t o r r a n d at temperatures 0 ° - 8 0 ° C , thus rang ing above a n d below 
the c r i t i ca l temperatures Tc for the adsorbates (see T a b l e I ) . 

T a b l e I . E x p e r i m e n t a l Condit ions a n d R e s u l t s 
Adsorbate 
Adsorbent 

Tc (°C) 
Range of exp. temperature (°C) 
Wo (cmVgram) (cristallography) 0.26 
Wo estimated (Equation 10) 

(cal/mole) 
A (cal/mole) 

eu/A 
a I pc 

Adsorbents were synthet ic zeolites 5 A a n d 1 3 X , manufac tured b y 
L i n d e , as w e l l as a n hydrogen mordenite manufac tured b y C . E . C . A . 
(Carbonisat ion et Charbons A c t i f s , Par is ) ; the samples were i n pel let ized 
f o r m a n d contained 20 w t % binder . F r o m crysta l lographic d a t a for zeo
l i tes 5 A a n d 1 3 X (19) a n d H - m o r d e n i t e (20), Wo values were computed a n d 
corrected for the presence of the b i n d e r ; these Wo values appear i n T a b l e 
I . I n the same w a y , we also s tudied a microporous carbon (Cecalite) 

co 2 C2H4 C 0 2 C 0 2 C 2 H 6 

13X 5A H-Mordenite Cecalite 
31.1 9.7 31.1 31.1 32.1 
20-76 0-86 0-80 0-80 0-80 
0.26 0.23 0.135 
0.24 0.195 0.17 0.20 0.22 
3520 4300 2840 2110 3230 
1190 1380 1270 820 1050 
3 3.1 2.2 2.6 3.3 

1.4 1.3 1.3 2.4 0 
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386 M O L E C U L A R S I E V E S 

manufac tured b y C . E . C . A . T h i s substrate exhibits molecular sieve prop 
erties corresponding to a pore diameter of about 6 A . 

R e s u l t s . A s shown i n Figures 1 a n d 2 i t is possible b y us ing E q u a t i o n 
8, a n d w i t h convenient ly chosen values of a a n d Wo, to v e r i f y E q u a t i o n 
10 sat is factor i ly i n every case. I n T a b l e I , the most probable values of 
C M , A, Wo, a n d a/pc (pc be ing the c r i t i c a l density of the adsorbate) are pre 
sented. 

f C0^-13X C 2 H 4 - 5 A 
+ 0 °C 0 ° c 

2 3 4 5 £ (kcal/mole) 

Figure 1. Test of Cohen-Kisarov equation, case of COz-13X and 
C<iHi-5A systems 

Figure 2. Test of Cohen-Kisarov equation, case of COr-Cecalite and 
CO^-H-mordenite systems 
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34. G I N O U X E T A L . Polanyi's Theory 387 

Discussion 

T h e computed values of WQ l ie near those calculated f r om crys ta l l o -
graphic d a t a for synthet ic zeolites. T h e va lue WQ = 0.195 c r n 3 / g r a m es t i 
mated here for zeolite 5 A also compares favorab ly w i t h the mean va lue 
WQ = 0.20 c m 3 / g r a m prev ious ly obta ined (21) for the adsorpt ion of var ious 
adsorbates on the same adsorbent, w i t h o u t reference to any i sotherm equa
t i o n . F o r the synthet ic zeolite, the preparat ion method m a y lead to v a r i 
ations i n adsorpt ion properties, a n d this m a y expla in the difference between 
values of WQ shown i n the T a b l e I . F i n a l l y , for Cecal i te , where no theo
re t i ca l va lue is k n o w n , the values obtained here for WQ w i t h two different 
adsorbates are consistent w i t h each other. T h u s , the proposed method 
gives real ist ic values for WQ. 

H o w e v e r , one m a y observe t h a t i n E q u a t i o n 4 the saturat ion of the 
adsorbent (W = WQ, q = qm) is reached for a va lue of ρ approaching i n 
finity—i.e., e--> œ a l though P o l a n y i ' s theory predicts saturat ion for e = 

0. Converse ly , subst i tut ion of e = 0 into E q u a t i o n 7 yields for W, a 
va lue s l i ght ly lower t h a n WQ (the difference l y i n g between 3 a n d 1 0 % , de
pending upon the eM/A va lue) . T h i s pecu l iar i ty of the C o h e n - K i s a r o v 
equat ion gives rise to the theoret ical question of i ts v a l i d i t y at h i g h pres
sure ; however this question is of l i t t l e prac t i ca l importance compared w i t h 
the l a c k of accuracy i n the experimental determinat ion of WQ. 

Values of A shown i n T a b l e I lead to values of η (calculated b y E q u a 
t i o n 5) w h i c h are a lways lower t h a n u n i t y — t h e same result t h a t previous 
users of E q u a t i o n 4 have found. 

H o w e v e r the question m a y arise whether E q u a t i o n s 4 a n d 5 w o u l d 
a lways be v a l i d at higher temperature. Indeed, w i t h increasing tempera
tures, η should become higher t h a n u n i t y , thus leading to isotherms of type 
V of B r u n a u e r ' s classification (22). A d s o r p t i o n isotherms were carr ied 
out i n this l aboratory (23) on the same adsorbents w i t h N 2 , A r , C H 4 as 
adsorbate, the ir c r i t i c a l temperature be ing —147.1, —122, a n d — 82.5°C 
a n d the s tudied range being 0 -80°C . Over this d o m a i n of supercr i t i ca l 
temperatures, these experiments l e d to a temperature- independant va lue 
of η equal to 1. T h u s , E q u a t i o n 4 reduces to L a n g m u i r ' s equat ion, a n d 
C o h e n - K i s a r o v ' s equat ion is no longer v a l i d . I n the same manner , the 
ca lculated dépendance of qm on Τ no longer fitted E q u a t i o n 8. A s a re 
sult , the proposed method is v a l i d o n l y i n a range of temperature not ex
cessively exceeding the c r i t i ca l temperature . 

Comparison Between the Cohen-Kisarov and Dubinin-Radushkevich 
Equations. I n a p lot of log q vs. e2 the exper imental po ints for one adsorp
t i o n i so therm on zeolite f requent ly do not give a straight l ine , w h i c h 
w o u l d ver i f y the D u b i n i n - R a d u s h k e v i c h equation. I n th is case, two 
d is t inct l ines of different slopes are found (4). 
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388 M O L E C U L A R S I E V E S 

L e t us assume t h a t a n exper imental i so therm is perfect ly described b y 
the C o h e n - K i s a r o v equat ion. W h e n p l o t t i n g the experimental po ints 
w i t h the previous coordinates, three different cases m a y occur : (1) i f 
€ M / A < 2, a case w h i c h was not yet f ound ((4) a n d T a b l e I ) , the curve 
exhibits a constant convex curvature towards the ordinate ax is ; (2) i f 
€M/A > 2, the curve exhibits two d i s t inc t inf lect ion po ints (F igure 3) where 
the exper imental curve m a y easi ly be confused w i t h the tangent t o the 
inflection po int , thus exp la in ing the previous observations; (3) i f eu/A 
decreases to a va lue of 2, these inf lect ion points are unif ied to give a large 
l inear section, a n d the D u b i n i n - R a d u s h k e v i c h equat ion behaves as a l i m i t 
i n g case of the C o h e n - K i s a r o v equat ion. 

Figure 3. Log θ vs. (^/eM)2 for isotherms perfectly described by the 
Cohen-Kisarov equation, with different values of the parameter 

eM/A; ( · ) Inflection point 

I n our experiments a va lue of C M / A s l i ght ly exceeding 2 was f ound 
o n l y for the system C 0 2 - H - m o r d e n i t e . I n this case (Figure 4) the exper i 
m e n t a l points l ie on a unique l ine for coordinates l og W vs. e2, bear ing i n 
m i n d the exper imental errors. T h u s , i n this case, the two d is t inc t equa
t ions fit s imultaneously . Converse ly , two d ist inct l ines were f ound for the 
other systems (6) w i t h €M/A exceeding 2. 

T h i s difference i n behavior between H-morden i te a n d 5 A a n d 1 3 X 
zeolites m a y be explained b y a r e m a r k f r o m D u b i n i n a n d A s t a r k h o v (8). 
A c c o r d i n g to them, E q u a t i o n 3 applies w e l l i n the absence of cations such 
as N a + or C a 2 + i n the microporous vo ids , when the L o n d o n dispersion 
forces p l a y the chief role d u r i n g adsorpt ion. O n the contrary , the charged 
cations l ead to interact ions of a different nature , a n d E q u a t i o n 3 is no 
longer v a l i d . T h e behavior of the H-morden i t e corresponds to the former 
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σ» 

-11 

V 
-1.5 

c o 2 - H-mordenite 

+ θ ° c 
ο 15,5 ° C 
Δ 30 ° C 
• 4 0 °C 

• 50,5 °C 
Χ 60,1 °C 

70,1 °C 
• 80,2 °C 

-I ι ι r 

0 10 2 0 3 0 ( k c a | m 0 | e ) 2 

Figure 4· Log W vs. e2 for the COz-H-Mordenite system; full line: theo
retical curve according to the Cohen-Kisarov equation 

case, the Η-framework b o n d be ing more covalent t h a t the N a - (or Ca- ) 
framework b o n d — t h e case for 1 3 X or 5 A zeolite. F o r the Cecal i te carbon, 
the nature of the surface is not k n o w n as we l l as i n the previous cases, a n d 
such a conclusion cannot be d r a w n . 

A d s o r b e d P h a s e Entropy . Since E q u a t i o n s 7 a n d 8 can accurate ly 
describe the relat ionship between q, T, and p, we m a y use t h e m to calculate 
the integra l molar entropy of the adsorbed phase. A t temperatures 
s igni f icantly lower t h a n c r i t i ca l for the adsorbate, the entropy of the a d 
sorbed phase is usua l ly compared w i t h the entropy of the l i q u i d at same 
temperature i n order to compare the freedom of each phase. Because our 
exper imental d o m a i n was higher, we sha l l make this comparison w i t h the 
gaseous phase compressed to the same density ρ as determined b y E q u a t i o n 
8. 

L e t Sg° be the s tandard entropy of the gas at the s tandard pressure 
(po = 1 atm) a n d at the experimental temperature. T h e p a r t i a l molar 
entropy Ss a n d the integra l entropy Ss of the adsorbed phase are g iven b y : 

S.=Bf + R } n 2 - R T ( ^ ) (ID 

1 Cq 

S8 = Ssdq (12) 
9 J o 

a n d the fo l l owing relat ionship m a y be der ived : 

Ss = Sg° - ^- [RT In - ) + — In (1 - Θ) (13) 
dT \ po/ θ 
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w i t h : 

1 dp 
ρ dT 

(14) 

N u m e r i c a l values of S, were obta ined after replac ing ps byfs according 
to L e w i s ' method . F i g u r e 5 shows t h a t the entropy of the adsorbed phase 
a lways lies below t h a t for gaseous phase compressed to the same density . 
T h u s the adsorbed phase is more local ized a n d has less freedom t h a n the 
compressed phase. 

20Ό 

35 L 

Figure 5. Comparison of the integral entropy of the adsorbed 
phase (solid lines) with the entropy of the gaseous phase of same 

density (dashed lines) 

Conclusion 

T h e method proposed here for a p p l y i n g P o l a n y i ' s theory a n a l y t i c a l l y 
agrees w e l l w i t h experiments at temperatures not too far above the c r i t i ca l 
temperature of the adsorbate. I n th is domain , the D u b i n i n - R a d u s h k e v i c h 
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34. GINOUX ET AL. Polanyi's Theory 391 

equation may be considered as a limiting case of the Cohen-Kisarov equa
tion, denoting preponderance of London dispersion forces in adsorptive 
interactions. At higher temperatures the proposed method no longer 
applies, and isotherms are well described by the Langmuir equation. 

In the range of validity of our method, integral molar entropies were 
easily computed by the appropriate equations and showed a loss of freedom 
for the adsorbed phase with respect to the compressed phase of same 
density. 
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35 

Diffusion of Hydrocarbons in Mordenites 
by Gas Chromatography 

YI HUA MA and CLAUDE MANCEL1 

Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, 
Mass. 01609 

A new mathematical model based on moment techniques to de
scribe micro- and macropore diffusion is used to study the mass
-transfer resistances of C1 to C4 saturated hydrocarbons in H and 
Na mordenites between 127°C and 272°C. The intracrystal
line diffusion coefficient decreases as the number of carbon atoms 
increases while the energy of activation increases with the number 
of carbons. The contribution from individual mass-transfer 
resistances to the overall mass-transfer processes is estimated. 
The intercrystalline diffusion resistance makes a major con
tribution to the total resistance at low temperatures. Isosteric 
heat of adsorption increases with the number of carbons from 
4.4 kcal/mole for CH4 to 10.9 kcal/mole for n-C4H10. 

^ F e o l i t e s possess the remarkable proper ty of h a v i n g a wel l -developed u n i -
f o rm int racrys ta l l ine pore s tructure (micropores), b u t the crysta l l i tes , 

w h i c h are c ommonly about 1 μπιβίβΓ i n size, are usua l ly bonded together 
into granules p r o v i d i n g a second type of pore d i s t r ibut i on (macropores). 
T h u s , a molecule entering a part ic le w i l l encounter three d is t inct types of 
resistances: (1) mass transfer f r om the m o v i n g gas s tream through the 
s ta t ionary f i lm , (2) mass transfer w i t h i n the macropore network of the 
granule to the external surface of the crystals , a n d (3) mass transfer w i t h i n 
the micropore system. T h e purpose of th is w o r k is to s tudy the re lat ive 
importance of these resistances b y in jec t ing a pulsed gas t h r o u g h a packed 
bed of mordenites, a n d to prov ide necessary in fo rmat ion to answer the 
controvers ial a n d somewhat confusing prob lem of determining the r a t e -
contro l l ing step i n a system h a v i n g a b ipore d i s t r i b u t i o n . 

1 Present address : Procter and Gamble, European Technical Center, Tenselaan-
100-B1820 Strombeck-Bever, Belgium. 
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35. M A A N D M A N C E L Diffusion of Hydrocarbons 393 

Theory 

T h e concentrat ion C(x, t) of a pulsed gas as a funct ion of t ime a n d a x i a l 
pos i t ion i n a bed packed w i t h a bipore d i s t r i b u t i o n so l id can be obta ined b y 
so lv ing the fo l lowing set of equations w i t h appropr iate i n i t i a l a n d boundary 
condit ions (1,2) 
mass balance i n the mobi le phase 

η — - υ — - - — - D (—\ = — 
ax* ax R T e a \ ar )r„R ~ at 

mass balance i n the macropores 

D + ?^?\ _ i ι ~ r/àCA = aCa 
a \ a r 2 r ar ) P o τ \ o p / p = p o at 

mass balance i n the micropores 

/ a C i 2dCA = àCt 
\ dp2 paP) at 

where C is the pulsed gas concentrat ion i n the mobi le phase (moles / cm 3 ) , 
D is the a x i a l dispersion (cm 2 / sec) , U is the in ters t ia l ve loc i ty (cm/sec) , R 
a n d po are the characterist ic lengths of part i c le a n d c rys ta l , respect ively , a n d 
€ a n d r are the porosites of the co lumn a n d the part ic le , respectively. T h e 
subscripts a a n d i s tand for macropore a n d micropore, respectively. 
T h e so lut ion of th is mathemat i ca l model (1, 2) al lows the calculations of 
the first absolute moment μι denned as 

tC(L, t)dt 

μι = d) J C(L, t)dt 
ο 

T h e q u a n t i t y μι can also be expressed i n terms of phys i ca l quantit ies 

- ' - | [ I + L r ' ( , + i T- T j t ) ] + i < 2 ) 

where C(L, t) is the concentrat ion of the pulsed gas at the exit of the c o lumn 
of l ength L , t0 is the in ject ion t ime , a n d Κ is the adsorpt ion e q u i l i b r i u m 
constant defined as 

moles adsorbed per unit volume of pellet j . . . . . / O N 

Κ = — — - — — — at equilibrium (3) 
moles not adsorbed per unit volume of pellet 
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394 M O L E C U L A R S I E V E S 

I n the der iva t i on of E q u a t i o n 2 i t was assumed t h a t the adsorpt ion 
i so therm is l inear . T h i s is general ly the case i n gas chromatography as a 
v e r y s m a l l q u a n t i t y of pulsed gas is injected. ( N o r m a l l y less t h a n 4 c m 3 

of pulsed gas was injected in to a c o l u m n packed w i t h 400 grams of a d 
sorbents.) 

I t is also possible t o calculate the second centra l moment w h i c h is 
defined as 

J o ( < ~ M l , ) 

/ · 00 

J C(L, ι 

')2C(L, t)dt 

/ n ' = μ 2 ' ~ foi')1 = „ , (4) 
t)dt 

where 

W(L, t)dt 

M2' = (5) 
C(L, t)dt I 

T h i s m a y also be expressed as 

- " [ Ε Ο + ' ^ Γ Ο + ^ - ' * ) ) " * 

A c c o r d i n g t o E q u a t i o n 2, a p lot of μι'/L vs. l/U should result i n a stra ight 
l ine passing t h r o u g h the or ig in w i t h a slope M 

M = 1 + r + l~K) (7) 

as ίο/2 is negligible for a v e r y short in jec t ion t ime . F r o m E q u a t i o n 7 
one can calculate the adsorpt ion e q u i l i b r i u m constant K. T h i s is not 
surpr is ing as μι represents the center of g r a v i t y of the chromatographic 
peak a n d thus should be re lated to the e q u i l i b r i u m properties of the process. 
F o r a s y m m e t r i c a l peak μι is equal to the " r e t e n t i o n t i m e , " a commonly 
used t e r m i n gas chromatography. 

F o r a pulse in jec t ion (fo 2/12 « 0) f r o m E q u a t i o n 6 a p lo t of μ 2Ι7/2Ζ/ 
vs. l/U2 should y i e l d a s t ra ight l ine w i t h a slope of DM2 a n d a n intercept 

« V r / \2kB T 8D. / T V ; « 15 A (8) 
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35. M A A N D M A N C E L Diffusion of Hydrocarbons 395 

F r o m the va lue of the slope, the a x i a l dispersion coefficient D can be de
termined . T h e intercept contains three constants, k, D a , a n d D i , w h i c h 
characterize the mass transfer w i t h i n the part ic le . T h i s is to be expected 
as μ 2 describes the broadening of the peak w h i c h is caused b y the s u m of the 
resistances encountered b y the molecules t rave l ing through the packed bed. 

O n l y the first t e r m i n E q u a t i o n 8 depends on the part i c le size R. 
T h u s b y v a r y i n g the size of the partic les i t is possible to determine the 
values of D a a n d A i f one knows the va lue of k. A s suggested b y Schneider 
a n d S m i t h (3), one can use the fo l lowing expression (4) to calculate k 

ATNu = 2.0 + 0.60(W/*(iVsc)1 /a <9) 

where i V N u = 2Rk/DAB, Nite = 2RU/v, N&c = V/DAB, V is the k i n e m a t i c 
v iscos i ty , a n d D A B is the molecular diffusion coefficient for A dif fusing i n 
B . D A B can be obta ined b y usual methods (4) (e-g., D A B = 1 . 1 0 c m 2 / s e c 
for methane i n h e l i u m at 127°C a n d atmospheric pressure). I f the R e y n 
olds number is s m a l l as is generally the case i n gas chromatography , Ν·χη 

2.0, a n d i n th is l i m i t i n g case 

2Rk 
— = 2 or kR = DAB (10) 
DAB 

B y us ing the first two moments i t is , therefore, possible to calculate 
the mass-transfer coefficients w h i c h characterize the dif fusional resistances 
of a part ic le w i t h a bipore system. T o calculate these moments i t is neces
sary to integrate the exper imental values of (7(1/, t) as a funct ion of t ime at 
different values of U. 

Experimental 

Apparatus . B a s i c a l l y the apparatus resembles a s imple gas chromato -
graph. A schematic d iagram of the equipment is shown i n F i g u r e 1. 
H e l i u m gas was passed through one side of a G O W M A C gold tungsten 
T . C . detector (reference line) a n d then through the packed co lumn. A 
fast H e w l e t t P a c k a r d d u a l loop sample in jec t ion v a l v e was used to in ject 
a gas sample. A t the outlet of the c o l u m n the gas mix ture was passed 
through the T . C . detector (sample l ine) , and the s ignal f r om the differ
ence i n t h e r m a l c onduc t i v i ty between the two lines was recorded for 
analysis . T h e co lumn was fitted t i g h t l y through ho l low c y l i n d r i c a l bronze 
bars to ensure good heat transfer. T h e c o l u m n was heated b y insulated 
c y l i n d r i c a l heat ing un i t s whose temperature was control led b y four con
trol lers. Thermocouples (16) were located at regular in terva ls inside the 
bronze bars to check the temperature d i s t r i b u t i o n along the co lumn. T h e 
temperature var iat ions were less t h a n ± 1 . 5 ° C at 127°C a n d ± 2 . 5 ° C at 
272°C. 

T h e carrier gas was chemica l ly pure h e l i u m w h i c h was dr i ed b y pass ing 
t h r o u g h a molecular sieve t rap (as were the feed gases methane, ethane, 
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396 M O L E C U L A R S I E V E S 

Figure 1. Schematic of the apparatus: (1) thermal conductivity cell detector, (2) 
column, (3) flow meter, (4) pressure regulator, (δ) drying trap, (β) injection valve, (7) 
recording device; (A) T.C. detector, (B) power supply, (C) recorder, (D) dc micro-

voltmeter, (E) FM adaptor, (F) magnetic tape recorder 

propane, a n d η-butane). Before each experiment the c o l u m n was heated 
for 12 hours at 420° C under an atmosphere of h e l i u m for regeneration. 
T h e flow rate ranged f r o m 1.5 to 10 c m 3 / s e c . T h e poros i ty of the c o l u m n 
was determined b y the b u l k dens i ty of the pellets ( tota l m a s s / v o l u m e of the 
column) a n d the pellet dens i ty (mass of a p e l l e t / v o l u m e of a pel let ) . T h e 
pressure drop i n the c o l u m n was measured w i t h a manometer a n d f ound 
to be negligible (normal ly less t h a n 10 m m ) . 

D a t a Process ing . D a t a processing is an i m p o r t a n t operat ion because 
of the sens i t iv i ty of the higher order moment to a n y noise, base-l ine dr i f t , 
or t a i l i n g . T h e s ignal at the output of the power supp ly (about 5 m V ) 
was ampli f ied to 2.4 V b y a dc micro vo l tmeter a n d t r a n s m i t t e d to a m a g 
netic tape (0.25-inch w i d t h , Scott no. 207) through a frequency modu la tor 
adaptor (Vetter F M adaptor) . T h e magnetic tape was later read back 
t h r o u g h the F M adaptor , d ig i t ized on a h y b r i d computer a n d stored on 
tapes. T h e s ignal t r a n s m i t t e d f r o m the T . C . detector also was recorded 
on a Sargent recorder for comparison. 

A n a l y s i s of the d ig i t i zed peak shapes is c r i t i c a l for the ca l cu lat ion of 
μ 2 . T h e least-squares method was used to determine the base l ine for the 
moment calculat ions. D e t a i l e d descr ipt ion of the d a t a analys is m a y be 
f ound i n Re f . 1. T h e integrat ions of the integrals i n E q u a t i o n s 1 a n d 4 
were done b y Bode 's rule (Newton -Cotes four-point f ormula ) . 
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35. M A A N D M A N C E L Diffusion of Hydrocarbons 397 

Results and Discussion 

F i r s t - O r d e r M o m e n t . F r o m E q u a t i o n s 2 a n d 7 i t follows t h a t μχ/L = 
M/U, a n d a p lo t of μχ/L vs. l/U or 1/UB (where Î7 E = eU) should y i e l d a 
straight l ine passing through the or ig in . T h i s is w e l l demonstrated i n 
F i g u r e 2. F u r t h e r m o r e , E q u a t i o n 7 is independent of R, a n d the values of 
Κ ca lculated f rom different sizes of part ic les should be constant at a con
stant temperature. I t is found t h a t the agreement for the values of Κ 
is w i t h i n 3 % . A s expected, the values of Κ decrease for a g iven gas w i t h 
increasing temperature and increase w i t h carbon number at a constant 
temperature. A l s o the values of Κ are m u c h higher for Η mordenite 
t h a n those for N a mordenite . T h i s is because the r e m o v a l of the N a cat ion 
to produce the Η f o rm of mordeni te results i n a m a t e r i a l of larger pores 
more accessible for the molecules. T h e differences i n adsorpt ion constants 
between these two forms of mordenites are more apparent when the number 
of carbon atoms is increased. T h i s is shown b y a severe reduct ion of the 
Κ va lue f r o m the Η to the N a f o r m w i t h increasing carbon number . (1.4 
t imes for C H 4 , 5 t imes for C 2 H 6 , 20 t imes for C 3 H 8 , a n d 50 t imes for C 4 H]o) . 

F r o m the exper imental values for K, i t is possible to calculate the iso
steric heat of adsorpt ion qst at l ow coverage b y us ing the temperature 

0 02 0.4 0.6 08 

I/Uε 

Figure 2. Dependence of μ1'/L (sec/cm) vs. 1/JJE 
(sec/cm) for propane on Na-mordenite ( U E = Ue) 
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11 1 I I I 1 1 1 

16 20 22 24 
10* χ l/TCK) 

Figure 3. Semilog plot of the adsorption equilibrium 
constant vs. 1/Ύ on H- and Narmordenite 

dependence of Κ 

Κ = KQ exp(-qst/RT) (11) 

where R is the gas constant. T h u s a p lo t of l og Κ vs. 1/T should y i e l d 
a s tra ight l ine of slope —qBt/R. A t y p i c a l p lo t of th is k i n d is shown i n 
F i g u r e 3. T h e isosteric heats of adsorpt ion ca lculated f r o m E q u a t i o n 11 
are g iven i n T a b l e I . A s expected the heat of adsorpt ion increases w i t h 
carbon numbers . E v e n though the Κ values are v e r y different i n the Η 
a n d N a forms, the heats of adsorpt ion of each gas for b o t h mordenites are 
v e r y close. T h i s suggests t h a t under the present condit ions o n l y the 
geometric effects (smaller pores i n the N a form) cause the difference i n Κ 
values , a n d a n y chemical effect of the presence of a different cat ion ( N a + 

Table I. Isosteric Heats of Adsorption, kcal/mole 
H Mordenite Na Mordenite 

C H 4 4.4 4.7 
C 2 H 6 5.8 5.50 
C 3 H 8 8.0 8.8 
n -C 4 H 1 0 10.7 10.9 
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35. M A A N D M A N C E L Diffusion of Hydrocarbons 399 

or H + is not i m p o r t a n t . T h e increment of the heats of adsorpt ion w i t h 
C H 2 f r o m C 2 to C 4 is approx imate ly constant a n d equal to a n average va lue 
of 2.5 k c a l / m o l e . T h i s result is close to those reported b y A v g e l et al. (δ) 
a n d K i s e l e v a n d L o p a t k i n (2) who gave 2.3 a n d 2.4 k c a l / m o l e , respect ively , 
for the increment i n heat of adsorpt ion w i t h C H 2 on N a X for n-alkanes. 
N o such incrementa l va lue was g iven for mordenite a l though F r a b e t t i (6) 
reported heats of adsorpt ion of 3.7, 6.0, a n d 9.0 k c a l / m o l e for methane, 
ethane, a n d propane, respect ively on N a mordenite . A g a i n , th i s is i n good 
agreement w i t h the values obta ined here: 

S e c o n d - O r d e r M o m e n t . T h e l i n e a r i t y of ^U^/2L vs. 1/UB2 is 
shown i n F i g u r e 4. F r o m the slope of the s tra ight l ine , the a x i a l dispersion 
coefficient D can be calculated. W i t h the assumption t h a t kR = D A B , 
D& a n d D i can be ca lculated f r o m the second a n d t h i r d terms i n the bracket 
of the r i g h t - h a n d side of E q u a t i o n 6 b y v a r y i n g the part i c le size. T h e 
results are g iven i n T a b l e I I . A s expected, b o t h in te r - a n d in t racrys ta l l ine 
diffusion coefficients increase w i t h temperature . T h e values obta ined for 
Di i n N a mordenite are somewhat smaller t h a n those obta ined b y Sat ter -
field a n d F r a b e t t i (7) a n d Satterf ie ld a n d M a r g e t t s (8) w h i c h were obta ined 
at a lower temperature . However , F r a b e t t i reported t h a t diffusion co-

25 H MORD. 

ρ 
A 161 °C 
Ο 209°C 
• 272°C 

15 

0.5 10 
l/U E

l 
15 

Figure 4. Dependence of JU 2 UE/#L (sec) on 
- Z / U 2 E (sec2/cm2) for ethane on H-mordenite 

(U E = Ue) 
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T a b l e I I . Var ia t i ons of Da a n d D i w i t h T e m p e r a t u r e 
i n H a n d N a M o r d e n i t e 

H Mordenite Na Mordenite 

Da Di X 10*, Di X 10\ 
Gas Temp, °C cm2/sec cm2/sec cm2/sec cm2/sec 

C H 4 127 0.075 0.47 0.0059 0.052 
161 0.083 0.50 0.0064 0.083 
209 0.085 0.41 0.0067 0.158 

C2H6 127 0.082 0.15 0.0053 0.036 
161 0.093 0.25 0.0050 0.065 
209 0.098 0.34 0.0072 0.072 

C3IÏ8 127 — — 0.0008 0.0054 
161 — — 0.0011 0.0097 
209 0.057 0.13 0.0015 0.0164 

w^C4Hio 127 — — 0.0011 0.0014 
161 — — 0.0008 0.0059 
209 — — 0.0009 0.0090 
272 0.11 0.074 — — 

efficients measured d u r i n g the desorption process were m u c h smaller t h a n 
those measured d u r i n g adsorpt ion (up to two orders of magnitude for 
butane) . A s b o t h adsorpt ion a n d desorption processes take place i n a gas 
chromatography co lumn, one w Tould n o r m a l l y expect the overa l l result to 
reflect p r i m a r i l y the slowest step. T h e close agreement between the a c t i 
v a t i o n energy of diffusion for ethane on N a mordenite reported here [3.8 
k c a l / (gram mole) ] a n d the one given b y F r a b e t t i measured d u r i n g desorp
t i o n [4.0 k c a l / ( g r a m mole)] supports the previous statement. T h e h igh 
ac t i va t i on energies of diffusion for other gases also are consistent w i t h this 
explanat ion . 

T h e energies of a c t i v a t i o n for Da a n d Di are g iven i n T a b l e I I I . T h e 
low ac t i va t i on energy for macropore diffusion m a y be explained as fol lows. 
T h e magnitude of the macropores i n the pel let ized zeolites can usua l ly be 
assumed about 1 Mmeter. F r o m the k inet i c theory of gases, the mean free 

T a b l e I I I . E n e r g y of Ac t iva t i on for I n t e r - a n d Intracrystal l ine 
Di f fus ion i n H a n d N a M o r d e n i t e 

Intercrystalline Diffusion, 
kcal/mole 

1.8 
3.8 
4.1 
5.2 
4.5 
5.2 
8.7 

Material Gas 

H Mordenite C H 4 0.64 
C2IÏ6 0.84 
C3H8 — 

Na Mordenite C H 4 0.60 
C2H6 1.45 
C3H8 2.90 
?2r-C4Hio 2.20 
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35. M A A N D M A N C E L Diffusion of Hydrocarbons 401 

p a t h of a molecule w i t h a diameter of 4 A at 150° C under atmospheric 
pressure is approx imate ly 0.1 μmeteτ. Consequent ly , the diffusion i n the 
macropores should be i n the t rans i t i on region between K n u d s e n dif fusion 
a n d b u l k diffusion. I ts dependency on temperature should be i n the f o r m 
of Tn where 1/2 < η < z/2 as the temperature dependency of b u l k diffusion 
is Tz/i a n d that of K n u d s e n diffusion is Tx/\ A s m a l l molecule w i l l have 
a large mean free p a t h so t h a t i t s dif fusion i n macropores should be closer 
to a K n u d s e n diffusion t h a n a larger molecule as shown i n the table . 

T h e intercept of M 2 ? 7 E / 2 L consists of three parts 

(12) 
2kR 

w h i c h represents the cont r ibut i on of the mass transfer at the surface of the 
part i c le 

(13) 
8Z>a 

w h i c h represents the cont r ibut i on of the resistance i n the macropores 

e l o Di 

w h i c h represents the contr ibut i on f rom the resistance of the i n t r a c r y s t a l 
l ine . T h u s , i t is possible to estimate the fractions of the resistance con
t r i b u t e d b y each i n d i v i d u a l mass-transfer process b y t a k i n g the rat io of the 
i n d i v i d u a l resistance to the t o t a l resistance. 

Table IV. Percentage Contribution of the Individual Resistances to 
the Total Resistance in H Mordenite 

CHA C2H6 

Particle 0.1636 0.0927 0.1635 0.0927 
Radius 

Resistance Μι M2 M% Μι M2 Μ* Μι M2 M3 Mi M2 M3 

127 13.148.0 38.9 6.6 24.2 69.1 20.9 43.136.0 11.0 22.6 66.3 
161 10.7 40.6 48.8 4.8 18.2 76.9 17.0 46.4 36.6 8.9 24.2 66.9 
209 7.2 31.3 61.5 2.8 12.3 84.8 13.7 46.4 39.9 6.8 23.2 70.0 

Resul ts of these calculations for H mordenite are presented i n T a b l e 
I V . T h e macropore diffusion p lays a role far f r o m negligible even at h i g h 
temperature a n d i n some instances (e.g., l ow temperature a n d large p a r 
ticles) is the major contr ibut i on to the t o t a l mass-transfer resistance. N o 
single step controls the overa l l mass-transfer process as no resistance has 
a re la t ive ly large enough contr ibut i on to dominate the process. I n every 
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402 MOLECULAR SIEVES 

case the external mass transfer has a minor role especially with the smaller 
particles and can be completely neglected for materials with small diffusion 
coefficients (Na mordenite). 

The experimental observation of a decrease of the macropore resistance 
with temperature and with the reduction of number of carbons is consistent 
with the fact that molecules traveling through the column are using pri
marily the paths offered by the macropores and only a few of them enter 
the micropore network. When the temperature is increased the number of 
molecules entering the micropores also increases, and the micropore resist
ance contribution relative to the overall mass transfer process is increased 
even though the total resistance is decreased. This explanation fits well 
with the fact that this method is a flow technique, and thus molecules have 
a much smaller residence time inside the particle than in a constant-volume, 
constant-pressure experiment. Accordingly, molecules will prefer to 
travel through the large passageways. 

Conclusion 

A method is presented for obtaining the diffusion coefficients of Ci to 
C 4 hydrocarbons on H and Na mordenite by analysis of their chromato
graphic curves. It is shown that in such a transient device the role of the 
intercrystalline diffusion may be important for the estimation of the total 
mass-transfer resistance. The diffusion coefficients decrease with increase 
in the number of carbon atoms. They are about one order of magnitude 
smaller on mordenite in the Na form than in the H form. The energies of 
activation are higher for intracrystalline diffusion than for intercrystalline 
diffusion. The resistance from intercrystalline diffusion makes an im
portant contribution to the total mass-transfer resistance at low tempera
ture. 
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36 

Variation in the Parameters of the 
Crystalline Structure of Zeolites 
during Adsorption 

A. I. SARAKHOV, V. F. KONONYUK, and M. M. DUBININ 
Institute of Physical Chemistry, Academy of Sciences of the USSR, Moscow V-71, 
USSR 

The size variations of pellets of A-, X-, and Y-type synthetic 
zeolites in different ion-exchanged forms were studied as a func
tion of the adsorption of water, carbon dioxide, and benzene. 
Variation in zeolite size, reaching 0.7% of the initial length, is a 
function of the extent of adsorption, the type, number, and de
gree of cation exchange, and of the adsorbate properties. The 
linear dimension decreases for all zeolites in the range of micro
pore filling up to θ = 0.6 with decreasing density of cations in the 
crystal and, to a first approximation, is independent of the Al/Si 
ratio. An interpretation of the complex nature of the dilatometric 
curves obtained is given. 

Τ T n t i l recently the first assumption i n adsorpt ion theory was the inert 
^ character of the adsorbent. T h u s , the role of the so l id body of the 
adsorbent was to set up a potent ia l f ield causing adsorption. T h i s case is 
usual ly real ized d u r i n g adsorpt ion o n non-porous or re la t ive ly large-pore 
adsorbents for w h i c h one can assume, to a good approx imat ion , tha t the 
chemical potent ia l of the adsorbent remains unchanged d u r i n g adsorpt ion . 
However , w i t h microporous adsorbents, especially act ive carbons a n d 
zeolites, i n w h i c h almost a l l atoms interact d u r i n g adsorption, one can no 
longer ca l l t h e m inert . 

I n recent years investigations were begun i n w h i c h the v a r i a t i o n of 
adsorbent properties, such as electrical c onduc t iv i ty (1, 2), dielectric per
meab i l i ty (3-6), a n d l inear sizes (6-11), were studied. I n these systems 
the adsorbents were usual ly act ive carbons a n d porous glasses. O n l y a few 
studies were carr ied out on zeolites; these studies are interest ing because 
of the perfect porous structures (12-14) of zeolites. A l l these studies 
showed that d u r i n g adsorption the properties of adsorbents do not r e m a i n 
constant. 

403 
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404 M O L E C U L A R S I E V E S 

T h e present paper deals w i t h a n invest igat ion of changes i n the d i 
mensions of the crystal l ine structure of zeolites d u r i n g adsorpt ion. Special 
equipment was b u i l t to s tudy var iat ions i n the length of the adsorbent 
pellet as a funct ion of the extent of adsorpt ion. W e used the weight 
method to measure adsorpt ion a n d the d i latometr ic method to measure the 
l ength of the adsorbent pellet . T h e r e was no need to measure the vapor 
pressure of the adsorptive mater ia l , a n d this fact was par t i cu lar ly i m p o r t a n t 
i n invest igat ing the adsorpt ion of vapors at v e r y l o w pressures (e.g., 
water) . T h i s method al lowed measurements to be made at any , ( w i t h i n 
the l i m i t s of sens i t iv i ty of the wieght method) filling of the adsorpt ion 
space of zeolites. 

Experimental 

T h e equipment for measuring the adsorpt ion values a n d adsorpt ion 
isotherms at e q u i l i b r i u m pressures above 0.01 t o r r was a n adsorpt ion i n s t r u 
ment w i t h a M c B a i n quartz balance of sens i t iv i ty 1.85 X 1 0 ~ 5 g r a m at a 
l o a d of 0.2 gram. A S t r e l k o v - t y p e d i latometer (IS, 16) was placed i n a 
v e r t i c a l glass tube together w i t h the adsorpt ion balance. T h e pr inc ip le 
of the d i latometer operat ion is as follows (Figure 1). A n y change i n the 
length of specimen I , p laced on stage 2, is transformed b y a quartz r o d 
(3) a n d I n v a r frame (4) supported b y a r o l l (5), caused b y a t t r a c t i o n b y 
a magnet (6), in to a r o tary m o t i o n of m i r r o r (7) connected w i t h the r o l l (5). 
T h e angle of r o t a t i o n of the mir ror , w h i c h is proport iona l to the v a r i a t i o n 
i n the specimen length , was measured b y a n autoco l l imator . S e n s i t i v i t y 
of the d i latometer was 1.75 X 1 0 ~ 5 m m , w h i c h a l lowed us, w i t h a zeolite 
specimen 0.5-5 m m long, to measure w i t h a n accuracy two orders of m a g n i 
tude greater t h a n usual x - r a y methods. Zeol ite specimens of ident i ca l shape 
a n d vo lume were placed close together o n the balance scale a n d in to the 
di latometer . Some measurements were made b y the x - r a y Debye-Scherrer 
(camera φ 57.3 mm) method to check d i latometr ic measurements. 

T h e invest igations were done o n type A - , X - , a n d Y - z e o l i t e pellets of 
different ion-exchanged forms molded w i t h 1 2 % (weight percent of de
h y d r a t e d products) kao l in i te c lay since the avai lable sizes of single crystals 
of synthet ic zeolites (2-20 μ) were insufficient for d i latometr ic measure
ments. T h e molded pellets 2 -5 m m long a n d 4 to 5 m m i n diameter were 
hjeat-treated at 600°C to " c r o c k " the c lay . T o compare a n d s tudy the 
effect of the c lay on the v a r i a t i o n i n the sizes of zeolite pellets, pellets 
molded f r om c lay alone a n d heat-treated i n the same w a y as the zeolite pellets 
were used. T h e c lay pellets were of a macro-transit ional -pore type w i t h a 
specific surface area of about 60 m 2 / g r a m conta in ing no micropores. A d -
sorptives used were water , carbon dioxide, and benzene. Measurements 
were made w i t h water at 22°C, carbon dioxide at — 75°C, a n d benzene at 
20°C . 

T h e exper imental d a t a obtained are g iven i n graphs as functions of the 
re lat ive e longation of the pellets (Δ l/l) o n the adsorpt ion va lue ( m l / 
gram) or o n degree of filling of the micropores (Θ), where 0 = 1 represents 
the adsorpt ion of water at a re lat ive e q u i l i b r i u m pressure p/ps = 0.4—i.e., 
w h e n the micropores are completely filled a n d when the cap i l lary condensa
t i o n i n the t rans i t i ona l pores a n d macropores of the secondary porous s t ruc 
ture of the pellets has not yet begun. 
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36. S A R A K H O V E T A L . Size Variations dunng Adsorption 405 

Figure 1. Strelkov-type dilatometer 

Results 

L e t us first discuss the role of c lay i n the pellets to determine to what 
extent the results can be referred to the zeolite c rys ta l . F i g u r e 2 shows that 
for a pellet of N a A zeolite the size has changed considerably. A s imi lar 
result is obtained b y the x - ray method for a c rys ta l of zeolite N a A . T h e 
divergence between curves 1 a n d 2 is probab ly associated w i t h the i n 
correct estimate of the amount of adsorbed water i n the zeolite for x - r a y 
invest igat ion ; th is is because a longer t ime was needed to establ ish 
adsorpt ion e q u i l i b r i u m i n the powder filling a l ong glass cap i l lary of 0.5 m m 
diameter as compared w i t h a pellet of the same zeolite p laced on a n balance 
scale a n d serving as a reference. I n contrast, for a pellet of fired c lay, 
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406 M O L E C U L A R S I E V E S 

size var iat ions are immeasurab ly smal l up to h igh fillings. T h u s , the 
v a r i a t i o n i n the size of the zeolite pellets is caused b y the adsorpt ion of 
water i n the c rys ta l vo ids or micropores—i.e., i n the p r i m a r y porous s t ruc 
ture of the zeolite crystals . 

Figure 2. Change in size with increased water adsorption at 22°C. 
I (O) pellet of zeolite NaA (dilatometric method); 2 (•) crystals NaA 
(x-ray method, paramerter a; length of arrows shows the error in 
x-ray measurements); 8 ( · ) pellet of fired clay (dilatometric method). 

Figure 3. Change in pellet size as a function of the relative pressure on 
benzene adsorption at 20°C. (1) NaA (intergrown crystal without clay), 

(2) NaX with clay. 
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36. S A R A K H O V E T A L . Size Variations during Adsorption 407 

T o determine the effect of adsorpt ion on the secondary porous s truc 
ture of the pellets a n d o n the external surface of the crystals o n the ir size 
var ia t i on , benzene adsorpt ion was measured. T h e voids or micropores of 
the zeolite N a A are inaccessible to benzene molecules. A d s o r p t i o n occurs 
on ly on the external surface of the crystals a n d i n the secondary porous 
structure formed b y the gaps between the contact ing zeolite crystals . I n 
F igure 3 the re lat ive pressure is p lo t ted on the z-axis for better comparison. 
Var ia t i ons i n the sizes of the pellets of zeolite N a A up to p/ps = 0.93 are 
negl igibly smal l , a n d the points coincide w i t h the #-axis. Consequent ly , 
adsorpt ion o n the external surface of crystals a n d at the sites of their 
contact—i.e., i n t rans i t i ona l a n d macropores of the secondary porous 

Figure 4- Dilatometric curves for water adsorption at 22° C on 
pellets of zeolites with clay. (1) NaA, (2) CaA, (3) 8 Li-4 NaA 

(x-ray method). 
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structure of the pel lets—is not accompanied b y perceptible changes i n the 
pellet sizes. T h e curve of size var iat ions for pellets of zeolite N a Y , whose 
vo ids are accessible to benzene molecules, shows substant ia l changes i n the 
sizes, beg inning w i t h the smallest fillings, reaching 0 .08%, a n d t e r m i n a t i n g 
i n the range of p/p8 « 0.5. Hence , over the adsorpt ion range invest igated, 
a l l the d a t a obtained on v a r i a t i o n i n the pellet sizes of zeolites mo lded w i t h 
c lay c a n be referred to the changes i n the sizes i n the zeolite c r y s t a l , a n d the 
effects can be considered to be caused b y adsorpt ion i n the p r i m a r y porous 
structure of the zeolites. 

F i g u r e 4 shows d i latometr i c curves for water adsorpt ion o n pellets of 
zeolites N a A , C a A (16), a n d 8 L i - 4 N a A . Zeol ite N a A expands i n the 
i n i t i a l filling region, reaching a m a x i m u m at θ « 0.15; t h e n i t contracts, 
reaching a m i n i m u m at 0 « 0.65, a n d expands again. A t 0 = 1 i t has 
lengthened b y about 0 .22%. A s imi lar curve is observed for zeolite 
C a A , but the i n i t i a l expansion a n d the subsequent contract ion are smaller 
t h a n for N a A . A different v a r i a t i o n i n size occurs i n zeolite L i A , whose 
curve does not have a n i n i t i a l expansion but shows a final extension to 
about twice the va lue for N a A a n d C a A , reaching 0 . 7 % of the i n i t i a l 
l ength at 0 = 1. 

Figure 5. Dilatometric curves for water adsorption at 22° C on 
pellets of zeolites with clay 
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36. S A R A K H O V E T A L . Size Variations during Adsorption 409 

A different v a r i a t i o n i n size for water adsorpt ion is observed for the 
faujasite-type zeolites (Figure 5). These zeolites at first contract , reaching 
a l i m i t of 0.3-0.45 % at θ = 0.7-0.8, a n d then they expand. E x c e p t for 
zeolite C a Y , the ir sizes, even at p/ps « 0.85, r emain below the ir i n i t i a l 
values. T h e m a x i m u m contract ion is observed for zeolite N a Y , a n d the 
m i n i m u m for N a X . 

Figure 6. Dilatometric curves for C02 adsorption at —75°C 
on pellets with clay 

C a r b o n dioxide adsorpt ion causes changes i n the sizes of a l l the zeolites 
studied s imi lar to the v a r i a t i o n observed for faujasite-type zeolites after 
water adsorpt ion (Figure 6). F o r a l l zeolites, a n increase in the adsorpt ion 
of carbon dioxide leads to contract ion ; this reached a m i n i m u m i n the 
adsorpt ion range 3-5.5 m M / g r a m . T h e final l ength of the pellets is 
below the i n i t i a l va lue up to a re lat ive pressure of p/ps » 0.7 for zeolites 
C a A , C a Y , a n d N a Y whi le for N a A a n d N a X the contract ion passes to 
a n expansion, reaching 0 . 1 1 % of the i n i t i a l l ength at p/ps = 0.66 for N a X 
a n d 0.32 for N a A . 
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Discussion 

F i g u r e 7 compares the effect of water adsorpt ion on the pellet size 
of zeolite N a A w i t h the effect of water adsorpt ion o n other properties a n d 
w i t h heats of adsorpt ion of water (19). T h e inflections a n d extremes of 
these curves correspond to ident i ca l adsorpt ion values. O n the one hand , 
this confirms the complex nature of the curve we obta ined ; o n the other 
h a n d i t gives us grounds to assert tha t water adsorpt ion on zeolite N a A 
occurs b y three different mechanisms, w h i c h can be described as follows. 
T h e first expansion section up to Θ « 0.2 corresponds to adsorpt ion of 
water molecules on the non-local ized cations s i tuated at 8-membered 
oxygen windows since the first water molecules are adsorbed m a i n l y o n 
the cations (17, 20). These w a t e r - c a t i o n complexes cause a red is tr ibut ion 
of the electric charges of cations i n voids , p a r t i c u l a r l y at 8-membered 
oxygen windows, w h i c h leads to a n increased length of the - A l - O - S i -
bonds a n d expansion of the crysta l . O n further adsorpt ion of water , the 
crystals contract . T h i s section of the d i latometr ic curve corresponds to 
heats of adsorpt ion of about 15 k c a l / m o l e , w h i c h are t y p i c a l of the for
m a t i o n of a double hydrogen b o n d formed b y a water molecule w i t h two 
oxygen atoms inside the zeolite v o i d . T h e contract ion of th is double 
hydrogen bond should b r i n g the oxygen atoms closer a n d m a y lead to 
c rys ta l contract ion (21-23). W i t h add i t i ona l adsorpt ion, according to 
N M R a n d I R spectroscopy data , the role of the interact ion of water 
molecules w i t h the v o i d framework weakens, a n d the dominant role is 
t h e n the interact ion of water molecules among themeselves (20, 24). A t 
large fillings clusters of water molecules form—e.g., as pentadodecahedrons 
(26, 26) consisting of 20 to 21 water molecules. T h e f o rmat ion of clusters 
causes a red is t r ibut ion of water molecules adsorbed i n the v o i d at m e d i u m 
fillings o n the oxygen atoms of the wal ls . T h i s should lead to the restora
t i o n of the b o n d lengths i n the v o i d lat t i ce a n d to a n increase i n c rys ta l 
size. F u r t h e r cat ion h y d r a t i o n is then observed as they are displaced in to 
the vo ids ; th is should also result i n c rys ta l expansion. 

T h e considerably smaller expansion of a zeolite C a A pellet i n the i n i t i a l 
region as compared w i t h N a A (Figure 4) is probab ly the result of the fact 
t h a t the C a 2 + ca t ion is s i tuated i n other positions inside the vo ids (26) 
a n d i ts q u a n t i t y is smaller t h a n the N a + cat ion i n N a A . 

T h e absence of i n i t i a l contract ion i n zeolite 8 L i - 4 N a A is probably 
caused b y the fact tha t L i + cations m a y be s i tuated i n other posit ions 
inside the vo ids because of the i r smal l sizes. T h i s is corroborated b y the 
fact that L i exchange increases the latt ice parameter a of zeolite L i A b y 
2 . 6 % compared w i t h zeolite N a A . T h e n , the same processes occur as i n 
N a A , leading to c rysta l expansion. Perhaps at h i g h fi l l ings L i cations 
extend f r o m six-membered oxygen windows into the large voids ; this w o u l d 
decrease the contract ion of the ir posit ive charges a n d expand the c rys ta l 
lat t i ce . 
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36. S A R A K H O V E T A L . Size Variations during Adsorption 411 

T h e absence of a n i n i t i a l expansion i n faujasite-type zeolite (F igure 5) 
is probably associated w i t h the peculiarit ies of the ir s tructure a n d w i t h 
the number a n d locat ion of the cations. T h e heats of adsorpt ion of water 
o n zeolite N a X , i n contrast w i t h t h a t of N a A , r a p i d l y decrease i n the 

* 
ê 

«? 

,0* 

«r 

2S 

20 

IS 

10 

Figure 7. Variation of properties during water adsorption on 
zeolite NaA. (a) Our dilatometric curve; (6) differential heats 
adsorption (17); (c) electrical conductivity (1); (d) dielectric 

constant (18). 
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412 MOLECULAR SIEVES 

range of small fillings from 20 to 16 kcal/mole and slowly decrease further 
to 12 kcal/mole. Hence NaX seems to contain no adsorption centers with 
a large adsorption energy which (as in NaA) could cause initial crystal 
expansion. Therefore, water molecules, even at small fillings, are adsorbed 
both on cations and oxygen atoms of the walls of a large void. Here, 
crystal contraction prevails over the small expansion caused by adsorption 
of water on cations, and net contraction of the crystal takes place. In 
accordance with this, contraction of zeolite NaY is greater than that of 
NaX since each of its voids contains only one non-localized cation in 
position S m . The final expansion of NaX, CaY, and NaY zeolites is 
caused by the same factors as for A-type zeolites. 

The nature of size variations in zeolites during C 0 2 adsorption is, 
except for NaA, similar to the size variation of the same zeolites during 
water adsorption. Smaller changes in the sizes (approximately by half) on 
adsorption of C 0 2 are probably caused by the lower adsorption energy of 
C 0 2 molecules, which is approximately 30% less than that of water. The 
absence of an initial expansion section for zeolite NaA is attributed to the 
fact that carbon dioxide molecules adsorbed equally well on cations and on 
the void walls, and the lower energy of interaction with the cation cannot 
appreciably redistribute the electron density in the voids by water mol
ecules in interaction with non-localized cations. 

The above explanation is conditional and approximate, although it 
does explain the data qualitatively. The processes occurring in zeolites 
during adsorption are actually much more complicated, and a rigorous 
quantitative and thermodynamic explanation will require further experi
mental investigations and theoretical analysis. In general, it may be 
assumed that the observed changes in zeolite sizes in adsorption are asso
ciated with changes in the chemical potentials of the zeolites. 
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37 

N M R Relaxation and Molecular 
Motion in Zeolites 

H. A. RESING and J. S. MURDAY 
Code 6173, Naval Research Laboratory, Washington, D. C. 20375 

Diffusion coefficients (a) estimated from NMR relaxation times 
for sulfur hexafluoride, cyclohexane, cyclohexene, benzene, and 
lattice protons, and (b) measured directly by the NMR pulsed 
gradient technique for water in various X and Y zeolites lie in the 
range 10-10 to 10-5 cm2/sec. The jump frequency deduced from 
NMR relaxation for water in NaX, together with the direct 
measurement of D yields a water molecule jump distance of 2.7 
X 10-8 cm at 25°C; the temperature dependence of this jump 
frequency agrees with that of the diffusion coefficients at high 
temperatures and that of the dielectric relaxation at low tempera
tures; the glass temperature of 200°Κ deduced for this intra
crystalline water from the NMR jump frequency vs. tempera
ture plot agrees with that found calorimetrically. Exchange 
times deduced from NMR T2 measurements should in principle 
reflect reaction stoichiometry. 

" T \ i f f u s i o n coefficients, molecular ro ta t i ona l j u m p t imes, preferred axes 
of molecular ro ta t i on , rate constants for physisorbed-chemisorbed 

exchange, paramagnet ic i m p u r i t y dens i ty : these aspects of zeolite science, 
enriched b y the use of nuclear magnetic resonance ( N M R ) , are sketched 
brief ly here. T h i s review concentrates on the k inet i c properties of systems 
composed of faujasite-type zeolites on w h i c h water or one of several n o n -
po lar molecules is adsorbed. T h e ideas of Bloembergen, P u r c e l l , a n d 
P o u n d (1) for N M R re laxat ion , of Z i m m e r m a n a n d B r i t t i n (2) for site or 
phase exchange, a n d of C a r r a n d P u r c e l l (3) for N M R diffusion are qui te 
appl icable to these systems. O n l y the d ipo lar mechanism of nuclear re 
l a x a t i o n (1) is touched on here. Other aspects of magnetic resonance (4, 
6) as i t applies to surface science (6, 7, 8, 9, 10) a n d zeolites (9, 11) are 
t reated elsewhere. 

T h e macroscopic diffusion coefficient D is defined i n terms of the mean 
j u m p distance a a n d mean t i m e between jumps τ as : 

414 
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37. R E S I N G A N D M U R D A Y NMR Relaxation 415 

D = α2/(6τ) (1) 

T h r o u g h N M R techniques b o t h D a n d the microscopic parameter r are 
obtainable . T h e l imi ta t i ons of these techniques i n the ir app l i ca t i on to 
zeolites are discussed below. N o t e t h a t these a n d other k inet i c results 
f r o m N M R are obtained under condit ions of d y n a m i c chemical e q u i l i b r i u m . 

Diffusion in a Magnetic Field Gradient: the Macroscopic Measurement 

T h e r a n d o m diffusion of molecules i n a magnetic f ield gradient causes 
a n irreversible loss of phase coherence i n the transverse magnet izat ion of 
the molecular nuclei—i.e., i t causes a decrease i n a measurable s ignal h 
according to the re la t ion (12) : 

h(A) = exp^-yWgW^A - (2) 

where y is the nuclear gyromagnetic rat io , D is the diffusion coefficient, g 
is the magnet ic field gradient in tens i ty (variable) d u r i n g two pulses of 
length δ separated b y a t i m e Δ. T o measure D b y th is experiment we need 
a t i m e Ae such t h a t h(Ae) = exp(— 1) ; i f 5 m a x is t a k e n as Ae/3, then 

Δβ = (81/87yZ>)1/8 = (243 T/4y*g*a*)1/' (3) 

Because of p rac t i ca l l i m i t a t i o n s Δ cannot be less t h a n about 10 msec. T h e 
t ime avai lable to measure the diffusion coefficient is l i m i t e d b y two con
siderations, however. F i r s t , s ignal is also lost as a result of re laxat i on 
processes w i t h t ime constant T2, a n d thus the t i m e avai lable to per form the 
diffusion experiment is l i m i t e d i n most cases (12) to T2 

T2 = (mV)- 1 = (GD/aW) (4) 

where m 2 is the V a n V l e c k second moment (1). Second, a molecule diffuses 
freely i n a c r y s t a l of radius R on ly u n t i l i t reaches a surface, where i t m a y 
leave the c rys ta l or be reflected; the t i m e of freedom f r o m such surface 
effects, T, is approx imate ly 

Τ = (R*/6D) = ( # V a 2 ) (5) 

A successful measurement of the in t racrys ta l l ine diffusion coefficient i n 
zeolites thus requires tha t the t ime needed be less t h a n the t ime a v a i l a b l e — 
i.e., t h a t 

Δβ < T2,T (6) 
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416 M O L E C U L A R S I E V E S 

A diffusion in f o rmat i on po tent ia l chart i n v o l v i n g these quant i t ies for the 
S P 6 - N a X sys tem is g iven i n F i g u r e 1. There i t can be seen t h a t for " s t a t e 
of the a r t " c r y s t a l r a d i i (13) of 18 μ a n d field gradients of 100 G / c m there is 
a n accessible diffusion coefficient range for th is system of 3 X 1 0 ~ 9 c m 2 / s e c 
to 3 X 10~ 5 cm 2 / s e c b y th is pulsed magnetic field gradient technique. A 
prob l em i n construct ing such a chart is the a priori selection of the proper 
second moment to use i n E q u a t i o n 4; i t s va lue depends for instance o n 
whether molecular r o t a t i o n a n d dif fusion are coupled or uncoupled or 
whether paramagnet ic impur i t i es are present (see below) ; i n fact T2 m a y 
even be contro l led b y other mechanisms (see l a ter i n the text ) . 

LOG ίο τ (SEC) 

Figure 1. System SF6 in zeolite 13X. Base 10 
logarithms of intracrystalline lifetime T, ex
periment time Δ = (Ae of text), and relaxation 
time Τ2 vs. base 10 logarithms of the diffusion co
efficient (lower scale) and jump time (upper scale). 
T2(b) refers to the case (real) of rapidly rotating 
SF6 molecules in a lattice which is pure with 
respect to paramagnetic impurities. T2(a) 
refers to the case (real) of 160 ppm of Fe or the 
case (hypothetical) of SFe molecules which rotate 

only upon a diffusional jump 

K a r g e r (14) has made the o n l y successful use of th is technique thus 
far . H i s results for the w a t e r - 1 3 X system (Figures 4 a n d 5) are compared 
w i t h the results of re laxat ion t ime measurements below. H e has also 
made a detai led theoret ical analysis (15) of th is zeolite s i tuat i on w h i c h 
indicates t h a t i n some cases diffusion in f o rmat i on m a y be extracted even i f 
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37. R E S I N G A N D M U R D A Y NMR Relaxation 417 

the crystals on ly m a r g i n a l l y satisfy the common sense cr i ter ia sketched 
above. 

Diffusion and NMR Relaxation: the Microscopic Measurement 

T h e re lat ive mot i on of nuclear magnets w i t h respect to one another or 
w i t h respect to paramagnetic species gives rise to t ime-dependent magnetic 
fields w h i c h induce t h e r m a l equi l ibrat ion of nuc le i among themselves a n d 
w i t h other degrees of freedom of the sys tem; the processes are k n o w n as 
re laxat ion , a n d the specific mechanism is termed dipolar (1). B e l o w are 
sketched the i m p o r t a n t beginning steps i n a d a p t i n g the exist ing theories 
specif ically to zeolites, b u t final recourse is made to the theories for b u l k 
solids a n d l iqu ids as sufficient to interpret ex ist ing re laxat ion d a t a for 
molecules i n zeolites. 

F o r a theoret ical ca l cu lat ion of re laxat ion t imes one must wr i te the 
tempora l autocorre lat ion functions of several functions Fn of the i n t e r -
part ic le coordinates r w ( i ) , θ^(ί)} a n d φ ait), where ri} is the interpart i c le 
distance a n d where θα(ί) a n d φ^(ί) specify the or ientat ion of f ^ w i t h respect 
to the external magnetic field Ho (here part ic le refers to magnetic nuc le i 
a n d atoms) . T h e re laxat ion rates are propor t iona l to the F o u r i e r i n t e n 
sities of these autocorrelat ion functions at selected frequencies. F o r ex
ample , T o r r e y (16) has w r i t t e n for th is autocorre lat ion funct ion the e q u i v a 
lent ensemble average 

kn(t) = JfP(f9fo,tWn(fWn*(fo)P(fo)dfaf (7) 

H e r e P(f,f0)t) is the condi t ional p r o b a b i l i t y of finding a n interpart i c le vector 
i n df about f a t t i m e t i f i t was i n dfQ about f 0 a t t i m e zero, a n d P(fo) is the 
p r o b a b i l i t y of finding the interpart i c le vector i n i t i a l l y i n df 0 . T h e in ter 
a c t i n g partic les are of two types ; those w i t h i n a g iven molecule, the i n t e r -
nuclear vectors of w h i c h are changed b y molecular ro ta t i on , a n d those 
external to the molecule. T h e interpart i c le vectors between a nucleus i n 
side a molecule a n d partic les external to the molecule are changed m a i n l y 
b y diffusion. T h e s u m i n E q u a t i o n 7 m a y be thus separated in to i n t e r -
molecular (diffusion) a n d intramolecular (rotation) parts , a n d for the m o 
ment we ignore the la t ter . 

T o calculate P(f,f0,f) one must k n o w Pi(r), the p r o b a b i l i t y of finding 
a part ic le i n df at f after one j u m p i f i t were at the or ig in before the j u m p ; 
here the i n t i m a t e details of the diffusion enter into the ca lculat ion . A s a n 
example consider the diffusion of C F 4 i n 5 A zeolite (17) at a coverage of less 
t h a n one molecule per cage such t h a t the p r o b a b i l i t y of a cage's be ing 
occupied is p. Because of the h i g h barr ier between cages, a molecule 
spends most of i t s t i m e i n one of the Ν cages, a n d the r a d i a l d i s t r ibut i on 
funct ion for fluorine nuc le i required above (neglecting osci l lations i n the 
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418 M O L E C U L A R S I E V E S 

cage) is a s u m of de l ta functions 

where the s u m is over a l l the large cages of the 5 A structure . Since a g iven 
cage is surrounded s y m m e t r i c a l l y b y six other cages into w h i c h the mole
cule m a y j u m p w i t h equal p r o b a b i l i t y , we have for P\(f) 

Pi(r) = \ Σ «0W <9) 

W i t h the add i t i ona l assumpt ion of the Poisson d i s t r i b u t i o n for the prob 
a b i l i t y of η j u m p s i n a t ime t (mean t i m e between j u m p s τ), E q u a t i o n s 8 a n d 
9 can be used i n exist ing lat t i ce diffusion theories to calculate re laxat ion 
t imes (approximately , i.e., w i t h i n 10%) (16,18). 

I t is assumed i n the above t h a t P(h) is the same for a l l nuclear sites 
a n d that P\(f) is the same for a l l molecules; th is assumpt ion c lear ly breaks 
d o w n as more a n d more molecules come to occupy a zeolite cage. T h e 
r a d i a l d i s t r i b u t i o n funct ion P(f0) can v a r y for several reasons: (a) i n a 
f u l l cage, nuc le i i n molecules next to the wal ls have fewer molecular h y 
drogen or fluorine nuc le i nearby a n d are closer to the magnetic ingredients 
of the zeolite s tructure (sodium, a l u m i n u m , hydrogen, or even F e 3 + ) ; (b) 
because of intermolecular forces, occupat ion of cages m a y be non -s ta t i s t i 
cal—i.e., condensation m a y occur. T h e factor r ~ 3 w h i c h occurs i n the 
Fn of E q u a t i o n 7 weights the effects of nearby molecules v e r y h e a v i l y ; 
thus , for a n accurate re laxat ion t ime ca lcu lat ion i t is i m p o r t a n t to take 
in to account the osci l lations of P(f0) for s m a l l r 0 (19). L i k e w i s e P\(f) is 
subject to the loca l forces f r o m lat t i ce components, counterions, a n d mole
cules, a n d i t is thus pos i t ion dependent, as is the mean t ime between jumps , 
r ; further P\(f) becomes anisotropic because molecules cannot penetrate 
the wal ls of the cage, a n d molecules might also diffuse w i t h respect to i m 
mediate neighbors i n a g iven cage more easily t h a n diffusing in to neighbor
i n g cages. F o r the protons of H Y , the elementary diffusion act specified 
b y Pi(f) is myster ious . T h e current status of calculat ions of N M R re laxa 
t i o n t imes caused b y diffusion i n zeolites is t h a t the n o n - t r i v i a l problems 
ar is ing f rom the peculiarit ies of zeolite structures have not yet been dealt 
w i t h a n d therefore theories more appropr iate to homogeneous solids a n d 
l i qu ids have been appl ied . 

F o r example, the la t t i ce diffusion theory of T o r r e y (16) was used (20) 
to calculate the theoret ica l re laxat ion t imes p lo t ted i n F i g u r e 2 for two 
different models. T h e model for the upper dashed curves is t h a t of d i f fu 
s ion of r a p i d l y r o t a t i n g S F 6 molecules w i t h respect to each other ; t h a t for 
the lower set is t h a t of diffusion of r a p i d l y r o t a t i n g S F 6 molecules w i t h 
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37, R E S I N G A N D M U R D A Y NMR Relaxation 419 

respect to paramagnet ic impur i t i es fixed i n the zeolite lat t i ce , w i t h t r i v a l e n t 
i r o n subst i tuted for a l u m i n u m at a supposed leve l of 150 p p m b y weight. 
T h e same j u m p t i m e a n d a c t i v a t i o n energy are used for b o t h . T h e m a i n 
consequences of such models for molecular m o t i o n are : (a) for nuclear 
d ipo lar in terac t ion between l ike nuc le i Τχ has a m i n i m u m at w h i c h yH0r = 

0.6 (± . l ) (the pos i t ion of the m i n i m u m w i t h respect to r be ing not v e r y 
sensitive to the details of the mot i ona l model) ; (b) i f the A r r h e n i u s l a w for 
τ is assumed, the slopes of the Τχ a n d T2 curves prov ide the a c t i v a t i o n 
entha lpy for the process; (c) T2 is large at h i g h temperatures a n d decreases 
smooth ly w i t h temperature u n t i l the r i g i d la t t i ce condi t ion (r < T2) is 
achieved, whereupon T2 becomes constant a l though r increases further . 

JOURNAL OF CHEMICAL PHYSIC8 

Figure 2. Fluorine NMR relaxation times for a sample 
of Linde molecular sieve 13X containing about 6.6 mol
ecules of SFG per cage: O, spin lattice relaxation time Τχ; 
· , spin-spin relaxation time T2 characterized by exponen
tial decay; V and Δ, T2 characterizedby two relaxation times; 
ticked O, decay as τ2. Solid lines are theory: to the left 
of 10*/Τ = 6 based on molecular diffusion; to the right of 
10*/T controlled by Tle. For dashed lines see text (20) 

A s F i g u r e 2 shows, the two models differ on ly b y a v e r t i c a l displacement, 
w h i c h is a measure of the difference i n the mean square interpart i c le d i 
polar fields (second moments) operat ive i n the two models. T h e values 
of these mean square loca l fields can be calculated easily f r om the m i n i 
m u m va lue of Τχ or f r o m the r i g i d la t t i ce values of T2. Because of the 
1000-fold rat io between electronic a n d nuclear magnetic moments , even 
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420 M O L E C U L A R S I E V E S 

such s m a l l concentrations of paramagnet ic impur i t i e s as i n the second mode l 
above l ead to m u c h faster nuclear re laxat ion . T h e penal ty for us ing the 
approx imate models is t h a t the in fo rmat ion about the j u m p distance pos
s i b l y contained i n the re laxat ion t imes is lost (21), a n d a n ' ' a r t i f i c i a l " D 
must be constructed f r o m E q u a t i o n 1 a n d a n assumed j u m p distance (for 
a nove l w a y to extract D, see Re f . 21). 

JOURNAL OF COLLOID AND INTERFACE 8CIENCE 

Figure 3. Three-dimensional plot showing spin-lattice relaxation 
time as a function of temperature and composition at 12 MHz (22) 

A s i d e f r o m the quest ion of the precise model b y w h i c h re laxat ion t imes 
are interpreted there is the more prac t i ca l prob lem of i so lat ing t h a t par t of 
the re laxat ion specif ical ly caused b y diffusion. T h e contr ibut ions of ex
change processes (see below) , sp in - ro tat ion in terac t i on (9), a n d sp in d i f fu 
s ion (9) can be identi f ied b y temperature dependences different f r o m t h a t 
w h i c h is solely the result of the mot i ona l l y modu la ted nuclear d ipo lar 
in terac t i on as sketched above, a n d corrections can be made. T h e molecu 
l a r r o t a t i o n contr ibut ions to d ipo lar re laxat ion can be removed or corrected 
for b y (a) isotopic subs t i tu t i on methods (19), (b) the fact t h a t r o t a t i o n is 
i n some cases m u c h faster t h a n diffusion, a n d i ts re laxat ion effects are 
shi f ted to m u c h lower temperatures (7, 20), a n d (c) dop ing w i t h p a r a 
magnetic impur i t i es as o u t l i n e d above. T h e last method has been used i n 
almost a l l cases reported thus far, more b y default t h a n b y design, because 
commerc ia l zeolites are thus doped b y the ir method of preparat i on ; th is 
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37. R E S I N G A N D M T J R D A Y NMR Relaxation 421 

method works because the m u c h larger magnetic d ipo lar fields of electrons, 
w h i c h can on ly be modulated b y dif fusion, give rise to m u c h faster re laxa 
t i o n . 

A s a t y p i c a l example the exper imental re laxat ion t imes for the S F 6 -
N a X system (20, 22) are g iven i n F igures 2 a n d 3. T h e measured level of 
paramagnet ic impur i t i es is t h a t assumed for the second mode l above, a n d 
agreement between this model a n d experiment is good (Figure 2), except 
at the lowest temperatures . T h e r e i t can be shown (20) t h a t because of 
the distance between the i m p u r i t y centers most molecules no longer "see" 
t h e m i n the t ime avai lab le (T2), a n d the i r effectiveness is quenched. T h e 
resul t ing r i g i d la t t i ce T2 is therefore exact ly t h a t w h i c h is theoret ica l ly 
expected for r a p i d l y r o t a t i n g S F 6 molecules. T h i s quenching of p a r a 
magnetic i m p u r i t y effectiveness is a n i m p o r t a n t resu l t ; because of i t 
" b r o a d l i n e " N M R studies of the r i g i d lat t i ce state for zeol it ic molecules 
r e m a i n v a l i d as a too l for in ferr ing internuclear distances, even i n the pres
ence of such impur i t i es . I n s imi lar experiments (9, 23) w i t h v e r y pure 
zeolites the re laxat ion t imes t end t o w a r d the predict ions of the first model 
above, thus v e r i f y i n g b o t h models. F i g u r e 3 shows the v a r i a t i o n of the 

10 3 / τ 

Figure 4. Diffusion coefficients for various molecules 
on NaX and NaY. (see Table I.) The · represent 
the very reliable point derived from T\ at the minimum. 
H20 data are from the magnetic field gradient technique. 
The parameters beside the molecular labels define the 

fraction of maximum loading θ 
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422 M O L E C U L A R S I E V E S 

T a b l e I . D i f fus i on Coefficients by N M R M e t h o d s 
Fraction of H Assumed 

Diffusing Zeolite Maximum Do (kcal/ Jump Ref
Species Species Capacity (cm2/sec) mole) Distance erence 

Cyclohexane NaY 0.16-0.88 3.8 X 10- 4 3 6 (47, 48) 
Benzene NaY 0.2 1.5 Χ ΙΟ" 5 3.9 6 (48) 

0.83 1.4 Χ ΙΟ" 4 5.5 
Cyclohexene NaY 0.65 1.0 X 10"5 2.7 6 (48) 
Sulfur NaX <0.55 4.3 Χ ΙΟ" 4 2.2 6 (20, 22) 

hexafluoride >0.65 4.3 Χ 10" 4 4.0 
(20, 22) 

Water" NaX 0.41 3.0 Χ ΙΟ" 3 4.5 (14) 
Zeolite 

(14) 

protons NaHY ~0.7 5.3 Χ 10" 5 10. 4 (27) 
a NMR diffusion, all others NMR relaxation. 

re laxat ion t i m e Τχ w i t h ce ^posit ion for th is s y s t e m ; note the sharp shift 
i n temperature of the Τχ m i n i m u m to lower temperatures as the S F 6 con 
centrat ion is lowered below four molecules per cage; th is is a clear i n d i c a 
t i o n of a sharp change i n m o b i l i t y at t h a t composi t ion . 

F r o m d a t a l i k e these for S F 6 a co l lect ion of dif fusion coefficients (F igure 
4) , a c t i v a t i o n enthalpies, a n d pre-exponential factors (Table I) have been 
assembled. I t was necessary to assume a va lue of the j u m p distance w h i c h 
seemed i n t u i t i v e l y appropr iate , the molecular diameter , for use i n E q u a 
t i o n 1. 

T h e dif fusion coefficients g iven i n F i g u r e 4 represent, i n general , faster 
molecular t ransport t h a n can be fo l lowed w i t h adsorpt ion k inet ics (24). 
T h o u g h the lowest diffusion coefficient i n F i g u r e 4 is about 1 0 ~ 1 0 cm 2 / s e c , 
the technique of r o t a t i n g frame re laxat ion (9, 25, 26) provides the means 
of reaching ca. 1 0 ~ 1 6 cm 2 / s e c . Poss ib i l i t ies for compar ing re laxat ion est i 
mates of diffusion w i t h more t r a d i t i o n a l methods are therefore good, 
especial ly since the large crystals now avai lab le m i g h t extend the adsorp
t i o n k inet i c methods to higher D values. 

Theories to account for these diffusion coefficients i n terms of po tent ia l 
energies a n d intermolecular forces are for the most par t l a c k i n g , especially 
as regards the v a s t l y different rates observed, the " l o c k i n g ' ' for S F 6 at five 
molecules per pore, a n d the absence of l o ck ing for cyclohexane. C l e a r l y , 
more exper imental w o r k is also required . Of the systems g iven i n F i g u r e 
4, the m o t i o n of the h y d r o x y l (27) groups is qui te different. H e r e the 
mechanism of transport— i .e . , of passing the p r o t o n a long the surface—is 
itself myster ious . 

Molecular Rotation 

Intermolecular forces or shapes of molecules m a y be such t h a t the 
molecule m a y reorient itself i n space on ly when i t makes a t rans la t i ona l 
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37. R E S I N G A N D M U R D A Y NMR Relaxation 423 

j u m p . T h e N M R evidence for th is coupled case is tha t the first r i g i d l a t 
tice p la teau observed for T2 as the temperature is lowered is t h a t theore t i 
ca l l y compat ib le w i t h b o t h the j u m p t ime for diffusion rD a n d t h a t for r o t a 
t i o n TR be ing greater t h a n this r i g i d la t t i ce T2 (which for hydrogen a n d 
fluorine conta in ing molecules is about 10~ 5 sec). L e t us ca l l the t empera 
ture at w h i c h this r i g i d la t t i ce for r o ta t i on begins the r o t a t i o n a l t empera 
ture . O n the other h a n d , a molecule m a y possess a spher ica l envelope or 
a n axis of s y m m e t r y so tha t ro ta t i on i n three dimensions or about t h a t axis 
is complete ly independent of or uncoupled f r o m the diffusion event. I n 
this case the first r i g i d la t t i ce p la teau observed is tha t theoret i ca l ly c o m 
pat ib le w i t h the ro ta t i on , a n d b o t h the r o t a t i o n temperature a n d the T\ 
m i n i m u m ar is ing f r om ro ta t i on are shi fted to m u c h lower temperatures. 

C o u p l i n g of dif fusion a n d ro ta t i on applies to benzene (29) a n d water 
(30, 31) on N a X as w e l l as for pure water (ice) (1, 32). F o r so l id benzene 
however there is easy r o t a t i o n about the hexad axis (28), as w e l l as for 
benzene adsorbed on charcoal (33) a n d s i l i ca gel (34). T h i s author sus
pects t h a t i n the 1 3 - X structure there is a three- (nearly six-) f o ld potent ia l 
into w h i c h the benzene molecules nest n ice ly , most l i k e l y above the soda
l i te u n i t . T h e uncoupled cond i t i on applies to S F 6 a n d cyclohexane i n N a X , 
as we l l as i n the sol id . R o t a t i o n temperatures are g iven i n T a b l e I I . 

T a b l e I I . Ro ta t i on T e m p e r a t u r e s 0 

Molecule 

Benzene 

Cyclohexane 
Sulfur hexa-

fluoride 

Rotation 
Type 

Hexad 

Mole
cules 
per 

Cage 
(34) Pure solid 

5.4 90 (28) 

Rotation Temperature (°K) 

Spherical 
Spherical 

4.1 
6.5 

160 (36) 
<80 (37) 

in NaX 

223 (29) 

<80 (29) 
<80 (19) 

Other Systems 

<110 (on silica gel) (35); 
<100 (on charcoal) 
(33) 

<80 (SF 6 hydrate) (38) 

° The temperature at which molecular rotation is first apparent by motional nar
rowing of NMR lines. 

Motion of Water Molecules in NaX 

R e l a x a t i o n t imes for water filling the pores of a n N a X specimen have 
been fitted to a model w i t h the fo l lowing assumptions : (a) coupl ing , as 
above, of molecular diffusion a n d r o t a t i o n ; (b) the median j u m p t i m e τ is 
governed b y a free vo lume l a w (allows the curvature i n the plots of j u m p 
rate, ( 3 r ) _ 1 vs. 103/T i n F i g u r e 5), a n d (c) a broad d i s t r i b u t i o n of corre la 
t i o n t imes (allows a better fit to the da ta , accounts for a n apparent t w o -
phase behavior i n T2 (31, 39), a n d is reasonable i n terms of the previous 
discussion of Pi(f) a n d τ). 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

03
7

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



424 M O L E C U L A R S I E V E S 

Since the presentation of th is mode l new d a t a have appeared w h i c h 
a l l ow var ious tests a n d new conclusions. T h e dif fusion coefficients of 
K a r g e r (14), together w i t h E q u a t i o n 1 a n d the med ian j u m p t ime f rom the 
re laxat ion d a t a at room temperature y i e l d a j u m p distance of 2.7 A for 
the zeol it ic water as compared w i t h 2.2 A i n b u l k water (see T a b l e I I I for 
a d a t a s u m m a r y ) . One might be t empted to expla in the j u m p distance i n 
terms of some geometrical constant of the zeolite s tructure such as the 
distance between S u a n d S m ionic sites (40), b u t w i t h the cages f u l l of 

l 0 ' 2 | — ι — ι — ι — ι — ι — Γ Ί — ι — ι — τ — ι — ι — ι — ι — τ η 

2.0 3.0 4.0 5.0 6.0 
Ι Ο 3 / Τ ( β Κ - 1 ) 

Figure 5. Median jump frequencies (3τ *)~lfor water ad
sorbed on NaX to saturation, for water on charcoal at satu
ration, and that expected for bulk water (from NMR relax
ation times): dashed curve marked diff; diffusion coeffi
cients by magnetic field gradient technique normalized to 
(ST)-1 by choice of jump distance of 2.7 A ; + dielectric 

relaxation times of Jansen 

water molecules i t is not l i k e l y tha t a molecule can choose such a restr ic ted 
p a t h . W h i l e the temperature dependence of D a n d t h a t of r agree rather 
w e l l a t h i g h temperatures , the divergence (F igure 5) at lower temperatures 
is d isconcert ing ; i n th is temperature region where yH0r <<C 1 the re laxa 
t i o n t imes reflect the slower m o v i n g molecules of a d i s t r i b u t i o n (41), a n d 
i t is l i k e l y t h a t the diffusion coefficient reflects the faster m o v i n g ones. 
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37. R E S I N G A N D M U R D A Y NMR Relaxation 425 

A n o t h e r new set of data is tha t of Bas ler (42) for heat capac i ty of water 
i n the pores of N a X ; these show the behavior usua l ly associated w i t h a 
glass transi t ion— i . e . , a gradual change i n heat capac i ty for the adsorbed 
water f r o m t h a t of ice to tha t of l i q u i d water as the temperature is raised, 
w i t h no la tent heat of fusion. T h i s supports the idea t h a t the two-phase 
behavior seen i n the l ine w i d t h (31) cannot be caused b y a real phase t r a n s i 
t i o n a n d must therefore be the apparent phase t rans i t i on effect resul t ing 
f r o m the broad d i s t r ibut i on of correlat ion t imes. T h e glass t rans i t i on 
temperature is sometimes v iewed as t h a t temperature below w h i c h molecu
l a r m o t i o n is too slow for a l i q u i d to be able to rearrange in to i t s t h e r m a l 
e q u i l i b r i u m state i n the t ime a n experimenter has to wa i t (43) ; thus the 
temperature at which the med ian j u m p t ime der ived f r o m the re laxat ion 
data reaches one hour should indicate the center of the glass t rans i t i on 
region. T h e estimate of the glass temperature (200°K) der ived f rom 
N M R data agrees perfect ly w i t h t h a t obtained f rom the heat capac i ty 
measurements. 

Table m . Mobility of Bulk and Zeolitic Water Compared at 25°C 
Bulk Zeolitic 

Diffusion coefficient 
(cmVsec) 2.5 Χ 10"5 1.0 Χ 10"6 

Jump time (sec) 3 X 10 ~ 1 2 1.2 X 10 " 1 0 

Jump distance (cm) 2.2 Χ 10"8 2.7 X 10~8 

Die le c t r i c re laxat ion measurements for the adsorbed water have been 
reported b y Jansen (44)', the dielectric re laxat ion t i m e is essential ly 3 r 
where r is the ro ta t i ona l j u m p t ime of the water molecule. F r o m F i g u r e 5 
i t can be seen that the dielectric a n d N M R m o b i l i t y estimates agree rather 
we l l . A l l is not quite i n order, however, for Jensen estimates f r om re laxa 
t i o n s trength t h a t he sees on ly one - th i rd of the water molecules. 

T h u s the m o b i l i t y p i c ture for water f u l l y loaded in to N a X zeolite fits 
together at least semiquant i ta t ive ly . F u r t h e r tests of the model based on 
newer N M R techniques have been proposed (9) a n d are i n progress. D i f 
fusion a n d other N M R data (45, 46) indicate on the one h a n d t h a t the 
water m o b i l i t y is greater at lower t h a n m a x i m u m loadings, b u t on the other 
h a n d t h a t the p i c ture is not t h a t s imple. A theory based o n f rac t iona l ly 
filled cages i n e q u i l i b r i u m w i t h filled cages seems to be required . 

Tightly Bound Protons 

R e l a x a t i o n data for w rater i n h i g h l y pure 70-μ diameter N a X crystals 
are shown i n F i g u r e 6, before a n d after e lu t r ia t i on w i t h water to separate 
the desired size f ract ion . N o t e the m a x i m a i n the three sets of T2 d a t a 
a n d the decrease on ra is ing the temperature further . T h i s effect is caused 
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10 

. 0 ° 

ίο"1 

ιο 4 

" 2 0 2.5 3.0 3.5 4.0 4.5 5.0 

ιο3 / Τ ( β Κ _ ' ) 

Figure 6. Proton relaxation times for water ad
sorbed on sample of 70-μ diameter NaX crystals 
before and after hydrolysis (sample furnished by L. 
F. Brown, Mobil Research and Development Labor

atory) 

b y the exchange of protons of the in tracrys ta l l ine f lu id water molecules 
w i t h some surface pro ton species. I n fact, T2 on the h i g h temperature side 
of the m a x i m u m is a direct measure of the l i fet ime, r e x of a pro ton i n the 
fluid state w i t h respect to exchange into the t i g h t l y bound state (47). 
C l e a r l y the e lu tr ia t i on w i t h water has h y d r o l y z e d the N a X i n some w a y 
w h i c h makes water protons exchange more often w i t h b o u n d protons. 
E i t h e r there are more or different sites present after hydro lys i s t h a n there 
were before, b u t the a c t i v a t i o n energy for exchange apparent ly rémains the 
same. W e are pursu ing th is matter , b u t we are p a y i n g a h i g h price for 
l earn ing about hydro lys i s (which appears to be irreversible) ; T2 is now 
shorter t h a n 10 msec, a n d these crystals are no longer suitable for the m a g 
netic field gradient diffusion studies of water for w h i c h they were or ig ina l ly 
intended (although they are s t i l l suitable for diffusion studies of other mole 
cules w h i c h w i l l not exchange w i t h the protons) . 

S u c h l i fet ime studies m a y reflect the exchange react ion sto ichiometry . 
Consider the fo l lowing a l ternat ive hypothet i ca l mechanisms, assuming t h a t 
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37. RESING AND MURDAY NMR Relaxation 427 

the t i g h t l y b o u n d protons are h y d r o x y l groups 

kx 

S i O H * + H 2 0 Î=± SiOH + H O H * 

2 SiOH ^ H 2 0 + Si02 

k-2 

where S i O H represents a zeolit ic h y d r o x y l group and , S i 0 2 represents 
a r b i t r a r i l y some site on the zeolite la t t i ce wh i ch can undergo the reverse 
hydro lys i s react ion. F o r these reactions the p r o b a b i l i t y per u n i t t ime t h a t 
a pro ton leaves a water molecule, rex" 1 , is then the number of reactions per 
u n i t t ime m u l t i p l i e d b y the number of water molecule protons exchanged 
per react ion d i v i d e d b y the t o t a l number of protons i n water molecules. 
T h e results for the two reactions are respect ively 

T e x " 1 = ( fc^fSiÔH] 

T e x " 1 = fc2[SÏÔH]7[HÎ)] 

where [ S i O H ] is the e q u i l i b r i u m a c t i v i t y (concentration) of h y d r o x y l 
groups. These exchange reactions occur at d y n a m i c chemical e q u i l i b r i u m , 
just as the diffusion processes do. T h u s , i n pr inc ip le at least, there is the 
poss ib i l i ty of dec id ing between the two mechanisms. 

W e are explor ing these h igh energy sites for the w a t e r - N a X system, 
b u t these brief considerations are not l i m i t e d to the kinet ics of h y d r o x y l 
exchange. T h e y m a y a p p l y to a n y e q u i l i b r i u m between a chemisorbed 
species a n d a physisorbed species. T h e i m p o r t a n t t h i n g is t h a t through 
such exchange reactions the slow m o v i n g species m a y exert a considerably 
greater re laxat ion effect t h a n the ir propor t ion w o u l d suggest; th is is a 
k inet i c microscope—i.e., current estimates of the pro ton f ract ion g iv ing 
rise to the above effects are ca .01. 

New Directions and Other Aspects 

A l l of the above studies were done b y b road l ine N M R a n d pulsed 
N M R spectroscopy rather t h a n b y h i g h resolut ion N M R spectroscopy, 
whose a n a l y t i c a l benefits are w e l l k n o w n . T h e benefits f r o m h i g h resolu
t i o n techniques have not yet been generally obtainable i n zeolite systems 
m a i n l y because the resolut ion is l i m i t e d b y slow molecular motions, p a r a 
magnetic impur i t ies , a n d chemical exchange effects (48). Techniques 
have been devised (49, SO) w h i c h can exploit the slow molecular mot i on 
a n d regain p a r t i a l l y the h i g h resolution—i.e., the a n a l y t i c a l funct ion of 
N M R spectroscopy. A s of now, however, such techniques have not been 
appl ied to zeolite systems. T h e p r i n c i p a l v i r tues of h i g h resolut ion N M R 
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428 MOLECULAR SIEVES 

are that of the dipolar line width is averaged away and the chemical shift 
tensors are averaged to sharp lines; the new line narrowing techniques re
move the dipolar line width but leave the chemical shift as a tensor powder 
pattern, not as sharp lines. The new techniques can be used to select the 
slow moving nuclei—i.e., molecules—and thus may make a search for some 
reactive intermediates possible (SO). 

Rarer isotopes such as 1 3 C offer advantages of generally larger chemical 
shifts and narrower lines for a given motional frequency. The proton line 
width contribution can be removed by continuous irradiation, and since 
molecules in tightly bound sites will not likely have more than one rare 
nucleus, the exchange contribution of slowly moving molecules to the line 
width will be removed also, but rare spin equals weak signal. However, 
Michel (51) has reported the 1 3 C spectrum for various molecules on NaX. 

Additional dividends from N M R will most likely continue to lie in the 
area of diffusion and kinetics. Newer N M R techniques here are the ultra-
slow motion (25) and rotating frame relaxation (26) techniques which 
allow measurements of very long jump times. Application of these tech
niques to the exchange region has been reported for water on NaX; in this 
region they offer a means of deducing second moments of the tightly bound 
species (9, 62). The CIDNP technique should be applicable to the study 
of radical reactions on surfaces and in zeolites (63). 
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Nuclear Magnetic Resonance Studies of 
Molecules Adsorbed on Zeolites A , X, and Y 

H. PFEIFER, W. SCHIRMER,1 and H. WINKLER 
Sektion Physik der Karl-Marx-Universität, DDR 701 Leipzig, Linnéstrasse 5 

In nuclear magnetic resonance (NMR) methods the magnetic 
nuclei act as probes for changes in structure, arrangement, and 
motion of the molecules containing them. Characteristic results 
of a study of various zeolitic adsorbent-adsorbate systems are 
given: specific adsorption of cyclic hydrocarbons on NaY 
resulting from π-electrons; dispersity of Pt on NaY; self-dif
fusion of propane and water in NaX; number, arrangement, 
and mobility of OH groups in NaA, NaCaA, CaA, and NaH Y; 
high resolution 13C N M R spectra of 1-butene, cis-2-butene, and 
1-hexene adsorbed on NaY and NaCaY. 

Nuclear magnetic resonance (NMR) has become an important tool in 
studying molecules and molecular processes in liquids because the 

rapid thermal motion of the molecules allows the observation of highly 
resolved spectra. However, with molecules adsorbed on solids, high reso
lution in general is not possible because the molecular motion is restricted 
and paramagnetic impurities of the adsorbent are influential; the proton 
N M R spectrum merges into a broad hump which is a superposition of 
various signals and which often cannot be separated unambiguously. 

Nevertheless it is possible to get detailed information by using different 
special N M R methods (NMR wide line spectroscopy, spin echo methods, 
pulsed field gradient technique, etc.), by varying the adsorbent-adsorbate 
systems, by varying appropriate parameters (temperature, coverage, mag
netic field), and by using the results of other methods (1). Characteristic 
examples are given below. A literature survey in this field is given in Ref. 
I. Finally, the first high resolution 1 3 C N M R spectra of molecules ad
sorbed on zeolites are given. 

1 Zentralinstitut für Physikalische Chemie der Akademie der Wissenschaften der DDR, 
DDR 1199 Berlin, Rudower Chaussee 5 
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38. P F E i F E R E T A L . NMR of Adsorbed Molecules 431 

Specific Adsorption from π-Electrons 

I n zeolites the m o b i l i t y of hydrocarbon molecules w i t h double bonds is 
specifically restr icted because of a specific interact ion between the 7r-elec-
trons a n d the zeolite (2). A s expected, p r o t o n sp in re laxat ion of benzene, 
cyclohexadiene, cyclohexene, a n d cyclohexane adsorbed o n N a Y reveals 
a n increasing restr ic t ion of m o b i l i t y w i t h increasing number of 7r-electrons 
(3, 4, 8). T h i s is shown i n F i g u r e 1, where the l ong i tud ina l a n d trans 
verse (T2) p ro ton re laxat ion times are plotted . 

40* \ 

401 4 

40° A 

«ΡΑ 

«Γ1 

[msec] 

ψ[κ-'1 
Figure 1. Temperature dependence of proton relaxa
tion times of cyclic hydrocarbons (Ce#6, Ce#8, CQHIO, 
CQHI2) adsorbed on NaY. Pore filling factor θ = 0.8. 

F i g u r e 2 shows the thermal correlat ion t imes r c , calculated f r om the 
long i tud ina l re laxat ion times i n the usual w a y (1). T h e t ime constant r c 

is a direct measure of the molecular mob i l i t y , a n d one recognizes that at 
r oom temperature the molecular m o b i l i t y of cyclohexane is about 200 times 
greater t h a n that of benzene. A s the corresponding heats of adsorption 
(5) differ only b y a factor 1.5, p ro ton re laxat ion is extremely sensitive to 
specific interact ion (cf. (6)). 

I n the case of cyclohexane we have a non- local ized adsorpt ion—the 
adsorbate behaves l ike a n intracrysta l l ine l i q u i d . T h i s is obvious f r o m the 
broad Ti m i n i m u m a n d the large Ti/T2 rat io at 2\ m i n (Figure 1), w h i c h are 
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432 M O L E C U L A R S I E V E S 

character ist ic for re laxat ion result ing f r o m mot ion governed b y the diffusion 
equat ion . I n contrast, the 7r-electron molecules are adsorbed at the N a + 

ions , a n d their correlat ion times should obey E y r i n g ' s equat ion (7) 

where the i n i t i a l state (part i t ion funct ion i/) corresponds to the molecule 
adsorbed on N a + a n d the act ivated state (part i t ion funct ion 2/4=) corresponds 
to the molecule d u r i n g i ts j u m p f r o m one N a + to another. I n accordance 
w i t h this model the energy of a c t i va t i on (E0 = 3.4 kca l /mo le ) is less t h a n 
the heat of adsorpt ion (18 k c a l / m o l e for benzene (6) ) . I t does not depend 
o n the number of 7r-electrons. T h e observed increase of r c f r o m CeHio t o 
C 6 H 6 must be explained b y a change of the preexponential factor a n d es
pec ia l ly b y a decrease of 2 / φ since a stronger interact ion always leads to a 
decrease i n the p a r t i t i o n funct ion . Correspondingly , we have a n increasing 
restr i c t ion of molecular m o b i l i t y i n the ac t ivated state w i t h increasing 
number of π electrons (8). 

τ ' I 
M 

Figure 2. Temperature dependence of the correlation 
times for thermal motion as calculated from Figure 1 
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38. P F E I F E R E T A L . NMR of Adsorbed Molecules 433 

Dispersity of Metals 

I n commerc ia l zeolites the p r o ton re laxat ion of adsorbed molecules is 
control led b y magnetic interact ion w i t h paramagnetic impur i t i es ( F e 3 + ) 
of the zeolite latt ice (9). T h e re laxat ion rate l / 2 \ is propor t i ona l to the 
number of these paramagnetic centers. I f the lat t i ce is covered w i t h d i a -
magnetic meta l atoms, this interact ion should be reduced according to the 
amount a n d dispersity of the metal . 

τ 
[msec] 

Figure 3. Temperature dependence of proton re
laxation time T i of water in NaPtY. Pore filling 
factor θ « 0.8. Pretreatment procedure: for 20 
hours at 100°-JfiO°C. For comparison the results 

for NaY without platinum are also plotted. 

I n the case of a commerc ia l N a Y zeolite ( ( N a 2 O ) i . 0 4 Χ A 1 2 0 3 X 
(S i0 2 ) 5 . 2 ; 0.07 w t % i r o n ; f r o m V E B C K Bi t ter fe ld -Wol fen ) a surpr is ingly 
strong effect was observed w i t h smal l p l a t i n u m content : on ly 1 w t % 
p l a t i n u m was introduced b y exchange w i t h the complex [ P t ( N H 3 ) 4 ] 2 + . I n 
the case of a s tat is t i ca l d i s t r ibut i on of this p l a t i n u m over the zeolite, the 
probab i l i t y for one F e 3 + i n the zeolite latt ice ( F e 0 4 tetrahedron) t o be 
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covered amounts to about 0 .4%. I n F i g u r e 3, where the pro ton re laxat ion 
t ime Ti of adsorbed water is p lo t ted as a funct ion of reciprocal temperature 
for different t h e r m a l pretreatments, one observes, however, tha t the 
p l a t i n u m can have a very strong effect o n Ti (10, 11). T h e change i n Ti 
is m u c h more t h a n 0 .4%. 

T h e results are explained i n connection w i t h mass spectroscopic studies 
of the gases w h i c h escape d u r i n g t h e r m a l pretreatment. T h e escaping 
a m m o n i a reduces the P t 2 + ions to atomic p l a t i n u m . I n this f o r m the 
p l a t i n u m is more mobi le a n d diffuses preferably to the F e 3 + ions i n the 
zeolite lat t i ce . T h u s , these paramagnetic centers are covered a n d become 
inaccessible to the water molecules; hence 2\ increases. A m m o n i a escape 
is m a x i m u m at 180°C; at about the same temperature F e 3 + ions start to 
become covered (Figure 3). A f t e r a pretreatment of 20 hours at 200°C 
about 7 5 % of the F e 3 + ions are covered, as ca lculated f r o m the change i n 
the m i n i m u m value of Τλ. Moreover , i n a compet i t ive process p l a t i n u m 
clusters are formed o n the outer surface of the zeolite crysta ls ; th is can be 
recognized b y the grey color of the pretreated zeolite. T h e f o rmat i on 
of p l a t i n u m clusters is associated w i t h a removal of the P t atoms f r o m F e 3 + 

ions a n d occurs at a slower rate t h a n the coverage of the F e 3 + ions. 

Self-Diffusion Studies 

B y the pulsed field gradient sp in echo method (1) i t is possible to mea
sure mean diffusion lengths (\/(I2)) for molecules i n a g iven t ime i n t e r v a l i n 
systems wi thout a concentrat ion gradient. T h e appl i cat ion of the method 
is l i m i t e d to 

ΙΟ" 4 cm 

and, for adsorbed molecules, to self-diffusion coefficients 

D ~ 10"7 cm2/sec 

I n F i g u r e 4 the experimental self-diffusion coefficient, D, of propane i n 
N a X (12) is p lo t ted as a funct ion of rec iprocal temperature for a pore filling 
factor θ = 0.5. O f special interest is the i n t e r v a l f r o m —130° to —75°C, 
where D does not depend o n temperature. T h e reason for this strange 
effect is tha t b y the N M R method we measure the mean squared diffusion 
length w h i c h is constant i f the t rans lat ional m o t i o n is restricted b y the 
boundary of the crystal l i tes . A t higher temperatures the thermal energy 
enables molecules (relative amount Pinter) to leave the crystal l ites, a n d one 
observes intercrystal l ine self-diffusion (D = p i n t e r A n t e r ) . B e l o w — 130°C 
the mean diffusion length is less t h a n the diameter of the crystal l ites (about 
2 ^m) , a n d the intracrysta l l ine self-diffusion coefficient is measured (D = 
A n t r a ) . I n F i g u r e 5 the experimental self diffusion coefficient of water i n 
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38. P F E I F E R E T A L . NMR of Adsorbed Molecules 435 

D 
[cmW] 

Figure 4- Temperature dependence of the experimental 
self-diffusion coefficient of propane molecules in NaX. 
Coverage: 2.6 molecules per supercage. The broken straight 
line was computed from proton relaxation data and corres

ponds to intracrystalline diffusion. 

two zeolites N a X w i t h different diameters of the crystal l i tes is p lo t ted (IS). 
T h e smaller crystal l i tes (3 μΐη) show behavior s imi lar to tha t i n F i g u r e 4. 
I n the other case the mean diffusion length (< 3 μτο) is m u c h less t h a n the 
diameter of the crystal l i tes (35 Mm), a n d one measures D = Dint™ i n the 
entire temperature i n t e r v a l . 

Zeolitic Hydroxyl Groups 

T h e intens i ty of a n N M R signal is d irect ly proport iona l to the t o t a l 
number of protons. I t is possible to measure a m i n i m u m va lue of 10 2 0 

h y d r o x y l groups per c m 3 w i t h a n accuracy of 1 0 % (1). T a b l e I gives the 
number of O H groups per supercage for various zeolites as determined f r o m 
the intensities of p r o t o n signals (14, IS, 16). F o r Y-zeo l i tes no a m m o n i u m 
ions could be detected b y bo th N M R or I R techniques after pretreatment 
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• 0 V 

Figure 5. Experimental self-diffusion coefficient of water molecules in NaX as a 
function of reciprocal temperature, (a) Mean diameter of the zeolite crystals 3 μm; 

θ = 0.63. (b) mean diameter of the zeolite crystals 35 μm; θ = 041. 

(heating for 10 hours at the pretreatment temperature in vacuo at < 1 0 ~ 4 

torr ) . T h e mean error of the values i n T a b l e I is about 0.1 to 0.2 h y d r o x y l 
groups per supercage. 

F i g u r e 6 is a log p lot of the l ine widths of the pro ton s ignal ( in gauss) 
vs. the rec iprocal temperature for the 7 5 % N a H Y pretreated at 300°C a n d 
400°C respectively (14). T h e correlat ion t ime r c of the O H protons is 
der ived f r o m the bend of the curve. F o r the first sample (300° C) we get 
TC = 4 X 10~ 5 sec at 120°C. T h i s q u a n t i t y represents the mean residence 
t ime of a p ro t on at a n oxygen a t o m of the zeolite lat t i ce . W i t h a mean 
j u m p length of about 2.5-3.0 A , a self-diffusion coefficient of approx imate ly 
3 X 1 0 ~ 1 2 cm 2 / s e c results for the protons. T h e act ivat ion energy follows 
f r o m the slope of the curve above 120°C and is about 5 k c a l / m o l e . T h i s 
agrees w i t h the value g iven b y U y t t e r h o e v e n et al. (17), corresponding to 
migrat i on of the h y d r o x y l protons. 
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38. P F E I F E R E T A L . NMR of Adsorbed Molecules 437 

A n extension of these measurements to other types of zeolites y i e lded 
bend temperatures a n d ac t iva t i on energies ranging f r o m 120° to 200° C a n d 
5-10 k c a l / m o l e . T h e shape of the wide l ine signals of O H groups i n zeo-

T a b l e I . O H Groups per Supercage for Zeol i tes 
Na+ C a 2 + OH Groups per Supercage 
Ex

changed, 
per 

Super-
Pretreatment Temperature, °C 

Zeolite % cage 300° 400° 

N a A 0 0 0.3 0.2 
N a C a A 50 3 2.9 1.4 
N a C a A 80 4.8 4.0 2.1 
C a A 100 

Na+ 

6 

Na+ 

Ex
changed 

5.6 3.1 

Ex
changed, 

per 
Super-

Pretreatment Temperature, °C 

Zeolite % cage 300° 400° 600° 600° 
N a H Y 25 1.7 1.5 0.75 0.75 0.5 
N a H Y 50 3.4 2.8 1.5 1.4 0.7 
N a H Y 75 5.1 4.5 3.0 2.6 1.3 

Figure 6. Temperature dependence of the line width δ Hp 

of the NMR signal of OH groups in decationated Y zeolites 
(76% Na+ ions exchanged, pretreatment temperature 300° 

and 400° C). 
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l i tes is determined b y a magnetic in terac t ion between the protons a n d be
tween the protons a n d the a l u m i n u m nuc le i ; the la t ter contr ibut i on d o m i 
nates (14, 18j 19). T h e decay constant of the sp in echoes, however, is 
determined only b y the weak p r o t o n - p r o t o n interact ion (20). T h u s i t was 
possible to separate b o t h interact ions, a n d the fo l lowing results cou ld be 
der ived for N a H Y zeolites pretreated at 300° C (15,21) : 

(a) T h e distance of a pro ton f r o m i ts nearest a l u m i n u m nucleus 
( r „ A i ) is (2.30 ± 0.05) A . T h i s va lue agrees approx imate ly w i t h t h a t 
der ived b y Stevenson (18) f r om the second moment of the s ignal (2.38 ± 
0.03) A . 

(b) T h e protons are d i s t r ibuted s tat is t i ca l ly over the sites, w h i c h are 
k n o w n f r o m x - r a y techniques to be the Oi and 0 3 atoms of the zeolite l a t 
t ice . 

(c) T h e r e are no p r o t o n - p r o t o n distances less t h a n (3.0 ± 
0.5) A . 
Statements b a n d c fo l low f r o m the spin echo measurements. 

C o m p a r e d w i t h in frared spectroscopy the N M R method has the a d 
vantage t h a t a determinat ion of the number of O H groups does not require 
any assumptions l i k e constancy of ext inct ion coefficients. O n the other 
hand , N M R has a lower sensi t iv i ty a n d poor resolution. 

High Resolution NMR of Adsorbed Molecules 

Because of the smal l chemical shifts of pro ton resonance ( ~ 1 0 ppm) , 
a n d i ts great l ine widths for adsorbed molecules (some 100 H z ) , more or less 
poor ly resolved spectra can be observed (22, 23). A p p l i c a t i o n of F o u r i e r 
t rans form spectroscopy ( F T S ) offers the chance to observe 1 3 C N M R de
spite the l ow n a t u r a l abundance of 1 .1% of these nucle i . C o m p a r e d w i t h 
protons the chemical shifts of 1 3 C are great ly enhanced ( ^ 2 0 0 p p m ) ; 
furthermore the l ine w idths are reduced b y a factor of 16 because of the 
smaller magnetic moment (24)- T h i s allows the observat ion of h igh ly 
resolved 1 3 C spectra of molecules adsorbed on zeolites, as shown b y the 
fo l lowing results (25). A commercia l F o u r i e r spectrometer ( H F X 90, 
B r u k e r P h y s i k A G ) was used at 22.63 M H z . T h e spectrum of 1-butene 
required a n accumulat ion t ime of 800 sec to get a signal-to-noise ra t i o of 
about 10. A s shown b y T a b l e I I the resonance shifts w i t h respect to the 
l i q u i d state are about —6 to + 4 p p m . T h e l ine widths of the adsorbed 
hydrocarbons amount to about 1 p p m , a n d the l ine distances are at least 
2 p p m . I t is not yet possible to interpret the results q u a n t i t a t i v e l y (Table 
I I ) concerning molecular parameters i n the adsorbed state. However , the 
fo l lowing statements can be made : 

(a) F o r hydrocarbons w i t h a double b o n d at the end of the molecule, 
the resonance of the C H carbon is shi fted b y about —5 ppm—i.e. to a 
lower f i e ld—whi le a l l other l ines have a posit ive shift (+0 .8 to + 4 . 0 p p m ) . 
T h i s indicates t h a t a specific in terac t i on between the zeolite a n d these 
molecules occurs via the i r C H group. 
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Table II. 1 3 C Resonance Line Shifts for Adsorbed Molecules with Respect 
to Free Liquids" 

„ _. , „ Resonance Shifts 
Zeolite and Coverage Δ δ . [ppm] 
(0 = Pore Filling) Mean Error ± 0.2 ppm 

Factor) 1 1 — 

NaY0 = O.77 Δδ4 Δδ3 Δδ2 ΔΒι 
NaY 0 = 0.48 2.95 -5.70 2.50 3.70 
NaCaY670 = 0.82 3.30 -5.90 2.85 4.00 

2.20 - 5.50 1.35 2.80 
Δδ2 Δδι 

3.30 -1.10 
Δδ6 Δδ5 Αδi (i = 

1,2,3,4) 
1.10 -4.850.8 

NaY θ = 0.6 

NaY 270 mg/g 

Molecule 

1-Butene 

C (4) H2=C (3) Η C (2) H2—C1H3 

cis-2-Butene 
C(2)H3 C(i)H=C(l)H C(2)H3 
1-Hexene 

C (β) H2=C (5) Η C (4) H2— 
—C (3) H2— C (2) H 2—C (l) H 3 

α Resonance frequency, 22.63 MHz; temperature, 65°C. 

(b) For m-2-butene the resonance shift of the C H group is smaller 
but also negative ( — 1.1 ppm). 

(c) Reducing the number of cations per supercage ( N a Y : 4Na + ; 
N a C a Y 67: about 2 N a + ) leads to a smaller resonance shift compared 
with the liquid state (|Δδ,| decreases). 
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Formation and Structure of a Monomeric 
Oxygen Adduct of a Cobalt(II)-Ammonia 
Complex in a Co(II)Y Zeolite 

E. F. VANSANT1,2 and J. H. LUNSFORD 
Department of Chemistry, Texas A&M University, College Station, Tex. 77843 

The reversible formation of a low-spin [Co(III)(NH3)nO2

-]2+ 

complex within a Co(II) Y zeolite has been demonstrated by EPR 
spectroscopy. In this complex n is probably equal to five. A 
maximum of one cobalt complex per large cavity was formed. 
The cobalt hyperfine structure shows that the unpaired electron 
is only 3% on the metal ion. Experiments utilizing 17O indi
cate that O2 enters the coordination sphere of the Co2+ ions and 
that the unpaired electron is largely associated with the oxygen 
molecule. The oxygen-17 hyperfine structure reveals that the 
two oxygen atoms are not equivalent; hence, it is concluded that 
the oxygen is bonded as a peroxy-type superoxide ion. 

"exchangeab le cations i n a zeolite m a y move f r om the i r usua l sites to f o r m 
well-defined t rans i t i on meta l complexes i n the large cavit ies (1-4)-

S u c h zeo l i t e - t rans i t i on m e t a l complexes are potent ia l ly the heterogeneous 
analogs of i m p o r t a n t homogeneous catalysts . Recent ly , M i k h e i k i n et al. 
(4) a n d V a n s a n t a n d L u n s f o r d (3) have studied respectively the h igh-sp in 
C o ( H 2 0 ) 6

2 + a n d the l ow-sp in C o ( C H 3 N C ) 5 f 6 2 + complexes i n C o ( I I ) Y zeo
l ites . T h e low r -spin cobalt ( II ) complexes have characterist ic electron 
paramagnetic resonance spectra w h i c h are v e r y s imi lar to the spectra of 
analogous complexes formed i n other media (δ, 6). 

Several l ow-sp in mono- a n d dicobalt(II) complexes of s imple amines 
i n solutions were reported to b i n d molecular oxygen revers ib ly (7). T h e 
best k n o w n example of the b inuclear peroxy complexes is [ ( H 8 N ) 5 - C o - 0 2 -
C o ( N H 3 ) 5 ] 5 + (8). I n aqueous solutions no def init ive evidence for mono-

1 Centrum voor Oppervlaktescheikunde en Colloidale Scheikunde, Katholieke 
Universiteit Leuven, De Croylaan 42, B-3030 Heverlee, Belgium. 

2 Present address: University of Antwerp, Fort VI-straat, 2610 Wilrijk, Belgium. 
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meric [ C o ( I I I ) ( N H 3 ) 5 0 2 - ] 2 + complex, where the mo lar rat io of C o to 0 2 is 
1:1, has yet been obtained. F u j i w a r a et al. (9)} however, reported recently 
a 1:1 adduct produced b y γ-irradiation of the [ C o ( N H 3 ) 5 ( N 0 3 ) ] ( N 0 3 ) 2 
salt . I n a l l of these cobalt complexes, 0 2 can enter the first coord inat ion 
sphere of the C o 2 + ions, fo l lowed b y a charge-transfer process. T h e E P R 
measurements show t h a t the unpa i red electron of the l ow-sp in C o i o n is 
large ly associated w i t h the coordinated oxygen. T h e revers ib i l i ty of the 
charge transfer al lows a reduct ion back to C o 2 + w i t h a release of oxygen ; 
therefore, the oxygenated cobalt ( III ) complexes are models of oxygen 
carriers i n b io logical systems. 

I n th is work , 1:1 oxygenated l ow-sp in cobalt ( I I ) - a m m o n i a complexes 
were synthesized w i t h i n the zeolite f ramework b y the adsorpt ion of N H 3 

a n d 0 2 i n C o ( I I ) Y zeolites w i t h dif fering cobalt ( II ) content. S p i n densi 
ties a n d the nature of the superoxide an ion (0 2 ~) were est imated b y i n t r o 
duc ing oxygen-17 i n the ammonia ted C o ( I I ) zeolites. Questions con
cerning the equivalence of the two oxygen atoms have arisen i n studies on 
oxygen adducts of C o (II) Schiff base compounds (7), a n d i t was of interest 
to s tudy th is prob lem i n cobalt ( I l ) - a m m o n i a complexes. 

Experimental 

Three C o ( I I ) Y zeolites w i t h different cobalt concentrations were pre 
pared f r o m a L i n d e N a Y zeolite (lot no . 13544-76) b y convent iona l i o n -
exchange. A cat ion analysis of the C o ( I I ) Y zeolites ind i ca ted concentra
t ions of 0.8, 5, a n d 16 C o 2 + ions per u n i t ce l l . 

T h e C o ( I I ) Y zeolite samples were ac t ivated b y heat ing to 400° C i n 
increments of 100°C per hour under a v a c u u m of 10~ 5 t o r r . A m m o n i a was 
adsorbed i n the dehydrated C o ( I I ) Y zeolites at r o o m temperature . T h e 
ammonia ted C o ( I I ) Y zeolites were ox id ized b y exposing the sample to 
oxygen (3 m m ) at - 7 0 ° C for 10 m i n . T h e N H 3 , 1 6 0 2 , a n d a 1 7 0 1 8 0 m i x 
ture enriched to 4 4 . 5 % 1 7 0 were obta ined f r o m commerc ia l sources a n d 
were used w i t h o u t further pur i f i cat ion . 

T h e E P R spectra, recorded at - 1 9 6 ° C or at 25°C , were t a k e n w i t h 
V a r i a n E 6 S a n d V4502 spectrometers for X - b a n d (9.1 G H z ) , a n d Q - b a n d 
(35 G H z ) measurements, respect ively . T h e g values were evaluated b y 
us ing a 2 , 2 - d i p h e n y l - l - p i c r y l h y d r a z y l ( D P P H ) s tandard , w i t h a g va lue of 
2.0036. S p i n concentrations were obtained b y us ing a single c r y s t a l of 
freshly recrysta l l i zed C u S 0 4 - 5 H 2 0 as a s tandard . T h e est imated error i n 
sp in concentrat ion is ± 3 0 % . 

Results and Discussion 

U p o n adsorpt ion of excess a m m o n i a i n a C o ( I I ) Y zeolite a whi te , 
h igh-sp in c o b a l t ( H ) - a m m o n i a complex w i t h a s p i n conf iguration of (fc^)5-
(eg)2 is formed. A c c o r d i n g to studies of cobalt ( II ) complexes i n solutions, 
salts, a n d i n zeolites, a hexacoordinate C o ( I I ) - a m m o n i a complex is the 
most l i k e l y f o r m when a n excess of a m m o n i a is present (3, 4, 6). Indeed, 
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39. V A N S A N T A N D L U N S F O R D Cobalt (II)-Ammonia Complex 443 

when a n excess of N H 3 , C H 3 C N , C H 3 N C , or H 2 0 i n C o ( I I ) solutions a n d 
C H 3 N C or H 2 0 i n C o (II) Y zeolites was present, s ix -coordinated C o (II) c o m 
plexes were a lways observed. Because of the short re laxat ion t ime , no E P R 
spectra of the ϋ ο ( Ν Η 3 ) 6

2 + complexes can be detected at — 196°C; h o w 
ever, when 0 2 was adsorbed i n the ammonia ted C o ( I I ) Y zeolite, E P R 
spectra a t t r i b u t e d to a l ow-sp in oxygen-carry ing c o b a l t - a m m o n i a c om
plex were observed at r o o m temperature a n d at —196°C. F i g u r e 1 show^s 
a t y p i c a l X - b a n d E P R spec t rum of a n oxygenated C o ( I I ) - a m m o n i a Y 

Figure L EPR spectrum, at —196°C, of an 
oxygenated Co(II)-ammonia complex in a Co(II)Y 

zeolite 

zeolite. T h e 16 hyperf ine lines i n the observed spectra m a y be a t t r i b u t e d 
to the superposit ion of two sets of 8 l ines corresponding to the para l le l a n d 
perpendicular directions of the s y m m e t r y axis w i t h respect to the external 
magnetic field. S u c h a spec trum is characterist ic of the hyperf ine i n t e r 
ac t ion f r om a 5 9 C o monomeric complex. A Q - b a n d experiment was carr ied 
out t o ensure the proper de terminat ion of a g va lue , since a t the higher 
frequencies the m a x i m u m corresponding to g\\ is better resolved. 

A s shown i n T a b l e I , the magnetic parameters of the oxygenated 
C o ( I I ) - a m m o n i a complex i n the zeolite are comparable w i t h other mono
nuclear C o ( I I ) - 0 2 complexes, regardless of the nature of the cobalt ( II ) 
l igands . T h e v e r y s imi lar spec t rum observed b y F u j i w a r a et ah (9) for 
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Table L Magnetic Parameters of Some Cobalt(II) Monomeric Oxygen 
Adducts in Solutions, Salts, and Co (II)Y Zeolites 

9\\ 9± h i C o l \a±*\ 
Compound0 Band ± 0.004 ± 0.004 ± 1 G ± 1 G Ref. 

[Co(III)(NH 3)n0 2-p+Y 
Zeolite X 2.084 2.000 17.8 12.5 this work 

Q 2.083 1.996 — — this work 
[Co(NH 3)BN0 3](N0 3) 2 X 2.081 1.995 17.7 12.2 (9) 
Co (acacen) py(02) X 2.082 1.999 19.6 10.7 (11) 
Vitamin B 1 2 r(0 2) X 2.07 2.004 15 13 (12) TPP-L-Co(0 2 ) X 2.07 2.00 18.3 14.2 (7d) 
Co-TsPc(0 2) X 2.075 2.004 15.9 8.5 (7c) 

a Py = pyridine, TPP-L = tetraphenylporphine-4 aminopyridine, acacen = [CH 3C-
(0~)=CHC(CH8)=NCH2-)2], andTsPc = tetrasulfophthalocyanide. 

7- i r rad iated [ C o ( N H 3 ) 5 ( N 0 3 ) ] ( N 0 3 ) 2 was also a t t r i b u t e d to a [ C o ( I I I ) -
( Ν Η 3 ) 5 0 2 - ] 2 + complex. 

T h e sp in concentrations of the oxygenated c o b a l t - a m m o n i a complexes 
were est imated to be 0.75, 4.1, a n d 6.5 spins per u n i t cel l for the C o ( I I ) Y 
zeolites w i t h respect ively 0.8, 5, a n d 16 C o 2 + ions per u n i t ce l l . W h e n the 
zeolite contained less t h a n one C o 2 + i o n per large c a v i t y ( < 8 C o 2 + per u n i t 
cel l ) , the n u m b e r of spins was i n agreement w i t h the C o 2 + content, w i t h i n 
exper imental error . H o w e v e r , for the high-exchanged C o ( I I ) Y zeolite 
( > 8 C o 2 + per u n i t cel l ) , the sp in concentrat ion ind i cated on ly 6.5 cobalt 
complexes per u n i t ce l l w h i c h is s l i gh t ly less t h a n one per large c a v i t y . 
These results suggest the presence of iso lated [ C o ( I I I ) ( N H 3 ) 5 0 2 ~ ] 2 + c o m 
plexes i n the large cavit ies of the zeolite where the mo lar rat io of C o to 0 2 

is 1 :1. 
A c c o r d i n g t o T a b l e I , the s m a l l C o 2 + hyperf ine s p l i t t i n g constants 

indicate t h a t the unpa i red electron must be large ly local ized on the co
ord inated oxygen molecule. I f the unpa i red electron is local ized i n on ly 
one d o r b i t a l , the hyperf ine tensor can be resolved i n t o a n isotropic a n d 
anisotropic p a r t i n the f o r m : 

- *2 + 
-β 

- *2 + -β (D 
an +2/3 

T h e F e r m i contact t e r m , Α?Β°, is propor t i ona l to the 4s character of the 
wave func t i on whereas the anisotropic t e r m 2β is propor t iona l t o the 3d 
character of the wave funct ion . Since on ly the absolute values of an a n d 
a± m a y be determined f r om the E P R spectrum, var ious sign combinat ions 
are possible w h i c h result i n Ai80 = ± 2 . 4 or ± 14.3 G . T h e la t te r absolute 
va lue agrees we l l w i t h a n isotropic cobalt s p l i t t i n g of |l3.3| G w h i c h was 
measured d i rec t ly for the monomeric oxygen adduct of N,N ' -ethylenebis-
(acetylacetoniminato) cobalt (II ) , abbrev iated C o (acacen) (11). 
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39. V A N S A N T A N D L U N S F O R D Cobalt (II)-Ammonia Complex 445 

A posit ive sign for A-lso corresponds to 2β = + 3 . 5 G , a n d a negative 
sign corresponds to 20 = —3.5 G . T h e ac tua l sign of 2β is determined b y 
the 3d o r b i t a l w h i c h contains the unpa i red e lectron; for the dz* o r b i t a l 
2β > 0 whereas for the other d orbi ta ls 2β < 0 (18). B a s e d on the model 
shown i n F i g u r e 2 H o f f m a n a n d co-workers (11), have po inted out t h a t the 
2p7r* molecular o rb i ta l on the oxygen w h i c h contains the unpa ired electron 
mixes on ly w i t h the Sdyg o rb i ta l of cobalt . T h i s , of course, suggests a 
negative sign for Aiso a n d 2β. 

^ 3 

Co+a 

NH-

Figure 2. Structure of the 
[Co(III)(NHz)502-]+2 complex 

in Co (II) Y zeolites 

Figure 3. Typical EPR spectrum, at —196°C, of ammoniated Co-
(II) Y zeolite after absorption of 02 enriched with 44.5% 170 
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Regardless of the sign choice, the 4s a n d 3d character of the wave 
funct ion m a y be evaluated b y compar ing the exper imental ly determined 
coupl ing constant w i t h the values of 1350 G (14) a n d — 1 7 3 G (13) for the 
unpa i red electron i n a pure 4s or 3dvz o r b i t a l o n C o ( I I I ) . T h i s comparison 
confirms t h a t the unpa i red electron is o n l y about 1 % local ized i n the 4s 
o r b i t a l a n d 2 % local ized i n the 3d o rb i ta l . Since no ni trogen hyperfine 
s p l i t t i n g was observed for the N H 3 l igands, the unpa i red electron must be 
almost completely local ized (>97%) on the 0 2 l i gand . 

T o s t u d y further the nature of the coordinated 0 2 molecule, adsorp
t i o n experiments w i t h 1 7 0 1 8 0 were carr ied out. F i g u r e 3 shows a n E P R 
spec trum of the ammonia ted C o ( I I ) Y zeolites, t reated w i t h 1 7 0 1 8 0 . 
Since the nuclear sp in of 1 7 0 is B / 2 , paramagnet ic species w i t h one 1 7 0 have 
21 + 1 or six l ines. T w o sets of s ix hyperf ine l ines ( 1 7 0 1 8 0 ) can be ob
served i n add i t i on to the cobalt hyperfine l ines. T h e paramagnet ic 
parameters of 1 7 0 species are g iven i n T a b l e I I . These values, i n c l u d i n g 
the g tensor, are comparable w i t h those observed i n several studies of the 
superoxide i on on various oxides (16). 

T h e 1 7 0 hyperfine s tructure indicates t h a t the two oxygen atoms are 
not equivalent . T h i s observat ion tends to support the model of the C o -
(acacen)0 2 complexes proposed b y C r u m b l i s a et al. (7a) us ing I R d a t a a n d 
H o f f m a n et al. (11) us ing E P R data . T h e 1 7 0 hyperf ine s tructure was not 
avai lab le i n the la t ter case. Considerat ions of the geometry suggest a 
s y m m e t r y as shown i n F i g u r e 2, where the 0 - 0 internuclear axis (ζ') is 
large ly a long the χ axis. T o a first approx imat i on ay^ ~ az>z> ~ 0 (16). 

Table II. E P R Data for the 1 7 0 Hyperfine Interactions 
0(1) 0(2) 

a x v , - 8 0 G - 6 0 G 
aj ,v , ~ 0 G ~ 0 G 
a 2 v , ~ 0 G ~ 0 G 
^ i i s o , - 2 7 G - 2 0 G 

2/3, - 5 3 G - 4 0 G 
p8 0.016 0.012 
P2PTcxf* 0.51 0.38 

T h e exper imental hyperf ine tensor for each oxygen can be resolved 
in to i ts isotropic a n d anisotropic components i n the f o rm given b y E q u a t i o n 
1. Because the nuclear magnetogyric ra t io for oxygen is negative, 
Ai%Q < O, a n d 2β > Ο. A n analysis of the exper imental hyperf ine 
tensor s imi lar to t h a t carr ied out for cobalt reveals t h a t the unpa i red 
electron on the oxygen is m a i n l y loca l ized ( ~ 9 0 % ) i n a 2ρπχ* molecular 
o rb i ta l . T h e values of AiSO, 2β, a n d the electron densities on the different 
oxygen atoms are summar ized i n T a b l e I I . 

A n examinat ion of the revers ib i l i ty of the oxygenat ion shows t h a t upon 
evacuat ion of the 0 2 the h igh-sp in c o b a l t ( I l ) - a m m o n i a complex was re -
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39. VANSANT AND LUNSFORD Cobalt (II)-Ammonia Comptez 447 

stored many times. This indicates a reversible charge transfer between 
the central cobalt ion and the coordinated oxygen molecule. 

We may conclude that the divalent cobalt ions move out into the 
large cavities upon adsorption of N H 3 to form a hexacoordinate cobalt(II)-
ammonia complex. Following adsorption of 0 2 in the ammoniated Co (II) Y 
zeolites, oxygen enters the coordination sphere of the C o 2 + ions. This 
is accompanied by a charge-transfer process to form a [Co(III) ( Ν Η 3 ) 5 0 ί Γ ] 2 + 

complex. The general intermolecular redox process can be approximated 
by the reactions 

The reversibility of the charge transfer makes this complex useful as an 
oxygen carrier or perhaps as an oxidation catalyst. This monomeric 
complex forms in solution instead of the dimer in solutions because each 
peroxy complex is restricted from motion by the zeolite framework. There
fore, the formation of binuclear [ ( Η 3 Ν ) 5 - Ο ο - 0 2 - Ο ο - ( Ν Η 3 ) δ ] 5 + complex is 
slow in the zeolite. 
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Co 2 + + 6NH3 *± [Co(II)(NH3)6]2+ 

[Co(II)(NH3)e]2+ + 02 <z> [Co(III)(NH3)502-]2+ + NH 3 

(2) 

(3) 
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Catalytic Properties of Zeolites— 
A General Review 

KH. M. MINACHEV and YA. I. ISAKOV 

Zelinsky Institute of Organic Chemistry, Academy of Sciences, 
Leninsky Prospect 47, B-334 Moscow, U.S.S.R. 

Much progress has been made in understanding the catalytic ac
tivity of zeolites for several type of reactions. The number of 
reactions catalyzed by zeolites has been extended, and new multi
component polyfunctional catalysts with specific properties have 
been developed. In addition to cracking and hydrocracking, re
actions such as n-alkane isomerization, low temperature isom
erization of aromatic C8 hydrocarbons, and disproportionation 
of toluene are industrially performed over zeolite-containing 
catalysts. Moreover, introduction of various compounds (CO2, 
HCl) into reaction mixtures allows one to control the intensity 
and selectivity of the reactions. There are many reviews on the 
catalytic behavior of zeolites and even more original papers and 
patents. This review emphasizes the results, achievements, and 
trends which we consider to be most important. 

Catalytic studies on zeolite can be classified according to their point of 
^ v i e w a n d general method of approach as fo l lows: 

(1) E s t a b l i s h m e n t of the nature of act ive sites for var ious reactions. 
Search for s imilar i t ies a n d differences between the crysta l l ine zeolites a n d 
the amorphous s i l ica-aluminas. 

(2) Corre la t i on between structure a n d composit ion of zeolites a n d the i r 
a c t i v i t y , s tab i l i ty , a n d select ivity for selected model reactions. 

(3) Search for the app l i cab i l i ty of zeolite catalysts to convent ional and 
new reactions. S t u d y of theoret ical a n d prac t i ca l problems of o i l ref ining 
a n d petro leum chemistry a n d of kinetics a n d mechanisms of model reac
t ions. 

(4) Invest igat ion of methods to contro l zeolite properties a n d com
posit ion, to modi fy these properties to obta in the highest specificity i n the ir 
app l i ca t i on as catalysts for var ious processes. Deve lopment of new m u l t i -
component po ly funct ional cata lyt i c systems. 

(5) S t u d y of the molecular sieve properties a n d their possible app l i ca 
t i o n to develop h igh ly selective catalysts . 

451 
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452 M O L E C U L A R S I E V E S 

(6) S t u d y of the conditions of pretreatment a n d their effect on the 
a c t i v i t y , se lect iv ity , s tab i l i ty , a n d a b i l i t y for regenerating the zeolite 
catalysts . 

(7) A p p l i c a t i o n of zeolite catalysts i n i n d u s t r i a l processes. 

F o r m a n y reactions, especially carbonium- ion type reactions, the 
zeolites a n d the amorphous s i l i ca-a luminas have common properties. T h e 
ac t i va t i on energies of the processes w i t h both types of compounds change 
ins igni f i cant ly , a n d b o t h compounds have s imi lar responses to poisons 
a n d promotors (1> 2). I n general the zeolites are far more act ive t h a n 
the amorphous catalysts , b u t i on exchange a n d other modif ications can 
produce changes i n zeolite a c t i v i t y w h i c h are more i m p o r t a n t t h a n the 
differences between the act iv i t ies of the amorphous a n d zeolit ic catalysts ' 

There are several reasons w h y the a c t i v i t y of the zeolites is higher 
t h a n that of amorphous catalysts . I n some cases the difference m a y be 
the result of a greater number of act ive sites. I n other cases, the adsorp
t i o n factor is responsible (2). T h e adsorpt ion po tent ia l is higher i n the 
narrow pores of the zeolites. Hence the residence t ime of the adsorbed 
molecules is longer, a n d w i t h sites of s imi lar chemical character the p r o b 
a b i l i t y of react ion increases. T h e surface concentrat ion of react ing mole
cules i n the zeolites is greater b y two orders of magni tude t h a n i n the 
amorphous s i l i ca -a luminas . Therefore, a l l other factors being equal , the 
cata lyt i c a c t i v i t y per u n i t mass of zeolite is m u c h higher t h a n t h a t of s i l i ca -
a luminas . There is also evidence (2, 3-8) that the number of centers of 
h igh a c i d i t y is greater i n some zeolites t h a n i n amorphous s i l i ca -a luminas . 
T h i s is responsible for a h igher a c t i v i t y of zeolites i n reactions i n v o l v i n g 
s trongly ac idic centers. F i n a l l y , for reactions i n w h i c h cations are act ive , 
the h igh a c t i v i t y of the zeolites m a y be correlated w i t h their h igh exchange 
capacities. 

Corre lat ions between structure a n d cata lyt i c a c t i v i t y have been de
scribed for carbonium- ion type reactions (1). M u c h effort was also spent 
to establ ish a correlat ion between s t r u c t u r a l a n d composit ional factors 
a n d the a c t i v i t y for redox type reactions (1, 9-12). T r a n s i t i o n m e t a l ions 
i n zeolites were shown to be act ive i n the ox idat ion a n d hydrogénation of 
hydrocarbons . I n th is connection var ious techniques were used to locate 
the cations i n the framework of the faujasite-type zeolites (13-20). These 
ions migrate u p o n t h e r m a l t reatment or b y the adsorpt ion of var ious sub
stances. T h u s , methods are needed to determine the locat ion of the cat 
ions under react ion condit ions. 

T h e number of reactions cata lyzed b y zeolites is cont inua l ly increas
i n g . Synthet i c faujasites conta in ing t rans i t i on m e t a l cations are act ive 
for the complete ox idat ion of H 2 , C O , C 2 H 4 , N H 3 (9). U p o n in terac t i on 
of N H 3 w i t h 0 2 over C r Y a n d A g Y , N 2 0 a n d N 2 are formed (9). M a h i d a 
et al. (21) invest igated the ox idat ion of propylene over C u 2 + Y . D e p e n d i n g 
on the temperature a n d on the water vapor content i n the react ion m i x t u r e , 
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40. M I N A C H E V A N D I S A K O V Catalytic Properties of Zeolites 453 

various amounts of 2-propanol , acetaldehyde, acetone, a n d acrole in are 
formed. I ron-conta in ing zeolites of type A , X , a n d Y show considerable 
a c t i v i t y a n d se lect iv i ty i n the ox idat ive ammonolys is of propylene (22). 

T y p e Y zeolites, conta in ing C u 2 + , P d 2 + , A g + , a n d Z n 2 + , are act ive 
i n the ox idat ive dehydrogenation of cyclohexane at 220° -350°C (23). F o r 
a 1 0 % conversion of cyclohexane, the se lect iv i ty of benzene format ion 
was as h igh as 8 0 % . 

2 - M e t h y l c u m a r a n was formed (24) b y condensation of phenol w i t h 
a l k y l a lcohol i n the presence of C a Y . 

T h e react ion proceeded selectively, a n d the y i e l d was propor t i ona l to the 
a c i d i t y of the catalyst . 

M i n a c h e v , E i d u s et al. (26) f ound t h a t C a , N i , C o , a n d N d Y zeolites 
were act ive i n the d isproport ionat ion of propylene to ethylene a n d butènes. 
T h e process was accompanied b y hydrogen rearrangement to f o rm s a t u 
ra ted hydrocarbons a n d condensation products . T h e se lect iv i ty i n this 
react ion depends on the composit ion of the catalysts , the ir pretreatment , 
a n d the exper imental condit ions (26). 

A number of cationic forms of zeolite type A were found to have h i g h 
a c t i v i t y a n d se lect iv i ty i n the h y d r a t i o n of ethylene to ethanol (27, 28). 
A t 220°C the a c t i v i t y decreased i n the order L a Y > C a Y > M g A > C d A 
> Z n A > A g A > S r A > C a A ~ C e A . M i n a c h e v et al. f ound a one-step 
react ion i n the f ormat ion of sec-butylbenzene f rom benzene a n d ethylene 
over ion-exchanged zeolites (29). 

C a t a l y t i c act iv i t ies of zeolites were also s tudied for the dehydra t i on 
of the azeotropic m i x t u r e of water a n d d i m e t h y l v i n y l c a r b i n o l w i t h f o rma
t i o n of isoprene (30), for the hydrogénation of ethylene (31), the crotonic 
condensation of η-butyl aldehyde (82), a n d m a n y other reactions (38-41). 

Zeolite catalysts i n m a n y forms are used for i m p o r t a n t commerc ia l 
processes. T h e studies were extended to L zeolites, mordenite , erionite, 
a n d dea luminated faujasites a n d mordenites. M o r e a t tent i on is p a i d 
now to zeolites w i t h un iva lent a n d m u l t i v a l e n t cations a n d to m u l t i c o m -
ponent catalysts . A m o n g these some i m p o r t a n t examples are the t e l 
l u r i u m - c o n t a i n i n g cata lyst for hydrocarbon dehydrocyc l i za t i on (42), the 
d i funct iona l N i - a n d Pd-zeo l i te catalysts for benzene h y d r o d i m e r i z a t i o n 
to phenylcyclohexane (48), the cata lyst for the hydrogenat ion of pheno l 
cyc lohexanol (44), the 4 % N i / N a Y w h i c h forms butano l , 2 -ethylhexanol , 
2 -ethylhexanal , a n d 2-ethylhexanol f rom a m i x t u r e of n -butyra ldehyde 
a n d hydrogen. 

C 3 H 6 + N H 3 + 0 2 -> CH2=CH—CN + H 2 0 
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454 M O L E C U L A R S I E V E S 

R i c h a r d s o n (45) showed, by magnet izat ion measurements, t h a t the re 
d u c t i o n of N i 2 + to N i o n zeolite Y depends o n the a c i d i t y of the sample. 
T h i s is evident f r o m the data i n T a b l e I . F o r comparison, d a t a on 7 -

AI2O3 a n d s i l i ca -a luminas are inc luded . T h e reduced n i c k e l concentrates 
outside the crystals i n partic les of approx imate ly 100 A . Interest ing 
experiments are reported b y L a w s o n et al. (46) a n d b y R e m a n et al. (47) 
concerning the possiblit ies of m o d i f y i n g the metal-zeol ite cata lyst . T h e 
former shows the increased s t a b i l i t y of a 1 % N i - N a Y against poisoning 
b y i n t r o d u c t i o n of C r 2 0 3 . T h e la t ter considers a l l oy contacts on the s u r 
face of zeolites produced b y reduct i on of m i x e d N i - C u , N i - C d , N i - A g , a n d 
other po lycat ionic Y zeolites. 

Table I. Dependence of the Degree of Nickel Reduction to Metal and 
the Size of Crystallites on the Nature of a Catalyst Support9 (45) 

Support 

Si02-
Si02 Al203 AWz NaY LiY CaY MgY NH4Y 

Ni-content, 
w t % 5.00 5.03 4.89 2.46 3.03 3.05 2.68 2.40 

Reduction 
degree, % 99 12.5 75.4 100 79.5 75.8 45.1 0 

Crystallites 
diameter, A 95 79 83 126 112 99 95 — 

α Catalysts were reduced at 400°C for 16 hrs; nickel was introduced into zeolites 
(S1O2/AI2O3 = 4.75) by ion exchange, on other supports by impregnating. 

M o l e c u l a r sieve effects a n d the ir influence on cata lyt i c se lect iv i ty 
offer i m p o r t a n t possibi l i t ies . C h e n (48) showed t h a t for a g iven react ion 
synthet ic offretite, w i t h i t s 12-membered r ings of oxygen ions, exhib i ted 
no se lect iv i ty where the presence of s m a l l amounts of erionite (3%) re 
su l ted i n a n effective b l o ck ing of the large openings a n d the creat ion of 
se lect iv i ty . T h i s emphasizes the possible influence of impur i t i es o n the 
p r a c t i c a l uses of zeolite catalysts . 

Zeolites are used i n m a n y i m p o r t a n t i n d u s t r i a l cata lyt i c processes. 
I n add i t i on to c rack ing (49) zeol i te-containing catalysts are used i n 
h y d r o c r a c k i n g (50, 51) a n d i n the so-called process of selectoforming (52). 
T h i s process is the selective hydroc rack ing of n-paraffins f r om mixtures 
of isoparaffinic a n d aromat ic hydrocarbons . Since 1970, zeolites have 
been used for hydro isomer izat ion of pentane-hexane o i l fractions to ob
t a i n h i g h q u a l i t y gasolines (the He isomer process, U n i o n C a r b i d e C o r p . 
a n d S h e l l C o (50, 58, 54)). B i f u n c t i o n a l zeolite catalysts are used for l ow 
temperature i somerizat ion of aromat ic hydrocarbons a n d toluene d ispro -
por t i onat i on (55). M a n y other examples can be g iven to i l lus trate the 
importance of zeolite catalysts i n modern o i l re f in ing a n d petrochemica l 
i n d u s t r y . 
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Influence of Various Substances on the Catalytic Activity of Zeolites 
T h e superac t iv i ty of zeolite catalysts sometimes becomes a consider

able disadvantage w h e n i t is responsible for undesirable side reactions. 
These m a y alter the se lect iv i ty or cause deact ivat ion a n d aging. These 
problems have been reviewed (56). 

Recent work b y R a b o et al. (67) opens new possibi l it ies for contro l l ing 
the a c t i v i t y a n d se lect iv i ty of zeolite catalysts . Occ lus ion of var ious 
guest molecules in to the sodalite cavit ies of Y zeolites can signi f icantly 
change the cata lyt i c properties of the zeolites for carbonium-type reac
t ions . A n i o n s of occ luded salts are located close to the center of the soda
l i te c a v i t y a n d strongly influence the arrangement of cations i n the faujasite 
latt ice a n d hence the cata lyt i c a c t i v i t y . 

One of the most p romis ing methods for contro l l ing the in tens i ty a n d 
se lect iv i ty of processes is the in t roduc t i on of var ious substances in to the 
react ion mix ture . V e n u t o et al. (58) a t ta ined a h i g h l y selective dehydro -
genation of hydrocarbons over cat ion exchanged zeolite X b y conduct ing 
the react ion i n the presence of N H 3 . I t is also w e l l k n o w n t h a t the a d d i 
t i o n of s m a l l amounts of water increases the a c t i v i t y of zeolites for carbo-
n i u m - i o n type react ions : c rack ing (59), a l k y l a t i o n (68), i somerizat ion 
(56,60), d i s p r o p o r t i o n a t e (60,61,62) a n d others (56). 

T h e a b i l i t y of water molecules to promote a react ion depends on m a n y 
factors. I n most cases, zeolites w i t h monovalent cations have l ow a c t i v 
i t y . However , the a d d i t i o n of water molecules to X a n d Y zeolites w i t h 
monovalent ions increased the isomerizat ion of cyclopropane (68). D e 
cat ionized zeolites can be promoted read i ly w i t h water , a n d the process 
is reversible (2, 60, 64). I t was shown (2) t h a t the p r o m o t i n g a b i l i t y of 
water molecules i n faujasites is less w h e n the S i 0 2 / A l 2 0 3 increases. D e a l u -
m i n a t e d faujasites are even more diff icult to promote . F o r erionite a n d 
mordenite the m a x i m u m effect of water was observed on ly after t reatment 
w i t h l i q u i d water a n d subsequent heat ing (2). T h e effect of water o n 
zeolites saturated w i t h po lyva lent cations is less pronounced (65, 66, 67). 
However , the presence of m u l t i v a l e n t cations stabil izes the cata ly t i c a c t i v 
i t y . W a t e r a n d alcohols were reported to promote i o n exchanged zeolites 
for n-pentane isomerizat ion (68) a n d n-hexadecane h y d r o c r a c k i n g (69). 

Other pro ton donors ( H B r , H C 1 , H 2 S , H 2 S e , H C N , C H 3 S H ) can have 
a s imi lar p r o m o t i n g effect as water (56, 61, 70, 71). F o r a l k y l a t i o n of 
benzene w i t h propylene the a c t i v i t y of H N a X , C a X , a n d N a X increased 
on a d d i t i o n of C 3 H 7 C 1 (72), a n d C C 1 4 h a d a s imi lar effect o n the a c t i v i t y 
of N a Y , C d Y , a n d B a Y (73), b u t i t was not understood w h y the a c t i v i t y 
of C a Y for the same react ion decreased o n a d d i t i o n of the same products . 
T h e a c t i v i t y of N a Y for a l k y l a t i o n increases considerably b y in t roduc ing 
d i m e t h y l ether a n d n-butyra ldehyde . 

Gases other t h a n steam can influence the cata ly t i c propert ies as we l l , 
a n d th is phenomenon is of great theoret ical a n d p r a c t i c a l va lue . T h e 
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a c t i v i t y of a lka l ine a n d a lka l ine earth zeolites of t y p e A a n d X i n c rack ing , 
i somerizat ion, a l k y l a t i o n , a n d dea lky la t i on of hydrocarbons a n d for a lcohol 
dehydrat i on increases considerably i n the presence of C 0 2 (74, 75). F o r 
example, the conversion of cumene over C a X at 468°C a n d a vo lume rate 
of 1 h r - 1 increased f r o m 6 0 % to 9 0 % when C 0 2 was added (74). N a X , 
when not cat ion deficient, is unable to catalyze the dehydrat i on of propano l 
a t temperatures as h i g h as 300°C. I n the presence of C 0 2 i t has con
siderable a c t i v i t y a t a temperature as l ow as 230°C. W e believe that 
the act ive centers are formed as a result of chemisorpt ion of- C 0 2 on the 
cations (such as C a 2 + ) or o n latt ice defects. 

W e studied the effect of C 0 2 o n synthet ic faujasites for the d i spro -
por t i onat ion of toluene (66, 62, 76) a n d for the a l k y l a t i o n of benzene w i t h 
olefins (77) i n great deta i l . L a p i d u s et al. (78) invest igated the conversion 
of isobutylene over N a X a n d N a Y zeolites i n the presence of C 0 2 . Over 
N a Y , the conversion cou ld be increased b y add ing C 0 2 to the olefin, a n d 
C 5 a n d C 7 hydrocarbons were formed. Over N a X the effect is less p r o 
nounced (Table I I ) . A d d i t i o n of N 2 h a d no appreciable effect. 

Table II. Isobutylene Conversion 0 over Na-Faujasites in 
the Presence of C 0 2 (78) 

C02 

Content, 
vol % 

Conver
sion of 
butyl

ène, % 

Yield from Consumed Isobutylene, % 

Catalyst* 

C02 

Content, 
vol % 

Conver
sion of 
butyl

ène, % 
i-

C4H10 
β-

CJI* CtHw Ceff 12 C7Huc Csffie Coke 

N a X 
(x = 2.5) 

4.0 
3.5 
2.0 traces 

— — — — 96.0 4.0 
— 0.1 0.1 0.2 97.5 2.1 

N a Y 
(x = 4.2) 

6.0 
6 

41 
7.0 
8.6 

— — 1.3 — 86.3 5.4 
0.8 4.3 20 13.5 66.5 4.1 

N a Y 
(x = 4.8) 

4.4 
13.5 
37.0 

0.6 
10.5 

- 0.2 0.3 0.5 95.6 2.8 
1.3 4.9 2.0 13.5 65.4 2.4 

β Carried out at atmospheric pressure at 200°C with a contact time of 4 sec. 
6 Value of χ is for Si0 2/Al 20 3. 
c A quantity of 3-5% i -C 8 H 8 is present in heptenes. 

A s imi lar a c t i v a t i n g effect is produced b y S 0 2 d u r i n g pretreatment 
of the catalyst or b y a d d i t i o n of S 0 2 to the reagents i n proport ions between 
0.1 a n d 2 5 % of the zeolite weight (79). I m p o r t a n t var ia t ions can also be 
produced b y C S 2 , phenylmercaptans , n i t rous a n d n i t r i c oxides, n i t r o c o m 
pounds a n d others (80, 81). Since most of these compounds are acidic , 
the p r o b l e m of s t r u c t u r a l damage arises, especially a t h i g h temperatures . 
I n f o r m a t i o n on th is p rob l em is scarce (56). 
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40. MINACHEV AND iSAKov Catalytic Properties of Zeolites 457 

The activity and stability of zeolites can be increased by adding H 2 

or O2 in some reactions. Addition of H 2 increases the activity of X and Y 
zeolites for isooctane cracking as compared with the activity in a He atmo
sphere (82). Minachev et al. (83) discovered an increased activity of CaY 
and NdY zeolites for the hydrogenation of ethylene when air was added to 
a starting mixture of C 2 H 4 and H 2 . The authors assume that the activat
ing effect is caused by variations in the rate of adsorption and desorption 
in the system H 2 - C 2 H 4 - C 2 H 6 . Addition of O2 also considerably increases 
the rate of disproportionation of toluene over CaY, MgY, and M Y zeo
lites. At the same time there is a decrease in coke formation (84). 

In some cases, addition of selective poisons can increase the selectivity 
of catalytic processes. According to Williams et al. (85) the transalkyla-
tion of alkyl aromatic C 8 hydrocarbons, occurring during isomerization, 
can be suppressed by adding (CH 3)3CNH 2 (only 5 ppm) to the reacting 
mixture. At the same time, isomerization is increased. 

Thus, the addition of compounds to reaction mixtures can influence 
the catalytic activity of zeolites. The effect may be increased conversion 
or a shorter reaction time. The effects may be caused by surface modi
fication or by variation in adsorption-desorption in the system reagent-
product-zeolite. Sometimes the properties of the zeolite change so radi
cally that it is possible to talk about the action of new catalytic systems. 
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Catalytic Functions of Metal—Zeolite Systems 

V. PENCHEV, N. DAVIDOVA, V. KANAZIREV, 
H. MINCHEV, and Y. NEINSKA 
Institute of Organic Chemistry, Bulgarian Academy of Sciences, Sofia, Bulgaria 

The paper deals with some new data concerning the state of the 
metal after reduction and the catalytic functions of zeolite cata
lysts containing nickel and platinum. By using the molecular 
sieve selectivity in the hydrogenation of mesitylene it has been 
proved that metal (platinum) is contained in the volume of the 
zeolite crystal. The temperature dependence of the formation 
of nickel crystals was investigated. The aluminosilicate 
structure and the zeolite composition influence mainly the for
mation of the metal surface which determines the catalytic 
activity. In the hydrocracking of cumene and disproportiona
tion of toluene a bifunctional action of catalysts has been es
tablished. Hydrogen retarded the reaction. 

^ e o l i t e catalysts modif ied b y t rans i t i on metals are interest ing a n d 
difficult subjects to s tudy . I n one of the first studies of zeolites as 

catalysts , R a b o a n d co-workers (1) used a zeolite catalyst conta in ing 0 . 5 % 
p l a t i n u m for isomerizat ion of η-paraffins. I n this react ion the m e t a l -
zeolite system acted as a t y p i c a l representative of the b i funct ional ca ta 
lysts . Studies of zeolites modif ied b y t rans i t i on metals (2, 3, 4) showed 
that their po ly funct ional properties are determined b y the s t ruc tura l a n d 
chemical properties of the zeolite a n d b y the state of the meta l i n i t . I n 
this paper we discuss new data on the meta l state after reduct ion as we l l 
as the cata lyt i c functions of zeolite catalysts conta in ing n i cke l a n d p l a t i 
n u m . 

Experimental 

I n these experiments, synthet ic zeolites of the faujasite-type w i thout 
b i n d i n g substance were used. C a l c i u m a n d n i c k e l - c a l c i u m samples i n ionic 
f o r m were obta ined b y i o n exchange under condit ions ensuring s t a b i l i t y of 
the c rys ta l structure (5). P l a t i n u m a d d i t i o n was carr ied out b y i o n 
exchange w i t h P t ( N H 3 ) 6 C l 4 (6). 

461 
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T h e surface a n d size of the m e t a l part ic les after reduct ion were deter
m i n e d b y gas chromatographic impulse t i t r a t i o n i n a flow sys tem—for the 
p l a t i n u m samples hydrogen -oxygen t i t r a t i o n i n n i t rogen (7) was used, 
whereas chemisorpt ion of oxygen i n h e l i u m flow (8) was used for the n i c k e l 
samples. Some samples were analyzed b y electron microscopic examina 
t ions described i n Re f . 9. 

C a t a l y t i c invest igat ions were performed i n a glass flow apparatus at 
atmospheric pressure. A p p r o p r i a t e pretreatment a n d catalyst reduct ion 
for each cata ly t i c react ion was carr ied out . 

Results and Discussion 

F o r correct interpretat ion of the behavior of metal-zeolite catalysts i t is 
i m p o r t a n t to elucidate the meta l state i n the zeolite structure . U s i n g gas 
chromatographic impulse t i t r a t i o n i n a flow system we f ound t h a t the 
average diameter of the p l a t i n u m particles was i n the range 30 to 80 A . 
M e t a l particles have different diameters depending on the reduct ion cond i 
t ions a n d zeolite composit ion. These data were confirmed b y electron 
microscopic examinat ion . T h e m a x i m u m diameter of p l a t i n u m crystals is 
ca. 100-120 A . T h e average diameter does not exclude the poss ib i l i ty t h a t 
a signif icant p a r t of the meta l is a fine dispersion w i t h part ic le sizes equal t o 
or smaller t h a n the zeolite pores, as reported b y some authors (1, 10, 11). 
T h e prob lem of whether the meta l is placed on ly on the surface of the 
zeolite c rys ta l or is present i n the vo lume of the c rys ta l is of great i m p o r 
tance i n catalysis . 

In format ion on the presence of meta l particles i n the vo lume of the 
zeolite crystals was obta ined b y cata ly t i c studies using selective molecular 
sieves. F o r m e r investigations (3) showed t h a t after reduct ion of the 
meta l , cat ion molecular sieves of faujasite-type preserve the ir c rys ta l 
structure . Hence , molecules w i t h a diameter larger t h a n the pores of the 
zeolites w o u l d not react i f the react ion is determined b y the surface of 
meta l particles i n the vo lume of the zeolite c rysta l . F o r this purpose we 
studied mesitylene hydrogenat ion on type X zeolites conta in ing different 
amounts of p l a t i n u m . T h e a c t i v i t y of the same catalysts i n the de-
hydrogenat ion of cyclohexane was tested as we l l . P l a t i n u m catalyst on 
a l u m i n i u m oxide was used for comparison. T h e results are g iven i n Tab le 
I . T h e two zeolite samples show s imi lar a c t i v i t y on cyclohexane dehydro -
genation despite the fourfold greater amount of p l a t i n u m i n sample 2. 

T a b l e I . Dehydrogenat ion of Cyc lohexane a n d 
H y d r o g e n a t i o n of M e s i t y l e n e 

Dehydrogenation Hydrogenation 
at Cyclohexane of Mesitylene 

Platinum, at 300°C, at 200°C, 
Ν Supporter wt % wt% wt% 

1 CaX 0.53 37 0 
2 CaX 1.83 46 10 
3 A1203 0.52 50 21 
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A t the same t ime the zeolite w i t h lower p l a t i n u m content is inact ive 
towards mesitylene hydrogénation whi le sample 2 shows a considerable 
a c t i v i t y . T h e p l a t i n u m - a l u m i n i u m oxide catalyst w i t h a n average pore 
size of 40 A appears act ive i n b o t h types of reactions. E v i d e n t l y the re 
sults could be explained b y the i n a b i l i t y of the mesitylene molecules to 
reach the meta l i n the vo lume of the zeolite c rys ta l . B y increasing the 
p l a t i n u m content i n the zeolite (sample 2) , a considerably greater par t of 
the meta l aggregates on the surface of the zeolite crystals (which is con 
f irmed b y electron microscopic studies), resul t ing i n higher a c t i v i t y on 
mesitylene hydrogénation. 

T h e influence of the reduct ion temperature was s tudied for n i c k e l -
zeolite catalysts . M o l e c u l a r sieves of type A , X , a n d Y w h i c h contained 
about 7-8 w t % n i cke l were used. F i g u r e 1 shows the results of the s tudy 
o n the format ion of meta l surface i n reduct ion temperatures f r o m 250 to 
600° C . R e d u c t i o n of n i cke l w i t h hydrogen begins at 250-300° C for a l l 

2ft 510 490 5S0 

Figure 1. Dependence of nickel surface in the zeo
lite on the reduction temperature: 1, sample NiA 
(Ni content 7.1 wt %, Si02/Al203 = 2.0); 2, sample 
NiX (Ni content 8.1 wt %, Si02/Al2Oz = 2.6); 3, 

NiY (Ni content 8.0 wt%,Si02/Al203 = 3.8) 
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three types of zeolite catalysts . M a x i m u m surface of n i cke l was obtained 
at reduct ion temperatures 450-500° C . A t higher reduct ion temperatures 
s inter ing of meta l particles takes place w i t h a corresponding decrease of 
the specific surface. I t cou ld be expected that samples w i t h greater specific 
(metal) surface should have higher cata lyt i c a c t i v i t y . T h i s assumption 
was confirmed i n the s tudy of benzene hydrogénation performed at 110°C. 
F i g u r e 2 presents the results of benzene hydrogénation on two types of 
zeolites, N a A w i t h 7.1 w t % n i cke l a n d N a X w i t h 8.1 w t % n i c k e l . B y 
v a r y i n g the thermal condit ions five samples w i t h different size n i cke l 
crystals were obtained. T h e cata lyt i c a c t i v i t y per weight u n i t of reduced 
meta l decreases w i t h the increase of the diameter of the n i cke l crystals . 
T h e aluminosi l icate structure influences m a i n l y the formation of meta l 
surface w h i c h determines the cata lyt i c a c t i v i t y . 

ZOO 300 i/DO SBO 600 W &00 if 
Figure 2. Dependence of catalytic activity of zeolites type A and 
X on size of nickel crystals in benzene hydrogénation: · = type 

AO = type X 

T h e acidic nature of N i C a Y after reduct ion of the meta l can be i l l u s 
t ra ted b y using the model react ion of c rack ing of cumene. F i g u r e 3 shows 
the cata lyt i c a c t i v i t y at var ious temperatures a n d the yields of the products . 
T h e catalyst possesses h igh a c t i v i t y even at 200°C, where the conversion is 
20.5 mole % . A t 400°C the a c t i v i t y increases a n d the conversion reaches 
97.1 mole % . A t 200°C d e a l k y l a t i o n is accompanied b y d i spropor t i on -
a t i on w i t h f o rmat ion of di isopropylbenzene. W i t h increasing temperature 
the d isproport ionat ion decreases, while hydrogenolysis of the a l k y l cha in 
is s trongly increased. 

To luene d isproport ionat ion depends on the acidic properties of the 
catalysts used. T h i s reac t ion al lows us to fo l low the behavior of the la t ter 
at higher temperatures (12). F i g u r e 4 shows the to ta l conversion of 
toluene on zeolite C a Y modif ied b y n i cke l a n d p l a t i n u m . N i C a Y shows 
higher cata lyt i c a c t i v i t y a n d has a d i s t inc t l y expressed i n i t i a l a c t i va t i on 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

04
1

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



41. P E N C H E V E T A L . Metal-Zeolite Catalysts 465 

moil 

Figure 3. Extent of conversion and composition of liquid prod
ucts in cumene cracking over NiCaY catalyst (24 wt % nickel), 
depending on temperature (volume rate 1.10h~l, ratio of hydro
gen: cumene 10): 1, total conversion extent; 2, benzene; 3, 

toluene; 4, ethylbenzene; 5, diisopropyïbenzene 

period . T h e changes i n the ca ta ly t i c a c t i v i t y of N i N a Y a n d N i C a Y 
zeolites depend on the extent of i on exchange w i t h n i cke l , as shown i n 
F igure 5. Zeolite N a Y becomes act ive on ly after add i t i on of a certa in 
amount of n i cke l , after w h i c h i ts a c t i v i t y increases w i t h increasing n i c k e l 
concentrat ion . C a Y zeolite is characterized b y strongly increased a c t i v i t y 
after add i t i on of about 2 % n i cke l . T h e difference i n the a c t i v i t y of these 
two catalysts is p robab ly due to the different penetrat ion of N i ( I I ) i n the 
c rys ta l latt ice i n the course of the ion-exchange process, w h i c h depends o n 
the compensating cat ion. T h e posit ion of N i ( I I ) i n the ionic f o r m of the 
zeolite determines the different locat ion of the meta l particles a n d sites 
free f r o m cations i n the zeolite structure after reduct ion. 

T h e studies on the effect of carrier gas (hydrogen a n d nitrogen) a n d 
the rat io of hydrogen : toluene prov ide in format ion for e luc idat ion of the 
role of n i cke l i n toluene disproport ionat ion. A r a p i d deact ivat ion of the 
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Aw 

0 60 420 tfO HO JOO 360 r 

Figure 4- Change with time of activity toward toluene dispro
portionation (temperature 470° C} volume rate 1.16 h'1, ratio of 
hydrogen : toluene 10): 1, catalyst NiCaY (Ni content 2.4 wt %; 

2, catalyst PtCaY (Pt content 0.5 wt %) 

Figure 5. Dependence of catalytic activity on nickel content of 
catalyst vs. toluene disproportionation (temperature 450° C, volume 
rate 1.16 h'1, ratio of hydrogen'.toluene 10): 1, catalyst NaY; 2, 

catalyst CaY 
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50 

10 

60 110 180 110 300 360 T f m i n ) 

Figure 6. Dependence of catalytic activity of NiCaY catalyst 
(Ni content 24 wt %) on molar ratio of hydrogen:toluene in 
toluene disproportionate (temperature 450° C, volume rate 1.16 
h~l): 1, hydrogen: toluene = 5; 2, hydrogen-.toluene = 10; 3, 
hydrogen-.toluene = 15; 4, hydrogen: toluene = 20; 5, nitrogen: 

toluene = 10 

catalyst was observed in a nitrogen flow (Figure 6), whereas hydrogen 
shows a stabilizing effect. When the molar ratio of hydrogen : toluene 
was increased, we noted a decrease in the activity and an increase in the 
activation period of the catalyst. This effect is similar to that studied by 
Minachev and Isakov (13), namely, the retardation effect of hydrogen on 
isomerization of w-parafnns. In toluene disproportionation, hydrogen 
promotes the hydrogenation of some reaction products whose deposition on 
the catalyst would cause its deactivation. Another possibility for blocking 
the reaction is the hydrogenation of some intermediate products at high 
ratios of hydrogen : toluene. 
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High Temperature Properties of 
Lanthanum Y Zeolites 

D. BALLIVET, P. PICHAT, and D. BARTHOMEUF 
Institut de Recherches sur la Catalyse 39, Boulevard du 11 Novembre 1918, 69100, 
Villeurbanne, France and Université Claude Bernard, Lyon I, France 

Lanthanum Y zeolites containing a few sodium ions were 
studied to specify the influence of La3+ ions and pretreatment 
temperature on the catalytic and acidic properties. When the 
La3+ ion content is increased from 3.7 to 13.2 per unit cell, only 
slight changes occur in isooctane cracking as well as in the 
amount of pyridinium ions chemisorbed (IR study). Com
pared with an H Y , the structural stability of the La zeolites is 
enhanced even in the case of a low exchange level (3.7 La 3 +/unit 
cell). The catalytic activity of the La zeolites is not affected by a 
900°-920°C calcination followed by rehydration whereas H Y 
activity begins to decrease after the same pretreatment at only 
700°C. All high-temperature-pretreated catalysts which are 
active have strong Brönsted and Lewis acid sites. 

The excellent catalytic activity of lanthanum exchanged faujasite zeo-
lites in reactions involving carbonium ions has been reported previously 

(1—10). Studies deal with isomerization (o-xylene (1), l-methyl-2-ethyl-
benzene (2)), alkylation (ethylene-benzene (3), propylene-benzene (4), 
propylene-toluene (6)), and cracking reactions (η-butane (δ), n-hexane, 
η-heptane, ethylbenzene (6), cumene (7, 8, 10)). The catalytic activity 
of LaY zeolites is equivalent to that of H Y zeolites (δ, 7). The stability 
of activity for LaY was studied after thermal treatment up to 750°C. 
However, discrepancies arise in the determination of the optimal tempera
tures of pretreatment. For the same kind of reaction (alkylation), the 
activity increases (4), remains constant (δ), or decreases (3) with increasing 
temperatures. These results may be attributed to experimental condi
tions (δ) and to differences in the nature of the active sites involved. Other 
factors, such as the introduction of cations (11) and rehydration treatments 
(δ), may influence the catalytic activity. Water vapor effects are easily 

469 
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shown b y var iat ions i n the intensities of the O H I R bands. B a n d s a r o u n d 
3640 a n d 3520 c m - 1 a lmost disappear after heat ing the samples at ca. 700° C 
(1, 6, 12, 13) bu t are restored after r ehydra t i on at r o o m temperature (5, 
13). T h e in frared spectrum of adsorbed pyr id ine shows t h a t Brônsted 
a n d Lewis ac id i ty are b o t h present i n L a Y catalysts pretreated above ca. 
450° C (1, 14)> T h e rat io of the two types of acidic sites depends o n pre 
treatment temperature (1), a n d the number of ac id sites depends on the 
extent of exchange a n d pretreatment temperature (16). T h e L a Y zeolite 
a c id i ty is stronger t h a n t h a t of H Y or C a H Y zeolites (16). 

T h e t h e r m a l s tab i l i ty of N H 4 Y zeolite i n w h i c h a m m o n i u m ions have 
been exchanged at var ious levels w i t h L a 3 + ions was studied. T h e ca ta ly t i c 
a c t i v i t y of these L a zeolites i n isooctane crack ing was measured as a func
t i o n of pretreatment temperature, a n d a n I R study of the chemisorpt ion 
of pyr id ine was used to determine the numbers of Brônsted a n d Lewis 
sites. T h e s t ruc tura l damage result ing f r o m h igh temperature ca lc inat ion 
was examined qua l i ta t i ve ly . 

Experimental 

Materials. A n a m m o n i u m Y - t y p e zeolite was prepared as prev ious ly 
described (16) f r om a commerc ia l N a Y faujàsite type ( U n i o n C a r b i d e , 
S i / A l = 2.4). T h e amount of exchange is 8 5 % . F r o m this s tar t ing m a 
ter ia l ( N H 4 N a Y ) , convent ional exchange w i t h L a C l 3 solutions prov ided 
catalysts w i t h different l a n t h a n u m i o n contents. L a 3 + ions were also 
introduce/d i n a s l ight ly dealuminated mater ia l prepared according to 
B e a u m o n t (17). 

H y d r o g e n forms of the a m m o n i u m zeolites were obta ined b y heat ing 
at 380°C for 15 hours i n a stream of d r y a ir . F u r t h e r heat ing f r o m 550° 
up to 1000°C under the same conditions prov ided samples for s tudy ing 
t h e r m a l s tab i l i t y . Such treatment avo ided the f ormat ion of " u l t r a s t a b l e " 
zeolite. T h e chemical compositions of the samples are l isted i n T a b l e I . 

Table I. Composition of Samples 

CO (°C) Catalysts Na La (Na + La) 

La-13.2 
D.Na-5.4 c 

D.La-4 c 

La-3.7 
La-7 

Na-8.7 
La-1 

8.7 0 8.7 
6.6 1 9.6 
5.6 3.7 16.7 
7 7 28 
1 13.2 40.6 
5.4 0 5.4 
4.0 4.0 16 

<800 

900 
900 
920 
800 
900 

850 
<900 

920 
920 
940 
860 
920 

a Calcination temperature up to which catalytic activity remains constant. 
6 Calcination temperature at which catalytic activity falls to zero. 
c Aluminium content 47.5 atoms/unit cell (dealuminated). 
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42. B A L L I V E T E T A L . Lanthanum Y Zeolites 471 

Catalyt ic A c t i v i t y M e a s u r e m e n t s . C r a c k i n g of isooctane was per
formed i n a flow apparatus w i t h a microreactor. A f t e r treatment i n d r y 
a ir f r om 5 5 0 ° to 9 5 0 ° C a n d equ i l ibrat ion w i t h 10 t o r r of water vapor at 
r o o m temperature , 15 m g of the samples were transferred i n t o the reactor 
a n d heated at 4 5 0 ° C for 15 hours i n flowing hydrogen (3 1 /hour) to remove 
water molecules; samples were t h e n cooled at 3 0 0 ° C to measure crack ing 
a c t i v i t y under hydrogen atmosphere. T h e flow rate was 1.8 1 /hour, a n d 
isooctane pressure was 100 t orr . T h e products of isooctane c rack ing at 
3 0 0 ° C were isobutane, isobutene, a n d 2 -butenes. T h e a m o u n t of 2-
butenes formed was one-tenth t h a t of the two other products a n d therefore 
could be neglected. I n the first 2 0 minutes of the r u n , the conversion leve l 
h a d d iminished b y a half . T h e a c t i v i t y measured under steady state con
dit ions is expressed as percent conversion re lat ive to the two m a i n products . 
T h e weight changes of the un i t cel l (close to 1 0 % ) re lated to the different 
L a or A l contents were taken in to account. N o t h e r m a l c rack ing was 
detected at 3 0 0 ° C . 

Infrared Procedures . A C I D I T Y M E A S U R E M E N T S . Zeolites treated as 
for cata lyt i c experiments (heating i n a s tream of d r y air a n d equ i l ibrat ion 
w i t h H 2 0 vapor at r o o m temperature) were compressed at 1000 k g / c m 2 . 
T h e result ing disks (5 m g / c m 2 ) were mounted i n a quar tz sample holder 
w h i c h was introduced in to a n I R cel l as prev ious ly described (18). T h e y 
were heated s lowly under v a c u u m (the temperature was raised stepwise up 
to 4 5 0 ° i n 5 hours) . A t 4 5 0 ° C , 0 2 was admit ted , a n d the cel l , connected 
to a l i q u i d ni trogen t r a p , was ma inta ined at th is temperature for 4 - 5 hours. 
F i n a l l y the wafers were evacuated overnight at 4 5 0 ° C . T h e vapor of 
thoroughly dr ied pyr id ine was al lowed to equi l ibrate w i t h the wafer at 
r oom temperature. A f terwards , the pyr id ine was desorbed at a series of 
increasing temperatures for 15 hours each t ime. 

Spectra were r u n on a P e r k i n - E l m e r model 125 g ra t ing spectro
photometer at r oom temperature, ignor ing the heat ing effect of the I R 
beam. Reference beam attenuat ion was used. T h e spectral sl it w i d t h 
was less t h a n 3 c m - 1 i n the region 1600 -1400 c m - 1 . O p t i c a l densi ty 
measurements were carr ied out as prev ious ly described (19). 

S T R U C T U R A L D E T E R M I N A T I O N S . Wafers conta in ing 1.5 m g of zeolites 
i n 1 g r a m of K B r were used. Spectra were scanned on a P e r k i n - E l m e r 
model 225 grat ing spectrophotometer w i t h a spectral sl it w i d t h of ca. 3 
c m - 1 . 

Results 

Isooctane C r a c k i n g Stud ies . E F F E C T O F L A N T H A N U M C O N T E N T . 

T h e amounts of isobutane a n d isobutene formed after pretreatment at 
5 5 0 ° C are p lo t ted i n F i g u r e l a against the cat ion content of the zeolites. 
T h e a c t i v i t y of the s tart ing mater ia l (Na -8 .7) is lowered b y the i n t r o d u c 
t i o n of 3 equivalents per un i t cel l of L a 3 + ions. T h e increase i n l a n 
t h a n u m content to 11 equ iva l ents /un i t cel l enhances the c rack ing a c t i v i t y , 
but further exchange up to 39,6 equ iva l ents /un i t cel l has no supplementary 
effect. T h e D . N a - 5 . 4 and D . L a - 4 samples exhibi t nearly the same a c t i v i t y 
as the nondealuminated N a - 8 . 7 a n d L a - 3 . 7 samples, respectively . F i g u r e l b 
shows the cracking act iv i t ies after a 9 0 0 ° C pretreatment. F o r a l l samples 
the isobutane : isobutene rat io remains close to 1.2. 
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20 30 «0 
Na+La equlv/u.c. 

20 30 40 
Na+La equlv/u.c. 

Figure 1. Percent conversion in isooctane cracking vs. cations content 
after (a) 550°C pretreatment, (b) 900°C pretreatment; O: isobutane, A: 

isobutene. C, aV Na-8.7. #,A: O.La-4 sample. 

I N F L U E N C E O F P R E T R E A T M E N T . F i g u r e 2 (left) reports the amounts of 
isobutane a n d isobutene produced vs. ca l c inat ion temperature for the N a -
8.7 sample ; F i g u r e 2 (right) shows this for the L a - 7 catalyst . G r e a t discrep
ancies appear i n the t h e r m a l s tab i l i ty of c rack ing a c t i v i t y . F o r the N a -
8.7 zeolite, the a c t i v i t y decreases between 550° a n d 800° C a n d then falls 
to zero at 850° C , the temperature at w h i c h the sample has lost its c r y s t a l -
Un i ty . A l a n t h a n u m exchange promotes the t h e r m a l s tab i l i ty to 900° C , 
the a c t i v i t y decreasing sharply where the x-rays a n d I R studies detect a 
loss of c rys ta l l in i ty . T a b l e I reports Ti for a l l samples, the upper tempera
ture of the t h e r m a l s tab i l i ty a n d T2, the pretreatment temperature at w h i c h 
the a c t i v i t y is no longer detectable. L a - 1 does not exhibit good t h e r m a l 
s tab i l i ty . 

A c i d i t y M e a s u r e m e n t s . I n the 3300-2800 c m - 1 region, the I R 
spectra of chemisorbed p y r i d i n e (Py ) on L a zeolites shows C H stretching 
bands, w h i c h are not used to d iscr iminate between L e w i s a n d Brônsted 
ac id i ty , a n d two bands a r o u n d 3240 a n d 3165 c m - 1 , w h i c h are assigned to 
the N H + stretching frequencies of p y r i d i n i u m ions ( P y H + ) . I n the 1650-
1300 c m - 1 region, the pyr id ine remaining after desorption at 250°C gives 
rise to bands w h i c h we have assigned either to P y H + or to coordinately 
bonded P y on Lewis ac id sites ( P y L ) . P y H + bands (20) are observed at 
1630 (8a mode), ca. 1542 (196) a n d ca. 1330 c m " 1 (3, weak shoulder) ; 
P y L bands at 1620 (8a) a n d 1454 c m " 1 (196). B a n d s at 1488 (196) a n d 
ca. 1388 c m - 1 (14) are common to b o t h species. 

T h e bands at 1454 a n d 1542 c m - 1 were chosen to measure the q u a n t i 
ties of P y L a n d P y H + respectively. I n F i g u r e 3, the opt i ca l densities 
p lo t ted are re lat ive to the same number of u n i t cells of zeolite. T h i s figure 
shows that the number of Brônsted sites capable of chemisorbing P y at 
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42. B A L L I V E T E T A L . Lanthanum Y Zeolites 473 

Figure 3. Bronsted acidity (•) and Lewis 
acidity (Ο) of La zeolites pretreated at 900°C 
and rehydrated, against cation contents/unit 
cell. Bronsted acidity (E) and Lewis acidity 
(C) of the Na-8.7 zeolite pretreated at 800°C and 

rehydrated are also plotted 

250°C is constant on the three L a zeolites heated at 900° C i n d r y a ir 
whereas the number of Lewis sites decreases w i t h increasing L a content. 
T h e N a - 8 . 7 sample heated at 900°C i n d r y air has no ac id i ty . Accord ing ly , 
the B r o n s t e d a n d Lewis ac id sites on the N a - 8 . 7 sample heated at on ly 
800° C are p lo t ted i n F i g u r e 3 for comparison w i t h the 900°C-pretreated 
L a zeolites. T h e plots indicate that the i n t r o d u c t i o n of L a 3 + ions i n the 
latt i ce increases the number of B r o n s t e d sites even for a higher temperature 
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of pretreatment but decreases that of Lewis sites. T a b l e I I shows that a 
rise i n the temperature of treatment i n d r y a ir of the L a - 7 sample f r o m 
550° to 900° C reduces the numbers of bo th B r o n s t e d a n d Lewis sites 
characterized b y a n ac id strength corresponding to P y chemisorpt ion at 
250° C . T h e sample heated at 1000° C exhibits no ac id i ty . 

Table Π. Bronsted and Lewis Acidities (in Arbitrary Units) of the La -7 
Zeolite Pretreated at Indicated Temperatures and Rehydrated 

Τ (°0 Bronsted Lewis 

550 3.2 2.1 
900 1.6 1.1 

1000 0 0 

F o r a l l L a zeolites pretreated at 550° or 900° C as we l l as for the N a -
8.7 sample pretreated at 550° or 800° C , the P y H + bands persist after de
sorpt ion at 250° C , b u t they are suppressed at 350° C . V e r y weak P y L 
bands are s t i l l observed on evacuat ion at 400° C . B e n T a a r i t et al. (14) 
f ound that for a 450°C-pretreated N a L a Y conta in ing 42 L a 3 + per u n i t 
cell , the P y L bands disappear on evacuat ion at 350° C , a n d the P y H + 

bands disappear at 450° C only . These divergent results prov ide a sup 
p lementary proof of the importance of N a content a n d pretreatment t e m 
perature i n the ac id i ty . 

T h e L a zeolites calc ined above 700° C (1, 5, 13) do not have h y d r o x y l 
groups. Since the samples we used for cata lyt i c a n d acidic measurements 
are rehydrated after ca lc inat ion, the quest ion is raised as to whether this 
rehydrat i on causes O H groups to reappear. F o r this purpose, a 900° C -
pretreated L a - 7 sample was rehydrated a n d then evacuated at 450° C . 
Its spectrum presents weak O H bands around 3740, 3680, 3640, a n d 3535 
c m - 1 . 

Structural Determinations. S i - 0 a n d A l - 0 v ibrat i ons at 1200-350 
c m - 1 give in format ion on zeolite structure (21-25). Qua l i ta t i ve ly , the 
resolution of the bands around 1150 a n d 1050 c m - 1 , the intens i ty a n d sharp
ness of the bands around 580 a n d 390 c m - 1 , a n d the presence of a shoulder 
at ca. 500 c m - 1 are characterist ic of the faujasite structure. 

F i g u r e 4 shows a series of spectra of the L a - 7 mater ia l heated at var ious 
temperatures. C o m p a r e d w i t h the spectrum of the Unheated sample, t h a t 
of the sample heated at 550° C differs on ly b y a s l ight increase i n the fre
quencies of the bands around 1150 a n d 1050 c m - 1 . T h i s difference m a y be 
caused b y the removal of the N H 4

+ ions. T h e spectrum of the sample 
heated at 900°C s t i l l presents the m a i n features of the faujasite structure , 
but the occurrence of defects is reflected i n the lessened resolut ion of the 
h igh frequency bands as w e l l as i n the decline of the ca. 390 c m - 1 b a n d a n d 
the ca. 500 c m - 1 shoulder. Frequency shifts are also found. H e a t i n g at 
950°C results i n the destruct ion of the faujasite structure as inferred f r o m 
the disappearance of the characterist ic bands. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

04
2

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



42. B A L L I V E T E T A L . Lanthanum Y Zeolites 475 

1100 800 500 
WAVENUMBER (cm-1) 

Figure 4. Infrared spectra of La-7 samples pretreated at indicated tem
peratures (°C) and rehydrated 

F o r the Na -8 .7 zeolite, a 700°C pretreatment reduces the intensities 
of the bands at 580 a n d 390 c m - 1 considerably. These bands are v e r y 
weak after a 800° C pretreatment a n d have complete ly vanished at 850° C . 
X - r a y di f fraction analysis showed that this last sample is amorphous. 

T h e c rys ta l l in i ty of two samples heated at s l ight ly different tempera
tures, one sample being act ive a n d the other inact ive , was examined for the 
D . L a - 4 mater ia l . A s shown b y the spectra i n F i g u r e 5, the characterist ic 
features of the zeolite f ramework are more v is ib le for the 900°C-pretreated 
sample. However the 920°C-pretreated sample is not t o ta l l y amorphous 
as compared w i t h the Na -8 .7 zeolite heated at 850°C. These results have 
been corroborated b y x - ray patterns. 

Discussion 

Inf luence i n L a n t h a n u m Content . F i g u r e 1 shows that for the 550°C-
(Figure l a ) or 900°C-pretreated (Figure l b ) samples a v a r i a t i o n i n the 
l a n t h a n u m content f r o m 3.7 to 13.2 i o n s / u n i t cel l does not change the 
cata lyt i c a c t i v i t y . A f t e r a 550°C pretreatment the a c t i v i t y is on ly s l i ght ly 
lower t h a n i n the case of the N a - 8 . 7 sample (decationated zeolite) . T h e 
behavior of these zeolites of l ow sod ium content is i n good agreement w i t h 
previous results (5, 7). F i g u r e 1 also shows that the isobutane to i sobu
tene rat io remains near 1.2. Therefore, the exchange of N H 4

+ w i t h L a 3 + 

does not alter the nature of act ive sites i n the c rack ing react ion studied. 
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1100 800 500 
WAVE NUMBER (cm"!) 

Figure 5. Infrared spectra of D.La-4 samples pretreated at indicated tem
peratures (°C) and rehydrated 

L i k e the cata lyt i c a c t i v i t y , the number of p r o t o n sites (F igure 3) as 
we l l as their strength measured b y the ir a b i l i t y to h o l d P y , are not modif ied 
w h e n l a n t h a n u m content is increased f r o m 3.7 to 13.2 i o n s / u n i t cel l i n the 
900°C-pretreated samples. O n the contrary , the number of Lewis ac id 
sites decreases. 

I t is unexpected t h a t the ca ta ly t i c a c t i v i t y a n d the pro ton ac id i ty do 
not depend o n the l a n t h a n u m content. T h i s result cannot be re lated to 
the schemes of hydro lys is of the zeol it ic rare earth cations reviewed i n 
Ref . 13. O n the other h a n d , ac id i ty measurements i n so lut ion (15) have 
shown that i n the l a n t h a n u m zeolites studied i n this w o r k the L a 3 + ions 
have replaced the N H 4

+ ions a n d have not formed a l a n t h a n u m compound 
(18). F i n a l l y , the var iat ions i n the sod ium content of these l a n t h a n u m 
zeolites do not seem to be the dominant factor i n contrast t o the a lka l ine 
earth zeolites (26). 

Inf luence of Temperature . D a t a concerning the t h e r m a l s t a b i l i t y of 
the cata ly t i c a c t i v i t y are g iven i n F i g u r e 2 a n d T a b l e I . T h e t h e r m a l 
s tab i l i t y of the s tar t ing materials Na-8 .7 and D . N a - 5 . 4 is discussed first. 
T h e l i m i t of s t a b i l i t y of the Na -8 .7 sample appears to be higher t h a n for 
the N a H Y zeolites studied previously (3y 6, 27, 28). Nevertheless , th i s 
sample cannot be considered ul trastable since neither i t s s t r u c t u r a l d a t a 
nor the t h e r m a l s tab i l i ty of i t s O H groups are characterist ic of u l trastable 
zeolites (17). T h i s increase i n the s tab i l i ty m a y be explained b y d r y a i r 
heat ing a n d subsequent rehydrat ion . 

T h e temperature l i m i t of ca ta ly t i c a c t i v i t y of the D . N a - 5 . 4 sample is 
on ly 10°C higher t h a n t h a t of the N a - 8 . 7 sample. I t has been reported 
t h a t r e m o v a l of 3 0 % of the a l u m i n u m atoms increases the t h e r m a l s t a -
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b i l i t y (17). I n the present case, the extent of the extract ion was probab ly 
too low to cause a significant improvement . 

Introduc ing 3.7 to 13.2 L a 3 + i o n s / u n i t cel l i n the N a - 8 . 7 zeolites or 
4 L a 3 + i o n s / u n i t cel l i n the D . N a - 5 . 4 zeolite raises the t h e r m a l s tab i l i ty 
substant ial ly . T h e l a n t h a n u m samples have the same a c t i v i t y after a 
900°C pretreatment t h a n after a 550°C pretreatment whereas the N a - 8 . 7 
mater ia l starts to lose i t s a c t i v i t y at 700° C . T h i s h igh s tab i l i t y of p o l y 
valent cat ionic zeolites has been reported previous ly i n few studies b u t at 
temperatures lower t h a n i n our w o r k (29,30,31). 

R e h y d r a t i o n of the samples occurs even after a 900°C-pretreatment 
a n d gives rise to I R O H bands h a v i n g the usual frequencies. I t h a d been 
reported that r ehydrat i on of l a n t h a n u m zeolites heated at 700° C regener
ated the cata lyt i c a c t i v i t y (5). Therefore, the t h e r m a l s tab i l i ty of a c t i v i t y 
seems to be related to the rehydrat ion . T h i s r ehydrat i on of the l a n t h a n u m 
zeolites pretreated at 900° C leads to the format ion of a significant number 
of ac id sites of the same strength i n regard to P y as those present o n the 
550°C-pretreated N a - 8 . 7 zeolite rehydrated i n the same conditions. 

C o m p a r i s o n of Figures 2, 4, a n d 5 a n d T a b l e I I shows that the de
creases i n crack ing a c t i v i t y a n d ac id i ty can be correlated w i t h the loss i n 
crys ta l l in i ty . T h e destruction of the framework occurs i n a narrower, 
upper range of temperature for the l a n t h a n u m samples as compared w i t h 
the parent materials . 

N a t u r e of A c i d S i tes . T h e cata ly t i c a c t i v i t y a n d se lect iv i ty (Figure 
l b ) as we l l as the number of Brônsted sites (Figure 3) and their upper l i m i t 
of ac id strength do not v a r y for the l a n t h a n u m samples (3.7 to 13.2 i o n s / 
u n i t cell) pretreated at 900° C a n d rehydrated whereas the number of 
L e w i s sites is reduced. These results emphasize the role p layed b y the 
Brônsted sites. However , i n a large temperature range above 550° C , the 
a c t i v i t y a n d select iv i ty of the samples studied do not change (Figure 2b) 
whi le the numbers of Brônsted a n d Lewis sites decrease (Table I I ) , the ir 
rat io a n d the ir upper l i m i t of ac id strength remain ing constant. Therefore, 
a l l p ro ton sites do not take par t i n the catalysis. Presumab ly the strongest 
sites are preponderant as suggested previously (17), b u t i t is diff icult to 
specify the required ac id strength us ing P y chemisorpt ion. O n the other 
hand , considering the existence of Lewis sites on a l l act ive zeolites, i t m a y 
not be concluded that Brônsted ac id i ty is sufficient i n isooctane crack ing . 

Conclusion 

Since heating conditions (32) a n d a l u m i n u m extract ion leading to a 
h i g h s tab i l i t y have been avoided, the increased s tab i l i ty of the catalysts 
seems related to the presence of exchanged l a n t h a n u m . A zeolite w i t h h igh 
thermostab i l i ty can be obtained b y in t roduc ing on ly 3.7 L a 3 + i o n s / u n i t 
cell in to a decationated zeolite. A higher content of l a n t h a n u m does not 
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improve this thermal stability. The influence of this ion is probably the 
result of its high polarizing field. After calcination at high temperature, 
the La zeolites exhibit fewer Lewis acid sites than the starting material. 
There may be a relationship between this observation and the enhancement 
in structural stability. The present results relative to protonated forms 
with low N a + contents and various L a 3 + contents may differ from those 
found in the case of completely cationated Na-La-Y zeolites even for the 
same La 3 + contents. 
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Adsorption and Catalytic Properties of 
Palladium Supported by Silica, Alumina, 
Magnesia, and Amorphous and 
Crystalline Silica-Aluminas 

F. FIGUERAS, R. GOMEZ,1 and M. PRIMET 
C.N.R.S., Institut de Recherches sur la Catalyse 39, boulevard du 11 Novembre 
1918, 69100, Villeurbanne, France 

Some properties of palladium deposited on different amorphous 
or zeolitic supports were determined, including catalytic activity 
per surface metal atom (N) for benzene hydrogenation, number 
of electron-acceptor sites, and infrared spectra of chemisorbed 
CO. An increase of the value of Ν and a shift of CO vibration 
toward higher frequencies were observed on the supports which 
possessed electron-acceptor sites. The results are interpreted in 
terms of the existence of an interaction between the metal and 
oxidizing sites modifying the electronic state of palladium. 

hough industrial metallic catalysts are commonly used in the supported 
form, the influence of the carrier on the intrinsic catalytic activity is still 

controversial. The literature shows that most authors who found no sup
port effect were using alumina or silica as carriers (1-5). Those authors 
who obtained an effect of the support on catalytic activity used acidic oxides 
(6, 7). Zeolites form an interesting class of supports since good metal 
dispersions may be obtained (8) and the acidic properties can be controlled 
by the cations exchanged into the initial sieve. Thus, the problem was to 
determine if the catalytic activity per metal atom was the same in a series of 
zeolites differing in their majority cation. Recently, Dalla Betta and Bou-
dart (9) proved that the catalytic activity of platinum for ethylene hydro
genation was higher on a Y zeolite than on silica. 

The present work is devoted to the study of palladium. Since the 
ionization potential is lower for palladium than for platinum, it should be 
easier to prove a possible interaction of this metal with a support. We 

1Present address: Instituto Mexicano del Petroleo, Mexico. 
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studied the hydrogenat ion of benzene w h i c h is slow, characterist ic of the 
meta l , a n d facile b y B o u d a r t ' s def init ion (1). A n o t h e r advantage is t h a t 
catalyst aging is smal l i n this react ion. 

Experimental 

M a t e r i a l s . A series of zeolites was prepared f r om N a Y b y exchanging 
par t of the N a + ions b y N H 4 + , C a 2 + , Ce 3 + , M g 2 + , a n d L a 3 + . P a l l a d i u m 
was exchanged into these zeolites f r om a Ρ d ( Ν Η 3 ) 2 0 1 2 aqueous basic so lut ion 
to y i e l d a p a l l a d i u m content of approx imate ly 2 w t % (approx imate ly 2 
P d 2 + ions per u n i t cel l ) . T h e chemical composit ions of the cata lysts so ob 
ta ined are g iven i n T a b l e I . D u r i n g the exchange b y the p a l l a d i u m salt p a r t 
of the sod ium is replaced b y a m m o n i u m ions. 

T a b l e I . C h e m i c a l Compos i t ion a n d D i s p e r s i o n of the M e t a l l i c P h a s e 
after R e d u c t i o n at 300°C of the P a l l a d i z e d Zeol i tes U s e d 

% Exchange 
Initial 

Cation M % wt Na 
Catalyst %Pd Initial in Sieve Remaining % Dis

Denomination (wt) Support M-Y in Catalyst persion 

HY-1.2 1.2 N H 4 Y 100 — 12 
HY-0.62 0.62 N H 4 Y 100 — 16 
HY-0.20 0.20 N H 4 Y 100 — 12 
NaX-4.6 4.6 NaX 100 7.5 13 
NaX-2.0 2.0 NaX 100 — — 
NaY-5.1 5.1 NaY 100 4.1 12 
NaY-1.7 1.7 NaY 100 6.5 12 
CaY-1.9 1.9 CaY 70 <1 12 
CeY-2 0 2.0 CeY 15 5.2 14 
CeY-1.77 1.77 CeY 70 2.2 13 
LaY-1.86 1.86 LaY 70 1.5 16 
MgY-1.84 1.84 MgY 58 — 12 

P a l l a d i u m - l o a d e d zeolites were reduced b y the fo l l owing procedure : 
dehydrat i on under n i trogen for 14 hours at 500°C, t h e n reduct ion for 1 hour 
at 300° C under flowing hydrogen. I n some experiments d e h y d r a t i o n was 
performed under a i r w i thout signif icant modi f icat ion of ca ta ly t i c a c t i v i t y . 
Some catalysts supported b y convent ional amorphous solids (si l ica, a l u m 
i n a , magnesia, a n d s i l i ca -a lumina) were also used. T h e y were prepared b y 
i on exchange us ing P d ( N H 3 ) 2 C l 2 w i t h s i l i ca a n d s i l i ca -a lumina supports a n d 
K 2 P d C l 4 w i t h a l u m i n a a n d magnesia (10, 11). These catalysts were d r i e d 
at 110°C a n d reduced 2 hours at 400°C under H 2 . 

H y d r o g e n was purchased f r om A i r L i q u i d e ; i t was passed over a ca ta ly t i c 
puri f ier (type R 311 f r o m B A S F ) a n d dehydrated over 5 A molecular sieve 
at r oom temperature . Benzene was a M e r c k product , d i s t i l l ed a n d stocked 
over sod ium. 

M e a s u r e m e n t of the D i s p e r s i o n of the M e t a l l i c P h a s e . T h e disper
sion of p a l l a d i u m was measured b y H 2 - 0 2 t i t r a t i o n (12-14) us ing g r a v i m -
etry . F o r p a l l a d i u m supported b y amorphous supports , good agreement 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

04
3

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 
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was obtained between this technique and electron microscopy determina
tion of the distribution of particle sizes (16). For palladized zeolites such 
direct comparison was impossible because of the very broad distribution: 
the electron micrographs showed that big crystallites (500 A ) existed along 
with very small ones (< 10 A ) . Some limited experiments (Table I I ) give a 

Table Π . Extent of Adsorption for Oxygen on Pd ( O i ) , Hydrogen on 
Preadsorbed Oxygen ( H i ) and Oygen on Preadsorbed Hydrogen (0 2) 

— 1 X 16 
Catalyst Hi digram & μg/gram 0 2 μg/gram Oi 

HY-0.62 40 230 345 2.8 
LaY-1.86 134 630 760 3.4 
NaY-1.7 67 410 490 2.6 

sto ichiometry for t i t r a t i o n s imi lar to t h a t proposed b y Benson a n d B o u d a r t 
(12) for p l a t i n u m . W i t h v e r y s m a l l partic les th is s to i ch iometry m a y be 
w r o n g i f p a l l a d i u m behaves l i k e p l a t i n u m ; however, as was po inted out b y 
W i l s o n a n d H a l l (16), the error in troduced b y th is hypothesis is a round 
1 6 % . W e m a y consider i t as a systematic error o n dispersion a n d , hence, 
on turnover number determinat ion . 

Catalyt ic A c t i v i t y . A n a l iquot (20-50 mg) of the sample used for d i s 
persion measurement was react ivated for one hour at 300° C under h y d r o 
gen. T h e rate of benzene hydrogenat ion was measured i n a convent ional 
f low reactor at low conversion (<2%) to avo id heat a n d mass transfer 
l imi ta t i ons . T h e pressure of benzene was 56 torr a n d that of hydrogen was 
704 t o r r ; under these condit ions the react ion is zero order for benzene. 

A c t i v i t i e s were measured between 75° a n d 110°C w i t h zeolit ic catalysts 
a n d between 120° a n d 170°C w i t h convent ional ones; for b o t h series the 
exper imental results were extrapolated to give the a c t i v i t y at 140° C . L i t t l e 
catalyst aging was observed i n these w o r k i n g condit ions ( < 1 0 % i n t w o 
hours) ; the reproduc ib i l i ty of the experiments was better t h a n 1 0 % . 

Adsorpt i on of C O . T h e catalysts were compressed at 4000 k g c m " 2 . 
T h e resu l t ing disk (diameter : 18 m m , weight : 20 to 40 mg) was placed i n a 
quar tz sample holder w h i c h was introduced in to a n infrared cel l s imi lar to 
t h a t prev ious ly described (17). T o a v o i d reduct ion of P d 2 + ions b y h y d r o 
carbons, the ce l l was grease-free a n d the windows were sealed t ight b y a V i -
t o n jo int . A f t e r evacuat ion at r o o m temperature , the sample was heated 
for 10 hours at 500° C under oxygen i n a stat ic system, the products of de
composit ion be ing t rapped i n l i q u i d n i trogen. T h e cel l was t h e n evacuated 
overnight at th is temperature . T h e so l id was reduced for 8 hours at 250° C 
under 100 t o r r H 2 , t h e n evacuated at r o o m temperature . 

C a r b o n monoxide was in troduced at 25° C under a n e q u i l i b r i u m pressure 
around 50 to r r . In frared spectra were recorded on a P e r k i n - E l m e r grat 
i n g spectrophotometer model 125. T h e reference beam was attenuated, 
a n d the ins t rument was cont inuous ly f lushed w i t h a i r freed f r o m C 0 2 a n d 
water . 

Results 

Catalytic Activity. A c t i v i t i e s are expressed i n turnover numbers , N, 
i.e., the number of mi l l imoles of benzene w h i c h reacted per second per sur -
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face p a l l a d i u m atom. T h e exper imental results are reported i n F i g u r e 1 
a n d T a b l e I I I . T h e supports h a d no a c t i v i t y , even at the higher tempera
tures used i n this work (180°C). These results show that Ν changes w i t h 
the support ; however, on a g iven support , the va lue of Ν is a constant func 
t i o n of the p a l l a d i u m content, suggesting t h a t Ν is a character ist ic of the 
system meta l - suppor t under s tudy . 

T h e absence of a n y significant change i n Ν as the amount of the meta l 
was increased s ixfold is considered as a conv inc ing test of the l a ck of i n 
f l u e n c e of transport phenomena under react ion conditions (18). T h e 
ac t i va t i on energy of react ion was constant w i t h i n exper imental error o n a l l 
catalysts (Table I I I ) . T h e values of Ν obta ined for s i l i ca-supported c a t a 
lysts can be compared w i t h the results publ ished i n the l i terature after 
extrapolat ion to our condit ions : f r o m A b e n et al. (4) we get Ν = 52, a n d 

Figure 1. Turnover number (Ν) of hydrogenation of benzene 
vs. palladium content for different support and catalyst preparations 

f r o m Vanni ce a n d N e i k a m (19) Ν = 21. T h e agreement is good between 
Aben ' s va lue a n d our own (N = 65). 

Recent work b y Schlatter a n d B o u d a r t (20) demonstrated the poss ib i l 
i t y of contaminat ion of the meta l b y impur i t i es released b y the support ; 
th is effect can be m i n i m i z e d b y d i l u t i n g the cata lyst w i t h a n acidic oxide 
w h i c h strongly adsorbs these impur i t ies . I n such a case, the lower a c t i v i t y 
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Table ΙΠ. Catalytic Activity of P d Zeolites 

Catalyst 
NaX-2 
HY-0.2 
HY-0.62 
HY-1.2 
LaY-1.86 
CeY-2 
CeY-1.77 
MgY-1.84 
CaY-1.9 
NaY-1.7 

Ν (Turnover 
Number, mmoler) 

70 
240 
240 
240 
275 
220 
280 
200 
146 
118 

Activation Energy, 
Eay kcal/mole 

11 

8.5 
8.5 
9 
8.5 

10 
10 
9 
9 

of p a l l a d i u m on a l u m i n a , s i l i ca , or magnesia could be explained b y c o n t a m 
i n a t i o n of the metal l i c surface. T h i s hypothesis was tested b y measuring 
the a c t i v i t y of these catalysts when d i lu ted b y a n equal mass of C e Y zeolite, 
w h i c h is k n o w n for i ts acidic properties. T h e results are reported i n T a b l e 
IV. D i l u t i o n w i t h C e Y sieve does not s igni f icantly change the a c t i v i t y . 

Table IV. Influence of Dilution by CeY on Catalytic Activity 
of Palladium on Silica, Alumina and Magnesia 

Ν (Alone, Ν (Diluted by 20 
Catalyst 20 mg) mg CeY) 

Pd/SiO 2 , 0 . 9%Pd 56 70 
Pd/MgO, 1.4% Pd 80 70 
Pd /Al 2 0 3 , 0 . 5% Pd 70 62 

W e conclude that the l ow a c t i v i t y of p a l l a d i u m when supported on a l u m i n a , 
s i l i ca , or magnesia is not due to the effect demonstrated b y Schlat ter a n d 
B o u d a r t . 

Determination of the Number of Electron-Acceptor Sites. T h i s de
t e r m i n a t i o n was done i n a few cases us ing perylene a n d phenothiazine as 
reactants . T h e cata lysts were reduced for 2 hours at 400°C under H 2 . 
S ince we presume t h a t s i l i c a - a l u m i n a m a y be modif ied b y the react ion m e 
d i u m d u r i n g p a l l a d i u m exchange, we used as our b l a n k a support treated 
under condit ions s imi lar to tha t of the catalysts . T h e results (Table V) 
show a clear decrease of the number of ox id i z ing sites after p a l l a d i u m 
deposit ion. 

Table V . Oxidizing Properties of Pure and Palladized Silica-Alumina 
Adsorbed 

I0
a Catalyst I0

a molecule 
5.6 1 . 2 5 % P d o n K i 3 1.10 perylene 

0.48% Pd on Ki3 ~1.0 perylene 
72.8 0.9% Pd on K 2 21.2 phenothiazine 
48.7 0.9% Pd on K i 3 36.0 phenothiazine 
83.8 0.9% Pd on A1203 < 1.0 phenothiazine 

° I ο = number of spins, as measured by double integration of the EPR signal, in 
arbitrary units. 

Support 
Ki3 (13% silica-alumina) 

treated by N H 4 O H 
K 2 (2% silica alumina) 
Ki3 (13% silica-alumina) 
Alumina 
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Infrared Data. F o r a l l samples studied, the adsorpt ion of C O at r oom 
temperature gives one b a n d above 2000 cm"" 1 a n d bands of m u c h weaker 
intens i ty between 2000 a n d 1800 c m " 1 (Table V I and F igure 2). T h e pos i 
t i o n of these bands does not depend on the e q u i l i b r i u m pressure of carbon 

Table VI. Positions of Infrared Bands of Adsorbed C O 
Wavenumber (cm'1) of 

Support %wtPd Bands of Adsorbed ( 

NaX 2% 2035-1830-1815 
MgO 2% 2065-1965 
AI2O3 1% 2075-1970 
NaY 1.7% 2075-
K 2 B 1% 2090-1965-1935 
K i 3 1.2% 2100-1965 
H Y 1.2% 2105-1950 
MgY 1.84% 2100-
CaY 1.9% 2115-1950-1900 
LaY 1.86% 2105-1940-1880 

monoxide between 50 a n d 5 t o r r (F igure 3). T h e bands above 2000 c m - 1 

disappeared b y evacuat ion of the sample at 2 5 ° C whereas the other peaks 
decreased strongly a n d were shifted t o w a r d lower frequencies. These bands 
are s imi lar to those registered for C O adsorbed on p a l l a d i u m , supported or 
not (21,22). T h u s , they are characterist ic of the interact ion of C O w i t h 
the metal l i c phase. 

I n general, adsorpt ion bands at frequencies higher t h a n 2000 c m - 1 are 
assigned to l inear surface groups ( M - C O ) a n d those below th is va lue t o 

T h e b o n d between C O a n d meta l m a y be summar ized as follows (25) : 
the 3σ molecular o r b i t a l of C O overlaps a n empty o r b i t a l of the meta l t o 
b u i l d a σ b o n d ; there is also a back donat ion of filled d meta l orbitals in to a 
vacant C O τ* an t ibond ing o r b i t a l (τ bond) . T h i s back donat ion de
creases the force constant of the C - 0 bond, result ing i n a lower ing of the C O 
frequency i n comparison w i t h C O . I n carbony l compounds, i t is possible 
to modi fy the extent of back donat ion b y in t roduc ing l igands w i t h var ious 
donor-acceptor electron properties (26). F o r example, i n complexes such 
as ( P t C O X 2 ) 2 (27), the vCO frequency varies f r o m 2146 c m " 1 ( X = CI) to 
2129 c m - 1 ( X = B r ) to 2120 c m " 1 ( X = I ) , a n d the shift increases w i t h the 
electronegativity of the l igands. 

I n th is work , when the support is changed, the shift of the vCO b a n d 
above 2000 c m - 1 m a y be connected to a v a r i a t i o n of the electronic density 
at the meta l a t o m . T h i s density is m u c h lower for p a l l a d i u m on s i l i ca -
a lumina (*CO = 2100 c m - 1 ) t h a n for p a l l a d i u m on M g O (vCO = 2065). 
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2500 2200 2000 1800 

Figure 2. Infrared spectra of CO absorbed on Pd 
supported by (a) HY ( P c o = 100 torr), (6) AWz 
(Poo = 30 torr), (c) NaX ( P c o = 50 torr), (d) K1Z 

( P c o = 100 torr) 

T h i s result , i n good agreement w i t h the k n o w n presence of L e w i s sites o n 
the surface of s i l i ca -a lumina , must be a t t r i b u t e d to the existence of a n 
interact ion between the support a n d the metal l ic phase. 

Discussion 

T h e experimental results show t h a t the turnover number for the h y d r o 
génation of benzene changes according to the support used for the ca ta lys t ; 
the var iat ions are beyond experimental error since we have a four fo ld i n 
crease f r o m N a X to L a Y . 

H o w can a support effect exist w i t h such poor dispersions of the m e t a l 
l i c phase? E l e c t r o n micrographs prove t h a t the d i s t r ibut i on of meta l l i c 
particles is broad a n d t h a t smal l crystal l i tes (<10 A ) exist w h i c h can be 
located i n the zeolit ic latt ice . A n o t h e r po int is tha t th is effect exists w i t h 
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b o t h amorphous a n d crystal l ine s i l i ca-aluminas a n d that the magnitude 
of the effect changes when the support is changed. T h e phenomenon 
appears to be a phys i ca l rea l i ty not a n art i fact . I f we take into account 
that on ly a smal l par t of the meta l is located " i n s i d e " the zeolite a n d n o 
t i ceably changes the cata lyt i c a c t i v i t y , we must conclude t h a t the i n 
tr insic effect of the zeolite is greater t h a n that ac tua l ly observed. 

A c c o r d i n g to the relat ive importance of turnover number for h y d r o 
genation, we can d iv ide the supports roughly i n two classes : 

(a) the first class includes a l u m i n a , s i l i ca , magnesia, a n d N a X ; i t con
tains the oxides c ommonly used as supports i n the l i terature . T h e Ν va lue 
is a round 65 under our s tandard condit ions for a l l these carriers a n d for d i f 
ferent preparations of the catalyst . A b e n et al. (4) f ound the same va lue of 
Ν for p a l l a d i u m deposited on these supports a n d for a p a l l a d i u m black . I t 
appears that , i n this class, no support effect exists. T h i s conclusion agrees 
w i t h previous work on s imi lar catalysts (4). 

(b) the second class cou ld inc lude 1 3 % s i l i ca -a lumina , H Y , L a Y , a n d 
C e Y , i.e. y h i g h l y acidic (or oxidizing) supports on w h i c h Ν increases b y a fac
t o r of 4. T h i s class of supports has been scarcely studied. However , D a l l a 
B e t t a a n d B o u d a r t (9) have found that the turnover of p l a t i n u m for m a n y 
reactions, a n d p a r t i c u l a r l y for hydrogenat ion of ethylene, is increased on a 
rare earth zeolite as compared w i t h s i l i ca or a l u m i n a . C h l o r i n a t e d a l u m -

I 
81 
ε 
g 
S 

•4-

2SM 22N 2MI I M 1108 

Figure 3. Infrared spectra of CO adsorbed on Pd 
supported by LaY zeolite for various equilibrium pres
sures (P) of CO. (a) Ρ = 0 (initial solid), (b) Ρ = 

SO iorr, (c) Ρ = 20 torr, (d) Ρ = 5 torr 
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inas may fall in this second class, but difficulties can be forecast in measur
ing the dispersion of the metallic phase because of easy hydrolysis of 
chlorine. 

This support effect appears only on solids which possess strong acceptor 
sites. On zeolites, the observed sequence of activities: NaX < NaY < 
CaY < MgY < CeY ~ H Y ~ LaY corresponds to the known sequence of 
acidic or oxidizing properties. 

The obvious decrease in the number of electron-acceptor sites with 
palladium deposition on silica-alumina strongly suggests an interaction 
between the metal and these sites. Turkevich (28) first demonstrated that 
palladium behaves like an electron-donor toward tetracyanoethylene; we 
suppose that it can be the same toward an electron-acceptor site of a solid 
support. In that hypothesis, palladium should have a partial positive 
charge on the second class of supports. This is actually observed by the 
adsorption of CO. This adsorbate can be considered as a detector of 
the electronic state of palladium. The shift toward higher frequencies of the 
CO band reflects a decrease in the back donation of electrons from palla
dium to CO. Thus, palladium on silica-alumina or H Y is electron-deficient 
compared with the silica- or magnesia-supported metal. Moreover, the 
shift of CO vibration frequency is roughly parallel to the increase of activ
ity; thus, these two phenomena are connected. We propose that the 
high activity of palladium on acidic oxides is related to its partial electron 
deficiency. 

From the results published on the hydrogenation of benzene (29, 30, 
31), it appears that ruthenium and rhodium are more active than palladium. 
By adapting the scheme proposed by Dalla Betta and Boudart (9), we 
could suppose that the electron-deficient character of palladium on oxidiz
ing sites leads to an electronic configuration very similar to that of rhodium, 
and, thus, to an increase in catalytic activity. 

Conclusion 

Since parallel variations were observed in turnover number for ben
zene hydrogenation and in CO vibration frequency, interaction between 
metal and oxidizing supports does exist. This interaction modifies the 
electronic state and catalytic properties of palladium. 
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Infrared Spectroscopic Study of the 
Isotopic Exchange of Lattice 
Hydroxyls in Synthetic Faujasites 

C. F. HEYLEN and P. A. JACOBS 

Centrum voor Oppervlaktescheikunde en Colloidale Scheikunde 
De Croylaan 42 B-3030 Heverlee, Belgium 

The hydroxyls of hydrogen-sodium faujasites with different 
sodium and aluminum content, and of LaX, LaY, and "deep
-bed" calcined zeolites were exchanged with D2 in the 200-
400°C temperature range. The exchange was followed contin
uously by infrared spectrometry. On each sample, the different 
types of hydroxyls exchanged at the same rate, except for the one 
having the 3750 cm-1 band. The activation energy for this 
process depended on the nature of the cation, on the degree of ion 
exchange, and on the Si/Al ratio. The X samples were the most 
active. 

T n f r a r e d spectrometry has been wide ly used to s tudy the r e a c t i v i t y 
A of the h y d r o x y l groups i n the synthet ic zeolites, X a n d Y (1). I n 
h y d r o g e n - Y ( H Y ) samples, the h y d r o x y l groups absorb at 3650 a n d 
3550 c m - 1 . T h e hydroxy l s at 3650 c m - 1 react i n 1:1 s to i ch iometry w i t h 
bases. T h e r e a c t i v i t y of the hydroxy l s at 3550 c m - 1 has been correlated 
recently w i t h the polar effects exerted b y the subst i tut ing groups of the 
amine molecules (2). I n L a 3 + - e x c h a n g e d X a n d Y zeolites, h y d r o x y l s 
absorb at 3640 a n d 3530 c m " 1 (1, 3). I n "deep -bed" calc ined N H 4 Y 
samples a n d i n aluminum-def ic ient H Y samples, h y d r o x y l bands are ob
served around 3680, 3650, 3620, a n d 3550 c m " 1 (1, 4, 5). T h e h y d r o x y l 
groups at 3680, 3620, a n d 3530 c m - 1 are not reactive t o w a r d bases. 

F e w authors considered the r e a c t i v i t y of h y d r o x y l groups at c a t a l y t i -
ca l ly interest ing temperatures. In situ in frared spectroscopy showed t h a t 
i n the cumene crack ing react ion the 3550 c m - 1 h y d r o x y l s i n a H Y sample 
are only affected above 325°C. T h e 3650 c m - 1 h y d r o x y l decreased i n 
intens i ty at 250°C (6). D u r i n g the cracking of hexane on a s imi lar sample 
the gradual deact ivat ion of the catalyst is accompanied b y the progressive 
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44. H E Y L E N A N D J A C O B S Isotopic Exchange of Hydroxyls 491 

remova l of the h y d r o x y l groups. T h e react ion caused the remova l of, 
first, the 3640 c m - 1 b a n d and , subsequently, the 3540 c m - 1 b a n d (7). 
T h e behavior of the other types of h y d r o x y l groups has not yet been 
investigated. 

T h e use of deuter ium is reported i n order to s tudy the r e a c t i v i t y of 
different h y d r o x y l groups on oxide surfaces b y infrared spectroscopy (8-10). 
I n hydrogen X a n d Y samples, the exchange of D 2 w i t h the surface h y 
droxyls was used to determine the h y d r o x y l content of the samples (11). 
T h e infrared method for invest igat ing a part i cu lar h y d r o x y l group on the 
surface was also used on zeolites (12,13). T h e h y d r o x y l groups at 3650 
a n d 3550 c m - 1 i n H Y showed an ident ica l rate of exchange w i t h perdeu-
teroethylene (13). T h e exchange of D 2 w i t h the hydroxy l s i n H X , H Y , 
a n d C a H Y samples was also reported (12). 

I n contrast to previous work (12), i n the present paper the D 2 exchange 
is fol lowed cont inuously w i t h the in frared spectrometer at react ion tempera
ture . Samples were selected to compare the a b i l i t y for deuteration of a l l 
the types of h y d r o x y l groups reported i n synthet ic faujasites. 

Experimental 

M a t e r i a l s . Three synthet ic faujasites w i t h different S i / A l ratios were 
obta ined f rom the L i n d e C o . T h e concentrat ion of the i m p u r i t y a lka l ine 
earth cations was great ly reduced (<0 .03% b y weight) b y successive ex
changes w i t h puri f ied N a C l solut ion. T h e resul t ing samples were washed 
w i t h s l i ght ly a lka l ine d is t i l l ed water to avo id decationation. I o n exchange 
was performed w i t h N H 4 C l - N a C l or L a ( N 0 3 ) 3 solutions of 0.1 t o t a l n o r m a l 
i t y , fo l lowing the procedure described elsewhere (14). T h e anhydrous u n i t 
ce l l composit ion of the samples is g iven i n T a b l e I . F 8 5 a n d F 5 5 are a 
common X zeolite a n d Y zeolite, respectively. Sample F 5 5 / 7 0 was also 
calc ined at 560° C under condit ions of deep-bed geometry used b y K e r r 
(16). Subsequently , the res idual N a + ions were exchanged w i t h 0.1N 
N H 4 C 1 so lut ion. T h e sample is denoted b y Y D B N H 4 . P a r t of the F 5 5 / 7 0 
sample was back-exchanged to increase the C a 2 + content up to 0 .20% b y 
weight. T h e sample is denoted as F 5 5 / 7 0 . * 

T h e s i l i ca Aeros i l was f rom Degussa. S i l i ca platelets for spectroscopic 
use were preheated i n a i r at 800° C , as described elsewheer (16). T h e h y 
drogen a n d deuter ium gases were f r om J . T . B a k e r . T h e p u r i t y was 
9 9 . 9 5 % a n d 99 .50%, respectively. T h e gases were dr ied careful ly before 
use. 

Equipment. T h e spectra were recorded on a B e c k m a n I R 1 2 spectrom
eter i n the absorbance mode, w i t h low amplif ier ga in a n d sl i t w idths smaller 
t h a n 1.6 of the h a l f - b a n d w i d t h of the O H or O D bands. U n d e r these con
dit ions the apparent opt i ca l density of the O H bands could be reproduced 
w i t h i n ± 0 . 5 % . T o avo id errors f rom sample emission at temperatures 
higher t h a n 100°C, the spectra were scanned w i t h the chopper between 
sample a n d detector disconnected. 

T h e device for deuter ium exchange consisted of a c i r cu lat ion c i rcu i t w i t h 
a 2000-ml reservoir conta in ing 9 6 % of the t o t a l vo lume of the system. D 2 

could be c i rcu lated over the sample i n the in frared cel l b y us ing a magnetic 
p u m p . T h e p u m p speed was calculated to be h i g h enough to e l iminate 
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492 M O L E C U L A R SIEVES 

the rate of c i r cu la t i on as a possible r a t e - l i m i t i n g factor (17). T h e t empera 
ture was kept constant w i t h i n ± 1°C. 

Table I. Anhydrous Unit Cell Composition of the Samples 
Sample Unit cell composition % Exchange 

YDBNH4 Na 0 .4 (NH4)n Α1β(Α11-χ02)5 2 (Si02W 
F55/70 Nan.6 (NH 4)37.4 (A102)55.o (Si02)l37 68. 0 
F55/40 Naœ.o (NH4) 2 2 (AlO 2)55.0 (Sl0 2)l37 40. 0 
F49/70 Naw.9 (NH 4)34.3 (A102)49.i (SiOz)144 69. 9 
F49/41 Na2s.9 (NH 4 ) 2 0 . 2 (A102)49.i (Si02)144 

41. .1 
F85/45 Na46.6 (NH 4 )38. 2 (AlO 2)85.0 (Si02)io7 45. 2 
LaY Naio.23 Lai2.9 (A102)55.o (Sl0 2)l37 70 .0 
LaX Naio.so La 2 4.7o (A102)85.o (SiO 2)l07 87 .0 

a χ — 0.31, determined by NaOH extraction (4). 

Techniques. P late le ts of approx imate ly 30 X 26 m m , weighing 3 to 
4 m g / c m 2 , were prepared b y pressing the powdered samples at 7 tons for 2 
minutes . These were placed i n the in frared cel l , evacuated at room t e m 
perature under a v a c u u m of 1 0 ~ 6 t o rr , a n d heated s l owly to 400°C (18). 
T h e samples were then cooled a n d heated again at react ion temperature. 

Before each r u n , the h y d r o x y l spectra were scanned at r o o m tempera 
ture a n d react ion temperature . T h e spectrometer wavelength scale was 
l o cked at the m a x i m u m of the opt i ca l density of the h y d r o x y l (deuteroxyl) 
b a n d , a n d the decrease (increase) of the O H ( O D ) b a n d m a x i m u m was r e 
corded cont inuous ly as a func t i on of t ime . N o shi f t i n the m a x i m u m of the 
opt i ca l densi ty occurred dur ing the react ion . F o r most of the reactions the 
pressure of D 2 was 100 t o r r . T h e temperature range f r o m 200° t o 400°C 
was invest igated i n in terva ls of 50°C. 

T h e exchange d a t a for each h y d r o x y l b a n d were evaluated fo l l owing a 
f irst -order e q u a t i o n : 

—In (χ — Χα,) = kt — In (xo — Xœ) (1) 

T h e va lue of the a t o m f rac t i on H (of the O H + O D ) , i n i t i a l l y , at e q u i l i b 
r i u m , and at t ime t, i s denoted b y x0, xm, a n d x} respect ively . A l l o w a n c e was 
made for the fact that the apparent opt i ca l densities of the h y d r o x y l a n d cor
responding deuteroxy l groups are different b y as m u c h as 1 0 % . T h e excess 
of D 2 was at least 5-fold, so tha t the v a r i a t i o n of the different types of h y 
droxy ls cou ld be evaluated separately (17). F r o m E q u a t i o n 1 the charac
ter is t i c slope parameter is obta ined (19) : 

fcimin-1) = R(2NB + Na)/2NgNe (2) 

where R is the leak rate (a toms /min ) or the rate of transfer at w h i c h D flows 
between equivalent sites i n D 2 a n d O D groups. N* is the number of h y 
d r o x y l groups exchanging w i t h Ne d e u t e r i u m molecules. NB was deter 
m i n e d w i t h the a i d of the integrated i n t e n s i t y of the h y d r o x y l bands (20) 
a n d was checked b y mass spectrometry . T h e experiments were so ar 
ranged t h a t NB <Κ ΛΓΒ a n d therefore : 

/cCmin-1) = R/Na (3) 
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44. H E Y L E N AND JACOBS Isotopic Exchange of Hydroxyls 4 9 3 

T h e experimental error o n the values of R is es t imated t o be ± 4 . 5 % . 
T h e r e a c t i v i t y of the h y d r o x y l s t o w a r d bases was determined b y adsorp 

t i o n of a m m o n i a a n d p y r i d i n e at r o o m temperature , fo l lowed b y evacuat ion 
at r o o m temperature a n d 150°C. 

Results 

T h e experimental procedure is i l lus t rated i n F i g u r e 1 for the h y d r o x y l 
groups on L a Y . T h i s figure shows, f r o m r ight to left, the i n i t i a l O H spec
t r u m , the decrease i n the m a x i m u m of the opt i ca l density w i t h t ime , a n d 
the spec trum of the h y d r o x y l groups remain ing a n d deuteroxyl groups 
formed after the exchange. T h e spectra are scanned at react ion tempera
ture . F o r a l l the samples invest igated, the O H absorptions are converted 
in to the i r O D analogs i n a stoichiometric way . Indeed, for each react ion 
the q u a n t i t y O D ( % ) / 1 0 0 - O H ( % ) can be calculated at a n y t ime d u r i n g 
the react ion. T h i s rat io never exceeds 1 ± 0.04. 

Isotope effects cou ld be neglected. Indeed, the rat io of the apparent 
rate constants for the O H - D 2 exchange ( & O H ) a n d for the O D - H 2 exchange 
( /COD ) on the same sample was always close to u n i t y . F o r a l l the h y d r o x y l 
groups on the different samples, 1.00 < & 0 Η Α Ο Ό < 1.15. F i g u r e 2 shows 
that the data are represented sat is factori ly b y a first-order equat ion at the 
distance f r o m equ i l i b r ium. T h e s tandard dev iat ion of the slope of the 
lines never exceeded ± 3 % . T h e rate of exchange was immeasurab ly slow 
below 250°C. 

T h e d a t a on the r eac t i v i ty of the h y d r o x y l groups are shown i n T a b l e 
I I . T h e h y d r o x y l bands are characterized b y their central frequency 
(v0) a n d ha l f -band w i d t h ( H B W ) measured at r o o m temperature, a n d b y 
their a c id i ty w i t h respect to a m m o n i a a n d pyr id ine . T h e a c t i v i t y for 
deuteration of the different h y d r o x y l groups is characterized b y the t e m 
perature at w h i c h the apparent rate of exchange is equal to 0.200 m i n - 1 . 
T h e apparent ac t ivat i on energy of the exchange process is also g iven i n 
Tab le I I . These k inet i c data for a g iven sample show t h a t the different 
h y d r o x y l groups are deuterated w i t h the same rate despite the ir differ
ences i n ac id i ty . T h e exchange process is characterized b y the same energy 
of a c t iva t i on . T h i s is t rue for the " a c i d i c " hydroxy l s i n H - N a faujasites 
a n d for b o t h the acidic a n d nonacidic hydroxy l s groups i n L a X , L a Y , a n d 
Y D B N H 4 samples. T h i s is shown i n the Arrhen ius plot of F i g u r e 3 A for 
the 3650 a n d 3550 c m " 1 bands on sample F 4 9 / 7 0 , a n d for the 3640 a n d 
3530 c m - 1 bands on L a Y . T h e 3740 c m - 1 b a n d is deuterated at a m u c h 
slower rate t h a n the other h y d r o x y l groups. T h i s is shown for the L â Y 
sample i n F i g u r e 1. T h e free s i lanol groups on si l ica are also deuterated 
at a rate m u c h slower t h a n the zeolite hydroxy l s (Table I I ) . T h i s con
firms the assignement of the 3740 c m - 1 b a n d to s i l i ca- l ike hydroxy l s ( ί , 21). 

T h e influence of the D 2 pressure dur ing the exchange react ion on b o t h 
the apparent rate constant (h) a n d the leak rate (R) is shown i n F i g u r e 3 B . 
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494 M O L E C U L A R SIEVES 

Figure 1. Schematized representation of the hydrozyl-D2 

F o r bo th , the L a n g m u i r behavior is v a l i d i n the pressure region t h a t has 
been invest igated. F o r a comparison of the rate of deuteration of the 
different samples, R values have to be used since E q u a t i o n 3 holds. W i t h i n 
the l i m i t s of experimental error, the leak rate does not change w i t h the N a + 

content of the samples ( F 4 9 a n d F55) (Table I I ) . T h e ac t i va t i on energy 
increases considerably w i t h the degree of N a + exchange. A smooth 
relat ionship exists between the leak rate (R) a n d the A l content of the 
sample : R is higher on the X compared w i t h the Y sample. T h e i m 
p u r i t y cat ion level has a drast ic influence on the leak rate a n d on the a c t i 
v a t i o n energy. C o m p a r e d w i t h the N a - H samples, the leak rate is higher 
i n the L a Y a n d Y D B N H 4 samples. 

T h e decrease of O H concentrat ion w i t h t ime can also be described 
more or less sat is factor i ly b y a n exponential rate l a w as used b y C a r t e r 
etal. (8): 

r = b exp (—ax) 
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44. H E Y L E N A N D J A C O B S Isotopic Exchange of Hydroxyls 495 

3750 3640 

exchange on the sample, LaY, at 350° C 

F r o m the temperature dependence of b, the apparent ac t ivat i on energy a t 
the beginning of the exchange can be calculated. T h e values i n paren
theses i n Tab le I I are the corresponding energies. W i t h i n experimental 
error they are the same as those calculated f r o m the first-order constants. 
T h e parameter a is more t h a n one order of magnitude lower t h a n the values 
for a l u m i n a i n the same temperature range g iven b y C a r t e r et al. (8). 

Discussion 

T h e general exchange l aw is a s u m of exponential functions (22). 
T h i s l a w assumes t h a t each h y d r o x y l group is homogeneous—i.e., tha t a l l 
O H ( O D ) groups cont r ibut ing to the same b a n d have ident i ca l absorpt ion 
coefficients a n d r e m a i n unchanged d u r i n g the react ion. T h e L a n g m u i r 
behavior of the leak rate seems to indicate t h a t D 2 molecules interact w i t h 
isolated ident i ca l centers. T h e increase i n pressure increases the leak rate 
l inear ly , probably because of increased col l is ion frequency. T h e O H - D 2 
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Figure 2. Firsi-order plot at distance from equilibrium for 
the 3550 cm'1 band on the F49/70 sample 

exchange on C a H Y (12) a n d the O H exchange w i t h C 2 D 2 on H Y (13) fit 
the same L a n g m u i r description. Moreover , the ac t ivat ion energy c a l c u 
la ted f r o m the temperature dependence of the leak rate is equal to the 
a c t i va t i on energy at the beginning of the exchange calculated f r o m the rate 
law used b y C a r t e r et al. (8). T h e l ow values of the parameter a, c o m 
pared w i t h these on a lumina , also favor homogeneity of the act ive sites. 

A l l samples show at least two different h y d r o x y l groups w i t h different 
chemical properties. I f exchange takes place w i t h the first type of h y 
droxyls , a n d the second then exchanges w i t h the first, the k inet i c plots 
w i l l deviate f r o m l inear i ty , unless the second process is m u c h faster t h a n the 
first (13). Since a first-order rate l a w is obeyed d u r i n g the whole exchange 
r u n , th is cou ld indicate t h a t the exchange of deuter ium w i t h supercage 
hydroxy ls (most probably those absorbing around 3650 c m - 1 ) is rate 
l i m i t i n g whi le isotopic m i x i n g occurs b y a r a p i d averaging over the possible 
sites. Indeed, protons are mobi le on the same samples (13, 23) a n d have 
a t ime constant of 1 0 _ 3 to 10 ~ 7 sec at the temperatures used for the ex
change react ion (13, 23, 25). T h i s can expla in the ident i ca l leak rate ob
served for the different h y d r o x y l groups i n the same sample. Ident i ca l 
observations have been done on H Y samples. T h e bands at 3650 a n d 
3550 c m - 1 exchange at the same rate w i t h perdeuteroethylene (13) a n d 
w i t h perdeuterotoluene (24)· I m a n a k a et al. (12) reported t h a t the [band 
at ] "3660 c m - 1 is a l i t t l e more act ive t h a n that at 3548 c m " 1 " for deutera-
t i o n w i t h D 2 . T h e accuracy of the method they used can account for th is 
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44. H E Y L E N A N D J A C O B S Isotopic Exchange of Hydroxyls 497 

T a b l e I I . Reac t i v i ty of H y d r o x y l Groups 
OH-D2 Exchange 

Temper-

Reactivity 
toward f * * 

for 10~l* 
Pyri- k = (350° C) 

v°a HBW'cm-1 NH* d i n e °-200 (atoms 

Sample cm'1 (11°C) (150°C) min'1 min'1) 

F49/41 3648 26 2 zb 1 .3 + + 315 0.66 3.70 
3550 56. 0 ± 7, .0 + — 315 3.70 

F49/70 3647 26. 2 zb 1, .3 + + 364 0.83 6.05 
3550 50, ,0 zb 4, 0 + — 368 6.05 

F55/40 3650 26. 5 zb 1. .0 + + 285 1.40 3.31 
(3.10) 

3553 48. .0 zb 5 .0 + — 285 3.13 
(3.10) 

F55/70 3650 26. 5 zb 1. 5 + + 340 1.36 5.10 
3550 55 0 zb 3 0 + — 340 5.10 

F55/70* 3650 26. 5 zb 2 .0 + + 301 1.95 6.43 
3550 55. .0 zb 3. ,0 + — 300 6.43 

F85/45 3660 27. 0 zb 2. 0 + + 265 1.76 3.10 
Y D B N H 4 3685 

3640 + + 
275 
273 

4.40 
4.40 

3605 40. ,0 zb 4. 0 — — 276 1.84 4.40 
3550 + — 277 4.40 

LaY 3640 

3550 

25 0 zb 2. 5 + 
+ 

+ 295 

296 

4.83 
(4.75) 

4.83 
3530 36 .0 zb 3 .0 — — 293 2.58 4.83 

(4.75) 
LaX 3650 

3550 
+ 
+ + 302 

305 
5.10 
5.10 

3530 40 .0 zb 5 .0 — — 300 1.72 5.10 
Silica 3750 580* 

a Characteristic for the bands of the room temperature spectra. 
6 Extrapolated value. 

Apparent 
Activation 
Enefgy 
(kcal/ 
mole) 

smal l difference. Indeed, the react ion was in terrupted several t imes b y 
cooling to r o o m temperature, a n d the degree of exchange was determined 
b y scanning the h y d r o x y l region at this temperature. 

C a n t a n d H a l l (13) suggest a mechanism of l eak ing D in to the zeolite 
b y exchange w i t h acidic O H via a 1:1 complex of ethylene. F o r D 2 , D is 
presumably leaking into the pool of r a p i d l y m o v i n g H . I m a n a k a et al. 
(12) suggest tha t a t r ia tomic intermediate is formed w i t h the hydroxy ls . 
I f th is is true for the supercage hydroxy l s , the residence t ime of D 2 on the 
surface site occupied b y a proton should be on the order of 10 ~ 6 sec to have 
a chance to capture the proton (23,25). 
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J I I I I ™h 
15 1.6 1.7 1.8 1.9 

Figure 3. A. Anhmius plot of the first-order rale constants on LaY:*: 
3530cm-1 band, F49/70:0:3650cm _1, LaY :0:3640cm-1 band, F49/70: 
9:3550cm-1. B. Langmuir plot of the apparent rate constants (k) and 

the leak rate (R) for sample F55/70 at 350°C 

A n a l ternat ive poss ib i l i ty cannot be excluded. Since the t ime scale 
for proton m o b i l i t y a n d infrared v i b r a t i o n are great ly different, in f rared 
is no t the pert inent technique for s t u d y i n g pro ton m o b i l i t y . Therefore , 
the exchange w i t h D 2 can occur w i t h on ly a smal l f ract ion of the hydroxy l s , 
at i m p u r i t y centers, or a t a l i m i t e d number of defects. T h e isotopes 
should mix then b y a r a p i d diffusion. T h i s poss ib i l i ty has been envisaged 
b y C a n t a n d H a l l (13) for the exchange reaction of surface h y d r o x y l s of 
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44. HEYLEN AND JACOBS Isotopic Exchange of Hydroxyls 499 

H Y with perdeuteroethylene. Table II shows that the concentration of 
impurity cations (0.6 C a 2 + ions per unit cell) increase the leak rate con
siderably. For the H-Na faujasites and the Y D B N H 4 sample, the cation 
concentration does not explain the sequence of the leak rates. For a given 
Si/Al ratio, R is independent of the N a + content. Furthermore, the most 
active sample (YDBNH 4) in this series does not contain residual N a + ions. 
Only extra-lattice aluminum is present (4, 15> 26). It has been suggested 
(18) that the amount of extra-lattice aluminum is proportional to the 
hydroxyl band around 3600 cm - 1 . Careful examination of the hydroxyl 
spectrum of the H-Na faujasites shows the presence of the 3600 cm"*1 

band and, therefore, of extra-lattice aluminum. The concentration is 
higher in the X than in the Y zeolites (18). The leak rate (R) shows the 
same sequence. On the other hand the LaY sample shows the highest 
activity, indicating the promoting effect of the L a 3 + ions on the leak rate. 

The activation energy of the exchange process changes with the nature 
of the cation, the degree of cation exchange, and the presence of extra-
lattice aluminum. The intrinsic activity of the different samples as de
termined by the activation energy seems to be influenced by these param
eters. Further work is in progress to determine supplementary parameters 
as the temperature of pretreatment on H Y , the degree of cation exchange, 
the pretreatment temperature for other cations, and the simultaneous 
presence of several polyvalent cations. 
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Reactions of Aromatic Compounds 
with Ammonia over Y Zeolite 

KOU HATADA,1 YOSHIO ONO, and TOMINAGA KEII 
Department of Chemical Engineering, Tokyo Institute of Technology, Ookayama, 
Meguro-ku, Tokyo, Japan 

The reactions of chlorobenzene and benzaldehyde with ammonia 
over metal Y zeolites have been studied by a pulse technique. 
For aniline formation from the reaction of chlorobenzene and 
ammonia, the transition metal forms of Y zeolites show good ac
tivity, but alkali and alkaline earth metal forms do not For 
CuY, the main products are aniline and benzene. The order of 
catalytic activity of the metal ions is Cu > Ni > Zn> Cr > Co > 
Cd > Mn > Mg, Ca, Νa 0. This order has no relation to the 
order of electrostatic potential or ionic radius, but is closely re
lated to the order of electronegativity or ammine complex formation 
constant of metal cations. For benzonitrile formation from 
benzaldehyde and ammonia, every cation form of Y zeolite shows 
high activity. 

G ynthet i c zeolites have been used as catalysts for m a n y reactions. T h e i r 
^ cata ly t i c a c t i v i t y depends strongly on the nature of exchangeable 
meta l cations. P i c k e r t a n d co-workers (1) proposed t h a t the h i g h cata ly t i c 
a c t i v i t y of zeolites for carboniogenic reactions was caused b y the s trong 
electrostatic f ield near surface cations, resul t ing i n po lar izat ion of reactant 
molecules. 

W a r d (2, 8) f ound a l inear re lat ionship between the B r o n s t e d a c i d i t y 
a n d the magnitude of the electrostatic f ield of a lka l ine earth meta l i o n -
exchanged zeolites. H e suggested t h a t the field associated w i t h the cat ion 
polar ized adsorbed water w h i c h resulted i n the f ormat ion of acidic h y -
d r o x y l groups. These h y d r o x y l groups were then the p r i m a r y act ive sites 
for cumene crack ing a n d o-xylene isomerizat ion. T h i s idea was supported 
b y T u r k e v i c h a n d Ono (4) who invest igated cumene c rack ing a n d o-xylene 

1 Present address: Faculty of Education, Saitama University, Urawa, Saitama, 
Japan. 
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502 M O L E C U L A R S I E V E S 

i somerizat ion on hydrogen Y zeolite a n d concluded t h a t the B r o n s t e d sites 
were responsible for these reactions. 

O n l y a few attempts have been made to relate the cata lyt i c a c t i v i t y 
to the properties of cations on the t rans i t i on metal-exchanged zeolites. 
Cross , K e m b a l l , a n d L e a c h (5) s tudied the i somer izat ion of 1-butenes over 
a series of the ion-exchanged X zeolites. T h e i r results w i t h C e X zeolite 
a n d the m a j o r i t y of other zeolites ind i ca ted a carbon ium i o n mechan ism; 
however a r a d i c a l mechanism was operat ive w i t h N i X a n d i n some cases 
w i t h Z n X . 

W a r d (3, 6) determined the a c i d i t y of several t rans i t i on m e t a l X a n d 
Y zeolites b y in frared spectroscopy b u t could f ind no s imple re lat ionship 
between the pro ton ac id concentrat ion a n d phys i ca l parameters of meta l 
ions or cata ly t i c a c t i v i t y for o-xylene isomerizat ion . 

T h e reactions s tudied so far are confined to those ind i ca t ive of the 
f o rmat ion of carbon ium i o n intermediates . F o r these reactions the B r o n 
sted ac id sites usua l l y have h i g h cata ly t i c a c t i v i t y . T h u s , i t m i g h t be 
diff icult t o o b t a i n in f o rmat i on on the cata ly t i c properties of m e t a l ions 
since the catalysis b y a c id sites m a y mask the catalysis b y m e t a l ions. 
Therefore, to investigate cata ly t i c properties of m e t a l ions, i t is desirable 
to a v o i d the carboniogenic reactions a n d to poison the B r o n s t e d sites. 

I n th is w o r k the reactions of a m m o n i a w i t h chlorobenzene a n d benz-
aldehyde over a series of m e t a l ion-exchanged zeolites were invest igated 
b y the microreactor method , a n d attempts were made to relate the cata ly t i c 
a c t i v i t y of the zeolites to properties of meta l cations. A m m o n i a was a 
reactant a n d a poison for ac idic sites. 

T o manufacture ani l ine f r om chlorobenzene a n d a m m o n i a , cuprous 
oxide or d iamino cuprous chloride has been used as the cata lyst a n d the 
react ion is usua l l y carr ied out i n the l i q u i d phase under pressure (7). T h e r e 
are few reports on the react ion i n gas phase. Jones (8) f ound t h a t C u X 
was act ive for ani l ine f o rmat ion whi le Z n X led to the f o rmat ion of d i ch lo -
robenzenes. T h e react ion of benzaldehyde w i t h a m m o n i a over zeolite 
has never been reported. 

Experimental 

Cata lys ts . T h e s t a r t i n g m a t e r i a l for a l l cata lysts was commerc ia l 
L i n d e S K - 4 0 ( Y zeolite) powder, free of c l a y binder . I n a l l cases, the zeo
l i tes were prepared b y i o n exchange w i t h sal t so lut ion . T h e degree of ex
change was est imated b y grav imetr i c analys is for e luted sod ium, us ing 
magnes ium u r a n y l acetate reagent. T h e degree of exchange for C u Y 
determined b y th is method agreed sat is factor i ly w i t h t h a t determined b y the 
analys is of res idual salt so lut ion. T h e degree of exchange of zeolite is 
l i s t ed i n T a b l e I . 

Apparatus a n d Procedure . T h e convent ional microreactor was used 
to determine ca ta ly t i c ac t iv i t i es . T h e reactor was a 4 m m i d borosi l icate 
glass tub ing , d i re c t l y connected to the d u a l c o lumn gas chromatograph 
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45. H A T A D A E T A L . Reactions over Y Zeolite 503 

Table I. Yield of Aniline and Benzene from Chlorobenzene and 
Ammonia at 395°C 

Form 

Na Electro
negativity Yield of Yield of 

log βι for Metal Aniline, % Benzene, % 

Na+ 
C a 2 + 

M g 2 + 

M n 2 + 

C d 2 + 

C o 2 + 

C r 3 + 

Z n 2 + 

N i 2 + 
C u 2 + 

0.9 0 0 

73 
60 
91 
92 
90 
92 
89 
93 

- 0 . 2 1.0 0 0 
0.23 1.2 0 0 
0.8 1.5 0.5 0 
2.60 1.7 1.9 0 
2.05 1.8 2.8 1.7 

1.6 3.8 4.2 
2.27 1.6 4.2 0 
2.75 1.8 9.7 22.5 
4.13 1.9 29.2 9.5 

operated at 100°C. T h e a n a l y t i c a l co lumn was 2 m long stainless steel 
t u b i n g (od 6 mm) packed w i t h 20 w t % si l icone o i l D . C . 703 on 60-80 mesh 
C e l i t e 5 4 5 . 

N e a t a m m o n i a was used as a carrier gas a n d as a reactant . I t was 
dr i ed b y passage t h r o u g h a sod ium hydrox ide c o l u m n before i t entered the 
reactor. T h e flow rate of a m m o n i a was 60 m l / m i n . 

T h e cata lyst was p laced i n the reactor a n d h e l d b y two s m a l l p lugs of 
quartz wool . P r i o r to the reactions, the catalysts were heated i n a h e l i u m 
stream (60 m l / m i n ) at 450°C for 30 m i n a n d t h e n heated i n a n a m m o n i a 
s tream at the react ion temperature for 30 m i n . T h e react ion temperature 
was measured b y a chromel -a lumel thermocouple placed adjacent to the 
cata lyt i c zone of the reactor. F o r each pulse, 5 μΐ of the reactant (chloro
benzene or benzaldehyde) were in jected b y a microsyr inge . 

Results and Discussion 

R e a c t i o n of Chlorobenzene w i t h A m m o n i a . P r e l i m i n a r y experiments 
showed that chlorobenzene d i d not show any react ion over zeolites i n a 
h e l i u m stream and that C u Y zeolites have good a c t i v i t y for ani l ine f o r m a 
t i on . Therefore, the react ion over C u Y was studied i n deta i l . 

T h e effect of the cumulat ive number of pulses on the conversion of 
chlorobenzene c n C u Y was examined at 395°C. T h e conversion gradual ly 
decreased for the first three pulses b u t become almost independent of 
pulse number thereafter. T h u s , i n this s tudy , the result of the s i x t h pulse 
of each r u n was adopted for the comparison of act iv i t ies between samples. 

T h e m a i n products were ani l ine a n d benzene, a n d a trace of d ichloro -
benzenes was formed. T h e yie lds of ani l ine a n d benzene increased pro 
por t i ona l l y w i t h increasing amounts of catalyst . T h i s indicates tha t b o t h 
ani l ine a n d benzene are formed independently f rom chlorobenzene a n d 
ammonia—i .e. , one is not the product of the further react ion of the other. 

T h e effect of temperature on the react ion over C u Y is shown i n F i g u r e 
1. T h e y i e l d of ani l ine increases on ly s l ight ly w i t h the react ion tern-
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Figure 1. Effect of the reaction tem
perature on the conversion of chloro

benzene on CuY 

perature, whi le the y i e l d of benzene depends s trongly o n the temperature . 
T h e apparent a c t i va t i on energy of chlorobenzene disappearance is 5.8 
k c a l / m o l e , a n d the a c t i v a t i o n energies of the format ion of ani l ine a n d 
benzene are 2.2 a n d 14.7 k c a l / m o l e , respectively. 

A m m o n i a decomposes on zeolites (9), a n d the effect of this decom
pos i t ion on the chlorobenzene react ion m a y be impor tant . T h u s , the 
a c t i v i t y of C u Y zeolite for a m m o n i a decomposit ion was studied. H e l i u m 
was used as a carr ier gas, 1 m l of a m m o n i a was injected, a n d the extent of 
a m m o n i a decomposit ion was determined as a funct ion of temperature . 
T h e decomposit ion was 2 . 4 % at 350°C, 7 . 8 % at 450°C, a n d 2 4 % at 550°C. 
T h e apparent a c t i v a t i o n energy of a m m o n i a decomposit ion was est imated 
at 13 k c a l / m o l e . T h e a c t i v a t i o n energy of a m m o n i a decomposit ion is 
close to t h a t of benzene f o rmat ion f r o m chlorobenzene a n d a m m o n i a . 
T h u s , benzene f o rmat ion results f r o m the react ion of chlorobenzene a n d 
hydrogen formed b y the decomposit ion of a m m o n i a . 

T h e cata ly t i c a c t i v i t y for the ani l ine f o rmat ion f r om chlorobenzene 
a n d a m m o n i a of the Y zeolites w i t h var ious cations was studied at 395°C 
(Table I ) . I t is clear t h a t the t rans i t i on metal-exchanged zeolites have 
the ca ta ly t i c a c t i v i t y for the react ion, whi le a l k a l i meta l a n d a lka l ine earth 
meta l zeolites do not . T h e fact t h a t a lka l ine earth metal-exchanged 
zeolites usua l ly have h i g h a c t i v i t y for carbon ium ion- type reactions denies 
the poss ib i l i ty t h a t B r o n s t e d ac id sites are responsible for the react ion. 
T h u s , cata lyt i c a c t i v i t y of zeolites for th is react ion m a y be caused b y the 
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45. H A T A D A E T A L . Reactions over Y Zeolite 505 

direct interact ion of meta l cations a n d the reactants. T o conf irm this , the 
correlat ion between the cata lyt i c a c t i v i t y a n d the var ious properties of 
meta l cations was sought. 

T h e ionic radius or the electrostatic potent ia l (e/r) is often used as 
the measure of the po lar i z ing power of the cations (2y 8, 6). F o r example, 
B r o n s t e d a c i d i t y has a good correlat ion w i t h these properties (2). T h e 
correlat ion between the cata lyt i c a c t i v i t y i n the ani l ine f o rmat ion react ion 
a n d either ionic radius or electrostatic potent ia l was v e r y poor. 

T h e ionic radius or electrostatic potent ia l represents the phys i ca l 
property of meta l cations a n d does not reflect the bond ing character. 
T h e e lectronegativ i ty of meta l cations m a y be the more direct measure 
of the po lar i z ing power t h a n the ionic radius or electrostatic field when 
chemical bond ing is expected between meta l cations a n d the reactants. 

P a u l i n g ' s va lue (10) of e lectronegativity for meta l atoms was p lo t ted 
against the y i e l d of ani l ine (Figure 2), a n d a good correlat ion was obtained. 
T h e larger the electronegativity , the greater the cata lyt i c a c t i v i t y for 
ani l ine format ion . T h e a l k a l i a n d alkal ine earth cations have smaller 
e lectronegativity a n d show no cata lyt i c a c t i v i t y . T h e use of electroneg
a t i v i t y values (11) corrected for meta l ions instead of those for metals does 
not change the t rend . 

ELECTRONEGATIVITY · 
( ion Ν/Π7.5 8.0 8.5 9.0 9.5 

STABILITY CONSTANT 

Figure 2. Catalytic activity for aniline for
mation as a function of electronegativity and 

formation constant of ammine complex 
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Jones a n d L a n d i s (12) assumed the f o rmat ion of the a m m i n e complexes 
a n d the ir par t i c ipa t i on i n the react ion of toluene w i t h a m m o n i a to f o rm 
benzonitr i le over a v a r i e t y of t rans i t i on metal-exchanged X zeolites. 

E S R w o r k confirmed t h a t copper te t raammine complex is formed 
when a m m o n i a is adsorbed on C u Y zeolites a t r o o m temperature (13). 
T h e coordinat ion of a m m o n i a to meta l cations m a y take a n i m p o r t a n t 
role i n the reactions i n v o l v i n g a m m o n i a , a l though the coordinat ion number 
of a m m o n i a m a y be lower at higher temperature . 

W i t h this s i tuat ion i n m i n d , the f o rmat ion constant (βι) of the first a m 
m o n i a molecule m a k i n g the coordinat ion b o n d w i t h meta l cations was 
t a k e n as the measure of the ease of a m m o n i a adsorpt ion on metals . T h e 
values of (&) were t a k e n f r om R i n g b o m ' s table (14)- T h e p lo t of the 
cata ly t i c a c t i v i t y against f o rmat ion constants of ammine complexes is 
shown i n F i g u r e 2. T h e corre lat ion is good except for C d Y . A g a i n , the 
metals w i t h lower f o rmat ion constant ( N a + , C a + , M g 2 + ) have no a c t i v i t y 
for chlorobenzene react ion. 

W h e n C d Y was heated at 450° C i n a h e l i u m stream, c a d m i u m was re 
moved f r o m the zeolite cavit ies a n d the m e t a l was deposited at the exit of 
the reactor. T h e C d Y thus treated showed no ca ta ly t i c a c t i v i t y . T h e n 
the temperature of the pretreatment was lowered to the react ion tempera 
ture of 395°C, a n d the conversion c i ted i n T a b l e I was observed. E v e n 
at th is pretreatment temperature , the s m a l l amount of c a d m i u m m e t a l a p 
peared at the exit of the reactor. T h i s m a y be the cause of the large dev ia 
t i o n of C d Y f r o m the l inear re lat ionship . 

T h e order of the s t a b i l i t y constant of the coordinat ion compounds of 
d iva lent m e t a l cations w i t h var ious l igands fal ls i n the general pa t t e rn 
k n o w n as the I r v i n g - W i l l i a m s order (15) : 

C r 2 + > Mn 2 + < Fe 2 + < C o 2 + < N i 2 + < C u 2 + > Zn 2 + 

T h i s is the same order of the ca ta ly t i c a c t i v i t y of t rans i t i on m e t a l i n ex
changed zeolites for ani l ine format ion . I r v i n g a n d W i l l i a m s (15, 16) 
po inted out also t h a t there is a clear corre lat ion between complex s t a b i l i t y 
a n d the second i on iza t i on potent ia l . A s a matter of fact, a good corre la 
t i o n was found between the ca ta ly t i c a c t i v i t y a n d the second i on iza t i on 
potent ia l of d iva lent ions. (We t h a n k the reviewer for p o i n t i n g out th is 
correlation. ) 

A s described above, the cata lyt i c a c t i v i t y of meta l ion-exchanged zeolites 
for ani l ine f o rmat ion has a good corre lat ion w i t h e lectronegat iv i ty a n d w i t h 
the f o rmat ion constant of ammine complexes of m e t a l cations. T h e order 
of the a c t i v i t y agrees w i t h the I r v i n g - W i l l i a m s order. These facts give 
irrefutable evidence t h a t the t rans i t i on meta l cations are the act ive centers 
of the react ion. 

T h e good correlat ion of ca ta ly t i c a c t i v i t y a n d the f o rmat ion constant 
of the ammine complex or the e lectronegat iv i ty of the meta l cat ion could 
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45. H A T A D A E T A L . Reactions over Y Zeolite 507 

be understood i f we assume t h a t the rate -determining step of the react ion 
is either the coordinat ion of a m m o n i a to m e t a l cations or the abstract ion 
of a chlorine a t o m f r o m chlorobenzene b y meta l cations. I f the former 
were the case, i t w o u l d be n a t u r a l t h a t the ca ta ly t i c a c t i v i t y h a d a good 
corre lat ion w i t h the f o rmat i on constant of the a m m i n e complex. I f the 
la t ter were the case, good corre lat ion should be expected between the c a t a 
l y t i c a c t i v i t y a n d e lectronegat iv i ty since the a b i l i t y of m e t a l cations to 
abstract a chlorine a t o m should depend largely on the i r e lectronegat iv i ty . 
I n th is case the corre lat ion between the cata ly t i c a c t i v i t y a n d the f o rmat ion 
constant is fortuitous . T h i s w o u l d happen because of the near ly para l l e l 
orders of f o rmat ion constant of a m m i n e complexes a n d e lectronegativ i ty 
of meta l cations. 

Reactions of Benzaldehyde with Ammonia. W h e n i t was in jected in to 
ammonia , benzaldehyde was completely consumed even w i t h o u t catalysts , 
but no products were found i n the gas chromatograph. T h i s indicates 
the f o rmat ion of h i g h b o i l i n g po int products . Sa i to a n d O t a (17) con 
f irmed the f o rmat ion of 2 ,4 ,5 - t r iphenyl imidazo l d u r i n g the react ion of 
benzaldehyde a n d a m m o n i a over a l u m i n a catalysts a n d a t t r i b u t e d i ts 
f o rmat ion to the fo l lowing homogeneous react ion : 

Hydrobenzamide 2,4,5-Triphenylimidazol 

Table II. Yield of Benzonitrile from Benzaldehyde and Ammonia 
Form Temperature, °C 

395 445 490 
N a — — 31.0 
M g — — 26.1 
Co — — 31.7 
Cr — — 26.5 
C u 16.4 18.2 21.4» 
Zn — - 25.2» 
M n 15.7 17.6 20.2» 

a495°C. 

W h e n zeolites were placed i n the reactor, benzaldehyde again completely 
disappeared, b u t benzonitr i le was formed. I ts y i e l d depended s l ight ly on 
the react ion temperature . I n contrast to the react ion of chlorobenzene 
a n d a m m o n i a , the y i e l d of benzonitr i le depended on ly s l i ght ly on the k i n d 
of meta l cations, as seen i n T a b l e I I . T h i s suggests t h a t the rate-deter 
m i n i n g step of the n i t r i l e f o rmat ion does not invo lve meta l cations. T h e 
reaction mechanism is postulated as follows : 
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508 MOLECULAR SIEVES 

Reaction 1 occurs at room temperature (18) and should be very fast at 
reaction temperature. Furthermore, benzylideneimine is also postulated 
as an intermediate of the formation of hydrobenzamide (19). Abstraction 
of hydrogen from benzylideneimine by the zeolite framework is considered 
to be the rate-determining step of the reaction. α-AJumina has no activity 
for this reaction. 
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46 
Redox Behavior of Zeolite Aluminosilicates 
and the Nature of the Sites Responsible 
for the Electron-Transfer Activity 

B. D. FLOCKHART, M. C. MEGARRY, and R. C. PINK 

Department of Chemistry, The Queen's University, Belfast, BT9 5AG, Northern 
Ireland 

An ESR study of the redox properties of hydrogen Y zeolites has 
given information about the nature of sites responsible for 
oxidizing and reducing activities. Both electron-transfer ac
tivities depend almost linearly on the aluminum content of the 
zeolite to the point where the crystalline structure begins to col
lapse. Strong interaction between the two types of site is shown 
by enhancement (up to tenfold) of the reducing power of zeolite 
samples when certain electron-donor molecules are adsorbed on 
the surface. As the aluminum-silicon ratio decreases, the en
hancing effect remains unchanged, indicating an interaction 
between oxidizing sites associated with a single reducing center 
rather than between separated sites in the zeolitic framework. 
The results imply that a range of sites of varying electron-donor 
power exists on the hydrogen Y-zeolite surface. 

' " p h e surface of a Y zeolite, when su i tab ly ac t ivated , m a y possess b o t h 
A ox id iz ing and reducing properties ; hydrocarbon molecules such as 

perylene are readi ly converted at the surface in to the corresponding cat ion 
radicals whereas electron acceptors l ike the nitrobenzenes are converted 
in to the anion-radica l f o rm (1). I n a lumina , w h i c h has s imi lar redox 
properties, the ox id iz ing a n d reducing act ivit ies are to some degree m u t u a l l y 
dependent (2). T h e p r i n c i p a l objects of the present invest igat ion wrere to 
see whether th is also is t rue for the zeolite surface a n d to s tudy the de
pendence of the redox properties on the a l u m i n u m - s i l i c o n rat io i n the 
zeolite. 

Experimental 

L i n d e N a - f o r m Y zeolite (wt % , d r y basis : N a 2 0 , 12.9; A 1 2 0 3 , 23.1 ; 
S i 0 2 , 64.0) was converted into the a m m o n i u m f o rm using the method de-

509 
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510 M O L E C U L A R S I E V E S 

scribed b y L u n s f o r d (3). W i t h repeated exchange at 80° C , 9 0 % of the 
sod ium ions were replaced b y a m m o n i u m . A luminum-de f i c i ent zeolites 
were obta ined b y K e r r ' s method (4). Re f lux ing a s lurry of the 9 0 % N H 4 -
Y for 6 hours w i t h different amounts of ethylenediaminetetraacetic ac id 
gave a range of N H 4 - Y zeolites w i t h 0 - 9 4 % of the a l u m i n u m removed. 

T w o procedures were used to act ivate the catalyst samples. I n the 
first, the sample was heated i n a n electric muffle furnace i n flowing oxygen 
at 600° C for 30 m i n a n d then i n a i r at the same temperature for a further 4 
hours. T h e sample was al lowed to cool at 10~ 2 m m H g over phosphoric 
oxide for 30 m i n , a n d was subsequently handled under a n atmosphere of 
d r y nitrogen. I n the second procedure the sample was pretreated i n flow
i n g oxygen for 1 h r at 600° C i n the muffle furnace, a n d i t was then t r a n s 
ferred to a quartz vessel attached to a v a c u u m l ine. D imens ions of the 
quar tz vessel were such as to permi t ac t iva t i on i n a shallow bed ; m a x i m u m 
depth of the sample d i d not exceed 3-4 m m . T h e sample was heated i n 
oxygen (20 c m H g ) for 30 m i n at 600° C , a n d then outgassed at th is t e m 
perature for 16 hours at 1 0 ~ 5 m m H g or better. A f t e r cooling, the sample 
was transferred a n d handled under a n atmosphere of d r y ni trogen. T h i s 
procedure was designed to a v o i d the format ion of the " u l t r a s t a b l e " f o rm 
of the zeolite (δ). 

Tetracyanoethylene ( T C N E ) , 1,3,5-trinitrobenzene ( T N B ) , ra-dinitro-
benzene, nitrobenzene, naphthalene, a n d anthracene were a l l laboratory 
chemical grade reagents a n d were puri f ied b y s tandard procedures. P e r y 
lene f r om Rutgerswerke-Aktiengesel lschaft was used as received. Benzene 
( A R ) was stored over act ive s i l i c a - a l u m i n a a n d f i ltered before use. S o l u 
t ions of the adsorbates i n benzene were 1 0 _ 1 M for T C N E a n d T N B a n d 
5 X 1 0 ~ 3 M for naphthalene, anthracene, a n d perylene. 

T h e electron sp in resonance ( E S R ) measurements were made b y the 
method a lready described (1). 

Results 

W h e n T N B was adsorbed at r o o m temperature f r om so lut ion i n ben 
zene on zeolite 9 0 % exchanged w i t h a m m o n i u m i o n a n d heated at t e m 
peratures above ~ 4 0 0 ° C , the catalyst immediate ly developed a ye l l owish 
b r o w n surface co lorat ion a n d gave a three-fine E S R spectrum character
ist ic of the T N B anion ra d i ca l adsorbed on a l u m i n a a n d amorphous a l u 
minosi l icate surfaces (6). F igure 1 shows the v a r i a t i o n of T N B rad i ca l 
concentrat ion w i t h ac t i va t i on temperature of the zeol ite ; the m a x i m u m 
spin concentrat ion occurs at ~ 5 7 5 ° C . These concentrations were ob
ta ined after the catalyst h a d been i n contact w i t h the T N B so lut ion for 
3 days, a n d the catalyst + so lut ion were then i r rad iated w i t h l ight f r o m 
a low-pressure mercury l a m p for 1 hour (1). Perylene adsorbed on zeolite 
samples s imi lar ly ac t ivated gave the nine- l ine spectrum a t t r ibuted to the 
corresponding cat ion rad i ca l , the m a x i m u m rad i ca l concentrat ion occurr ing 
at ^ 6 2 5 ° C . These concentrations were measured after the catalyst h a d 
been i n contact w i t h the perylene so lut ion for 7 days. I r rad ia t i on w i t h 
l ight f rom the low-pressure mercury l a m p h a d no effect on the cat ion -
rad i ca l concentrat ion (1). F u r t h e r s tudy of the redox properties of the 
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46. F L O C K H A R T E T A L . Redox Behavior of Aluminosilicates 511 

800 200 400 600 
Activation Temperature, °C 

Figure 1. Radical-forming activity of 90% exchanged Y zeolite as a func
tion of activation temperature with TNB (•) and perylene (O) as adsorbates 

zeolite was made on samples heated t o 600° C (subsequently referred t o as 
decationated Y ) . 

A d s o r p t i o n of anthracene (Figure 2a), perylene (Figure 2b) , a n d n a p h 
thalene (not shown) on decationated Y previous ly saturated w i t h T N B 
gave superimposed E S R spectra of the T N B anion rad i ca l a n d the h y d r o 
carbon cat ion rad ica l . These spectra were obtained irrespective of the 
order of add i t i on of the adsorbate molecules. N o E S R absorpt ion was 
detected, even at m a x i m u m spectrometer sens i t iv i ty , when benzene so lu 
t ions of the aromatic hydrocarbon a n d T N B were mixed , b u t the add i t i on 
of act ive zeolite immediate ly produced the superimposed spectra of Figures 
2a and 2b. N o at tempt was made to exclude molecular oxygen f rom any 
of these systems. I n the presence of anthracene a n d naphthalene the 
tr ip le t a t t r ibuted t o the anion rad i ca l remained we l l resolved, even at h i g h 
cat ion-radica l concentrations. O n the other h a n d , w i t h concentrations 
of the pery len ium i o n greater t h a n about one-quarter of the m a x i m u m 
obtainable on the surface, the outer features of the T N B spectrum were 
barely detectable (see below). S u b s t i t u t i o n of ra-dinitrobenzene or mono -
nitrobenzene for T N B gave broad ly s imi lar results. Superimposed spectra 
were also obtained for tetracyanoethylene + anthracene a n d te t racyano -
ethylene + perylene; w i t h these systems overlap of the spectra was almost 
complete. A d s o r p t i o n of benzene o n decat ionated Y gave a singlet. A l 
though the add i t i on of T N B to th is system produced the expected t r ip le t , 
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512 M O L E C U L A R S I E V E S 

Figure 2. ESR spectra (first derivative) at 20° C: 
(a) TNB + anthracene on decationated Y, (b) TNB 
+ perylene on decationated 7 , (c) outer feature of 
spectrum a as the cation-radical concentration is in

creased from left to right 

the ampl i tude of the centra l feature was m u c h larger t h a n t h a t observed 
when T N B a n d benzene were added s imultaneously to an act ive catalyst 
sample. 

Since overlap of the spectra of the T N B an ion r a d i c a l a n d the a n t h r a 
cene cat ion rad i ca l is v i r t u a l l y confined t o the central feature of the anion 
spectrum, observat ion of the intens i ty of one of the outer features permits 
separate assessment of the anion-radica l concentrat ion (Figure 2c). A s 
i n a previous invest igat ion (2) a quant i ta t ive s tudy of the enhancement 
of the i on - rad i ca l spectrum i n the presence of coadsorbate was therefore 
possible b y us ing a ca l ibrat ion curve i n w h i c h the intens i ty of the outer 
l ine of the T N B spectrum was p lo t ted against the doub ly integrated area 
of the whole of the T N B spectrum i n a separate series of experiments. 
F igure 3 shows the effect of added anthracene a n d perylene on the surface 
concentrat ion of T N B anion radicals . A tenfold increase i n the T N B 
rad i ca l concentrat ion was observed i n the presence of either hydrocarbon . 
A d d i t i o n of naphthalene, on the other hand , produced no enhancement 
of the T N B anion-radica l concentrat ion. 
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46. F L O C K H A R T E T A L . Redox Behavior of Aluminosilicates 513 

R e m o v a l of the solvent f rom systems i n w h i c h the anion-radica l con
centrat ion h a d been increased b y the coadsorption of anthracene or perylene 
caused no change i n the number of unpaired spins. I n catalyst samples 
where the T N B rad i ca l concentrat ion h a d not been i n i t i a l l y increased b y 
u l t rav io le t i r rad ia t i on or b y w a r m i n g the catalyst + T N B so lut ion above 
r o o m temperature (6), a 12-fold increase i n the anion-radica l concentra
t i o n was obtained i n the presence of adsorbed anthracene or perylene. F o r 
samples of decationated Y formed b y dehydroxy la t i on in vacuo, a seven
fo ld enhancement was observed. 

T h e enhancement effect remained substant ia l ly unchanged as the 
a l u m i n u m - s i l i c o n rat io i n the zeolite was reduced—e.g., a zeolite sample 
w i t h an a l u m i n u m content on ly one-half that of the or ig inal Y zeolite h a d 
its reducing a c t i v i t y enhanced t o almost the same extent (eightfold) as t h a t 
of the Y zeolite (tenfold) when anthracene or perylene was adsorbed on the 
surface. T h e unpaired sp in concentrations at saturat ion , however, were 
s igni f icantly different. B o t h the reducing a n d ox id iz ing act iv i t ies of the 
zeolite fe l l i n a n approx imate ly l inear manner as the a l u m i n u m content was 
decreased to ^ 2 0 a l u m i n u m atoms per u n i t cel l (Figure 4). X - r a y exam
i n a t i o n showed that at around this composit ion the crystal l ine structure 
of the zeolite began to collapse. N o reinforcement of the anthracene cat 
i on - rad i ca l s ignal could be detected when T N B was coadsorbed on the 
decat ionated Y surface. 

Figure 3. Effect of cation-radical concentration on TNB anion-radical concentration: 
anthracene (O), perylene (•) 
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Ο 20 40 60 
Al atoms per unit cell 

Figure 4· Radical-forming activity as a function of the aluminum content 
of the zeolite with anthracene (O), TCNE (•), and TNB (Δ) as adsorbates 

Figures 5a, 5c, a n d 5e demonstrate the effect on the T N B spec t rum 
of a n increase i n the concentrat ion of adsorbed perylene cat ion radicals 
(Figure 5c, ~ 4 Χ 10 1 8 ca t i on radicals per g r a m ; F i g u r e 5e, ~ 1 Χ 10 1 9 ) . 
T h e outer features of the anion-rad ica l spectrum become m u c h less evident 
as the perylene rad i ca l concentrat ion is increased. T h i s effect is more p r o 
nounced at l ow temperatures (Figures 5d and 5f). A l t h o u g h the spectrum 
for T N B adsorbed alone on decat ionated Y is less w e l l resolved at the lower 
temperature (Figure 5b), the outer features are s t i l l c learly d iscernible ; 
w i t h this system saturat ion broadening accounts for the loss of reso lut ion. 

T h e E S R spec trum observed when T N B was adsorbed on m e t a l -
exchanged Y zeolite was essentially a singlet (Co- , N i - , La-exchanged) 
or a singlet w i t h add i t i ona l hyperfine structure ( C a exchanged). These 
systems are being further invest igated. 

Discussion 

Since m a x i m u m reducing and ox id iz ing power i n the zeolite requires 
a c t i va t i on temperatures around 600°C, dehydroxy la t i on is necessary for 
the f ormat ion of the act ive centers. E lec tropos i t ive and electronegative 
sites produced as shown below m a y be responsible. O n this basis the 
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46. F L O C K H A R T E T A L . Redex Behavior of Aluminosilicates 515 

f inding that the redox a c t i v i t y decreases as the a l u m i n u m content 
is lowered is not unexpected. T h e fact that the decrease obeys a l inear 
relat ionship (Figure 4), however, shows that the a c t i v i t y is associated w i t h 
a v e r y local ized environment , a n d is not a cooperative effect i n v o l v i n g 
a number of a l u m i n u m centers. 

T h e s t r i k i n g increase i n reducing power produced b y the add i t i o n of 
electron donors to the system indicates the existence of a strong interac 
t i o n between the two types of site a n d means, i n effect, that closely a d 
jacent a l u m i n u m centers must be invo lved , at least i n the cases where 

Figure 5. ESR spectra of TNB on decationated Y: 
(a) al 20°C, (b) at -186°C. ESR spectra of TNB + 
perylene (~4 Χ 1018 cation radicals per gram): (c) at 
20°C, (d) at -186°C. ESR spectra of TNB + perylene 
(~1 Χ 1019 cation radicals per gram: (e) at 20°C} (J) 

at -186°C 
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enhancement occurs. One add i t i ona l T N B anion rad i ca l is produced for 
about every three anthracene or perylene cat ion radicals adsorbed o n the 
surface (Table I ) . T h i s cou ld i m p l y t h a t approx imate ly one i n three of 
the redox sites is env i ronmenta l ly a n d energetically favorable for enhance
ment to occur, or a l ternat ive ly t h a t enhancement involves a cooperative 
effect i n w h i c h as m a n y as three neighbor ing ox id i z ing sites interact w i t h 
one reduc ing center. T h e finding t h a t the enhancing effect remains sub
s tant ia l l y unchanged even i n strongly a luminum-def ic ient zeolites suggests 
t h a t the former is more probable . 

Table I. Ion-Radical Concentrations on Decationated Y 
Mean 

Number of 
Cation 

Maximum Radicals to 
Cation-Radical Generate One 
Concentration Additional 

Ionization radicals per gram of TNB Anion 
Adsorbate Potential, ev catalyst Radical 

Perylene 6.83» 5 Χ 1019 2.7 
Anthracene 7.23° 1.2 Χ 1019 2.7 
Naphthalene 8. Ρ 6 Χ 1017 — 
Benzene 9.25' 1 X 1017 — 

• Ref. 7. 
6 Ref. 8. 
* Ref. 9. 

C l e a r l y , f r om the number of radicals formed at the surface either f r o m 
electron acceptors or electron donors, o n l y a smal l propor t ion of the possible 
sites, of the type shown i n the scheme above, are act ive redox centers. 
T h i s m a y be p a r t l y due to the inaccessibi l i ty of some of the sites (1 ). H o w 
ever, the fact t h a t such a large enhancement (up to tenfold) of the a n i o n -
r ad i ca l concentrat ion can be obtained b y the f ormat ion on the surface of a 
rad i ca l of opposite sign shows that inaccessibi l i ty is not the sole explanat ion. 
I t seems certa in t h a t a range of sites w i t h v a r y i n g electron-transfer power 
must exist on the surface, a n d that on ly a smal l propor t ion of these are 
sufficiently powerful to reduce, say, T N B or to oxidize anthracene or pery 
lene. Since these hydrocarbons are equal ly effective i n enhancing the 
anion-radica l concentrat ion u p to a cat ion-radica l concentrat ion of ^ 6 X 
10 1 8 spins per g r a m a n d above this concentrat ion have no further enhancing 
effect (Figure 3), the observed tenfold enhancement probab ly reflects the 
number of electron-donor centers marg ina l ly insufficient to convert a d 
sorbed T N B in to the anion-radica l f orm. These are the sites tha t can be 
reinforced t o the po int at w h i c h electron transfer occurs b y the adsorp
t i o n of anthracene or perylene molecules on neighboring ox id i z ing centers. 
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46. FLOCKHART ET AL. Redox Behavior of Aluminosilicates 517 

Naphthalene, with an ionization potential higher than that of anthra
cene or perylene, produces a much lower radical concentration in the zeolite 
(Table I), and appears to have no observable enhancing effect on the for
mation of anion radicals. Probably only certain sites of high energy are 
involved in this oxidation, and these sites may not be of the type in which 
interaction with an adjacent reducing center is possible. 

Examination of the superimposed spectra of the T N B anion radical and 
the perylene cation radical reveals that at high perylene concentrations 
broadening of the T N B spectrum occurs (Figures 5c and 5e), and to this 
extent the calculated data for the perylenium ion shown in Figure 3 are 
in error. The error, however, is such that the anion-radical enhancement 
is greater rather than less than that shown in this figure. Some broadening 
is observed in the T N B spectrum at —186°C (Figure 5b), and this can be 
attributed to saturation broadening. The broadening of the T N B spec
trum that occurs at room temperature in the presence of perylene possibly 
arises from a restriction in motion of the T N B radical in the surface com
plex caused by adsorbed perylenium cations. Noticeably, no such broad
ening occurs with the smaller anthracene radical. If this is the explana
tion of the room-temperature broadening of the T N B spectrum, it gives 
further evidence that the interacting redox sites must be close. 
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Transalkylation of Alkylammonium 
Cations in Y Zeolite 

J. J. FRIPIAT and M. M. LAMBERT-HELSEN 
Laboratoire de Physico-Chimie Minérale, Institut des Sciences de la Terre, de 
Croylaan 42, 3030 Heverlee, Belgium 

Transalkylation reactions are observed in Y zeolites partially 
exchanged with ethyl-, diethyl-, and triethylammonium cations 
(EA, DEA, and TEA, respectively) heated above 150°C in air or 
under vacuum, in the presence of residual water molecules. The 
main reactions may be depicted schematically as follows: (EA) Y 
--> (DEA)Y > (NH 4

+ )Y, (DEA)Y --> (EA)Y > (TEA)Y, and 
(TEA)Y --> (DEA)Y > (ΕA)Y, the main constituent in the 
gas phase being C 2 H 4 . They are similar to those observed in 
montmorillonite in the presence of a water vapor pressure of a 
few torr. It is proposed that in both cases the transalkylation 
processes are acid catalyzed, the residual water molecules and the 
surface oxygen being the active spots recycling the protons in mont
morillonite and zeolite, respectively. 

Recently the thermal decomposition of alkylammonium cations on 
montmorillonite surfaces in an inert atmosphere was studied (1). 

The exchanged clay samples were heated between 160° and 240°C for 
times between a few hours and 30 days in the presence of water vapor, and 
the gas as well as the solid phases were analyzed. The gas phase contains 
mainly unsaturated hydrocarbons, ethylene being the most abundant. 
The degree of transformation into volatile compounds is very low except 
for the tetraethylammonium clay. Most of the remaining carbon in the 
solid phase is part of organic cations since it can be removed by successive 
treatments with cobalt (III) hexamine chloride solution. The nature 
of the alkylammonium cations found in the solid phase after the thermal 
treatment has changed greatly. The observed overall transalkylations 
can be decomposed into elementary hydrolysis reactions as represented 
below, M- standing for an exchange site on the montmorillonite surface. 

518 
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M-+NH 8R + H 8 0 + <=± M-+NH 4 + RH 2 0 + (1) 

M-+NH 2 R 2 + H 8 0 + <± M-+NH 3 R + RH 20+ (2) 

M-+NHR 8 + H 80+ M - + N H 2 R 2 + RH 2 0 + (3) 

M-+NR 4 + H80+ «± M-+NHR 8 + R H 2 0 + (4) 

F o r React ions 1 a n d 2 leading to the format ion of d i e t h y l a m m o n i u m , the 
apparent order of the overal l react ion 2 C 2 H 5 N H 3

+ <=± N H 4
+ + ( C 2 H 5 ) 2 

N H 2
+ is 2, a n d i ts a c t iva t i on energy is 38 k c a l / m o l e . 
T h e product ion of alcohol is observed at h igh water vapor pressure. 

T h i s m a y result f r om the react ion 

R O H 2
+ + H 2 0 -> H 8 0 + + ROH (5) 

Moreover , i f a N H 4 + - m o n t m o r i l l o n i t e is heated at 200°C under a pressure 
of 1 bar of C 2 H 4 , smal l amounts of E A and E D A are formed. I n the pres
ence of 4-bar C 2 H 5 O H vapor , e t h y l ether forms. T h e fo l lowing react ion 
probab ly occurs 

ROH + ROH2+ — R 2 0 + H 3 0 + (6) 

I n the absence of water , none of the chemical transformations de
scribed above occurs not iceably . T h e low diffusion coefficient of a l k y l 
a m m o n i u m cations between the montmor i l l on i te layers (2) together w i t h 
the strong ac id character of residual water (S, 4) i n this s i tuat ion might 
prov ide a favorable s i tuat ion w h i c h , perhaps, does not exist on other sil icate 
surfaces w i t h a more open structure . 

W u et al. (5) recent ly interpreted the t h e r m a l decomposit ion mech
anism of te tramethylammonium-exchanged Y zeolite. T h e order of oc
currence of the gaseous decay products is (mole % ) : ( C H ^ N (50), C H 4 

(11), ( C H 3 ) 2 0 (10), C O (9), C H 3 O H (6), H 2 (4), C 4 H 8 (4), C 2 H 4 (trace), 
for the decomposit ion carried out at 275°C under v a c u u m . A t this t e m 
perature, a displacement reaction of water nucleophile on the t e t r a m e t h y l 
cat ion, f orming methanol and t r imethy lamine , is proposed: 

Z-+N(CH 3) 4 + H 2 0 (CH 3) 3N + CH 8 OH + Z"H+ (7) 

while the format ion of methane is assumed to occur through a m e t h y l d is 
proport ionat ion react ion, i m p l y i n g a surface methoxy l group 

Z-+(CH 8) 4N — (CH 8) 3N + CH 8OZ (8) 
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520 M O L E C U L A R S I E V E S 

CH 3OZ + CH3OH — C H 4 + HCOH + Z " H + (9) 

HCOH CO + H 2 (10) 

E t h y l e n e a n d d imethy lamine wou ld result successively f rom the f o rma
t i o n of y l ide b y deprotonation, an intramolecular carbanionic at tack , a n d 
finally reprotonat ion . These mechanisms i n w h i c h the m e t h y l der ivat ives 
have been used are different f rom those proposed for montmor i l l on i te 
where the e t h y l a m m o n i u m cations were m a i n l y i m p l i e d . T h e or ig in of 
these differences m a y be p a r t i a l l y the reac t iv i ty of the β hydrogen as we l l 
as the nature of the surface ac id sites. These considerations p rompted 
us to repeat our previous experiments (1) for e thy lammonium-exchanged 
Y zeolites. 

Procedures 

T h e exper imental procedures are those used prev ious ly (1). T h e 
fo l lowing saturations were obta ined : 255.2 X 10~ 3 equivalent of e t h y l -
a m m o n i u m ( E A ) , 141 X 10~ 3 equivalent of d i e t h y l a m m o n i u m ( D E A ) , 
a n d 65.5 X 10~ 3 equivalent of t r i e t h y l a m m o n i u m ( T E A ) per 100 grams of 
Y zeolite equi l ibrated at a re lat ive h u m i d i t y of 3 2 % . T h u s there is s t i l l 
a n appreciable f ract ion of the latt ice negative sites balanced b y N a + 

cations (6). T h e crystal l ine character of the zeolite latt ice is not affected 
d u r i n g these experiments. 

E x p e r i m e n t a l . T h e a lky lammonium-exchanged zeolite (1 gram) is 
in troduced into a 2 0 - m l borosi l icate glass tube. T h e tube is (a) outgassed 
at r o o m temperature u n t i l a res idual 5 X 10 ~ 4 t o r r of pressure is obtained 
a n d then sealed, (b) sealed i n the presence of a ir , or (c) outgassed at r o o m 
temperature a n d filled w i t h 400 torr of 0 2 . I n a l l cases, res idual adsorbed 
water is present. A f t e r react ion, 1 m l of the gas phase is ana lyzed b y gas 
chromatography . T h e a l k y l a m m o n i u m cat ion desorption is carr ied out 
b y shak ing 1 g r a m of the so l id phase several t imes a n d for several hours 
w i t h s m a l l vo lumes of a 0.1M N a C l u n t i l the t o t a l v o l u m e of the extract ion 
so lut ion is 20 m l . T h e chromatographic analys is was r u n us ing th is so lu 
t i o n to w h i c h 15 m l of 3N N a O H were added. 

T h e C a n d Ν Ba lances . T h e s u m of the carbon and ni trogen contents 
of the so l id a n d of the l i q u i d phases was obta ined b y combust ion for C a n d 
b y K j e l d a h l for N . I t reproduces the i n i t i a l content before react ion i n a l l 
cases w i t h i n the l i m i t s of the exper imenta l error ( ~ 0 . 3 % for C a n d N ) . 
Since hydrocarbons are detected i n the gas phase, th is means that the i r 
t o t a l C content is smaller t h a n the exper imental error effecting the c om
bust i on analys is . 

D i s t r i b u t i o n of the N - C o n t a i n i n g Compounds at the E n d of the R e a c 
t ion . T h e d i s t r i b u t i o n of n i trogen among N H 3 a n d amines is shown i n 
T a b l e I . T h e results are expressed i n re lat ive mole percent. T h e results 
between brackets must be considered approximate . 

Obv ious ly , the presence or absence of a ir or of O2 does not drast i ca l ly 
change the react ion products , a n d the water content r emain ing after long 
outgassing at r o o m temperature is h i g h enough to a l low the reactions to 
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47. F R I P I A T A N D L A M B E R T - H E L S E N Transalkylation in Y Zeolite 521 

occur. F o r montmor i l l on i te this was not t rue , a n d water vapor must be 
added to the reactor to observe the t r a n s a l k y l a t i o n reactions. 

Unexpected ly , the y i e l d i n D E A is apprec iably lower for E A heated at 
250° C i n the presence of 0 2 t h a n i n the presence of a i r or und,er v a c u u m . 
I n v i ew of the contradic tory add i t i ona l I R data , this result remains u n 
explained. 

However , the effect of temperature is we l l m a r k e d since at 150° C no 
noticeable t rans format ion is observed whi le at 250° C the conversion is 
pronounced. Chromatograms comparable w i t h those obtained for the 
montmor i l l on i te systems a n d showing the t r a n s a l k y l a t i o n processes are 
shown i n F i g u r e 1. 

Table I. Relative Distribution of Nitrogen Compounds (Mole %) 
Dura

Temp, tion, 
Cation Gas Phase °C hr EA DEA TEA 

E A air 150 70 — 100 — — 
air 250 50 14 67 19 — 
400 torr of 0 2 250 50 12 86 3 — 
vacuum 250 50 13 62 25 [0.4] 

D E A air 150 70 — — 100 — 
air 250 50 — 25 59 16 
400 torr of 0 2 250 50 — 24 60 16 
vacuum 250 50 [5] 20 56 19 

T E A air 150 70 [1] — — 99 
air 250 50 [8] 3 26 63 

T h e G a s P h a s e . T h e gas-phase analys is is o n l y qua l i ta t i ve since the 
vo la t i l e products r e m a i n p a r t i a l l y adsorbed, a n d the t rans format ion in to 
gaseous products is a lways rather s m a l l . A s expected, ethylene is b y far 
the most abundant component. T h e next component i n abundance is 
C H 4 b u t i n a n approx imate ra t i o of 1/10 w i t h respect to ethylene. T h e 
y i e l d i n hydrocarbons is the highest after the t h e r m a l t reatment of the 
T E A sample a n d the lowest for the D E A sample. I n the gaseous phase 
obta ined f r om the heated T E A sample, C 2 H 5 O H a n d C 2 H 5 - 0 - C H 3 were 
found at the beginning of the react ion. A l s o traces of methano l were re 
corded. A m o n g the minor components, propylene, ci's-2-butene, ethane, 
a n d butane were observed. 

In f rared Spectroscopy Study . F i g u r e 2 shows the evo lut ion observed 
at increasing temperature for wafers of an E A Y zeolite pretreated under 
v a c u u m . I n the s tar t ing mater ia l , the δ β 8 ( Ν Η 3 + ) a n d δ ( Η 2 0 ) bands over 
lap whi le δ Β ( Ν Η 3

+ ) is c learly separated. A s the temperature increases. 
H 2 0 is desorbed, a n d the intens i ty of 5 a B ( N H 3

+ ) decreases progressively, 
Accord ing ly , δ Β (ΝΗ 3 +) shifts t o w a r d lower frequency a n d decreases in , 
in tens i ty more r a p i d l y t h a n the b a n d at about 1600 c m - 1 . M o s t p robab ly 
th is is because E A transforms p a r t i a l l y into D E A (see T a b l e I ) , a n d 
δ (ΝΗ 2 +) absorbs i n the 1 6 0 0 - c m - 1 region. I n the stretching region, two 
bands at 3640 a n d 3580 c m - 1 appear c learly after long heat ing at 200°C. 
T h e y might be assigned to O H formed upon decat ionat ion of the N H 4

+ 

saturated sites, resu l t ing f r om the t rans format ion of E A into D E A a n d 
N H 4 + . 
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E A DEA 
I A 

E A 
E A I 

Figure 1. Chromatograms after desorption of the 
EA (A) or DEA (Β) Y zeolite, carried out with the 
cobalt (III) hexamine chloride solution: (1) non-
heated, AF 1024; (2 and 3, respectively) heated in 
the presence of air, AF 256 for 70 hr at 150° and for 
50 hr at 250°; (4) heated for 50 hr at 250°, AF 256, 
in the presence of 400 torr of O2; (5) heated for 50 hr 
at 250° under vacuum (5 X 10~4 torr), AF 512; (6) 
same as (5), but observed with a catharometer de
tector, AF 4. Unless indicated, the detector was a 
flame ionization detector. AF is the attenuation 
factor. 
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Cm"1 3 6 0 C 3 2 0 0 2 8 0 0 2 4 0 0 1 8 0 0 1 7 0 C 1 5 0 C 1 5 0 0 1 4 0 O 1 3 0 O 

Figure 2. Infrared spectra obtained for the EA Y zeolite treated under 
vacuum (β X 10~h torr): (1) before heating; (2) heated for 8 hr at 105°; 
(3) heated for 27 hr at 105°; U) heated for 121 hr at 105°; (5) heated for 
255 hr at 105°; (6) the same as (5), but heated additionally for Jfi hr at 
105°; (7) the same as (6), but heated additionally for 69 hr at 200° C. 

F i g u r e 3 shows the evo lut ion i n the bending region w h e n the Ε A Y 
zeolite is heated i n the presence of a i r . W i t h respect t o the evo lut ion 
shown i n F i g u r e 2 B , the N H 4

+ de format ion b a n d appears c lear ly at 1450 
c m " 1 whi le the C H 2 a n d C H 3 de format ion bands at 1400, 1377, a n d 1366 
c m - 1 disappear completely . T h e decrease i n intens i ty of b o t h δ » β ( Ν Η 3

+ ) 
a n d δ Β ( Ν Η 3

+ ) is more pronounced t h a n under v a c u u m whi le a strong 
shoulder appears progressively a round 1700 cm"" 1 . T h i s b a n d m a y be 
assigned t o a C = 0 stretching . 
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1800 1700 1600 Î50Q 14O0 ?300 
cm* 

Figure 3. Infrared spectra obtained for 
the EA Y zeolite treated in the presence 
of air: (1) before heating; (2) heated for 
25 hr at 105°; (3) heated for 119 hr at 
105°; (4) heated for 253 hr at 105°; (5) 
the same as (4), but heated aMitionally 
for 45 hr at 150°; (6) the same as (5), but 
heated additionally for 69 hr at 200°. 

These differences between the treatments carr ied out under v a c u u m or 
i n the presence of a ir do not appear i n T a b l e I . Because of the vo lume of 
the I R cel l , the I R s tudy is achieved w i t h a n 0 2 / s a m p l e rat io m u c h higher 
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t h a n i n the experiments carr ied out i n the 2 0 - m l borosi l icate glass reactor. 
Therefore, a p a r t i a l combust ion of the organic residues m a y occur. 

F o r the D E A a n d T E A Y zeolites treated under v a c u u m , the O H stre tch 
i n g bands do not appear (see, for instance, F i g u r e 4 A ) . T h i s w o u l d result 
f r o m the negligible t rans format ion into N H 4 + . T h i s is also i n agreement 
w i t h the observat ion b y Jacobs et al. (7) t h a t the deaminat ion of D E A a n d 
T E A Y zeolites does not lead to the sto ichiometr ic f o rmat i on of O H groups. 

E A resu l t ing f r o m the t rans format ion of E D A (Table I I ) shows up b y a 
weak b a n d at approx imate ly 1520 cm - 1 — i . e . , at the frequency observed 
for δ 8 ( Ν Η 3 + ) . I n the deformat ion region, the spectra observed d u r i n g 
the t rans format ion of the T E A Y - z e o l i t e do not show a n y noticeable ef
fect. 

I n presence of a i r (F igure 4 B ) the t rans format ion is stronger, a n d again , 
as observed for the E A sample, the C H 2 a n d C H 3 components disappear 
whi le a C = 0 stretching b a n d appears at about 1700 c m - 1 . C O 2 cou ld 
give rise to the b a n d observed a r o u n d 1700 c m " 1 i n F igures 3 a n d 4 ac 
cord ing to Jacobs et al. (8). 

Discussion 

T h e strong s i m i l a r i t y observed for the t r a n s a l k y l a t i o n reactions occur
r i n g w i t h a l k y l a m m o n i u m montmori l loni tes a n d zeolites is quite surpr is ing 
at first since (1) the first layer of water adsorbed b y montmori l loni tes 
saturated i n monovalent cations has a strong acidic character as opposed 
to w h a t has been observed for X or Y zeolites i n a s imi lar s i tuat ion , a n d 
(2) protons or ig inat ing f rom the t h e r m a l dissociation of N H 4 + combine 
w i t h oxygen atoms of the zeolite latt ice whi le the oxygen atoms of the 001 
plane i n montmori l loni tes w i t h lat t i ce charges ar is ing f r o m isomorphic 
subst i tut ions i n the octahedral layer do not have th i s a b i l i t y . Therefore, 
the ac id character of the two solids being compared is surely qui te different. 
One m a y propose t h a t the observed t r a n s a l k y l a t i o n reactions are not 
cata lyzed b y surface pro ton i n either one of the two forms depicted above. 
I n rev iewing the perspective on zeolite catalysis , V e n u t o (9) considered 
the decomposit ion of in t racrys ta l l ine t e t r a m e t h y l a m m o n i u m cations as 
occuring a long an unusua l pa thway . T w o among the possible mechanisms 
proposed b y W u et al. (δ) have been recalled i n the in t roduc t i on to th is 
paper (Reactions 7 a n d 8, 9, 10, respect ively) . N o n e impl ies an a c i d -
cata lyzed step. Moreover , i n R e a c t i o n 8 i t was assumed t h a t surface 
methoxy groups are formed. T o expla in the e t h y l a m m o n i u m decomposi 
t i on , there is no need to suggest the f ormat ion of ethoxy groups because 
of the H o f f m a n n e l iminat ion react ion. T h e s t ruc tura l restraints i n the 
m e t h y l group do not exist for the organic cations w h i c h a lready conta in 
the C — C bond . 

A l i p h a t i c amine t r a n s a l k y l a t i o n has been observed on a l u m i n a b y 
D e r r i e n a n d Jungers (10) a n d b y C a t r y a n d Jungers (11) at a higher t e m 
perature. U n d e r the exper imental conditions used here, a n ac id -cata lyzed 
mechanism seems to be acceptable. A n explanat ion that w o u l d lead to 
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cm" 1 3 6 0 0 3 2 0 0 2 8 0 0 2 4 0 0 1 8 0 0 1 7 0 0 1 6 0 0 1 5 0 0 1 4 0 0 1 3 0 0 

Figure 4· Infrared spectra obtained for the TEA Y zeolite treated (A) 
under vacuum (5 X 10~h torr) and (B) in the presence of air: (1) before 
heating; (2) heated for 8 hr at 105°; (3) heated for 27 hr at 105°; (4) heated 
for 289 hr at 106°; (δ) the same as (4), but heated additionally for 44 hr at 
160°; (6) the same as (δ), but healed additionally for 63 hr at 200°. 

comparable elementary steps i n montmor i l l on i te a n d i n zeolite seems de
sirable i n v i e w of the s imi lar results. 

L e t Z ~ H + s tand for a surface ac id group, a n d boldface letters for 
a mobi le species. T h e fo l lowing elementary steps could occur 

Z-RNH3-» : Z " H + + RNH 2 or Z - R 2 N H 2 Z-H+ + R 2 NH ( Π ) 

Z-H+ + H 2 0 * ± Z - H 8
+ 0 (12) 
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Z _ H 3
+ 0 could react r a p i d l y w i t h a n adjacent Z ~ R + N H 3 site 

Z-RNH 8 + + Z-H 30+ +± Z " N H 4
+ + Z " R O H 2

+ and Z " N H 4
+ Z - H + + NH 3 (13) 

this react ion being fol lowed eventual ly b y 

Z - R O H 2
+ + Z - R N H 8

+ <± Z-R 2 NH 2 + + Ζ " Η 8 0 + (14) 

a n d finally b y the reverse processes of React ions 11 a n d 12. S i m i l a r 
schemes might be w r i t t e n for the T E A sieve. A c t u a l l y , React ions 13 
and 14 are comparable w i t h React ions 1 and 2 proposed for the m o n t m o r i l 
lonite system. I n zeolite the " p r o t o n s i n k " is the latt ice oxygen whi le i n 
montmor i l l on i te , this role is p layed b y res idual water . F o r the lat ter , 
H 3 0 + is produced as fol lows: M " C + ( H 2 0 ) + H 2 0 M - H 3 0 + + C + -
( O H ~ ~ ) , where C + stands for a monovalent cat ion a n d parentheses indicate 
the h y d r a t i o n sphere of th is cat ion. 

T h e m a i n prob lem now is to jus t i fy the process,schematically depicted 
b y React ions 11 a n d 12. F r o m pulse N M R experiments, M e s t d a g h , 
Stone, a n d F r i p i a t (12) have measured the l i fet ime (τ) of a pro ton on a 
surface oxygen site i n a decationated Y zeolite 

τ = 3.2 Χ ΙΟ" 1 0 exp(+10 kcal/tfT7) sec (15) 

T h i s d e r e a l i z a t i o n process implies the four oxygens of a n a l u m i n u m t e t r a 
hedron. Assume that a pro ton acceptor molecule, ind icated i n boldface, 
approaches an O i oxygen at the same t ime as the pro ton . A s depicted 
b y either R e a c t i o n 11 or 12, there is some p r o b a b i l i t y for th is molecule to 
capture the proton . 

T h e pro ton capture probab i l i t y might be measured b y the pro ton 
aff inity. F o r H 2 0 the lat ter is 182 k c a l / m o l e whi le for N H 3 a va lue of 207 
k c a l / m o l e has been proposed (13). T h e (ethyl) ^amines w o u l d probab ly 
have intermediate values, considering the ir pKb. T h e p r o b a b i l i t y t h a t 
R e a c t i o n 11 could go f r o m left to r ight w o u l d not be too different f r o m 
that of R e a c t i o n 12 going f rom r ight to left. Therefore, f r om React ions 
11 a n d 12 

hi 
Z - R N H 8

+ + H 2 0 — Z - H 3 0 + + R N H 2 (16) 

I n water , h is 0.2 s e c ' 1 for C H 3 N H 3 + a n d 12.6 s e c " 1 for ( C H 3 ) 3 N H + at 
25 ° C (13). A s s u m i n g the same ki rat io i n the adsorbed state w o u l d lead 
one to predict that more Z H 3 0 + sites w o u l d be formed i n the t r i m e t h y l -
a m m o n i u m t h a n i n the m e t h y l a m m o n i u m sieve. I f the same t r e n d is 
mainta ined for the e t h y l derivat ives , the gas phase w o u l d be (as observed) 
r icher i n decay products for a T E A t h a n for an E A sample. 
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528 MOLECULAR SIEVES 

Since oxonium cations are sensitive to oxidation, C 2 H 5 O H 2

+ could 
be implied in the formation of small amounts of methane 

Z-C 2 H 6 OH 2

+ + 02 Z-H80+ + CH3COOH 
(17) 

CH8COOH CH 4 + CO2 

Adsorbed CO 2 would give rise to the vibration band observed at ca. 1700 
cm"1. Accordingly, the formation of ether and ethylene could follow from 

Z-ROH2+ Z-H80+ + C 2 H 4 

(18) 
2(Z-ROH2+) 2Z-H+ + H20 + R20 

The reaction schemes 11-18 provide a reasonable explanation for the similar 
behaviors of Y zeolites and of montmorillonites despite the different origin 
of their acid properties. 
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48 

Isomerization of Paraffins 

H. W. KOUWENHOVEN 
Koninklijke/Shell-Laboratorium, Badhuisweg 3, Amsterdam-N., Netherlands 

The application of zeolitic materials as catalysts in paraffin 
isomerization is discussed. Particular attention is given to cata
lyst preparation variables such as sodium removal for zeolite Y 
and mordenite. Dual function catalysts based on these zeolites 
are compared with respect to activity. A reaction mechanism 
for paraffin isomerization over zeolitic dual function catalysts, 
on the basis of literature and own data, is presented. 

T n commerc ia l petro leum refining, i somerizat ion of l i ght paraffins has been 
A app l i ed for m a n y years. U n t i l recent ly the scope of the process was 
l i m i t e d , however, a n d i ts m a i n app l i ca t i on was i somer izat ion of butane 
as feed preparat ion for a l k y l a t i o n processes. Genera l l y , except for a few 
specific cases, no commerc ia l just i f i cat ion cou ld be f ound for i somer izat ion 
of pentane a n d hexane fractions since i n most cases the q u a l i t y require 
ments for motor gasoline cou ld be met b y a l ternat ive processing routes a n d 
b y add i t i on of var ious addit ives , such as lead t e t raa lky l s , to improve fuel 
b u r n i n g characterist ics . 

Str ingent regulations regarding emissions of hydrocarbons , carbon 
monoxide, n i trogen oxide, a n d lead compounds f r o m in te rna l combust ion 
engines, however, w i l l require a change i n gasoline specifications. I n 
part i cu lar , lead a l k y l concentrations w i l l have to decrease, resul t ing i n a n 
increased need for l i ght hydrocarbons h a v i n g h i g h ant i -knock q u a l i t y . T o 
supp ly at least p a r t i a l l y the expected d e m a n d for these h i g h q u a l i t y 
gasoline components, ca ta ly t i c i somerizat ion of pentane a n d hexane 
fractions w i l l p robab ly be used more i n future refinery operations. Because 
of i ts h i g h content of τι-paraffins the C 5 / C e f ract ion of most crude oils has a n 
unleaded research octane number ( R O N - O ) of about 70. I somer izat ion 
converts the l ow octane n o r m a l paraffins into the higher octane branched 
isomers, a n d according to the thermodynamics of the react ion the highest 
conversion in to branched isomers is obta ined at a l o w react ion temperature . 
I n F i g u r e 1 the R O N - 0 of the e q u i l i b r i u m pentane a n d hexane mixtures is 
shown as a funct ion of temperature. 

529 
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530 M O L E C U L A R S I E V E S 

Isomerization Processes and Catalysts 

L o w temperature isomerizat ion catalysts are of the F r i e d e l Cra f t s 
type , such as A1C13 a n d A l B r 3 , a c t i va ted w i t h HX, a n d dissolved i n a 
suitable solvent such as S b C U . A p p l i c a t i o n of these extremely acidic a n d 
corrosive systems requires special h a n d l i n g a n d disposal of the catalyst a n d 
careful pretreatment of the feed-stock to remove contaminat ing mater ia ls . 
L o w temperature i somerizat ion (< 100° C ) is used m a i n l y for i somer izat ion 
of w-butane, w h i c h is general ly avai lab le i n sufficient p u r i t y b y n o r m a l 
refinery processes. 

RESEARCH OCTANE NUMBER 

70 I I I 1 
Ο 100 200 300 

TEMPERATURE, e C 

Figure 1. Octane numbers of equilibrium 
mixtures of pentanes and hexanes 

A t s l i ght ly higher temperatures (100°-200°C) catalysts consist ing of 
chlor ided a l u m i n a i n combinat ion w i t h a noble meta l , such as p l a t i n u m , 
are used. A s a cocatalyst HC1 or a n organic chloride is suppl ied w i t h 
the feedstock. T h e h i g h r e a c t i v i t y of these cata lyst systems requires 
careful feed pretreatment for remova l of deac t ivat ing mater ia ls . Several 
p lants (1, 2) us ing th is t y p e of cata lyst , a n d one vers ion of th is process 
especially developed to convert C 5/Ce feed, have recent ly been b u i l t . 

A t about 250° C a cata lyst consist ing of a low sod ium zeolite a n d a noble 
meta l is used i n a recent ly developed process (3). I t is c la imed that no 
extensive feed pretreatment is required a n d t h a t the s t a b i l i t y of the 
cata lyst is not i m p a i r e d b y common feed impur i t i es . A n older process 
us ing a cata lyst consist ing of p l a t i n u m supported on amorphous s i l i ca -
a l u m i n a (4) operates a t 400°C. N a t u r a l l y the higher the operat ion 
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48. K O U W E N H O V E N Isomerization of Paraffins 531 

temperature , the lower the octane improvement w h i c h is obta ined d u r i n g 
isomerizat ion of C s / C e streams. N o b l e meta l - conta in ing cata lyst systems 
are more stable t h a n F r i e d e l C r a f t s t y p e catalysts , a n d u s u a l l y catalysts 
operat ing at higher temperatures are less susceptible to deact ivat ion . 
Whichever t ype of process is most prof itable i n a par t i cu lar s i tuat ion 
depends on m a n y factors, a n aspect w h i c h fal ls outside the scope of th is 
review. 

Reaction Mechanisms 

I n the presence of hydrogen the isomerizat ion of paraffins of five or 
more carbon atoms over d u a l funct ion catalysts , such as amorphous s i l i ca -
a l u m i n a supported p l a t i n u m , can be described b y the f o l l owing scheme: 

+ H 2 - H + + H + - H 2 

nP ±5 : n F ±5 : n P + ±iP iP+ ±Zi iP " ±Hs iP 
- H 2 + H + - H + + H 2 

Olefins are formed b y dehydrogenat ion of the η-paraffin feed over the 
metal l i c hydrogenat ion-dehydrogenat ion funct ion a n d are adsorbed o n the 
acidic surface of the cata lyst as carbon ium ions b y p ro ton a d d i t i o n . A f t e r 
skeletal i somerizat ion they are desorbed as isoolefins a n d subsequently 
hydrogenated to the corresponding isoparaffins. T h e net result (i.e., 
the f o rmat ion of carbon ium ions) of the ac t ion of meta l a n d ac id i n d u a l 
funct ion catalysis is , on pure F r i e d e l - C r a f t s t y p e catalysts , described b y the 
scheme: 

+ H - - H -

riP ±5 : nP+ ±5 : i?+ ± ^ iP 
— H _ + H -

C a r b o n i u m ions a n d isoparaffins are formed b y h y d r i d e i o n abstract ion a n d 
hydr ide i o n transfer reactions. T h i s mechanism has been described for 
H F . S b F 5 (δ). I somerizat ion of η-paraffins over monofunct ional acidic 
catalysts has also been c la imed for mordenite (6, 7) , for sieve Y (8), a n d for 
the base of the catalyst of undisclosed composit ion appl ied i n the i someriza
t i on process us ing a noble meta l on a n acidic zeolite base (3). 

A b imolecular mechanism for i somerizat ion of Ce paraffins was p r o 
posed b y B o l t o n (9). A c c o r d i n g to h i m , paraff in molecules are 1,3-di-
adsorbed on a p a i r of act ive sites close to each other. A s a second step 
dehydrogenat ion to adsorbed olefins is envisaged, fo l lowed b y a b imolecular 
r i n g closure to a cyclohexane-type r ing . T h e s ix - r ing can be cracked into 
var ious hexenes w h i c h are again hydrogenated over the d u a l func t i on 
cata lyst to f o r m isohexanes. T h e proposed mechanism is i l lus t ra ted below 
for the i somer izat ion of n-hexane. 
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532 M O L E C U L A R S I E V E S 

Jab |cd Jxy 

3MeC5 2MeC6 23DiMeC4 + n-Ce 

jab jab 

2MeC5 3MeC5 + «-C6 

A l t h o u g h isomerizat ion of butane requires a b imolecular mechanism, 
the mechanism proposed i n Re f . 9 for hexane does not seem to give a more 
s tra ight forward explanat ion of the phenomena t h a n the classical d u a l 
func t i on mechanism. 

I n the react ion mechanisms described above the a c i d i t y of the cata lyst 
p lays a n i m p o r t a n t role. Zeolites can be converted in to the H + f o r m a n d 
as such are powerful catalysts for ac id -cata lyzed reactions. W e discuss 
below some aspects of i somerizat ion cata lyst preparat ion to demonstrate 
factors w h i c h influence the a c t i v i t y of catalysts based on zeolites. I n this 
discussion we are concerned w i t h zeolite Y a n d mordenite . D a t a o n 
paraffin i somerizat ion over d u a l funct ion catalysts besed on other zeolites 
are scarce, a n d no d a t a have been publ ished showing t h a t mater ia ls l i ke 
zeolite X , zeolite L , offretite, zeolite omega, or gmel in i te can be converted 
into cata lyst bases h a v i n g a n isomerizat ion a c t i v i t y comparable w i t h t h a t 
of Η-zeolite Y or H-morden i te . 

Conversion into Isomerization Catalyst Base 

Zeol i te Y . There is s trong evidence that B r o n s t e d t y p e a c id i ty is 
responsible for ca rbon ium i o n type reactions b o t h i n mul t i va l ent i on ex
changed a n d Η-zeolite Y based catalysts . A thorough discussion of th is 
prob lem was presented b y R a b o a n d P o u t s m a (16). A t present the h y d r o 
gen f o r m of zeolite Y seems to have the highest a c t i v i t y prov ided t h a t i t is 
prepared so t h a t i ts c r y s t a l l i n i t y is preserved. T h e Η-form is usua l ly 
prepared b y ca lc inat ion of N H 4 i on exchanged mater ia l . D i r e c t exchange 
w i t h acids cannot be appl ied owing to the i n s t a b i l i t y of zeolite Y i n aqueous 
acids. NHi-zeolite Y h a v i n g a v e r y low sod ium content a n d a h i g h 
c r y s t a l l i n i t y is convenient ly prepared b y exchanging zeolite Y as synthe 
sized w i t h a m m o n i u m salts u n t i l a sod ium content of 2 -3 w t % is reached. 
A t th i s stage the m a t e r i a l is calc ined (deep bed procedure) at a temperature 
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48. K O U W E N H O V E N Isomenzation of Paraffins 533 

between 400° a n d 850°C a n d is subjected to further exchange w i t h a m 
m o n i u m salt solutions, a sod ium leve l 0.2 w t % easily be ing reached. 
M o r e complete sod ium remova l can be achieved b y repeating ca lc inat ion 
a n d i o n exchange w i t h aqueous a m m o n i u m salts. U s i n g this method 
sod ium levels of 0.02 w t % or lower can be reached. T h i s procedure a n d 
the re lated u l t ras tab i l i za t i on process was first announced b y M c D a n i e l a n d 
M a h e r (10) a n d was la ter discussed b y others (11,12). T h e ca lc inat ion of 
N H 4 zeolite Y has been invest igated thoroughly (13, 14, 16) for samples of 
various sod ium levels. A t temperatures higher t h a n 450°C no N H 3 is 
reta ined b y Η-zeolite Y . 

M o r d e n i t e . F o r m a t i o n of low sod ium forms of mordenite is s impler 
t h a n for zeolite Y , presumably because the sod ium ions are located i n the 
m a i n channels and are easily exchangeable. T h e mordenite structure is 
stable on treatment w i t h acids, and the hydrogen exchanged zeolite can be 
obtained b y ac id leaching. D u r i n g this treatment some a l u m i n a is 
dissolved, however, a n d i n some cases i t m a y be advantageous to prepare 
the hydrogen f o rm of mordenite b y ca lc in ing the N H 4 exchanged mater ia l or 
b y a combinat i on of b o t h methods (23). I n a i r H-morden i t e does not 
re ta in N H 3 at temperatures higher t h a n 650° C . 

Preparation of Dual Function Catalysts Based on Zeolite Y and Mordenite 

D u a l funct ion catalysts based on Η-zeolites are convenient ly prepared 
b y i o n exchange of ionic ammino complexes of the noble metals w i t h 
either the H or the N H 4 zeolite. C a t a l y t i c a l l y ac t ive samples are ob 
ta ined b y a staged ca l c inat ion i n a i r of the noble meta l complex -conta in ing 
samples. T h e ca lc inat ion is v e r y c r i t i ca l , a n d for zeolite Y (17) presence 
of a i r is essential for ob ta in ing h i g h l y dispersed p l a t i n u m on sieve Y . T h e 
complex P t ( N H 3 ) 4 - H - z e o l i t e Y , w h i c h was the s tar t ing mater ia l i n these 
experiments, is stable i n a i r u p to 200°C. I R measurements showed t h a t 
no N H 3 was adsorbed on the zeolite d u r i n g decomposit ion of the a m m i n o 
complex. B e l o w 400° C , Η-zeolite Y adsorbs N H 3 ; we can therefore 
assume t h a t the N H 3 is c a t a l y t i c a l l y ox id ized b y a i r over the p l a t i n u m 
meta l according to a n exothermic react ion such as : 

4 N H 3 + 3 0 2 — 2 N 2 + 3 H 2 0 

T o prepare noble meta l o n H - m o r d e n i t e catalysts the noble m e t a l 
ammino complex-containing mater ia l is n o r m a l l y heated i n a i r us ing staged 
heat ing (21, 22, 23, 24). I n Re f . 24 the ca l c inat ion of P t ( N H 3 ) 4 - N H 4 

mordenite is discussed i n de ta i l , a n d i t is shown t h a t d u r i n g ca l c inat ion i n 
a i r at about 300° C a s trongly exothermic react ion occurs, presumably a 
result of the ox idat i on of N H 3 . D a t a are presented o n the influence of 
ca l c inat ion condit ions o n p l a t i n u m dispersion. 
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Catalytic Activity 

Catalysts B a s e d o n Zeo l i te Y . T h e a c t i v i t y for o-xylene i somer izat ion 
of monofunct ional N a - H - z e o l i t e Y samples measured as the temperature for 
a g iven conversion is, in the range of 4 -10 w t % N a , a near ly l inear funct ion of 
the sod ium content of the sample (18). W i t h increasing sod ium remova l 
at lower sod ium levels (> 0.2 wt % N a ) , however, ca ta ly t i c a c t i v i t y for th is 
react ion increases more r a p i d l y . D a t a for paraffin i somerizat ion over d u a l 
funct ion catalysts i n a comparable range of sod ium concentrations are not 
ava i lab le . O u r own d a t a i n the 2.5-0.02 w t % N a range show t h a t the 
7i-pentane i somerizat ion a c t i v i t y of P d - N a - H - z e o l i t e Y samples depend 
s trong ly on sod ium concentrat ion (Table I ) . T h e large effect of sod ium at 
l ow concentrations c lear ly indicates t h a t d u r i n g t h e r m a l a c t i v a t i o n of the 
cata lyst sod ium is red is t r ibuted over the zeolit ic surface a n d deactivates 
ac idic sites w h i c h are easi ly accessible t o b o t h n o r m a l a n d isoparaffins. 
A s imi lar red i s t r ibut i on phenomenon is described for zeolites of the o f fret i te -
er ionite group (19). 

U s i n g pub l i shed d a t a the paraffin i somer izat ion a c t i v i t y of cata lysts 
based on zeolite Y samples p a r t i a l l y exchanged w i t h higher va lent ions is 
diff icult t o compare w i t h t h a t of samples based on Η-zeolite Y . T h i s is 
p a r t l y the result of the pro found influence of ca l c inat ion condit ions on b o t h 
the c r y s t a l l i n i t y of the sample a n d the noble m e t a l dispersion a n d p a r t l y 
the result of the s t rong influence on ca ta ly t i c a c t i v i t y of s m a l l concentra
t ions of sod ium. T h e comparat ive ly h i g h a c t i v i t y of a lka l ine earth or 
rare earth exchanged samples is p robab ly caused b y the i r general ly higher 
t h e r m a l s t a b i l i t y , resul t ing i n more crysta l l ine cata lyst samples. 

Catalysts B a s e d o n M o r d e n i t e . Isomerizat ion of paraffins over H -
mordenite based catalysts has been described (6, 7,14) 20, 21). M i n a c h e v 
(7) reports t h a t cyclohexane isomerizat ion a c t i v i t y of N a - H - m o r d e n i t e 
catalysts increases l inear ly w i t h H + concentrat ion i n the zeolite for 2 5 - 9 4 % 
exchange. H e further observed t h a t H-morden i t e is deact ivated b y other 
cations such as L i , K , M g , C d , Z n , a n d A l . T h i s agrees w i t h B r y a n t ' s 
w o r k (6); he reported t h a t , compared w i t h P d - H - m o r d e n i t e , samples 
i n w h i c h hydrogen was p a r t l y replaced b y C a or Z n h a d a n apprec iably 
lower n-pentane isomerizat ion a c t i v i t y . 

T a b l e I . H y d r o i s o m e r i z a t i o n of n -Pentane O v e r P d - H - Z e o l i t e Y : 
Inf luence of S o d i u m o n Catalyt ic A c t i v i t y 

Conditions : H 2 / n - C 5 molar ratio : 2.5; pressure : 30 k g / c m 2 : W H S V : 
1 k g / k g / h r 

Crystallinity, 30% Conversion 
wt % (x-ray) Na20, wt% at Different Temp., °C 

90 2.02 305 
80 0.27 300 
80 0.02 250 
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48. K O U W E N H O V E N Isomerization of Paraffins 535 

E a r l i e r i t was stated t h a t d u r i n g exchange of N a - m o r d e n i t e w i t h acids 
some a l u m i n a is also removed, a n d the effects of the severity of ac id 
leaching a n d the s i l i ca -a lumina molar rat io on n-pentane isomerizat ion 
a c t i v i t y of d u a l funct ion catalysts have been reported (21,22,23). H o p p e r 
(21) publ ished data on th is react ion over 0.5 w t % P d - H - m o r d e n i t e 
catalysts v a r y i n g i n s i l i c a - a l u m i n a molar rat io between 9 a n d 52, a n d later 
E b e r l e y et al. (22) extended this range to a molar rat io of 97. T h e d a t a 
were obtained under comparable react ion condit ions, a n d i n b o t h studies 
procedures were probab ly v e r y s imi lar . D a t a i n T a b l e II show t h a t the 
isomerizat ion a c t i v i t y m a y be o p t i m a l at a s i l i c a - a l u m i n a molar rat io be
tween 10 a n d 25. U p o n increasing the si l ica a l u m i n a rat io further , n -
pentane isomerizat ion a c t i v i t y decreases sharp ly because of the lower 
number of ac id sites (protons) i n the samples of higher s i l i ca content. O u r 
o w n measurements us ing P t - H - m o r d e n i t e samples prepared i n a w a y 
analogous to that described i n Re f . 21 a n d 22 show t h a t the o p t i m u m 
isomerizat ion a c t i v i t y is achieved near a s i l i ca a l u m i n a rat io of 16 (Table 
III). T a b l e II shows t h a t the presence of a s m a l l amount of sod ium i n 
mordenite poisons the most act ive ac id sites, w h i c h agrees w i t h the ob
servat ion of Benes i (14) on the poisoning of H - m o r d e n i t e b y s m a l l amounts 
of N H 3 . 

Table II. Hydroisomerization of w-Pentane : Influence of Silica-Alumina 
Molar Ratio of Activity of Pd-H-Mordenite Catalysts 

Conditions: temperature: 288°C; pressure: 32 k g / c m 2 ; H 2 / C B molar ratio = 3.2 
mole/mole 

SiOi/AW* Relative 
Na, wt % Molar Ratio Activity Reference 

Nil 12 100 
0.9 14 50 (22) 
0.03 25 78 
Nil 77 47 
0.03 93 23 

0.10 9 60 
0.05 10 100 (21) 
0.09 26 76 
0.03 52 3.4 

Table III. Hydroisomerization of n-Pentane : Influence of SiUca-Alumina 
Molar Ratio on Activity of Pt-H-Mordenite 

Conditions: temperature: 250°C; pressure: 30 kg/cm 2; H 2 / C 5 molar ratio: 2.5 
mole/mole 

Si02/A Wz Relative 
Ν a, wt % Molar Ratio Activity 

0.03 10 100 
0.02 17 135 
0.02 25 84 
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Reaction Mechanism for Paraffin Isomerization 

T h e mechanism a n d kinet ics of pentane, hexane, a n d cyclohexane 
isomerizat ion over P d - H - m o r d e n i t e have been extensively invest igated 
b y B r y a n t (6), H o p p e r (21), a n d Beecher (20). T h e y assume a con
v e n t i o n a l d u a l funct ion mechanism as described earlier. B r y a n t (6) 
po in ted out t h a t H - m o r d e n i t e itself has a h i g h a c t i v i t y for pentane isome
r i z a t i o n a n d t h a t impregnat ion of a noble m e t a l does not change the rate of 
t h e i somer izat ion react ion. T h i s exceptional a c t i v i t y of mordenite has 
s ince been reported b y Benes i (14) a n d M i n a c h e v (7) as w e l l . I n M i n a -
chev 's paper the react ion mechanism of n-pentane i somer izat ion over 
H - m o r d e n i t e is discussed i n some deta i l . T h e rate of react ion is inverse ly 
propor t iona l to the hydrogen pressure, a n d i t is concluded t h a t the react ion 
proceeds according to the fo l l owing scheme : 

nC 6Hi2 + H-mordenite ±+ 7iC 5 Hn-M + H 2 

wC 5 H u -M ±> tCsHii-M 
I C B H U - M + H 2 Î=5 *C 5 H 1 2 + H-M 

T h i s scheme is equivalent to the react ion mechanism w h i c h is general ly 
accepted for F r i e d e l C r a f t s catalysts a n d explains the influence of h y 
drogen p a r t i a l pressure sat is factor i ly . A d d i t i o n a l d a t a w h i c h we ob-

Figure 2. n-Pentane isomerization activity of mordenite. Platinum stabilizes con
version and increases selectivity. 
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48. K O U W E N H O V E N Isomerization of Paraffins 537 

ta ined (F igure 2) show t h a t i n i t i a l n-pentane conversion over H - m o r d e n i t e 
decreases w i t h increasing hydrogen p a r t i a l pressure, w h i c h is i n agreement 
w i t h the d a t a of M i n a c h e v . T h e se lect iv i ty for isopentane f o rmat ion a n d 
the s t a b i l i t y of the conversion leve l increase w i t h increasing hydrogen 
p a r t i a l pressure. T h e s t a b i l i t y a n d se lect iv i ty effect we observed can be 
explained b y assuming t h a t the carbon ium ions, w h i c h were formed on the 
surface b y h y d r i d e i o n abstract ion , are i n e q u i l i b r i u m w i t h olefins i n the 
gas phase. U p o n readsorpt ion these olefins can react w i t h c a r b o n i u m 
ions present on the surface w i t h f o rmat ion of larger species. These 
po lymer i c ions w i l l y i e l d saturated cracked products a n d surface residues 
w h i c h are more unsaturated . A c c u m u l a t i o n of the residues eventual ly 
deactivates the cata lyst . B r y a n t (6) reported t h a t for i somer izat ion of 
n-pentane under ident i ca l react ion condit ions P t - H - m o r d e n i t e is a more 
selective cata lyst t h a n H-morden i t e , a n d he suggested t h a t the P t - c o n -
t a i n i n g cata lyst is more stable. O u r d a t a i n F i g u r e 2 conf i rm th i s sug
gestion, a n d the results can be explained b y the f o l l owing react ion mecha
n i s m ; th i s is a combinat i on of the convent ional i somer izat ion mechanisms 
for F r i e d e l Cra f t s t y p e catalysts (steps 1, 2, 3) a n d d u a l func t i on cata lysts 
(steps 6 , 4 , 2 , 5 ,7) . 

T h e scheme impl ies t h a t i n the presence of a m e t a l w h i c h establishes the 
olef in-paraff in e q u i l i b r i u m , the carbon ium i o n concentrat ion on the surface 
depends o n the hydrogen p a r t i a l pressure. T h e s tab i l i z ing effect of a 
g iven m e t a l l oad w i l l depend o n i ts dispersion a n d d i s t r i b u t i o n a n d on the 
preva i l ing hydrogen pressure. S i m i l a r experiments show t h a t for zeolite Y 
based catalysts the react ion mechanism is ident i ca l w i t h t h a t discussed 
above for mo rdenite. 

I t has been c la imed t h a t noble m e t a l d u a l func t i on cata lysts based o n 
H-morden i te are more act ive for paraffin isomerizat ion t h a n the ir counter
parts based on Η-zeolite Υ (2δ). F o r b o t h zeolites the i somerizat ion 
a c t i v i t y depends s trong ly o n the degree of s o d i u m r e m o v a l a n d comparison 
of l ow sod ium P d - H - m o r d e n i t e a n d l o w sod ium P d - H - z e o l i t e Y for i s o m 
er izat ion of w-hexane at 250° C shows t h a t b o t h mater ia ls have about the 
same a c t i v i t y (Table I V ) , the Y sieve based m a t e r i a l be ing s l i ght ly more 
act ive . 

(2) 
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Table IV. Isomerization of n-Hexane Over Pd-H-Zeolite Catalysts: 
Comparison of Mordenite and Zeolite Y 

Conditions: WHSV: 1 g/g/h; temperature: 250°C; pressure: 30 kg/cm2; 
H 2 / C 6 molar ratio: 2.5 mole/mole 

Mordenite; Zeolite Y; 0.02 wt % 
Si02/AkOz Na; 80 wt % crystalline 

Product = 71; 0.8 wt % Pd (x-ray); 0.8 wt % Pd 

Conversion, wt % 72 76 
Selectivity 97 95 
Iso/normal ratio 2.5 2.9 
22 DMB, wt % 9.5 11.5 

Conclusion 

For optimal performance of dual function isomerization catalysts 
based on zeolite Y or mordenite, extensive removal of sodium is necessary. 
The finished catalyst must be highly crystalline, and the finely dispersed 
metallic hydrogenation function should be well distributed throughout the 
catalyst particles. The proposed mechanism explains the stabilizing 
influence on conversion and the suppression of cracking reactions by addi
tion of the metallic hydrogenation function to the active acidic catalyst 
base. 
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Effect of Zeolite Crystallite Size on the 
Selectivity Kinetics of the Heterogeneous 
Catalyzed Isomerization of Xylenes 

P. CHUTORANSKY, JR. and F. G. DWYER 
Mobil Research and Development Corp., Research Department, Paulsboro, N. J. 
08066 

Using the monomolecular rate theory developed by Wei and 
Prater, we have analyzed the kinetics of the liquid-phase isom
erization of xylene over a zeolitic catalyst. The kinetic anal
ysis is presented primarily in terms of the time-independent selec
tivity kinetics. With the establishment of the basic kinetics the 
role of intracrystalline diffusion is demonstrated by analyzing 
the kinetics for 2to4 μ zeolite catalyst and an essentially diffusion
-free 0.2 to 0.4 μ zeolite catalyst. Values for intracrystalline 
diffusivities are presented, and evidence is given that the isom
erization is the simple series reaction o-xylene m-xylene 
p-xylene. 

ytdvances i n k ine t i c analys is (1) a n d the h i g h a c t i v i t y zeolite catalysts 
prov ide powerful tools to invest igate catalysis . T h e zeolite catalysts 

a l l ow s t u d y of reactions under condit ions where heterogeneous catalysis was 
prev ious ly ineffective. W i t h k inet i c analysis techniques, results can be 
interpreted q u a n t i t a t i v e l y . One system t h a t fits in to th is category is 
xy lene isomerizat ion . T h i s process is commerc ia l ly signif icant a n d is 
read i ly cata lyzed i n the l i q u i d phase b y a zeol i te -containing cata lyst 
referred to as A P or aromatics processing cata lyst . Prev ious studies of this 
react ion cata lyzed b y s i l i c a - a l u m i n a i n the gas phase (2) a n d b y A P 
catalyst i n the l i q u i d phase (3) have shown t h a t the k inet i cs can be read i ly 
ana lyzed b y us ing the monomolecular rate theory . W i t h th is theory as the 
basis, cata lyst parameters such as in t racrys ta l l ine diffusion, ca ta ly t i c site 
density , a n d s trength of a c i d sites can be invest igated q u a n t i t a t i v e l y a t 
commerc ia l operat ing condit ions. 

In t rapar t i c l e diffusion can affect cata lyst se lect iv i ty a n d a c t i v i t y . 
S i m i l a r l y , in t racrys ta l l ine diffusion can affect the se lect iv i ty a n d a c t i v i t y of 
zeol it ic catalysts where intrapart i c l e diffusion is negligible. Therefore , one 

540 
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49. C H U T O R A N S K Y A N D D W Y E R Xylene Isomerization 541 

of the first goals was to determine q u a n t i t a t i v e l y the effect of i n t r a c r y s t a l 
l ine diffusion b y v a r y i n g the crysta l l i te size of the zeol it ic component of the 
A P cata lyst . 

T h i s work presented here covers the basic exper imental techniques a n d 
data analysis procedures together w i t h the analysis of the cont r ibut i on of 
in t racrys ta l l ine diffusion to the performance of A P catalysts . 

Theoretical Background 

T h e procedure used for the k ine t i c analysis is t h a t described b y 
W e i a n d . P r a t e r (1), a n d i t has been appl ied i n the fo l l owing manner . 
T h e i somer izat ion of xylenes is assumed to be k i n e t i c a l l y first order a n d can 
be described b y the fo l l owing apparent react ion scheme : 

Αι 

A 3 +=±- A 2 

where A i is o-xylene, A 2 is ra-xylene, a n d A 3 is p-xylene. T h e rate equat ion 
for th is react ion sys tem is g iven b y 

where A is the xylene composi t ion vector a n d Κ is the m a t r i x of reac t ion 
rate constants 

Κ = 
(&21 + & 3 l ) — &12 — &13 

— fc2l (&12 + hi) — #23 
— hi — &32 (&23 + hi) 

T h e system described is h i g h l y coupled, a n d a l though i t can be solved 
a n a l y t i c a l l y b y convent ional methods, such a so lut ion requires substant ia l 
da ta to ensure rel iable eva luat ion of the rate constants. Therefore, th i s 
system is t ransformed in to a n uncoupled system wherein 

Bo does not react 
λι 

Βχ 0 (2) 
λ2 

B 2 - * 0 

b y the fo l lowing t rans format ion 
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542 M O L E C U L A R S I E V E S 

Β = X^A (3) 

T h e t rans format ion m a t r i x X is determined exper imental ly a n d is re lated to 
the rate constant m a t r i x , Κ : 

Κ = ΧΑΧ-1 (4) 

where Λ is a d iagonal m a t r i x of the rate constants i n the transformed system 

A = 
0 

λ2 

(5) 

I n a d d i t i o n , W e i (4) has shown t h a t i f in t rapar t i c l e dif fusional effects 
are signif icant a n d i f the dif fusivit ies of the react ing species are equal , the Λ 
m a t r i x becomes 

0 
A + = (6) 

where ηι a n d η2 are effectiveness factors defined b y Th ie l e (δ). T h i s r e l a 
t ionship ( E q u a t i o n 6) permits analysis of diffusion effects b y us ing selec
t i v i t y da ta only . 

Experimental 

M a t e r i a l s . T h e reactants were P h i l l i p s pure grade xylenes percolated 
t h r o u g h ac t iva ted a l u m i n a a n d stored under nitrogen. A l l cata lysts used 
were prepared b y the C a t a l y s t Research and D e v e l o p m e n t G r o u p , M o b i l 
Research a n d D e v e l o p m e n t C o r p . , in c lud ing b o t h the synthesis of zeolite 
a n d the t rans format ion into the ca ta ly t i c f o rm. 

Apparatus . K i n e t i c d a t a were obta ined i n a cont inuous upf low m i c r o 
reactor system. T h e reactor was 4 X 9 / 1 6 i n c h i d stainless steel w i t h a 
thermowel l , 1 / 8 i n c h od stainless steel, extending a x i a l l y through the bed. 
X y l e n e feed was control led b y a model 196-32 M i l t o n R o y instrument m i n i 
p u m p . R e a c t o r temperatures were m a i n t a i n e d b y a three-zone L i n d b e r g 
H e v i - D u t y furnace. P r o d u c t analysis was performed b y gas phase chro
matography us ing a temperature -programmed F & M M o d e l 5754 c h r o m a -
tograph a n d a 24 ft chromatographic c o lumn packed w i t h 4 % di isodecap-
thalate , 4 % bentone-34 supported on 60-80 mesh Chromosorb W H M D S . 

P r o c e d u r e . Before eva luat ion , calc ined cata lys t samples were dr ied 
i n a i r (16 h r at 800° F ) . N o r m a l cata lys t charge was 12 m l ; smaller cata lyst 
charges were achieved b y quartz d i l u t i o n m a i n t a i n i n g the 12 m l t o t a l 
charge. T h e technique for charging the cata lys t and the range of flow 
rates invest igated were designed to m i n i m i z e the effects of a x i a l dif fusion, 
bypass ing , short - c i r cu i t ing , a n d excessive b a c k m i x i n g . A f t e r charging 
the reactor w i t h cata lyst , the system was pressurized w i t h nitrogen a n d 
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49. C H U T O R A N S K Y A N D D W Y E R Xylene Isomerization 543 

raised to the react ion temperature . T h e sys tem was then flooded w i t h 
xylene at m a x i m u m p u m p rate. W h e n the first l i q u i d was observed at the 
sys tem outlet , the feed rate was reset to the desired rate . T h i s was con 
sidered the start of the r u n . B y th is s tar t -up procedure any gradient i n 
cata lyst aging across the bed was essential ly e l iminated . W h i l e product 
was cont inua l ly collected throughout the r u n , o n l y t h a t p o r t i o n collected 
over the final 5 m i n of the per iod was ana lyzed . 

Data Interpretation 

T h e techniques of monomolecular rate theory easi ly t rans form 
measured react ion d a t a in to a f o rm where we can analyze apparent k inet i cs 
a n d the effects of in t racrys ta l l ine diffusion b y the use of se lect iv i ty d a t a . 
T i m e dependency has been e l iminated . Since se lect iv i ty is extremely re 
producib le a n d is independent of shor t - term aging effects, the number of 
exper imental runs is reduced whi le d a t a r e l i a b i l i t y is ma inta ined . F o r 
cata lyst eva luat ion at a n y temperature , i t is necessary to determine the 
e q u i l i b r i u m composi t ion a n d the s tra ight - l ine react ion p a t h . W i t h th is 
in f o rmat i on a n y cata lyst can be evaluated at th is temperature w i t h s i m p l y 
the a d d i t i o n a l in f o rmat i on f r om a curved- l ine react ion p a t h . T h e a p 
proach used i n the app l i ca t i on of monomolecular rate theory to the xylene 
isomerizat ion se lect iv i ty k inet ics is as follows. Reference is made to the 
composi t ion d iagram, F i g u r e 1. 

O - X Y L E N E 

Figure 1. Composition diagram 
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544 M O L E C U L A R S I E V E S 

X y l e n e E q u i l i b r i u m Compos i t ion . X y l e n e e q u i l i b r i u m compositions 
were determined b y interpo lat ion and normal i za t i on of publ ished thermo
d y n a m i c data (6) (Table I) a n d are labeled A * i n a l l figures. 

T a b l e I . X y l e n e E q u i l i b r i u m Composi t ions , wt % 
Temp., °F o-Xylene m-Xylene ip-Xylene 

300 .194 .564 .242 
350 .200 .558 .242 
400 .207 .552 .241 
450 .214 .546 .240 
500 .219 .541 .240 
600 .228 .534 .238 

C u r v e d - L i n e R e a c t i o n P a t h s . A n inf in i te number of curved- l ine 
react ion paths exist i n the react ion s implex at any one temperature. F o r 
accuracy i n our k ine t i c analys is , we prefer a h i g h l y sensitive or curved p a t h , 
b u t slow enough to acquire accurate react ion da ta . T h e curved- l ine 
react ion p a t h that best suits these condit ions is obta ined w i t h a s t a r t i n g 
composit ion of pure o-xylene. 

T h e curved- l ine react ion paths are generated f r o m i n d i v i d u a l analyses 
of product d is tr ibut ions w h i c h can be obta ined either b y changing cata lyst 
vo lume or xylene flow rate or mere ly b y sampl ing the product as the 
cata lys t deactivates w i t h t ime . Se lec t iv i ty remains essentially constant 
d u r i n g aging. 

S t r a i g h t - L i n e R e a c t i o n P a t h s . F o r a three-component reversible 
monomolecular system o n l y two s tra ight - l ine react ion paths exist ; b o t h 
can be observed exper imental ly . N o r m a l l y , the " s l o w " stra ight - l ine 
react ion p a t h is est imated as the tangent to any curved- l ine react ion p a t h 
at the e q u i l i b r i u m composit ion. T h i s p a t h is subsequently determined 
more precisely i n the laboratory . T h e locus of the second, or " f a s t , " 
s tra ight - l ine react ion p a t h is then calculated (1 ). 

T h e technique for de termin ing stra ight - l ine react ion paths i n th is w o r k 
differed f r om the usua l exper imental approach. O u r approach also 
determined the s tra ight - l ine react ion p a t h b y m i n i m i z i n g the dev ia t i on 
between the exper imental d a t a a n d those predicted . 

E x p e r i m e n t a l l y determined values of the s tra ight - l ine intercepts are i n 
excellent agreement w i t h those calculated i n the temperature range 3 0 0 ° -
450°F. Because of the reduced curvature of the react ion paths at 500° a n d 
650°F, i t is diff icult to d i s t inguish between s t ra ight - a n d curved- l ine 
react ion paths. Therefore, exper imental s tra ight - l ine react ion paths were 
not determined. A t 600°F i t was necessary to analyze o-, m- , a n d p-xylene 
react ion paths s imultaneous ly before a judic ious choice of s tra ight - l ine 
react ion paths could be made. T h e predicted a n d exper imental ly de
t e rmined values of s tra ight - l ine intercept a long the ortho-meta xylene leg 
of the composi t ion d i a g r a m are shown below. 
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Temp., 
Predicted Intercept, 

mole fraction o-Xylene 
Experimental Intercept, 
mole fraction o-Xylene 

300 
350 
400 
450 
500 
600 

0.317 
0.362 
0.395 
0.427 
0.45 
0.49 

0.320 
0.3150 
0.395 
0.425 

Results and Discussion 

Applicability of Monomolecular Rate Theory to Xylene Isomerization 
Selectivity Kinetics over Fresh A P Catalyst. T h e kinet ics of l iquid-phase 
xylene i somer izat ion over fresh zeolite conta in ing A P cata lyst are effec
t i v e l y interpreted b y pseudomonomolecular rate theory . T h e agreement 
between the exper imental d a t a (data points) a n d predicted react ion paths 
(solid lines) for operat ion at 400° and 600° F is shown i n F i g u r e 2. T h e 
cata lyst used was i n the f o rm of extrudates comprised of the zeolite c o m 
ponent a n d an A 1 2 0 3 b inder . Since xylene d isproport ionat ion to toluene 
a n d tr imethylbenzenes was low, se lect iv i ty da ta were obta ined b y mere 
n o r m a l i z a t i o n of the xy lene composit ions (Σ a x y i e n e s = 1.0). 

Crystallite Size Effects upon A P Catalyst Selectivity. P rev i ous 
studies have shown that w i t h the pellet sizes invest igated, gross part ic le 
size does not affect a c t i v i t y or se lect iv i ty . I f there are dif fusional l i m i t a 
tions, they must be in t racrys ta l l ine a n d therefore a funct ion of the c r y s t a l 
l i te size of the zeolite component. 

I n th is s tudy significant xylene i somerizat ion se lect iv i ty changes 
because of v a r i a t i o n of zeolite crysta l l i te size were observed. Q u a l i t a t i v e l y , 
the larger the i n d i v i d u a l crystal l i tes , the more di f fusion-control led the con
vers ion process a n d the greater the se lect iv i ty for p-xylene (Figure 3). 
Scann ing electron micrographs of the zeolite crystal l i tes used revea l 
apparent crysta l l i te sizes of 2-4 a n d 0.2-0.4 μ (F igure 4) . 

Quantitative Interpretation of Intracrystalline Diffusional Effects. 
Since a qua l i ta t ive effect of c rys ta l l i t e size u p o n se lect iv i ty was observed, 
the next step was to extract some quant i ta t i ve values for the in t rac rys ta l l ine 
dif fusional parameters. T o do this , we must either k n o w the intr ins i c or 
diffusion-free k inet ics or be able to make a s i m p l i f y i n g assumpt ion so t h a t 
the dif fusional parameters can be extracted f r om the avai lable d a t a . 

B a s e d u p o n the organic chemistry of the isomerizat ion of xylenes, the 
p r o b a b i l i t y of a direct i somer izat ion f r o m o-xylene to p-xylene is quite 
smal l . F u r t h e r m o r e , i n homogeneously cata lyzed l iquid-phase react ion the 
simple series react ion scheme has been demonstrated (7,8,9,10,11,12). 

o-xylene *=> ra-xylene <=* p-xylene 
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Figure 2. Xylene isomerization reaction paths 
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49. C H U T O R A N S K Y A N D D W Y E R Xylene Isomerization 547 

Figure 4. Scanning electron microscope micrographs of zeolitic components 

Nevertheless , pub l i shed k inet i c d a t a o n the heterogeneously ca ta lyzed 
vapor-phase react ion are consistent w i t h the more complex react ion scheme 
(2,13). 
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o-xylene 

ρ -xylene m-xylene 

L e t us n o w assume t h a t i somerizat ion of xylenes is a s imple series 
react ion. S t a r t i n g w i t h pure o-xylene feed, a n d i n the absence of any 
dif fusional resistance, most molecules of o-xylene w h i c h enter the zeolite 
crystal l i tes leave after, at most, one react ion step (to m-xylene) , y i e l d i n g 
p r i m a r i l y a single-step product . W h e n substant ia l diffusion-resistance 
exists, most molecules r e m a i n i n the crysta l l i te l o n g enough for several 
react ion steps to occur (to m-xylene a n d p-xylene) , a n d the products are 
mos t ly mul t i s tep products . W e i (4) has shown t h a t i n such a case the 
apparent kinetics—i.e. , those determined f rom the respective reactant 
product concentrations i n the b u l k phase—change f r o m t h a t of a s imple 
series react ion 

where fc'w represents the diffusion-disguised react ion rate constants. T h e 
effect of v a r y i n g the di f fusional resistance is shown i n F i g u r e 5. 

I t is a log ica l extension t h a t the reduct ion of the dif fusional resistance, 
such as b y decreasing the crysta l l i te size, should result i n apparent k inet i cs 
t h a t approach t h a t of a s imple series react ion scheme. I f we compare 
the apparent k inet ics for large a n d smal l c rysta l l i te catalysts , we find the 
o-xylene -+ p-xylene p a t h at 400°F is essentially e l iminated w i t h s m a l l 
crystal l i tes . 

&21 λ 82 
o-xylene <F± m-xylene <=± p-xylene 

to the more complex react ion scheme 

o-xylene 

Ά JV1' 
p -xylene "23 w -, 

< > m-xylene 

o-xylene o-xylene 

ρ-xylene < > m-xylene 
.367 

Large Crystallite AP Catalyst 

Therefore, t a k i n g the apparent k inet ics for the smal l c rysta l l i te 
cata lyst a t 400°F as a reasonable estimate of the diffusion-free k inet i cs , we 
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O - X Y L E N E 

P - X Y L E N E M - X Y L E N E 
Figure δ. o-Xylene isomerization intrinsic and diffusion-disguised reaction 

paths 

can calculate the effectiveness factors, Th ie l e m o d u l i , a n d in t racrys ta l l ine 
d i f fus iv i ty d i rec t ly f r o m the fo l l owing re lat ionships : 

- -or 
where 

77» = effectiveness factor for λ» 
λι+ a n d λ 2

+ are dif fusion-disguised rate constants 
4>t = T h i e l e modulus 
R = effective c rys ta l l i t e radius (apparent 

agglomerate size) (F igure 3) 
D = d i f fus iv i ty 

T h e results of these calculat ions are shown i n T a b l e I I , us ing k inet i c 
d a t a obta ined w i t h the large crysta l l i te over the temperature range 300 to 
600°F. 
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T a b l e I I . Intracrystal l ine Di f fus ion P a r a m e t e r s 0 

Temp., °F φι ηι D e f f , cm2/sec 

300 « 1 1.0 — 
350 1 0.94 1.0 X 10"7 

400 2 0.81 1.1 X 10"7 

450 3 0.67 1.4 Χ Ι Ο " 7 

500 4 0.56 2.2 X 10~7 

600 >10 — — 
α Catalyst : A P , 2 to 4 μ zeolite. Reactant feed : o-xylene. 

O - X Y L E N E 

P -XYLENE M - X Y L E N E 

Figure 6. Temperature dependence of o-xylene isomerization reaction 
paths 

Temperature Dependence of the A c t i v i t y a n d Se lec t iv i ty of X y l e n e 
Isomer izat ion over A P Catalyst . B a s e d upon our analysis of the i n t r a 
crysta l l ine diffusional resistance i n A P catalyst , we w o u l d expect that when 
the react ion temperature is increased, the se lect iv i ty w o u l d shift t o w a r d 
p-xylene since the dif fusional effects are increased as the a c t i v i t y increases. 
A shift i n se lect iv i ty t oward p-xylene as the react ion temperature was i n 
creased was observed and is shown i n F i g u r e 6. T h e role of diffusion i n 
changing the se lect iv i ty can be seen i n the A r r h e n i u s plot of F i g u r e 7. 
T h e react ion rate constant for the o-xylene p-xylene p a t h , / c +

3 i , goes f r om 
a n almost negligible va lue at 300°F to a substant ia l va lue at 600°F. 
F u r t h e r m o r e , the dif fusional effects are also demonstrated b y the changing 
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1000 

10-3 

600°F 500°F 450°F 400°F " 350°F 300°F 

ι / τ χ ι ο 3 CR)"1 

Figure 7. Diffusion-disguised rate constant temperature 
dependence 

slope on the A r r h e n i u s p lo t for the react ion rate constants for the o-xylene 
m-xylene p a t h a n d m-xylene p-xylene p a t h , k+

2i a n d / c +
3 2 , respec

t i v e l y . 
I n add i t i on , a temperature dependence of the s tra ight - l ine react ion 

paths w h i c h affects se lect iv i ty was also observed. Some change i n the 
s tra ight - l ine react ion p a t h w i l l result f rom the change of the e q u i l i b r i u m 
p o i n t w i t h temperature , b u t th is is m u c h less t h a n the change observed. 
T h i s indicates that the assumpt ion of equal a c t i v a t i o n energies for the 
i n d i v i d u a l react ion steps is incorrect , a n d th is is substant iated b y the l a ck of 
para l l e l i sm of the A r r h e n i u s plots for the react ion rate constants for the 
o-xylene m-xylene a n d m-xylene ^-xylene react ion paths, k2i a n d k^, 
respect ively , shown i n F i g u r e 7. T h e k ine t i c d a t a , after ad justment for 
dif fusional effects, are not necessarily the in t r ins i c chemical k inet ics a n d 
m a y have inc luded i n t h e m some sorpt ive disguise a l though the p r o b a b i l i t y 
is l ow since the react ion system is l i q u i d phase. 
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Kinetics and Mechanism of n-Butene and 
n-Pentene Isomerization over Na-Y Zeolites 

E. A. LOMBARDO and J. VELEZ 

Facultad de Ingeniería Química, Universidad Nacional del Literal, Santa Fe, 
Argentina 

n-Butenes and n-pentenes were isomerized over a highly purified 
Na-Y-zeolite using water as co-catalyst. The activation energy 
profiles for both systems were mapped. Below a critical tem
perature the selectivity data were interpreted in terms of simple 
carbonium ion mechanisms. When the degree of decationation 
of the catalyst was varied, an increase in the catalytic activity 
was noted, which correlated linearly with the percentage of Na+ 

substituted by H+. Tracer studies made using equimolar 
mixtures of C4H8 and C4D8 with similar mixtures of H2O and 
D2O as co-catalyst have shown that there was one intermolecular 
exchange per isomerization act. All results were consistent with 
a reaction model in which carbonium ions are formed over the 
Brönsted acid sites of the Na-Y-zeolite containing a small amount 
of divalent cations. 

'he i somerizat ion of olefins over acidic catalysts has been careful ly 
A s tudied i n the past few years. H i g h t o w e r a n d H a l l (1, 2) have 

studied the isomerizat ion of n-butenes over s i l i ca -a lumina . T h e y were 
able to interpret the ir results i n terms of a s imple model i n v o l v i n g the 2-
b u t y l ca rbon ium i o n as a c ommon intermediate . M o r e recent ly L o m -
bardo a n d H a l l s tudied the i somerizat ion of the same olefins over N a - Y -
zeolite. T h e y showed that the react ion was first order i n conversion as 
we l l as t ime (3), tha t the isomers could be d i rec t ly interconverted (4), a n d 
that a c t i v i t y sharp ly increased w i t h water a d d i t i o n reaching a sa turat i on 
va lue (5). There are, however, reports i n the l i terature w h i c h are at 
var iance w i t h this idea. D i m i t r o v et al. (7, 8) explained the i r results for 
n-butene isomerizat ion on N a - X - z e o l i t e i n terms of a free r a d i c a l t ype 
mechanism. A s discussed more thoroughly elsewhere (4) others have 
argued about the nature of ca ta ly t i c a c t i v i t y on zeolites (9-13). 

I n v i e w of th is s i tuat i on we thought i t wor thwhi l e to invest igate 
further the mechanism of n o r m a l olefin i somerizat ion over N a - Y - z e o l i t e . 

553 
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Hence the ac t i va t i on energy profiles of b o t h olefins were mapped to ascer
t a i n whether the exper imental selectivities could be explained w i t h o u t 
resort ing to changes i n react ion mechanism. T h e n-pentene system pro 
vides a chal lenging test for the s imple react ion model postulated b y H i g h -
tower a n d H a l l for the n-butene isomerizat ion over s i l i ca -a lumina . T w o 
secondary carbon ium ions can be formed i n this case—one a l l owing the 
interconversion of the three isomers a n d the other on ly the cis-trans i s om
erizat ion. T h e influence of protonic sites ( intent ional ly introduced into 
the lattice) on the cata lyt i c a c t i v i t y of the zeolites was also invest igated. 
D e u t e r i u m tracers were used to determine whether or not there was one 
deuter ium or hydrogen exchanged per isomerizat ion act. These experi 
ments should be va luab le i n dec id ing the possible c ont r ibut i on of act ive 
centers w i t h rad i ca l a c t i v i t y to the isomerizat ion of olefins. 

Experimental 
Reactor. A 300-cc stat ic reactor, s imi lar to t h a t used elsewhere (β), 

was used i n th is work . 
Catalysts and Pretreatment. T h e s tar t ing molecular sieve was a L i n d e 

N a - Y - z e o l i t e (lot 1280-133). I t was puri f ied b y succesive exchanges w i t h 
sod ium acetate to remove almost complete ly the d iva lent cat ions ; i t was 
then careful ly washed w i t h s l i ght ly a lka l ine water ( p H = 10). A l i q u o t s 
of th is parent cata lys t (I) were treated i n two different ways : (a) cata lysts 
I I to V were back exchanged to increase the ir C a 2 + content ; (b) four other 
samples ( V I to I X ) were treated w i t h increas ing amounts of d i s t i l l ed double 
deionized water to produce v a r y i n g degrees of cat ion deficiencies. T h e 
a n a l y t i c a l d a t a for these samples are l i s ted i n T a b l e I . 

Table I. Analytical Data for Catalysts 0 

Number of Na+ Extent of 
Replaced by Ca2+, Decatenation, No. Na+ Replaced 

Catalyst % of Na+ Removed, % byH+,% 

Ρ 0.3 — 0.15* 
II 1.0 — 0.5* 
III 1.4 — 0.7* 
IV 2.9 — 1.45* 
V 5.7 — 2.85* 
Vic 0.3 0.35 0.50 
VII* 0.3 0.54 0.69 
VIII e 0.3 0.79 0.94 
IX e 0.3 0.94 1.09 

a Emission spectroscopy was used for most of the analyses. 
6 Catalyst I was the parent catalyst. 
c The amounts of N a + removed were calculated from the increase in N a + content 

of the washing water. No Ca, Mg, or Fe was detected in the washing water. 
* Calculated on the assumption that the reaction: C a 2 + + H 2 0 = C a O H + + H + 

was, under the experimental conditions, totally displaced to the right. 

Before each experiment the cata lyst was treated w i t h pure 0 2 at 1 a t m 
at 500°C a n d evacuated at the same temperature u n t i l a flat v a c u u m i n a 
M c L e o d gage was obta ined . 
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50. L O M B A R D O A N D V Ê L E Z IsomerizoMon over Na-Y Zeolites 555 

Reactants. T h e 1- a n d 2-butenes as w e l l as the 1-pentene were 9 9 . 8 % 
pure. T h e czs-2-pentene came f rom two different sources, one of t h e m 
9 7 % pure (about 3 % of trans-2-pentene i m p u r i t y ) a n d the other a n A . P . I . 
S t a n d a r d 9 9 . 8 % pure. D a t a were obta ined us ing the impure reactant . 
T h e results were then corrected b y us ing the integrated f irst-order d i f 
ferential equations w h i c h give the t i m e evo lut ion of the system (S, 14)· 
T h e v a l i d i t y of the correct ion was checked b y m a k i n g several runs us ing 
the pure reactant . 

A mix ture of the perdeuterio 2-butenes was obtained f r o m M e r c k , 
Sharpe, and D o h m e . Sufficient amounts of bo th l - C 4 D 8 and cis-2-C^Ds were 
obta ined b y repeat ing G L C separat ion fol lowed b y i somer izat ion of the 
trans isomer. 

Mass Spectral Analysis. T h i s was done w i t h a N u c l i d e ins t rument us ing 
l ow energy electrons (10-12 ev) . F r a g m e n t a t i o n i n v o l v i n g loss of one or 
two hydrogens or deuter iums reached about 2 % of the parent peak for 
b o t h perprot io a n d perdeuterio molecules. F o r t h a t reason i t was assumed 
t h a t molecules h a v i n g b o t h deuter ium and hydrogen could be treated s t a 
t i s t i ca l l y . Besides f ragmentat ion correction, a l l d a t a were corrected for 
n a t u r a l l y occurr ing C-13 isotope. 

T h e t reatment of the mass spectral d a t a was s imi lar to t h a t of H i g h -
tower and H a l l (1). T h e number of hydrogen atoms w h i c h h a d been ex
changed per molecule was ca lculated u s i n g : 

Nj be ing the mole f rac t i on of the j species conta in ing j d e u t e r i u m atoms. 
A t l ow conversion the isotopic d i s t r i b u t i o n of products h a d to be corrected 
for the smal l amounts of the other isomers contained i n the par t i cu lar 
reactant . 

Results 

Kinetics. T w o series of experiments were performed, i somer iz ing 
about 55 ce ( S T P ) of n-butenes or n-pentenes over 76 m g (dry basis) of ca ta 
l y s t I us ing 2 H 2 O / c a g e as co-catalyst . T h e rate constant rat ios were de
termined b y either the extended W e i a n d P r a t e r method (3) or the zero i n 
tercepts of the extrapolated product ratios obtained s tar t ing w i t h different 
isomers. These rat ios determined at different temperatures were p lo t ted 
i n F i g u r e 1. T h e rate constant are defined as : 

A l l the rate constant rat io plots fol lowed the A r r h e n i u s l a w below a 
c r i t i ca l temperature w h i c h was different for each system. A b o v e that 
temperature a l l b u t one showed a signif icative curvature . 
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5 5 6 M O L E C U L A R S I E V E S 

S t a r t i n g w i t h either 1-butene or 1-pentene the conversion (x) was 
measured as a funct ion of t ime (t). P l o t s of l og (xe — x) vs. t were l inear (3) 
at a l l temperatures, demonstrat ing that the reactions were first order i n 
t ime . F r o m the slopes of these plots the sums ( f c 2 i + &31) were calculated, 
a n d when combined w i t h the d a t a p lo t ted i n F i g u r e 1 ( f e i / f e i ) , they a l 
lowed the ca l cu lat ion of the absolute values of the rate constants. T h e 
values of fc2i a n d fc3i for each olefin are p lo t ted against 1 0 0 0 / 7 7 i n F i g u r e 2 . 

T h e differences i n a c t i v a t i o n energies (ΔΕ^) a n d the absolute values of 
E2i a n d Ezi were calculated f r o m the exper imental points represented i n 
F igures 1 a n d 2 , respectively. These values a n d the ir s tandard deviat ions 
i n k c a l / m o l e , were obta ined b y a computer fit a n d are summar i zed i n 
T a b l e I I . 

η-Buten· 
050r 

Figure 1. Dependence of product selectivities on tempera
ture 

Effects of C a Content a n d D e c a t e n a t i o n o n Cata lyt i c A c t i v i t y . T h e 
series of cata lysts conta in ing increasing amounts of protonic sites obtained 
either b y C a 2 + exchange or s l ight decat ionat ion were used for 1-butene 
isomerizat ion at 2 6 0 ° C i n presence of water as co-catalyst . 
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50. L O M B A R D O A N D V E L E Z Isomenzation over NorY Zeolites 557 

I n every case the cata lyt i c a c t i v i t y correlated l inear ly w i t h the per
cent of N a + subst i tuted b y H + i n the latt ice (Figure 3). T h e protonic 
sites created b y in t roduc ing C a 2 + i n the latt i ce were more act ive t h a n 
those produced b y leaching out some of the N a + f r o m the zeolite. 

IS 1,7 1,8 19 2,0 2,1 2,2 2.3 
1000/T 

Figure Arrhenius plot for 1-butene and 1-pentene isomenzation 

Table II. Activation Energy Data for n - C 4 H 8 and 7Z-C5H10 Isomerization 
over Na-Y-Zeolite a 

Reactant E2ih Enb En — E*ib Ei2 — Ei2
h Eu — E2J> 

HrC 4H 8 10.6 ± 0.2 10.6 ± 0.2 0. db 0.2 0. ± 0.2 0. ± 0.2 
nrC 5 H 1 0 22.6 ± 0.6 23.6 ± 0.9 0. ± 0.2 1.1 ± 0 . 2 1.1 ± 0.2 

0 Catalyst I, 0.3% of Na+replaced by C a 2 + . 
6 Kcal/mole. 

Tracer Experiments. A mix ture of 1 - C 4 H 8 a n d 1 - C 4 D 8 was isomerized 
over 76 m g of catalyst I at 260°C, us ing a s i m i l a r m i x t u r e of H 2 0 a n d D 2 0 
as co-catalyst (2 molecules/cage) . A n o t h e r experiment was made under 
the same condit ions us ing a mix t ure of cfs-2-butenes. T h e number of 
hydrogens (or deuteriums) exchanged per molecule were calculated for 
each isomer i n b o t h experiments us ing E q u a t i o n 1. T h i s equat ion is 
based o n the assumpt ion that a l l those molecules conta in ing more t h a n 
four deuter iums came f rom the d8 reactant whi le those h a v i n g less t h a n 
four came f r o m the d0 species. D 4 molecules were assumed to s tem equal ly 
f r o m b o t h sources. T h i s assumpt ion is justi f ied b y the fact t h a n even at 
4 0 % conversion the amount of c?4 detected was negligible. T h e d a t a ob 
ta ined are p lo t ted i n F i g u r e 4. I f there was one intermolecular exchange 
per i somer izat ion act, the intercepts of the curves should be 0.5 for the iso
merized products . T h e smal l differences between the exper imental in te r 
cepts a n d the calculated values are the result of s m a l l isotope effects 
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558 M O L E C U L A R S I E V E S 

detected for the cata lyst hydrogen as we l l as for the butene hydrogen (15). 
T h e curves for the reactants d i d not show zero intercepts because of smal l 
amounts of d7 a lways present i n the deuterated products . 

N a + replaced by Η ί % ( d e c a t e n a t i o n ) 

N a + replaced by H * , % ( Ca exchange ) 

Figure 3. Variation of catalytic activity of Na-Y zeolite 
with H+ content 

Discussion 

T h e isomerizat ions of n-butenes a n d n-pentenes over a puri f ied N a -
Y - z e o l i t e are f irst-order reactions i n conversion as we l l as t ime . A r r h e n i u s 
p lots for the absolute values of the rate constants are l inear (F igure 2). 
S i m i l a r plots for the rat io of rate constants (Figure 1), however, are l inear 
at l o w temperatures b u t i n a l l cases except one became curved at higher 
temperatures . T h i s p rob l em has been invest igated before (4), a n d i t was 
conc luded t h a t there were no diffusion l i m i t a t i o n s i n v o l v e d . T h e curvature 
cou ld be the result of r ed i s t r ibut i on of the C a 2 + ions between the Si a n d 
Su posit ions, or i t could be caused b y a n increase i n the number of de
ca t i onated sites b y hydro lys i s (6). I n a n y case the process appears to be 
revers ib le , a n d i t is affected b y the nature of the olefin invo lved . I n v i e w 
of th is , the fo l lowing discussion concerning the mechanism is l i m i t e d to the 
l o w temperature region where the behavior is complete ly consistent w i t h 
the A r r h e n i u s l aw . 
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R a d i o a c t i v e tracer experiments reported b y L o m b a r d o a n d H a l l (4) 
showed that each butene isomer can be d i r e c t l y interconverted into the 
other two . These results are consistent w i t h a c ommon intermediate 
be ing i n operat ion i n th is react ion . I n F i g u r e 3 the l inear re lat ionship 
between ca ta ly t i c a c t i v i t y a n d percentage of N a + replaced b y H + s t rongly 
favors a B r o n s t e d ac id cata lyzed mechanism i n w h i c h the common i n 
termediate could be a secondary carbon ium i on . T h i s conclusion is also 
supported b y the tracer experiments. 

Hence , the c a r b o n i u m i o n mechanism proposed b y H i g h t o w e r a n d 
H a l l (2) was used to expla in the r e a c t i v i t y a n d se lect iv i ty results. C o n 
sequently the mechanism for the n-butene i somerizat ion can be represented 
as fo l low: 

cis-2-butene 

sec-butyl 
carbonium ion 

ira/is-2-butene 

F o r the w-butenes the a c t i v a t i o n energy profile shows no difference 
a m o n g the t op of the barriers l i n k i n g the three isomers (Table I I ) . A c 
cord ing to the model the theoret ical selectivities determined on ly b y the 
s tat i s t i ca l factors should be &21/&31 .'̂ 12/^32 '.hz/faz = 1:3:3. T h e correspond
i n g exper imental selectivities were 1.2:2.9:2.4 a n d were temperature i n 
dependent. T h e re lat ive react iv i t ies predicted b y the model compared 
w i t h those found exper imenta l ly are l -butene:czs-2-butene: imns-2-butene 
= 1.0: (0.38 =fc 0.06) :(0.12 =fc 0.03) vs. 1:0.37:0.18, respectively. 

A n interest ing test for the v a l i d i t y of th i s s imple model is to predict 
selectivities i n the pentene system. A c c o r d i n g to the carbon ium ion 
model the react ion p a t h for th is system should be as fo l lows: 

cis-2-pentene 

l-pentene /* Ε 2-pentyl 3-pentyl 

trans-2-pentene 

T w o secondary carbon ium ions can be formed i n th is case: one a l l ow
i n g the interconvers ion of the three isomers whi le the other o n l y permits 

l-butene 
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the cis-trans isomerizat ion . A s a result of the appearence of th is new p a t h 
one can predict t h a t under the same condit ions the re lat ive rates for c is -
trans isomerizat ion vs. double b o n d migra t i on w i l l be considerably higher 
for th is system t h a n for the n-butenes. T h e exper imental results agree 
w i t h this predic t ion . 

T h e a c t i v a t i o n energy profile shows two i m p o r t a n t differences c o m 
pared w i t h the butene system (Table I I ) : (a) the absolute a c t i v a t i o n 
energy is m u c h higher E2i = 22.6 ± 0.6 k c a l / m o l e vs. E2i = 10.4 ± 0.2 k c a l / 
mo le ; (b) there is a difference i n a c t i v a t i o n energy i n going f r o m either one 
of the 2-isomers t o the other one a n d to the 1-pentene. 

T h e model is able to predict w i t h reasonable accuracy the exper imental 
d a t a i f the f o l l owing hypotheses are m a d e : (1) the pre-exponential factors 
of the rate constants for the f o rmat i on of the carbon ium ions f r o m a n y of 
the isomers are the same; (2) the pre-exponential factors for the d isap
pearance of the carbon ium ions o n l y differ b y a s tat i s t i ca l factor , w h i c h 
takes in to account the fact t h a t i n f o r m i n g the 1-pentene the 2 - carbonium 
i o n can lose a n y of the three hydrogens of C i , whi le i n f o r m i n g the 2-
pentenes there is the poss ib i l i ty of los ing on ly one hydrogen f r o m the C 3 ; 

(3) the steady-state approx imat i on is v a l i d for the concentrat ion of a d 
sorbed c a r b o n i u m ions. T h e same assumptions were made for the butènes. 

T h e equations der ived on th is basis (16) show t h a t i t is not necessary 
to make a n y assumpt ion i n regard to re lat ive s t a b i l i t y of b o t h c a r b o n i u m 
ions. T h i s is because a n y difference i n energy between t h e m cancels i n 
the selectivities ca l cu lat ion . 

Table III. Calculated and Experimental Selectivities for the Isomerization 
of n-C4He and n-CsHjo 

Reac
tant 

CiHs 
C4H8 

C5H10 

k2\/kzi 

Catalyst Calc. Exp. Calc. Exp. Calc. Exp. Temp. 

N a - Y - Z 
Si-Al> 
N a - Y - Z 

1.2 
0 .9 -1 . 
0.8 

3 
0.75 
0.36 

2.8 
0 .5-1 .0 
0.34 

3 
0.75 
0.36 

2.4 
0 .5-1 .0 
0.4 

α Catalyst I. 
& Data from Ref. 2. 
e Theoretical values calculated at 170°C. 

170-250 
23-150 

160-195 

T h e results for the pentenes together w i t h those of the butènes are 
presented i n T a b l e I I I . T h e results of H i g h t o w e r a n d H a l l (2) are also 
g iven for comparison. I t is concluded t h a t the mode l gives f a i r l y good 
account of the exper imental results for the butenes over two different 
catalysts a n d for the pentenes over N a - Y - z e o I i t e . These results together 
w i t h the v a r i a t i o n of ca ta ly t i c a c t i v i t y w i t h increasing number of B r o n s t e d 
sites, F i g u r e 3, a n d the deuter ium tracer experiments showing one H or D 
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a 

OjOl- 1 . ι ι 1 ι 1 
0 10 20 30 40 50 60 

Conversion,% 

Figure 4- Intermolecular exchange in products from co-isomerization of (a) cis-#-
CJIs and cis-2-C 4-Z) 8; (b) 1-CJIa and 1-CJ)% 

exchanged per isomerizat ion act (Figure 4) are consistent w i t h a mechanism 
i n v o l v i n g carbon ium ions w h i c h develop over a smal l number of protonic 
sites present on the N a - Y - z e o l i t e . 
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Desorption Influence on Benzene Alkylation 
with Olefins over Y Zeolites 

Alkylation over Zeolites 

J. P. NOLLEY, JR.1 and J. R. KATZER 

Department of Chemical Engineering, University of Delaware, Newark, Del. 19711 

Vapor-phase alkylation of benzene by ethene and propene over 
HY, LaY, and REHY has been studied in a tubular flow re
actor. Transient data were obtained. The observed rate of 
reaction passes through a maximum with time, which results 
from build-up of product concentration in the zeolite pores 
coupled with catalyst deactivation. The rate decay is related to 
aromatic: olefin ratio, temperature, and olefin type. The ob
served rate fits a model involving desorption of product from the 
zeolite crystallites into the gas phase as a rate-limiting step. 
The activation energy for the desorption term is 16.5 kcal/mole, 
approximately equivalent to the heat of adsorption of ethyl
benzene. For low molecular weight alkylates intracrystalline 
diffusion limitations do not exist. 

'he r a t e - l i m i t i n g processes i n ca ta ly t i c react ion over zeolites r e m a i n 
·*• large ly undefined, m a i n l y because of the l a c k of i n f o r m a t i o n o n counter -

dif fusion rates at react ion condit ions . T h o m a s a n d B a r m b y (1), C h e n 
et al. (2, S), a n d N a c e (4) speculate o n possible di f fusional l i m i t a t i o n s i n 
ca ta ly t i c c r a c k i n g over zeolites, a n d K a t z e r (5) has shown t h a t i n t r a c r y s t a l 
l ine di f fusional l i m i t a t i o n s do no t exist i n l iquid -phase benzene a l k y l a t i o n 
w i t h propene. T a n a n d F u l l e r (6) propose i n t e r n a l mass transfer l i m i t a 
t ions a n d r a p i d f ou l ing i n benzene a l k y l a t i o n w i t h cyclohexene over Y 
zeolite, based on the occurrence of a m a x i m u m i n the react ion rate at about 
100 m i n i n flow react ion studies. V e n u t o et al. (7, 8, 9) report s imi lar rate 
m a x i m a for v a p o r - a n d l iqu id -phase a l k y l a t i o n of benzene a n d de h ydr o -

1 Present address: Universal Oil Products Co., Process Division, 20 UOP Plaza, 
Algonquin and Mt. Prospect Rds, Des Plaines, Ill. 60016. 
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halogenat ion of e t h y l chlor ide over X a n d Y zeolites. T h e exact locat ions 
of the m a x i m a were not determined because of the in tegra l s a m p l i n g t e ch 
n ique , nor was a n exp lanat ion proposed. R i e k e r t (10) f ound t h a t i n t r a 
crysta l l ine adsorpt ive dif fusion of ethene is m u c h more r a p i d t h a n the rate 
of ethene p o l y m e r i z a t i o n over N a N i Y at 343°K, a n d he suggests t h a t de
sorpt ion controls the rate of f o r m a t i o n of gaseous products b u t he d i d n o t 
q u a n t i f y his suggestion. V e n u t o a n d L a n d i s (11, 12) have speculated on 
the importance of the desorpt ion step, p a r t i c u l a r l y w i t h respect to de
a c t i v a t i o n . 

Benzene a l k y l a t i o n over Y zeolites has been s tudied as a funct ion of 
olefin, olefin ."aromatic ra t i o , temperature , a n d zeol ite cat ion f o r m . T h e 
rate has been modeled, a n d the r a t e - l i m i t i n g process has been quant i f ied 
as product desorpt ion. 

Experimental Methods 

T h e apparatus i n c l u d e d a saturator a n d a t u b u l a r flow micro -reactor . 
T h e saturator consisted of a 1000 m l three-neck flask i m m e r s e d i n a n o i l -
filled constant temperature b a t h ( ± 0 . 1 ° K ) . Ole f in was sparged i n t o the 
l i q u i d aromat i c h y d r o c a r b o n i n the flask, a n d the v a p o r s t ream f r o m the 
flask was passed t h r o u g h a condensor m a i n t a i n e d 3 ° K below b a t h t e m p e r a 
ture to produce some back-condensat ion of aromat i c . T h e reactor loop 
was V 4 i n c h stainless steel t u b i n g a n d conta ined a bypass to a l l ow cata lys t 
i s o la t i on f r o m the flow sys tem d u r i n g flow equ i l i b ra t i on . T h e reactor 
loop, except for bypass , was immersed i n a fluidized sand b a t h ( ± 0 . 5 ° K ) . 
T h e zeolite cata lyst , about 0.1 g r a m i n the powder f o r m , was added t o the 
reactor m i x e d w i t h quar tz chips or p laced between a n d somewhat d i s 
persed i n two plugs of glass woo l . T h e results were essential ly the same 
for b o t h methods. R e a c t o r operat ion was di f ferential . A gas chromato -
g r a p h equipped w i t h heated gas sample v a l v e was used for analys is of 
reactor effluent. Samples were in jec ted as f requent ly as poss ib le ; thus 
po in t values of rate were obta ined . 

T h e zeol ite was preac t ivated b y heat ing f r o m 323° to 823°K at 1 ° K / 
m i n under flowing predr ied a ir a n d ho ld ing at 823°K for 3 h r . T h e 
cata lyst was react ivated i n the reactor under flowing a i r b y h e a t i n g t o 
8 2 3 ° K at 1 0 ° K / m i n jus t p r i o r t o a r u n . A t the s tart of a r u n the zeol i te 
was first contacted w i t h benzene a n d t h e n w i t h the reactant s t r e a m (7). 
D e t a i l s are g iven b y N o l l e y (13). 

M a t e r i a l s . A U Y zeolites were used i n the powder ( ind iv idua l c r y s t a l 
l ites) f o rm. T h e H Y (lot # 149499-00-007) h a d 8 7 % exchange of N a + b y 
N H 3

+ , S i 0 2 : A l 2 0 3 = 4.98, a n d a c r y s t a l l i n i t y greater t h a n 9 5 % on an 
absolute scale (14)· T h e R E H Y , denoted S K - 5 0 0 below (lot # 12979-17), 
h a d the calculated u n i t cel l f o r m u l a ΚΕΜ(ΝΗ4)Η.ΙΝΒΜ[(Α10*)Ι5 .7: 
(S i0 2 ) i36 .3 ] -ZH 2 0, where the rare earth is h i g h i n l a n t h a n u m a n d l o w i n 
ce r ium. T h e L a Y was prepared b y L a exchange of N a Y (lot # 3607-67; 
S i 0 2 : A 1 2 0 3 = 5.01), us ing s tandard techniques (13,16) ; 8 5 % exchange was 
achieved. 

E t h e n e a n d propene were M a t h e s o n C P grade a n d contained no de
tectable impur i t i e s a n d 0 .0003% impur i t i e s , respect ively . F i s h e r A C S 
benzene was u s e d ; a l l reactants were dr i ed over 4 A zeolite before use. 
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51. N O L L E Y A N D K A T Z E R Benzene Alkylation over Y Zeolites 565 

Theoretical Considerations 

T h r e e obvious models w h i c h cou ld describe the observed react ion rate 
are : (a) concentrat ion e q u i l i b r i u m between a l l parts of the i n t r a c r y s t a l 
l ine pore s tructure a n d the exterior gas phase (reaction rate l i m i t i n g ) , (b) 
e q u i l i b r i u m between the gas phase a n d the surface of the zeolite crysta l l i tes 
b u t di f fusional l i m i t a t i o n s w i t h i n the in t racrys ta l l ine pore s tructure , a n d 
(c) concentrat ion u n i f o r m i t y w i t h i n the in t racrys ta l l ine pore s tructure b u t 
a large difference f r o m e q u i l i b r i u m at the interface between the zeolite 
c r y s t a l (pore mouth) a n d the gas phase (product desorpt ion l i m i t a t i o n ) . 
C o m b i n a t i o n s of the above m a y occur, a n d a l l models must inc lude cata lyst 
deac t ivat ion . 

F o r the model i n v o l v i n g a desorpt ion l i m i t a t i o n (model c) a component 
mole balance is w r i t t e n over the gas phase a n d c rys ta l l i t e phase for p r o d 
uct D ( A + Β D ) . These are, respect ively : 

at 

a n d 

r~~ + KTJCOT = — (2) 
Of ep 

w i t h i n i t i a l condit ions 

CDP(< = 0 ) = 0, CDQ(< = 0 ) = 0 (3) 

ULD is the desorpt ion coefficient for product D . T h e first-order desorpt ion 
t e r m should be s t r i c t l y JK"D(CDP — H C D G ) , a l l ow ing for a n e q u i l i b r i u m b a c k 
pressure, where Η is a n e q u i l i b r i u m adsorpt ion constant re la t ing mole f rac 
t ions i n the gas a n d zeolite phases. Η COG was shown e m p i r i c a l l y t o be 
s m a l l compared w i t h C D P under our condit ions. 

T h e rate decay is assumed to be exponentia l i n t ime 

r D p = M1 exp (-t/M2) (4) 

where Mx — i n i t i a l rate a n d M2 = t ime constant for rate decay. T a n a n d 
F u l l e r (6) j us t i f y th is rate decay behavior f r o m a mechanist ic v i ewpo int , 
a n d exponent ia l decay fit our d a t a w e l l . 

E q u a t i o n s 1-4 can then be solved g i v i n g 

where a = - 1 / M 2 , b = - ΚΌ, c = - F/VG. 
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566 M O L E C U L A R S I E V E S 

A l l parameters i n E q u a t i o n 5 except KO can be es t imated f r o m the p h y s i c a l 
condit ions of the experiment or f r o m the measured rate decay (Mi a n d M2) ; 
ULD is thus the o n l y f i t t i n g parameter r e m a i n i n g i n the model . 

B y w r i t i n g mo lar component balances for gas a n d c rys ta l l i t e phases, 
assuming H e n r y ' s l a w e q u i l i b r i u m between these phases a n d a p p l y i n g expo
n e n t i a l rate decay, the e q u i l i b r i u m mode l (model a) is obta ined (13). A l l 
parameters i n the mode l can be measured or est imated, independent of r e 
a c t i o n studies, w i t h the exception of Mi a n d M2, w h i c h are obta ined f r o m 
the observed ra te decay. T h e H e n r y ' s l a w constant H was es t imated f r o m 
a l iqu id -phase e q u i l i b r i u m s tudy . A mode l i n v o l v i n g di f fusional l i m i t a 
t ions w i t h i n the crysta l l i tes has been developed b y T a n a n d F u l l e r (6) a n d 
is not discussed here. 

Results 

Benzene a l k y l a t i o n w i t h ethene was s tudied over H Y , L a Y , a n d S K -
500 between 488° a n d 599°K a n d for C 6 : C 2 f r o m 0.7 t o 10. E t h y l b e n z e n e 
e t h y l a t i o n was also s tudied . F o r propene a l k y l a t i o n , condit ions were 
s i m i l a r except t h a t the temperature range was 350° to 493°K, a n d the s tudy 
was less complete t h a n for the ethene system. T h e exper imenta l rate d a t a 
t y p i c a l l y exh ib i ted a m a x i m u m w i t h respect t o t i m e a n d underwent ex
tended decay (F igure 1). T h e l o ca t i on of the peak is a f u n c t i o n of r e 
ac t i on condit ions , p a r t i c u l a r l y temperature . T h e propene sys tem de
a c t i v a t e d more r a p i d l y t h a n the ethene system. D a t a for the ethene sys 
t e m were reproducib le to 1 0 % . 

Figure 1. Rate of benzene alkylatwn by 
ethene over HY at 529°K and C 6 : C 2 = 
1.9. Line represents simulation of data 

by desorption limitation model 
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Figure 2. Dependence of the extrapolated in
itial rate of benzene ethylation on aromatw:olefin 
mole ratio at 578°K and one atmosphere total 

pressure 

F o r S K - 5 0 0 the rate at 573°Κ a n d 400 sec after the i n i t i a t i o n of re 
actant f low is independent of reactant mole ra t i o for C e : C 2 = 0.7 to 10. 
U n d e r these condit ions the 400-sec po int is just beyond the m a x i m u m i n 
the rate curve . S i m i l a r behavior was observed at one other condi t ion . 
I n i t i a l rate of react ion est imated b y extrapo lat ing the decay p o r t i o n of the 
rate curves for th is d a t a to zero t i m e (see below) indicates a m a x i m u m i n 
the rate a t C 6 : C 2 = 3.5 (F igure 2). E r r o r bars represent est imated 9 5 % 
confidence l i m i t s . T h e observed a c t i v i t y for H Y is about twice t h a t of 
S K - 5 0 0 , t h a t for L a Y is about two - th i rds t h a t of S K - 5 0 0 (F igure 2). T h i s 
is consistent w i t h the t r e n d expected (7) since a l l catalysts were a c t i v a t e d 
to the same temperature . T h e temperature dependence of the observed 
rate is large for a l l systems s tudied i n d i c a t i n g the absence of external mass 
transfer l imi ta t i ons . 

T h e decay p o r t i o n of the rate curve was fitted t o a n exponent ia l rate 
decay expression (6), rate = M χ exp (—t/M2), where Μι is the i n i t i a l rate 
a n d M2 is a t i m e constant for rate decay, a n d values of Mi a n d M2 were 
determined . I n most cases exponentia l decay fit the d a t a w e l l as shown i n 
F i g u r e 3. F igures 4 a n d 5 show the effect of C e : olefin mole ra t i o o n the 
decay t i m e constant. T h e m a x i m u m possible error i n these po ints is ± 10^o 
I n the propene system at a C e : C 3 ra t io of 20 the decay constant is 48,000 
sec. W i t h H Y at 4 9 3 ° K a n d C 6 : olefin = 2, the rat io of the t i m e constant 
for the ethene system to t h a t for the propene system is about 20. F i g u r e 4 
shows t h a t the decay t i m e constant is independent of cat ion f o rm, a n d for 
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Figure 8. Fit of exponential rate decay 
to experimental data for benzene alkyla
tion with propene over H Y at 492°Κ and 

C e : C 3 = 9 

ethylbenzene e thy la t i on the va lue is higher t h a n t h a t for benzene e t h y l -
a t i on . 

Discussion 

K i n e t i c Cons iderat ions . T h e react ion k inet i cs are masked b y a de
sorpt ion process as shown below a n d are further compl i cated b y rate de
ac t i va t i on . T h e independence of the 400-sec rate on reactant mole rat io 
is not i n d i c a t i v e of zero-order k inet i cs b u t results because of the nature of 
the p a r t i c u l a r k ine t i c , desorpt ion, a n d rate decay relat ionships under these 
condit ions . I t w o u l d not be expected to be more general ly observed under 
w i d e l y v a r y i n g condit ions. T h e i n i t i a l rate behavior is considered more 
ind i ca t i ve of the i n t r i n s i c k inet i cs of the system a n d is consistent w i t h a 
mode l i n v o l v i n g compet i t ive adsorpt ion between the two reactants w i t h 
the olefin be ing more s t rong ly adsorbed. S u c h k inet i c behavior is con
sistent w i t h t h a t reported b y V e n u t o (16). K i n e t i c analysis depends o n 
the assumpt ion t h a t quasi -steady state behavior holds for the rate d u r i n g 
rate decay a n d t h a t the exponentia l decay extrapo lat ion is v a l i d as t i m e 
approaches zero. D e t a i l e d quant i f i cat ion of the in tr ins i c k inet ics was not 
a t t e m p t e d i n th is work . 

R A T E D E C A Y . T h e decay t ime constant decreases as the olefin con
centrat ion increases. T h i s is consistent w i t h a deact ivat ion mechanism 
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51. N O L L E Y A N D K A T Z E R Benzene Alkylation over Y Zeolites 569 

i n v o l v i n g olefin po lymer i za t i on . T h a t the constant is considerably less 
for propene t h a n ethene (Figures 4 a n d 5) is also consistent w i t h olefin 
p o l y m e r i z a t i o n be ing m a i n l y responsible for rate decay. T h i s is fur ther 
substant iated b y the observat ion t h a t the rate decay for ethylbenzene 
e t h y l a t i o n is less t h a n t h a t for benzene e t h y l a t i o n (F igure 4) . I f de
a c t i v a t i o n were caused b y the f o rmat i on of higher molecular weight a l k y l 
ates, rate decay should be more severe for ethylbenzene e t h y l a t i o n t h a n 
for benzene e thy la t i on . T h a t deac t ivat ion i n zeolite a l k y l a t i o n is m a i n l y 
the result of olefin reactions other t h a n a l k y l a t i o n has also been shown b y 
V e n u t o etal (8,17). 

3000 

υ 
9 
C 

σ 
Ι 2000 υ 
« 
Ε 
Η 
>» σ υ 

Ο 

MOLE RATIO, Ce/Cg 

Figure 4. Dependence of rate decay time 
constant on reactant mole ratio for benzene 

ethylation over Y zeolites at 578°K 

T h e rate decay t i m e constant is independent of cat ion f o r m of the 
zeolite i n the ethene system (Figure 4) a l though the a l k y l a t i o n ac
t i v i t y of the three forms is considerably different (F igure 2). T h i s i n d i 
cates t h a t the act ive site w i t h i n the zeolite (at least for deact ivat ion) is the 
same for a l l three cat ion forms as expected f r o m our current p i c ture of 
act ive sites for ac id -cata lyzed reactions i n these zeolites (8, 18, 19). T h e 
three catalysts should have different numbers of act ive sites because of 
the i r i n d i v i d u a l response to a c t i v a t i o n at 823°K, b u t these sites should be 
s i m i l a r ; thus M2 should be independent of cat ion f o rm, Mi should depend 
on i t . 

T h e a c t i v a t i o n energy for the rate decay t i m e constant w i t h benzene 
e t h y l a t i o n over S K - 5 0 0 at C 6 : C 2 = 8 is 13.6 ± 1 k c a l / m o l e . T h a t for H Y 
i n the ethene system at C e : C 2 = 2 is 11 k c a l / m o l e . F o r propene a l k y l a t i o n 
over H Y the a c t i v a t i o n energy for rate decay is 4 k c a l / m o l e a n d is inde 
pendent of C 6 : Ce mole rat io . 

τ — ι — ι — ι ι ι r 

SK-500 Ο -
SK-500: Ethylbenzene · 

Ethylation 
• • ' I I I 1 1 
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MOLE RATIO, C 6 / C 3 

Figure 5. Dependence of rate decay time constant 
on reactant mole ratio for benzene isopropylation 

over H Y 

Catalysis 

S y s t e m M o d e l . T h e e q u i l i b r i u m model (model a) d i d not proper ly 
represent the observed rate curve because the predicted peak m a x i m u m , 
us ing th is model , a lways occurred at least an order of magni tude earlier 
i n t ime t h a n was a c t u a l l y observed when measured values for a l l parameters 
were subst i tuted into the e q u i l i b r i u m model . T h u s a mass transfer i n 
fluence—e.g., i n t rac rys ta l l ine dif fusional l imi ta t i ons or product desorption 
l i m i t a t i o n s — m u s t be i n v o k e d to exp la in the d a t a . T h e di f fusional l i m i t a 
t ions mode l m i g h t fit the d a t a q u a l i t a t i v e l y as T a n a n d F u l l e r (6) show for 
the i r system. However , th is model contains three fitting constants a n d 
should be appl ied on ly when there is sufficient evidence of dif fusional l i m i 
tat ions . 

T h e probable absence of in t racrys ta l l ine dif fusional l imi ta t i ons i n 
benzene e t h y l a t i o n and i s o p r o p y l a t i o n can be shown b y extrapo lat ion 
of avai lab le l iquid-phase counterdif fusion data (20, 21) to react ion 
condit ions w i t h the a i d of reasonable assumptions. T h e effective 
counterdif fusion coefficient for benzene-cumene counterdiffusion i n S K - 5 0 0 
at 298°Κ (the va lue for benzene-ethylbenzene counterdif fusion should be 
s imi lar or higher) was extrapolated to several temperatures i n the react ion 
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range i n c l u d i n g 573°K, us ing a c t i v a t i o n energies of 10, 13, 15, a n d 20 k c a l / 
mole. T h e a c t i v a t i o n energy probab ly fal ls near the center of th is range 
(21) , a n d the presence of the s m a l l olefin molecule probab ly does not have a 
large effect on the counterdif fusion rate . T h e modif ied T h i e l e modulus 
(22) was t h e n ca lculated us ing a measured rate of react ion near the m a x i 
m u m observed a n d other parameters of the system (18); the results are 
summar ized i n T a b l e I . I n a l l cases the effectiveness factor is greater t h a n 
0.9, i n d i c a t i n g t h a t in t racrys ta l l ine dif fusional l imi ta t i ons are not present. 
These condit ions are considered the severest test because the a c t i v a t i o n 
energy for react ion is greater t h a n t h a t for diffusion a n d lower t empera 
tures should be less l i k e l y to invo lve dif fusional l imi ta t i ons . Ca l cu la t i ons 
ver i f y th is for b o t h systems. A l t h o u g h extrapolat ion of l iquid-phase 
measured diffusivities to 573°Κ is questionable, i t is quite l i k e l y t h a t at 
temperatures considerably above the reactant b o i l i n g po int a re la t ive ly 
dense " l i q u i d - l i k e phase" remains w i t h i n the in t racrys ta l l ine pores (12), 
a n d under these condit ions the extrapolat ion should ho ld . I f th i s is w i t h i n 
the temperature range of the react ion studies, w h i c h is t rue for benzene 
i sopropy lat ion , or i f Z)eff a n d the associated a c t i v a t i o n energy do not de
crease great ly w i t h a decrease i n the density of the in t racrys ta l l ine organic 
" p h a s e , " l im i ta t i ons seem u n l i k e l y for the ethene a n d propene systems. 

Table I. Modified Thiele Modulus for Benzene Ethylation at 573°K 
Activation Energy for Diffusion, 0 kcal/mole 10 13 15 20 
Modified Thiele Modulus, 6 (22) 0.76 0.065 0.013 0.00023 

a De{{ at 298°K (21) assumed to be 140>: 1017 m2/sec2 

R = 0.5 μ 

— = 75 mmole/hr-gram catalyst 

CAS = concentration of A at surface of catalyst. 

T h e influence of deac t ivat ion on the counterdif fusion rate cannot be 
quant i f ied here, b u t for early t imes (<1 hr) i t was p r o b a b l y not u n d u l y 
imp or ta n t . C a t a l y s t w h i c h was removed f rom the reactor 1 h r a n d several 
hours after the s tart of a r u n was s t i l l very whi te , i n d i c a t i n g a l o w degree 
of c ok ing i n those t i m e periods. A f t e r r emain ing i n the reactor overnight 
the cata lyst d i d t u r n dark b r o w n . A l t h o u g h we w o u l d expect di f fusional 
l imi ta t i ons to exist i n the presence of m u c h coke, we a t t r i b u t e the rate 
decay over most of the rate curve measured i n th i s w o r k ( inc luding the 
m a x i m u m ) more to a s i te - type deact ivat ion t h a n to massive cok ing (see 
above) , w h i c h does eventual ly occur, a n d we propose t h a t for th is i n i t i a l 
po r t i on the counterdif fusion rates are not great ly reduced. 

where 
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T h e product desorption l i m i t a t i o n model appears to represent prop 
er ly a number of system detai ls a n d was f i t ted to the d a t a b y ad jus t ing the 
desorpt ion coefficient Κτ>. Κτ> was insensit ive to the va lue of M2. I n a l l 
cases the product desorption l i m i t a t i o n model accurate ly s imulated the 
data . F igures 1 a n d 6 show t y p i c a l fits of the model to observed rate da ta 
for benzene e t h y l a t i o n over H Y at 529° Κ a n d for ethylbenzene e t h y l a t i o n 
over S K - 5 0 0 at 577° Κ respectively. Va lues of KT> for benzene e t h y l a t i o n 
over H Y are shown i n F i g u r e 7 a n d exhib i t a n a c t i v a t i o n energy of 16.5 ± 
2.5 k c a l / m o l e . T h i s is too h i g h for a s tandard mass transfer coefficient, 
a n d since i t is essential ly equivalent to the heat of adsorpt ion of e t h y l -
benzene on H Y (23, 24), KO must be a coefficient for desorption. T h e 
observed a c t i v a t i o n energy represents the heat of adsorpt ion , the energy 
barr ier w h i c h a desorbing molecule must cross. T h e predicted exterior 
mass transfer coefficient ca lculated us ing k n o w n correlations is m a n y orders 
of magni tude larger, fur ther i n d i c a t i n g t h a t a n exterior mass transfer p r o 
cess is not l i m i t i n g . Κτ> for ethylbenzene e t h y l a t i o n is a lmost a n order of 
magni tude less t h a n t h a t for benzene e thy la t i on . T h e d i a l k y l a t e w o u l d 
be expected to desorb more s lowly t h a n the monoa lky la te . T h u s the 
properties of Kjy obta ined f rom fitting the d a t a are those w h i c h w o u l d be 
expected i f Κτ> were a product desorption coefficient. 

A l t h o u g h other possibi l i t ies cannot as yet be absolute ly r u l e d out , the 
evidence s t rong ly indicates t h a t i n th is s t u d y the desorpt ion of product 
molecules f r o m the surface (pore mouths) of the zeolite crysta l l i tes is a 
r a t e - l i m i t i n g step. F u r t h e r , product desorption l imi ta t i ons are probab ly 
also responsible for the m a x i m a i n rates prev ious ly reported (7, 8, 9) a n d 
m a y be a more general phenomenon for zeolite systems. S u c h l i m i t a t i o n s 

Figure 6. Simulation of ethylbenzene ethylation over SK-500 at 
577°Κ and Cs:C2 = 0.2 by product desorption limitation model 
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τ 

ο 
I I I I 

1.6 1.8 2.0 
I03/T, • K ' 1 

Figure 7. Arrhenius temperature dependence of KD for 
benzene ethylation over HY 

compl icate the interpretat ion of k ine t i c studies w i t h zeolites a n d cou ld w e l l 
be i m p o r t a n t to zeolite cata lyst behav ior i n cyc l i c systems, e.g., fluid-bed 
ca ta ly t i c c rack ing . 
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Nomenclature 

COG C o n c e n t r a t i o n of D i n gas phase, mo les /vo lume 
C D P C o n c e n t r a t i o n of D i n c rys ta l l i t e phase, moles /zeo l i te pore vo lume 
Z>eff Ef fect ive diffusion coefficient, (length) 2 / t i m e 
F V o l u m e t r i c feed rate to reactor, v o l u m e / t i m e 
H H e n r y ' s l a w - t y p e constant r e la t ing gas phase mole f rac t i on to 

c rys ta l l i t e phase mole f rac t i on 
KB Coefficient of desorption for species D , (moles) / ( length) 2 - t i m e 
Μχ I n i t i a l rate of react ion, m o l e s / t i m e - w t cata lyst 
M2 T i m e constant for rate decay, t ime 
r D p R a t e of product i on of product D , mo les / t ime -wt cata lyst 
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574 MOLECULAR SIEVES 

t Time 
VG Volume of interparticle gas space in bed, volume 
Vc Volume of catalyst in bed, volume 
e Interparticle void fraction of bed 
€P Intracrystalline void fraction of zeolite 

Literature Cited 

1. Thomas, C. L., Barmby, D. S., J. Catalysis (1968), 12, 341. 
2. Chen, Ν. Y. , Preprint 5th Int. Congr. Catalysis (Palm Beach, Fla.), 1972. 
3. Miale, J. N., Chen, N. Y . , Weisz, P. B., J. Catalysis (1966), 6, 278. 
4. Nace, D. M., Ind. Eng. Chem. Prod. Res. Develop. (1970), 9, 203. 
5. Katzer, J. R., Ph.D. Thesis, Massachusetts Institute of Technology, Cam

bridge, Mass., 1969. 
6. Tan, C. H., Fuller, Ο. M., Canad. J. Chem. Eng. (1970) 48, 174. 
7. Venuto, P. B., Hamilton, L. Α., Landis, P. S., Wise, J. J., J. Catalysis (1966), 

4, 81. 
8. Venuto, P. B., Hamilton, L. Α., Landis, P. S., J. Catalysis (1966), 5, 484. 
9. Venuto, P. B., Givens, Ε. N., Hamilton, L. Α., Landis, P. S., J. Catalysis 

(1966) 6, 253. 
10. Riekert, L., J. Catalysis (1970) 19, 8. 
11. Venuto, P. B., Landis, P. S., Advan. Catalysis (1968) 18, 259. 
12. Venuto, P. B., Chem. Tech. (1971) 215. 
13. Nolley, J. P., Jr., M.Ch.E. Thesis, University of Delaware, Newark, Del., 

1972. 
14. Sherman, J. D., private communication, Union Carbide Corp., Tarrytown, 

Ν. Y. , Sept. 1970. 
15. Sherry, H. S., ADVAN. CHEM. SER. (1971) 101, 350. 
16. Venuto, P. B., ADVAN. CHEM. SER. (1971) 102, 260. 
17. Venuto, P. B., Hamilton, L. Α., Ind. Eng. Chem. Prod. Res. Develop. (1967) 6, 

190. 
18. Ward, J. W., J. Catalysis (1972) 26, 451. 
19. Eberly, P. E., Jr., Kimberlin, C. N., Jr., ADVAN. CHEM. SER. (1971) 102, 347. 
20. Moore, R. M., Katzer, J. R., AIChE J. (1972) 18, 816. 
21. Satterfield, C. N., Katzer, J. R., ADVAN. CHEM. SER. (1971) 102, 193. 
22. Satterfield, C. N., "Mass Transfer in Heterogeneous Catalysis," MIT Press, 

Cambridge, Mass., 1970, pp. 129-151. 
23. Khudiev, A. T., Klyachko-Gurvich, A. L., Brueva, T. R., Isakov, Y . I., 

Rubinstein, A. M., Bull. Acad. Sci. U.S.S.R. Div. Chem. Sci. (1968) No. 4, 694. 
24. Romanovskii, Β. Α., Hoshi, T., Topchieva, K. U., Piguzova, L. I., Kinet. 

Katal. (1966) 7, 841. 
RECEIVED December 4, 1972. 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

05
1

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



52 

Molecular Shape-Selective Hydrocarbon 
Conversion over Erionite 

Ν. Y. CHEN and W. E. GARWOOD 
Mobil Research and Development Corp., Princeton and Paulsboro Laboratories, 
Princeton and Paulsboro, N. J. 

Erionite, a high SiO2/Al2O3 zeolite with intracrystalline pore 
openings large enough to admit straight-chain hydrocarbons, has 
been used to devise catalysts that hydrocrack shape selectively a 
variety of hydrocarbon mixtures. The relationships between the 
framework structure of the zeolite and its ability to hydrocrack 
molecules of varying chain lengths will be discussed. A unique 
"cage effect" which influences the product distribution from 
cracking long-chain n-paraffins over erionite facilitates the 
preferential conversion of n-paraffins in the C6 and C10-C12 

range over molecules having either higher or lower carbon num
bers. Also the relative reaction rates and product distribution 
differ significantly between pure components and mixture 
studies, suggesting strong molecular interaction within the 
supercages. 

•er i on i t e possesses molecular sieve properties (1). Recent studies (2-4) 
demonstrated that this zeolite possesses some interest ing a n d unusual 

cata lyt i c a n d diffusional properties, among w h i c h is the cage effect—viz., 
the re lat ion between the c rys ta l structure a n d the cha in l ength of the 
hydrocarbon molecule. F o r example, the d i f fus iv i ty of dodecane a n d 
propane is 1.5 to 2 orders of magnitude higher t h a n t h a t of η-octane. I n th is 
paper the effect of the cage structure is examined w i t h respect to the shape-
selective hydrocrack ing reactions of η-paraffins of v a r y i n g cha in lengths 
bo th as single components a n d as mixtures . 

Experimental 

Apparatus . T h e experiments were conducted i n a high-pressure 
microreactor capable of operat ing u p to 3000 psig . T h e reactor, enclosed 
b y a three-zone heater, h a d an i so thermal react ion zone ho ld ing u p to 10 

575 
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576 M O L E C U L A R S I E V E S 

c m 3 of catalyst . Accurate mater ia l balance was fac i l i tated b y the l i q u i d 
w i t h d r a w a l system w h i c h consisted of two high-pressure col lect ion vessels 
arranged i n series w i t h a v a l v i n g arrangement, so t h a t whi le the first vessel 
was col lect ing the l i q u i d product , the second vessel could be iso lated f r o m 
the system, depressurized, dra ined , flushed, a n d repressurized, a n d cou ld 
re jo in the system w i t h o u t upset t ing i t s pressure. 

Figure 1. Arrhenius plot 

Catalyst. E r i o n i t e was converted into a d u a l func t i ona l cata lyst 
conta in ing b o t h ac id a n d m e t a l hydrogenat ion a c t i v i t y . 

Analytical Procedures. T h e chemica l composit ions of b o t h l i q u i d 
a n d gas products were determined b y gas chromatography ( G C ) . T h e 
n o r m a l paraffinic concentrat ion i n the l i q u i d products and the i r carbon 
n u m b e r d i s t r i b u t i o n were determined b y a G C m e t h o d (6). T h e sample 
was analyzed first w i t h a 2-ft silicone g u m rubber (SE-30) co lumn a n d then 
analyzed again w i t h the same c o l u m n at tached beh ind a 3-inch C a / A 
zeolite c o lumn w h i c h adsorbed a l l n-paraffins. 
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52. C H E N A N D G A R W O O D Conversion over Erionite 577 

750 800 850 900 950 

TEMPERATURE,0 F 
Figure 2. Product distnbution from hydro

cracking iL-butane 

Results and Discussions 

η-Butane. T h e react ion of η-butane was studied at 300 ps ig , 12 
H 2 / H C , 1.5 L H S V over a temperature range of 700° -950°F. T h e re 
act ion fol lowed first-order kinet ics w i t h a n apparent a c t i v a t i o n energy of 30 
k c a l / ( g r a m mole) (Figure 1) w h i c h is considerably higher t h a n the 15 k c a l / -
(gram mole) reported for n-hexane (6). T h e composit ion of the reactor 
effluent is shown i n F i g u r e 2. B e l o w 850°F, propane was the predominant 
product . F o r example, of the 50 w t % of η-butane converted, propane 
accounted for 84 w t % of the products . n -Pentane was also a signif icant 
product . T h e amount of n-pentane increased w i t h increasing tempera 
ture a n d reached a m a x i m u m of 2.1 w t % at about 850°F. A s imi lar p r o d 
uct pa t t e rn was reported earlier b y M i a l e et al. (2) over H-morden i te at 
450°F. However , this type of product pa t te rn was not observed b y R a b o 
et al. (7) or K h o d a k o v et al. (8) over faujasites at above 840°F. T h e produc -
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t i o n of propane f rom butane a n d the appearance of Cn+\ product f r o m h y -
drocracking Cn hydrocarbon indicate that the react ion p a t h w a y i n h y d r o -
crack ing is far more compl icated t h a n that of a simple C - C b o n d scission 
reaction. 

n - P e n t a n e . T h e react ion of n-pentane i n a 1:1:2 b lend of n-pentane, 
isopentane, a n d benzene was studied at 200 a n d 400 psig, 15 H 2 / H C , 2 
L H S V between 800 a n d 900°F. Isopentane a n d benzene, being too b u l k y 
to diffuse through the intracrysta l l ine structure of erionite, remained sub
s tant ia l ly unconverted. T h e conversion of τι-pentane again fol lowed first-
order kinetics w i t h a s imi lar apparent ac t ivat i on energy as was f ound for n-
butane (Figure 1). However , n-pentane was intr ins i ca l ly more reactive. 
T h e re lat ive rates of c rack ing measured at 800°F were 0.034 a n d 0.07 s e c - 1 

for η-butane a n d n-pentane, respectively. A s shown i n T a b l e I , un l ike n-
butane, the major react ion product of n-pentane was not propane. A t 200 
psig pressure more t h a n 60 mole % of the cracked products were equal ly 

T a b l e I . H y d r o c r a c k i n g of n -Pentane 

Wt % Product Distribution, mole % 
Pressure, Conversion 

psig Temp, °F n-Pentane cm CiHt CzHs C4H10 CsHu 

200 800 22.6 23.2 31.5 32.0 13.3 — 
200 850 55.9 18.6 32.9 38.9 8.6 — 
200 900 83.1 19.2 36.2 38.0 6.6 — 
400 800 48.3 17.7 26.1 37.0 15.2 4.0 

d iv ided between ethane a n d propane, as expected f r o m center cracking , 
w i t h the remainder largely methane a n d some butane a l though not i n a n 
equimolal rat io . W h e n the pressure was raised to 400 psig, a shift to more 
propane a n d the appearance of t h e η + 1 product , hexane, were noted. 

n - H e x a n e . T h e react ion of n-hexane i n a 1:1:2 b lend of n-hexane, 
2-methylpentane, a n d benzene was studied at 200 psig, 15 H 2 / H C , 4 -16 
L H S V between 700°F a n d 900°F. T h e product f r o m n-hexane was pre 
d o m i n a n t l y propane (Table I I ) . However , the observed react ion rate for 
hydrocrack ing n-hexane was faster t h a n that for n-pentane b y factors of 
50 at 700°F a n d 17 at 800°F, a n d the apparent ac t iva t i on energy was only 
15 k c a l / ( g r a m mole) (Figure 1). T h i s lower apparent ac t iva t i on energy 
suggested that the intr ins ic cata lyt i c a c t i v i t y could be even higher t h a n the 
observed value wi thout diffusional effects. A s s u m i n g this reasoning to be 
correct, an upper l i m i t for the d i f fus iv i ty of n-hexane i n erionite m a y be 
est imated using the Weisz cr i ter ion (9) 

D < V ^ 2 

where k is the observed reaction rate constant i n reciprocal seconds a n d R 
is the radius of the crysta l . T h u s at 700°F, w i t h k = 0.47 s e c - 1 a n d R = 
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52. C H E N A N D G A R W O O D Conversion over Erionite 579 

0.25 μ (2.5 X 1 0 - 5 c m ) 

D < 1.5 Χ 10"10 cmVsec 

n - P e n t a n e - n - H e x a n e . T h e react ion of n -pentane-n-hexane i n a 
C 5 -180°F fract ion of K i r k u k n a p h t h a was studied at 400 psig, 5 H 2 / H C , 1.6 
L H S V , between 710°F a n d 800°F. T h e n a p h t h a fract ion contained 23.4 
w t % n-pentane, 23.1 w t % n-hexane, a n d 0.2 w t % η-heptane, w i t h the re 
mainder 44.4 w t % isoparaffins, 7.6 w t % naphthenes, a n d 1.3 w t % ben 
zene. T h e relat ive rate of disappearance of n-pentane a n d n-hexane as 
measured b y the rat io of the first-order rate constants, h/k&, was 2 instead 
of 17-50 as w o u l d be expected f r o m the single-component s tudy . I n 
F i g u r e 3 the rate constants corrected for the effects of pressure a n d h y d r o 
gen /hydrocarbon rat io (10) were p lo t ted against react ion temperature. 
C lear ly , the rate of hexane conversion was signif icantly i n h i b i t e d b y the 

LHSV Temp,°F n-hexane CH* C2H6 C*HS CJIi 

4 
4 

16 

700 
800 
900 

63.5 
91.8 
67.6 

1.4 
4.9 

11.3 

7.9 
13.2 
20.0 

72.1 
70.7 
62.1 

18.6 
11.3 
6.6 

10 
A • PURE COMPONENT 
Δ • MIXTURE 

CO 

ΙΟ" 2 

0.1 

900 800 700 

TEMPERATURE e F 

Figure 3. Comparison between pure 
component and mixture 
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580 M O L E C U L A R S I E V E S 

presence of n-pentane. F u r t h e r , the slopes of bo th A r r h e n i u s curves for 
the C 5 / C 6 mixture changed sharply at about 750°F. I f the observed rates 
at this po int were t a k e n as the l i m i t of d i f fusiv i ty , then n-pentane a n d n -
hexane w o u l d have a di f fusivi ty of 1.5 X 1 0 ~ n a n d 3 X 1 0 ~ n cm 2 / s e c , re 
spectively, at 750°F. These values are about 1.5 to 2 orders of magnitude 
higher t h a n t h a t reported b y G o r r i n g (4) for a potassium-exchanged 
zeolite T . 

I t is significant t h a t the mixture y ie lded propane as the major product 
(Table I I I ) . A s noted i n our earlier paper on cata lyt i c c racking (6), the 
predominance of C 3 fragments i n the cracked products a n d the absence of 
isobutane appeared to be a unique property of erionite. O u r present da ta 
indicate tha t this is also true for hydrocrack ing over a dua l funct ion 
erionite. T h e only exception was t h a t when n-pentane alone was h y d r o -
cracked, equimolal quantit ies of ethane a n d propane were found. T h i s 
shift i n product d i s t r ibut ion i n the presence of n-hexane, a second crack-
able component, ind icated t h a t the react ion p a t h w i t h i n the intracrysta l l ine 
space was complicated. 

T a b l e I I I . H y d r o c r a c k i n g of C 5-180° K i r k u k N a p h t h a 
Wt % Conversion Product Distribution, wt % 

Temp, °F n-pentane n-hexane CH^ + <?2#β C*H% C4H10 

710 43 67 6.3 69.3 24.4 
740 74 93 9.6 68.8 21.6 
800 89 98 13.1 70.7 16.2 

M u l t i c o m p o n e n t Sys tems . E a r l i e r we reported an u n u s u a l t r i m o d a l 
product d i s t r i b u t i o n f ound b y c rack ing long-chain paraffins over er ioni te 
(3), a n d we a t t r ibuted the result to the unique crystal l ine structure of the 
zeolite w h i c h preferential ly al lowed product molecules of selected cha in 
length to diffuse through the supercage openings. Recent ly , G o r r i n g (4) 
measured the di f fusivity of η-paraffins i n a potass ium zeolite Τ a n d found a 
s imi lar v a r i a t i o n of d i f fus iv i ty w i t h chain length w i t h the m a x i m a a n d 
m i n i m a occurr ing at the same carbon number as i n cata lyt i c cracking . T h u s 
the role of intracrysta l l ine diffusion on reaction kinetics appears to be 
firmly established. 

I n v i ew of the compl icated react ion kinetics of mult i component systems, 
i t was not clear whether or not the diffusional effects w o u l d also affect the 
relat ive rate of conversion of feed molecules i n a mixture . T o answer this 
question we studied the hydrocrack ing of three mult i component systems. 
T h e first was a C 5 - C 8 mixture , a C 5 360° C bo i l ing range midcont inent re -
formate w h i c h contained 12.5 w t % η-paraffins inc lud ing 4 . 2 % n-pentane, 
4 . 3 % n-hexane, 2 . 9 % n-heptane, 1 .1% η-octane, a n d < 1 % C 9

+ n-paraffins, 
w i t h the remainder isoparaffins a n d aromatics. T h e reaction was carr ied 
out at 400 psig, 2 H 2 / H C , 2 LHSV, a n d 800°F. Secondly, a Cg-Cie mix ture 
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52. C H E N A N D G A R W O O D Conversion over Erionite 581 

w h i c h was a n equiweight b lend of C 8 , Ci 0 , Cu, C i 4 , a n d Cie n-paraffins was 
s tud ied at 200 psig, 30 H 2 / H C , 8 LHSV between 860°F a n d 900°F. T h i r d , 
we studied a Cn-Ci 5 mixture a paraffinic jet fuel w h i c h contained 20.9 w t % 
η-paraffins i n c l u d i n g 3 .6% ra-CnH^, 7 .4% 7 i - C 1 2 H 2 6 , 7 . 2 % w-Ci 3H 2 8, 1.9% n-
Ci 4 H 3 0 , a n d 0 . 8 % n -C i 5 H 3 2 . T h e react ion was carr ied out at 2000 psig, 
2 7 / 1 H 2 / H C , 14 LHSV, a n d 750°F. A s u m m a r y of the conversion data is 
i n T a b l e IV. A f t e r correct ing for the effects of pressure a n d H 2 / H C rat io , 

T a b l e I V . H y d r o c r a c k i n g of M u l t i c o m p o n e n t Sys tems 
Conversion, Wt % 

Temp, °F c5 c6 c7 c8 

A . Mid-Continent Reformate 
800 72.6 95.0 91.5 62.2 

B . Ce - Cie Blend of η-Paraffins 
c8 C10 C12 Cl4 Cie 

860 15.2 20.2 16.2 12.4 7.5 
880 17.9 22.0 18.3 13.9 8.5 
900 20.9 25.7 21.4 16.2 9.9 

C. Paraffinic Jet Fuel 
Cil C12 Cl3 C14 C15 

750 87 76 75 62 56 

the re lat ive rate constants are p lo t ted i n F i g u r e 4 against the carbon n u m 
ber of the feed molecule. T h e react ion rate v a r i e d cyc l i ca l ly w i t h increas
i n g cha in length w i t h two m a x i m a at C 6 a n d Cio-Cn, respectively. These 
m a x i m a occurred again at the same carbon number as those reported earlier. 

100 

6 7 8 9 10 II (2 13 14 15 16 

CARBON No. of η-PARAFFIN 

Figure 4. Relation between chain length of n-paraffin and reaction rate 
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Conclusions 

Results of this study demonstrate that the cage structure of erionite 
can influence the reaction rate of the incoming molecule. As the molecular 
chain length was varied, the observed rate of reaction paralleled the rate of 
diffusion through the zeolite. The cage structure also can force interactions 
between molecules of varying chain length within the crystalline structure. 
The latter conclusion is drawn from the study of multicomponent and single-
component systems in which pronounced changes in both the reaction rate 
and the product distribution were found for a given hydrocarbon mole
cule. 
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Synthesis and Properties of Zeolite Omega 

Preparation and Use of Dual-Function 
Catalysts Based on Hydrogen-Omega 

J. F. COLE 

Shell Development Co., MTM Process Research and Development Laboratory, 
P. O. Box 100, Deer Park, Texas 77536 
H. W. KOUWENHOVEN 

Koninklijke/Shell-Laboratorium Amsterdam, Badhuisweg 3, Amsterdam N., 
The Netherlands 

A study is presented of the synthesis and properties of the novel 
synthetic zeolite omega. The synthesis variables and kinetics of 
formation are discussed, as well as the ion exchange, sorption, 
and thermal properties. By decomposition of imbibed tetra
methylammonium ions and exhaustive treatments of the zeolite 
with ammonium ions, a pure hydrogen form can be obtained 
which is a suitable substrate for the preparation of hydrocarbon 
conversion catalysts. Several catalysts were prepared and 
utilized to isomerize n-hexane, and to hydrocrack a heavy gas oil. 

Tn their pioneering work on zeolite synthesis, Barrer and Denny intro-
A duced the use of large organic cations to replace or partly replace the 
a l k a l i meta l cations such as N a + w h i c h are n o r m a l l y present i n classical 
zeolite syntheses (1). I t was argued t h a t i f i n a zeolite c a v i t y several 
s od ium or other a l k a l i meta l ions cou ld be replaced b y one b u l k y organic 
cat ion of u n i t charge, the s i l i c o n - a l u m i n u m rat io of the zeolit ic f ramework 
w o u l d have to be changed to preserve electrical neut ra l i t y , a n d i n fact 
w o u l d have to be increased. T h e app l i ca t i on of th is argument i n pract ice 
l e d to the use of various t e t r a a l k y l a m m o n i u m ions i n zeolite synthesis. 

T h i s speculat ion was not on ly completely v i n d i c a t e d i n the preparat ion 
of s i l i ca -r i ch forms of a v a r i e t y of k n o w n zeolites (2, 8) : i t was f ound t h a t 
direct use of organic cations i n syntheses promoted unusua l s t r u c t u r a l 
designs w h i c h led to nove l zeolites. Zeol i te omega (Ω) was one such 
mater ia l a n d was first synthesized b y F l a n i g e n a n d K e l l b e r g (4). These 

583 
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584 M O L E C U L A R S I E V E S 

authors gave s tra ight forward synthet ic routes, in f o rmat ion about the 
sorptive properties a n d est imated the pore size to be about 1.1 n m . 

The Crystal Structure of Zeolite Omega 

F i g u r e 1 is an ideal ized representation of the structure proposed for 
zeolite Ω b y B a r r e r a n d V i l l i g e r on the basis of x - ray powder d a t a (5). T h e 
intersections of the straight lines represent po int a l u m i n u m or s i l i con 
atoms, each of w h i c h is bonded to four te trahedra l ly disposed oxygen 
atoms. 

Figure 1. A schematic representation of the structure of zeolite omega. 

T h e framework is b u i l t of gmelinite cages w h i c h share their upper a n d 
lower s ix - r ing faces a long the c d irect ion. I n the (a, b) plane, these cages 
are br idged b y oxygen atoms such that the e ight-r ing windows of adjacent 
cages face each other, as shown i n F i g u r e 1. T h e resul t ing f ramework has 
three i m p o r t a n t features. (1) A system of approx imate ly c y l i n d r i c a l 
channels runs para l le l to c. These are bounded b y 12-membered rings of 
S i - A 1 0 4 te trahedra a n d have a free diameter of about 0.8 n m . T h e i r i n 
ter ior surfaces are composed of four- a n d s ix-membered r ings of S1-AIO4 

te trahedra . T h i s means t h a t dif fusion i n the (a, b) p lane between adjacent 
channels is severely res tr i c ted . (2) A s y s t e m of gmel in i te cages, each of 
free diameter around 0.6 n m , is located between adjacent c y l i n d r i c a l 
channels. (3) A minor channel system bounded b y great ly d is torted e ight-
membered rings runs para l le l to c (and hence to the m a i n channel system) 
located between adjacent gmelinite cages. T h e gmelinite cages open onto 
this channel system through eight-membered r i n g windows. Access to the 
columns of gmel inite cages is v e r y restr icted. I o n exchange or sorpt ion o n 
sites w i t h i n these columns must necessarily invo lve extremely tor turous 
diffusion paths. A l l these features are shown i n F i g u r e 1. A n i m p o r t a n t 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

05
3

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



53. C O L E A N D K O U W E N H O V E N Zeolite Omega 585 

property of the present structure is t h a t the m a i n channel system cannot 
be b locked b y s tacking faults. 

Results and Discussion 

Synthes is of Zeo l i te O m e g a . S C O U T I N G E X P E R I M E N T S . I n pre 
l i m i n a r y experiments a number of a luminosi l i cate s tar t ing mater ia ls of 
several compositions were studied. T h e most sat is factory results were 
obtained using K e t j e n or D a v i s o n fluid c rack ing catalyst , or G e m b o or 
D a v i s o n s i l ica a n d freshly prepared sod ium a luminate so lut ion as sources 
of s i l i ca a n d a l u m i n a . Some properties of these s tar t ing materials are 
g iven i n T a b l e I . 

E F F E C T O F S T O I C H I O M E T R Y O F R E A C T I O N M I X T U R E . A number of 
compositions w h i c h gave pure zeolite Ω are col lected i n T a b l e I . T h e 
mixtures have been described us ing the general f o rmula p L i 2 0 , g N a 2 0 , 
r K 2 0 , z [ ( C H 3 ) 4 N ] 2 0 , A 1 2 0 3 , 2/Si0 2 , 2 U 2 0 . T h e a lkal ine ions were i n t r o 
duced as their hydroxides . U n d e r the preva i l ing conditions, amorphous 
products are f ound i f the t o t a l base concentrat ion (p + q + r + x) is m u c h 
lower t h a n about 3. F o r zeolite f o rmat ion to occur at a l l under these 
conditions, higher react ion temperatures have to be used. A t a t o t a l base 
concentrat ion greater t h a n about 5, under the condit ions of t ime a n d 
temperature appl ied i n this s tudy , crysta l l ine phases such as zeolite P , 
sodalite, a n d analcite t end to form. 

A var i e ty chabazite-group zeolites is obtained a t p + g + r + x = 4 
a n d 100°C. A t a base composit ion w h i c h yields pure Ω, i.e., ρ < 0.6; 
2.8 < q < 3.8; r < 0.3; 0.05 < χ < 1.0, y can take values i n the range 9.5 — 
14 a n d ζ can be v a r i e d wide ly w i thout affecting the q u a l i t y of the product . 

T o prepare larger quantit ies of Ω for character izat ion, a preferred 
react ion mixture was developed: 3 . 2 - 3 . 4 N a 2 0 , 0.1-0.8 [ ( C H 3 ) 4 N ] 2 0 , 
A 1 2 0 3 , 10 -12SiO 2 , 3 2 0 H 2 O . A n example of such a preparat ion is g iven 
below. 

Prepara t i on of N o . 917. A mix ture of the mo lar composi t ion 3 . 4 N a 2 0 , 
0 . 1 ( T M A ) 2 O , A 1 2 0 3 , 10SiO 2 , 3 2 0 H 2 O was made b y adding , whi le s t i r r i n g , 
to a s l u r r y of 33.9 grams of G e m b o s i l i ca i n 231 grams of H 2 0 , a so lut ion of 
13.6 grams of N a O H , 1.10 grams of ( C H 3 ) 4 N C 1 , a n d 2.7 grams of A l i n 50 
grams of H 2 0 . T h e st i rred mixture was heated at reflux temperature for 
72 hr . T h e product was f i ltered off, washed u n t i l the p H of the effluent 
was less t h a n 10, a n d dr ied at 120°C. X - r a y analysis showed t h a t the 
product consisted of 9 0 % b y weight pure zeolite Ω w i t h a surface area of 
268 m 2 / g r a m a n d a pore vo lume of 0.19 m l / g r a m [analysis (%w) : C , 1.35; 
N , 0 . 3 9 ; S i 0 2 , 6 7 . 8 ; A 1 2 0 3 , 1 8 . 7 . Va lues of C a n d Ν were f ound after d r y i n g 
at 120°C, the others on a d r y basis (900°C) . ] 

T h e presence of a cer ta in a m o u n t of T M A ions i n the reac t i on m i x 
ture appears to be necessary for the synthesis of zeolite Ω. T h e m i n i m u m 
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586 M O L E C U L A R S I E V E S 

q u a n t i t y of T M A + required under our synthesis condit ions was found to be 
2 -5 % m of the t o t a l base appl ied (cf. T a b l e I ) , a n d the proport ion of T M A + 
i o n i n the Ω structure is depends on i ts concentrat ion i n the react ion 
mixture . T h e Ω synthesis mix ture can tolerate appreciable amounts of 
l i t h i u m , b u t l i t t l e potass ium. A d d i t i o n of extra sod ium i o n as i ts salt of a 
strong ac id does not influence the f o rmat ion of sieve Ω at concentrations u p 
to 2 moles per mole of a l u m i n u m . A d d i t i o n of extra sod ium i n the f o r m 
of the salt of a weak ac id has the same effect as a dd i t i on of a n equivalent 
amount of sod ium hydroxide . 

F r e s h l y prepared N a + - T M A + - o m e g a zeolite has a v e r y smal l u l t i 
mate crysta l l i te size, as ind i ca ted b y Une broadening i n x - r a y powder 
di f fraction patterns a n d microscope studies. 

I N F L U E N C E O F R E A C T I O N T E M P E R A T U R E . T h e preferred react ion 

mixture gave zeolite Ω i n the temperature range 90-160°C. A t 210°C pure 
analcite was formed. 

T a b l e I . Synthes is of Zeol i te Omega* 
Con- Ma- Sample 

Ρ Q r X y z dition terial Comments No. 

0.10 3 3 0 6 10 4 320 1 1 678 
0.20 3 2 0 6 10 4 320 1 1,4 619/589 
0.30 3 1 0 6 10 4 320 1 1,4 620/590 
0.40 3 0 0 6 10 4 320 1 1 621 
0.50 2 9 0 6 10 4 320 1 1 622 
0.60 2 8 0 6 10 4 320 1 1 623 
0.30 3 1 0 5 10 4 320 1 1 3.5 w t % C 810 
0.30 3 1 0 4 10 4 320 1 1 811 
0.30 3 1 0 3 10 4 320 1 1 812 
0.30 3 1 0 2 10 4 320 1 1 813 
0.30 3 1 0 1 10 4 320 1 1 2.0 w t % C 814/855 
0.30 3 1 0 05 10 4 320 1 1 1.1 w t % C 827 
0.30 3 1 0 01 10 4 320 1 1 70% gmelinite 833 
0.32 3 3 0 05 10 4 320 1 1 853 
0.31 3 2 0 05 10 4 320 1 1 854 
0.28 2 9 0 05 10 4 320 1 1 70% omega 852 

3 4 0 6 10 4 320 1 1 556/607 
3 4 0 6 10 4 210 1 1 557 
3 4 0 6 10 4 103 1 1 558 
3 4 0 66 10 0 320 1 4 921 
3 4 0 6 10 0 320 1 4 706 
3 4 0 Ρ 10 0 320 1 4,3 923/917 
3 4 0 05* 10 0 320 1 4 Contains gmelin 924 

ite, ca. 10% 
3 8 0 2 10 0 320 1 3 435 
3 6 0 4 10 0 320 1 3 439 
3 4 0 6 10 0 320 1 3 443 
3 .1 0.3 0 6 8 320 1 4 Zeolite Ρ 637 
3 1 0.3 0 6 10 320 1 4 Offretite 604 
3 1 0.3 0 6 12 320 1 4 638 
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53. C O L E A N D K O U W E N H O V E N Zeolite Omega 587 

T a b l e I . C o n t i n u e d 
Con Ma Sample 

9. r X y ζ dition terial Comments No. 

3.1 0 .3 0 .6 14 320 1 4 788 
3.1 0 .3 0 . 6 16 320 1 4 Amorphous 789 
3.1 0 .3 0 .5 12 320 1 4 791 
3.1 0 .3 0 .4 12 320 1 4 792 
3.1 0 .3 0 .3 12 320 1 4 793 
3.1 0 .3 0.2 12 320 1 4 794 
3.1 0 .3 0.1 12 320 1 4 < 5 0 % omega 795 
3 .0 0 .4 0 .5 10.4 320 1 1 Offretite 797 
3 .0 0 .4 0 .4 10.4 320 1 1 Offretite + 3 0 % 798 

omega 
3.0 0 .4 0.1 10.4 320 1 1 5 0 % offretite + 801 

5 0 % omega 
6.0 2 .0 20 .0 280 2 3 661 
1.9 0.1 11.3 103 3 2 8 0 % mordenite + 543 

2 0 % analcite 
1.8 0 .2 11.3 103 3 2 544 
1.7 0 .3 11.3 103 3 2 8 0 % omega + 545 

1 0 % sodalite 
1.1 0 .9 11.3 103 3 2 9 0 % sodalite + 551 

1 0 % analcite 
β Conditions: (1) stirred 0.8-liter glass reactors, 72-hour reaction time at reflux 

temperature; (2) rotating 0.5-liter stainless-steel autoclaves, 72-hour reaction time, 
100 C; and (3) same as (2), 41-hr reaction time, 210°C and autogenous pressure. 
Materials: (1) Ketjen silica-low alumina, surface area 531 meters2/gram, 14 wt % 
A1203, 85 wt % Si02, 18 wt % H 2 0; (2) Ketjen silica-low alumina, surface area 668 
metersVgram, 13 wt % A1203, 86 wt % Si02,24 wt % H 2 0; (3) Gembo silica, surface area 
370 metersVgram, 99 wt % Si02, 20 wt % H 2 0; (4) Davison silica, surface area 351 
m , ™ ^ 2 / f e a m ' 9 9 w t % Bi0h 1 5 w t % H * ° - Composition: pLi 20, gNa20, rK 2 0, 
z(TMA) 20, A1203, 2/Si02, zH 20. The values in the table gave pure zeolite Ω (>80% Ω) 
unless indicated otherwise. 

6 T M A added as its chloride. 

I N F L U E N C E O F A G I T A T I O N U P O N T H E F O R M A T I O N O F S I E V E O M E G A . 

W h e n the preferred react ion mix ture was not s t i r red throughout the 
reac t i on period, mixtures of zeolite Ω a n d erionite ( ~ 6 0 / 4 0 ) were obtained. 
T h u s , at least a m i l d agitat ion is necessary when c rys ta l l i z ing pure speci
mens according to this recipe. 

R E A C T I O N T I M E . T h e rate of f o rmat ion of Ω at reflux temperature is 
i l lus t ra ted i n F i g u r e 2. T h e rate was est imated b y t a k i n g samples f r o m 
the react ion mix ture at var ious t imes a n d examining t h e m b y x - r a y dif frac
t i on . T h e c rys ta l l i za t i on is characterized b y a n unusual ly l o n g i n d u c t i o n 
per iod of about 13 hr , w h i c h is fol lowed b y a re lat ive ly slow c r y s t a l growth . 
N o a l terat ion of the zeolite was observed d u r i n g a n extra 50 h r react ion 
t ime after c rys ta l l i zat ion h a d been completed. 

Characterization of Zeolite Omega. C H E M I C A L C O M P O S I T I O N . A n a 
l y t i c a l d a t a for several samples of zeolite Ω are collected i n T a b l e I I . T h e 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

05
3

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



588 M O L E C U L A R S I E V E S 

TIME, h 

Figure 2. Synthesis of zeolite omega from silica-low-alumina cracking catalyst 

T a b l e I I . C h e m i c a l A n a l y s e s of O m e g a Zeol ites" 
Sample No. Ρ ? r X y ζ 

556 0.71 0.26 7.85 5.3 
557 0.76 0.27 8.27 5.9 
558 0.94 0.25 8.75 5.9 
855 0.03 0.89 0.14 8.65 5.3 
638 0.75 0.20 0.22 8.0 5.8 

α General composition: pLi 20, ?Na20, rK 2 0, ζ[(ΟΗ3)4Ν]20, A1203, 2/Si02, zH 20. 
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53. C O L E A N D K O U W E N H O V E N Zeolite Omega 589 

base content depends o n the washing condit ions a n d the water content on 
the severity of the final d r y i n g step. T h e values g iven i n the table were 
obtained after equi l ibrat ion w i t h a saturated N H 4 C 1 so lut ion at 25 °C . 
T h e s i l i c a - a l u m i n a molar rat io is about 8. 

X - R A Y P O W D E R D I F F R A C T I O N M E A S U R E M E N T . X - r a y powder d i f 
f ract ion d a t a obta ined w i t h Guin ie r -de Wol f f a n d G u i n i e r - L e n n e cameras 
were i n general agreement w i t h the measurements reported b y F l a n i g e n 
a n d K e l l b e r g (4). T h e y were indexed on a hexagonal lat t i ce w i t h a = 
1.818, c = 0.76 n m after B a r r e r a n d V i l l i g e r (6). Several samples of the 
zeolite were studied i n a s t ream of a ir i n a G u i n i e r - L e n n e high-temperature 
x - ray powder camera, a n d were f ound to lose the ir c r y s t a l l i n i t y a t t e m 
peratures between 850 a n d 910° C . T h e aluminosi l i cate f ramework is 
therefore r e m a r k a b l y stable. 

S O R P T I O N P R O P E R T I E S . S o r p t i o n isotherms were determined of n -
hexane a n d 2 ,3 -d imethylbutane o n var ious ly pretreated samples of zeolite 
b y a grav imetr i c method using a C a h n electrobalance. N o shape-selective 
sorpt ion was observed for these sorbates, w h i c h bespeaks a pore size 
greater t h a n about 0.5 n m . T h e sorpt ion capac i ty of Ω was apprec iably 
lower t h a n that of zeolite X , Y , or mordenite . R o u t i n e sorpt ion capacities 
were determined b y a simple procedure of pore filling w i t h benzene at r o o m 
temperature after ca lc inat ion of the samples at var ious temperatures. 

Ion Exchange and Pyrolysis. A t y p i c a l specimen of zeolite Ω contains 
approx imate ly eight cations per u n i t cel l , of w h i c h about six are sod ium 
ions, a n d the remain ing two are t e t r a m e t h y l a m m o n i u m ions. T h e pos i 
t ions of these ions w i t h i n the zeol it ic f ramework can be determined b y x - r a y 
s t ruc tura l studies or b y ion-exchange experiments i f the s tructure of the 
framework is k n o w n . 

Determination of the Cation Sites by Ion-Exchange Studies. A 
sample of zeolite Ω was ana lyzed for sod ium a n d carbon a n d then sub
jected to i o n exchange w i t h a m m o n i u m ions b y ref luxing for 2 h r w i t h 
2M a m m o n i u m n i t rate so lut ion. T h e i o n exchange was repeated w i t h 
fresh so lut ion for a t o t a l of six exchanges. A f t e r each treatment , the 
zeolite was analyzed for s od ium a n d carbon, a n d benzene sorpt ion capac i 
ties were determined after ca lc inat ion at 500°C. T h e c r y s t a l l i n i t y of the 
samples was moni tored b y x - r a y powder di f fract ion measurements. T h e 
results i n T a b l e I I I show that whi le the exchange of N a + for N H 4

+ proceeds 
to complet ion, albeit w i t h some dif f iculty, the T M A ions r e m a i n firmly 
encapsulated b y the zeolite. I n a s imi lar experiment, the above exchanges 
were repeated, but after each treatment the zeolite was calc ined for 3 h r at 
450° C . Complete remova l of s o d i u m was possible w i t h three or four such 
treatments. 

These experiments indicate t h a t the T M A ions are encaged i n the 
gmel inite cages a n d can be removed only b y heat treatment , e.g., at 450°C. 
The sodium ions appear to be either i n the gmel inite cages or i n the minor 
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590 M O L E C U L A R S I E V E S 

channel system w h i c h runs between the strings of gmelinite cages. L o c a 
t i o n i n the m a i n channel system seems improbable since i f the ions were 
so placed, a single i o n exchange at reflux temperature w o u l d be capable of 
r emov ing them. F r e s h l y synthesized Ω contains some t e t r a m e t h y l -
a m m o n i u m hydrox ide or sil icate. T h i s i m b i b e d mater ia l is , however, 
readi ly removed dur ing pre l im inary i o n exchanges, a n d has no bear ing o n 
the zeolite f ramework composit ion. 

Table ΙΠ. Exhaustive Ion Exchange of N a + / T M A + - Z e o l i t e Omega with 
NH4NO3 Solutions at 100°C, without Intermediate Calcinations 

Characteristics of the Treated Zeolite 

Number of Treatments 
with 2M NHiNOz % Ν a %c 
Original material 3.7 3.4 

1 1.3 3.3 
2 0.52 2.9 
3 0.24 3.1 
4 0.13 2.9 
5 0.10 3.6 
6 0.08 3.0 

Benzene 
Sorption, 

wt % X-Ray Pattern 

4.0 Highly crystalline zeolite 
omega a 

3.6 
3,6 
3.6 
2.8 
3.1 
4.1 

"It is obvious from the x-ray patterns that most of the initial sodium ions are 
replaced by ammonium ions during treatments 1 and 2. 

Pyrolysis of Sodimn-Tetramethylammonium Zeolite Omega. P r e 
l i m i n a r y calc inations of the Ω zeolites showed that in t racrys ta l l ine diffusion 
restrict ions interfered great ly w i t h t ransport b o t h of oxygen and of c a l 
c inat ion products . U n d e r m i l d conditions, coking was observed, a n d even 
under favorable condit ions (550° C , t h i n beds, good venting) the react ion 
was slow. Some samples of zeolite were p y r o l y z e d under v a c u u m , a n d the 
products were identi f ied b y l o w resolut ion mass spectrometry. 

F i r s t , the zeolite ( in the as-synthesized form, conta in ing sod ium a n d 
t e t r a m e t h y l a m m o n i u m ions, a n d zeol i t ic water) was outgassed at r o o m 
temperature , but no organic mater ia l t ransp ired under these conditions. 
Secondly, the outgassing was done s imi lar ly , and heat ing was begun. T h e 
temperature was raised i n three steps, first to 350°C, then to 560° C , a n d 
finally t o 650° C . O w i n g to evo lut ion of zeolitic water , the samples sent 
i n t o the mass spectrometer were d i luted to some extent. T h e molecules 
w h i c h were identi f ied are i n T a b l e I V , amounts being g iven as mole percent 
w i t h water m a k i n g up the balance. 

A c c o r d i n g to classical experiments, T M A - h y d r o x i d e pentahydrate 
decomposes u p o n heat ing as follows 

[(CH 3) 4N]OH-* (CH 8) 3N + CH 8 OH (1) 
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53. C O L E A N D K O U W E N H O V E N Zeolite Omega 591 

W h e n T M A - h y d r o x i d e pentahydrate was heated under v a c u u m or i n 
nitrogen to modest temperatures, the fo l lowing products were identi f ied b y 
mass spectrometry (mole %) : water , 5; methanol , 5; d i m e t h y l ether, 70 ; 
a n d t r imethy lamine , 20. T h i s product structure can be rat iona l i zed i n 
terms of further react ion of the methanol f r o m R e a c t i o n 1 w i t h T M A ions. 

T a b l e I V . Products Identi f ied b y M a s s Spectrometry dur ing the V a c u u m 
P y r o l y s i s of N a + / T M A + - Z e o U t e O m e g a at 350-650°C 

Temperature, °C, to Which 
Sample Was Heated 

Product 850 560 650 Total mole % 

Hydrogen — 4.1 37.5 41.6 
Methane — 0.4 4.1 4.5 
Carbon monoxide 0.5 0.6 — 1.1 
Ammonia — — 5.2 5.2 
Methanol 1.8 — — 1.8 
Trimethylamine 2.3 — — 2.3 
Acetylene — — 1.1 1.1 
Ethylene — — 2.2 2.2 
Carbon dioxide — — 0.5 0.5 

Total 60.3 

IN NITROGEN 
— IN AIR 

I I I I I I 
0 200 400 600 800 1000 

TEMPERATURE, eC 

Figure 3. Differential thermogravimetric analysis of zeolite omega in air and in 
nitrogen. 
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I n the zeolite, most of the T M A ions are encaged i n the gmelinite 
units , their charge being satisfied b y the negative f ramework charge. 
W e designate this cat ion site I . 

A s has been ment ioned above, a minor par t of the T M A content of 
omega consists of mater ia l i m b i b e d i n the wide channel system a n d asso
c iated w i t h h y d r o x y l a n d or sil icate anions. W e designate this cat ion site I I . 
I t is not rea l ly a cat ion " s i t e " i n the usual sense of the word , b u t merely a n 
i l l -def ined place where salt can be trapped . 

Di f ferent ia l thermal analysis ( D T A ) a n d differential thermogravimetr i c 
analysis ( D T G ) of N a + / T M A + - o m e g a (Figure 3) show that decomposit ion 
of the T M A takes place a t two different temperatures, ind i ca t ing two 
different cat ion environments . T h i s is consistent w i t h what is seen i n 
T a b l e I V . U p o n pyro lys is at 350°C, the major products are C H 3 O H a n d 
( C H 3 ) 3 N according to R e a c t i o n 1 for a nonrestr icted locat ion, viz., site I I . 
I t is k n o w n t h a t molecules t h a t are f i rmly encaged i n zeolit ic cavit ies are 
thermal ly more stable t h a n i n the bu lk . S o d i u m perchlorate is a good 
example (6). Ac cord ing ly , we expect the T M A ions i n site I t o be more 
stable. O w i n g to restrict ions on diffusion, however, R e a c t i o n 1 is i m 
possible i n site I , a n d further degradations w i l l take place u n t i l sma l l mole
cules have formed w h i c h can escape b y ac t iva ted diffusion. T h u s , we have 
the high-temperature pyro lys i s products H 2 , C H 4 , C O , N H 3 , acetylene, a n d 
ethylene. T h e smal l amount of oxygenated product is assumed to mean 
t h a t some dehydroxy la t i on of the f ramework has occurred. 

T a b l e V . Sorpt ion of n - H e x a n e o n Zeol i te O m e g a : Influence of T h e r m a l 
a n d Ion-Exchange T r e a t m e n t s 0 

Amount of η-Ce sorbed, 
mmole/gramP 

Thermal-Ion Exchange Pretreatment No. 855 No. 917 

None 0.398 0.494 
Heated 2 hours at 500°C i n N 2 — 0.320 
Heated 16 hours at 500° C i n air 0.320 0.370 
As above followed by N H 4

+ exchange and calcina- 0.230 0.260 
tion at 500° C 

α Conditions: temperature, 100°C; pressure of n-C6, 100 torr. 
6 Sample numbers correspond to materials in Tables I and II. 

T h e results above prov ide good evidence for transient methoxy groups 
i n the zeolite as shown i n s imi lar work b y W h y t e et al. on the decomposit ion 
of T M A ions i n synthet ic offretite (7). T h u s T M A ions i n zeolite Ω can 
be removed b y thermal t reatment at 500-600°C b o t h i n ox id iz ing a n d inert 
atmospheres. I n a n ox id i z ing atmosphere the temperature required for 
complete remova l is lower, a n d the combust ion is accompanied b y a n 
appreciable exothermic effect (cf. F i g u r e 3). A f t e r t h e r m a l r e m o v a l of 
T M A ions, N a is readi ly exchanged w i t h N H 4 N 0 3 , a n d the result ing 
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53. C O L E A N D K O U W E N H O V E N Zeolite Omega 593 

a m m o n i u m f o r m of sieve Ω is converted in to the hydrogen f o r m b y a heat 
treatment . 

A considerable loss i n sorpt ion capac i ty occurred d u r i n g t h e r m a l T M A 
removal , this loss being smallest for the samples conta in ing the lowest 
amount of T M A . D u r i n g subsequent r e m o v a l of base a n d t h e r m a l 
ac t ivat i on , further losses i n sorpt ion capac i ty occurred (Table V ) . 

P r e p a r a t i o n of Cata lysts . A large amount of pure omega was prepared 
as described above. P l a t i n u m a n d p a l l a d i u m catalysts were made f r o m 
th is m a t e r i a l b y s l u r r y i n g v a r i o u s l y pretreated forms w i t h aqueous so lu 
t ions of P t a n d P d ( N H 3 ) 4 C l 2 of appropriate concentrations. Zeolites thus 
obta ined were dr i ed a n d calcined to a final temperature of 500° C . 

Cata lyst T e s t i n g . T h e hexane i somer izat ion a c t i v i t y was measured 
for several catalysts conta in ing about 0.2 w t % P t . Apprec iab le differ
ences i n a c t i v i t y were evident w h i c h depended u p o n the method of p r e p a r a 
t i o n (Table V I ) . N o n e of the catalysts is p a r t i c u l a r l y act ive (cf. e q u i l i b 
r i u m values i n T a b l e V I ) . T h e surface areas of the catalysts (Table V I ) 
are somewhat less t h a n expected, a n d thus one can speculate t h a t better 
ac t iva t i on procedures w i l l lead to some improvement i n performance. 

T a b l e V I . Prepara t i on , Proper t i es , and A c t i v i t y for n - C 6 I somer izat ion 
of Catalysts B a s e d o n Zeol i te O m e g a 

Cata
lyst 

Β 

C 

Surface 
Area, 

meters2/ 
gram 

Pore 
Volume, 

ml/ 
gram 

Na, 
wt 
% 

Conversion 
toi-Cs(%of 
equilibrium 
at 280°C)a 

327 0.28 1.7 13 

254 0.23 0.05 68 

224 0.23 0.02 38 

Treatment H/Pt 

Boiled with IM NH3NO3 0.37 
Calcined at 500° C 
0.2 w t % P t b 

Boiled with IM NK1NO3 0.42 
Calcined at 600° C 
Boiled with IM NH4NO3 
Dried at 120° C 
0.2 wt % P t 6 

Calcined at 600°C 0.52 
Boiled with IM NH4NO3 
Calcined at 500°C 
Boiled with IM N H 4 N 0 3 

Dried at 120°C 
0.2 w t % P t 6 

"Isomerization conditions: temperature, 280°C; W H S V , 2 kg kg" 1 hour" 1; 
H2/0U molar ratio, 2.5/1; pressure, 30 kg/cm2; feed, 0.4 wt % 3-methylpentane, 96.0 
wt % w-hexane, 3.6 wt % methylcyclopentane and cyclohexane. 

6 As Pt(NH 3)4Cl 2 by ion exchange. 

A n Ω catalyst was prepared containing 3.1 w t % P d , a n d used t o 
hydrocrack a refractory gas o i l (25.0° A P I g r a v i t y ; molar weight 216; 
53 v o l % F I A aromatics) that h a d been hydrotreated to 4.2 p p m N , a n d 
fortif ied w i t h d i m e t h y l disulfide to a t o t a l sulfur content of 1130 p p m . 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ch

05
3

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



594 M O L E C U L A R S I E V E S 

T h e y i e l d structure for th is catalyst at 67% conversion to mater ia l bo i l ing 
below 199°C is i n T a b l e V I I . T h e cata lyt i c s tab i l i ty was poor inasmuch 
as the reactor temperature h a d to be increased approx imate ly 60° C d u r i n g 
50 days to m a i n t a i n constant conversion. T h i s m a y be compared w i t h 
another Ω catalyst containing 1 % w P d w h i c h required a s imi lar tempera
ture increase over 20 days. 

T a b l e V I I . H y d r o c r a c k i n g of H e a v y G a s O i l . Y i e l d Structure for the 
3 . 1 % P d O m e g a Catalyst* 

R u n Conditions 
Catalyst age, days 16 48 
Catalyst temperature, °C 306 376 
Pressure, k g / c m 2 100 100 
L H S V , vol v o l " 1 h r " 1 

Hydrogen/oil (out) 
1 1 L H S V , vol v o l " 1 h r " 1 

Hydrogen/oil (out) 10 10 
Hydrogen Consumption, n l l i t e r - 1 257 256 
Composition of Product Boiling < 199° C, wt % 

C 1 - C 3 3.3 7.0 
c 4 9.5 14.4 
Ce—Ce 23.4 26.8 
Cr-199°C 63.8 51.8 

Iso /Normal Paraffin Ratio 
C 4 2.5 1.6 
c 5 12.9 6.1 
c 6 (44) 13.3 

C7-199°C Naphtha Composition, vol % 
Paraffins 14 17 
Naphthenes 61 52 
Aromatics 25 31 
a 67% conversion, <199°C. 

Conclusions 

Zeolite omega is readi ly synthesized f r o m various commerc ia l ly 
avai lable s tar t ing materials . I n part i cu lar , the synthesis f r o m a co-gel of 
a l u m i n a o n silica—e.g., commerc ia l ly avai lable l o w - a l u m i n a fluid c rack ing 
ca ta lys t—is convenient a n d reproducible. A l t h o u g h Ω has a pore size 
large enough to a l low passage of molecules of interest, e.g., n o r m a l paraffins 
u p to at least C22, aromatics such as benzene, a n d isoparaffins such as 2,3-
dimethylbutane , the intracrysta l l ine vo lume per u n i t weight is qui te l ow 
as a consequence of the c rys ta l s t ruc ture : m u c h of the s tructure is not 
avai lable to potent ia l reactant molecules. I n add i t i on , the presence of 
encapsulated T M A ions i n this inaccessible par t of the structure necessi
tates rigorous ca lc inat ion procedures accompanied b y substant ia l exo
thermic effects t h a t destroy p a r t of the zeolite, thus reducing the effective 
intracrys ta l l ine vo lume per g r a m even further . 
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53. COLE AND KOUWENHOVEN Zeolite Omega 595 

For the development of maximum acidity in zeolites for cracking and 
isomerization reactions, virtually complete removal of alkali metal ions is 
required. This is possible with zeolite Ω although rather vigorous pro
cedures are needed. For paraffin isomerization catalysts containing less 
than about 0.05 wt % Na, moderate activity is found, although other 
factors can strongly influence catalyst activity at this Na level. The 
zeolite which was given a preliminary ion exchange before combustion of 
the T M A ions gave the most active catalyst. 

From the general inaccessibility of both the sodium and T M A ions, 
we postulate that most of the acidic sites generated by thermal treatment 
of the derived N H 4 + / T M A + zeolite will also be inaccessible to reactant 
molecules. Likewise, catalytically active metals such as Pt and Pd intro
duced by ion exchange are expected to be located in or near these same 
inaccessible sites. This may explain the poor approach to equilibrium 
observed with the isomerization catalysts, and the poor hydrogénation 
activity of the hydrocracking catalyst indicated by excessive coking and 
catalyst decline, even in the presence of a massive 3.1 wt % palladium. 
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Catalytic and Physicochemical 
Characterization of Extracted H-Mordenite 

DILEEP K. THAKUR and SOL W. WELLER 
Department of Chemical Engineering, State University of New York at Buffalo, 
Buffalo, Ν. Y. 14214 

Samples of H-mordenite were extracted with HCl to remove Al 
and residual Na or were exchanged with NH4NO3 to remove 
only Na. The pore volume was essentially unchanged by ex
traction, but the acidity measured by NH3 chemisorption de
creased roughly linearly with Al content. The effective dif
fusivity of all extracted samples was appreciably higher than that 
of the starting H-mordenite. Apparent first-order rate constants 
for hexane cracking in a pulsed microreactor decreased with in
creasing number of pulses. Of the models evaluated for de
activation, the most satisfactory was an exponential function in 
terms of the accumulated hexane actually converted. The 
"initial activity" decreased at least linearly with decreasing Al 
content, and it increased significantly as Νa content was lowered 
at constant Al content. 

^J^he or ig inal report b y B a r r e r and M a k k i (1) tha t a l u m i n u m i n a h igh 
A s i l ica zeolite, c l inopt i lo l i te , could be extracted w i t h minera l ac id to give 

a ' ' s i l i ca pseudomorph" has g iven rise to considerable research on ac id -
extracted mordenite (2-6). H y d r o g e n mordenite is useful as an adsorbent 
a n d a catalyst , a n d i ts properties for some purposes are i m p r o v e d b y p a r t i a l 
extract ion of the a l u m i n u m . F u r t h e r , the a b i l i t y to v a r y a l u m i n u m con
tent whi le m a i n t a i n i n g c r y s t a l l i n i t y offers the oppor tun i ty to learn more 
about the nature of the act ive sites i n mordenite . 

A n earlier report f rom this laboratory (7) noted t h a t i n a series of 
m i l d l y extracted mordenites, the hexane crack ing a c t i v i t y i n a continuous-
flow test went through a m a r k e d m a x i m u m w i t h increasing severity of ex
t rac t i on , whi le the z-butane to η-butane rat io cont inuously increased. 
T h e a c t i v i t y and product d i s t r ibut i on were measured after 10 m i n on 
stream. Since catalyst deact ivat ion was r a p i d , i t was not possible to 

596 
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54. T H A K U R A N D W E L L E R Extracted H-Mordenite 597 

extrapolate these d a t a accurately to zero t ime o n stream, i.e., to extracted 
but uncoked samples. 

M o r e recently (8), another series of H-mordenites , ac id-extracted to a 
greater degree, was examined. F o r these samples after d r y i n g at 110°C, 
the major results were: (a) there was no evidence of " h y d r o x y l nests" 
stable above 100°C, a n d (b) N H 3 chemisorpt ion at 250°C a n d 11 t o r r 
roughly corresponded to a stoichiometric rat io (1 :1 , ± 2 5 % ) w i t h the t o t a l 
amount of a l u m i n u m remain ing i n the latt ice . 

T h e present paper is a n extension of previous w o r k (8) i n the fo l lowing 
ways . (1) Samples were examined i n w h i c h res idual sod ium, b u t not 
a l u m i n u m , was removed b y exchange w i t h a m m o n i u m n i t ra te fol lowed b y 
calc inat ion. (2) T h e c rack ing of n-hexane was studied i n a pulsed m i c r o 
reactor. (3) T h e re lat ive effective d i f fus iv i ty was est imated b y a gas chro 
matographic technique i n v o l v i n g broadening of a N 2 pulse i n a H e carr ier . 

Experimental 

E x t r a c t i o n w i t h H C L A l u m i n u m was extracted f r o m the o r ig ina l H -
mordenite ( N o r t o n C o . " H - Z e o l o n , " L o t N o . T A - 4 ) w i t h aqueous H C 1 at 
100° C . D e t a i l s of the procedure are g iven i n Re f . 8. 

Exchange w i t h N H 4 N 0 3 . 24 G r a m s of ground (45-60 mesh) cata lyst 
were exchanged i n a flask w i t h 800 m l of 0.2M N H 4 N 0 3 at 100°C for 6 hr . 
T w o samples were exchanged, one (sample 4) i n a single exchange exper i 
ment , a n d the other (sample 5) i n a fourfo ld exchange i n w h i c h the sample 
was f i ltered and washed w i t h d i s t i l l ed water between successive exchange 
treatments w i t h N H 4 N 0 3 so lut ion . B o t h samples were g iven a final water 
wash , d r i e d overnight at 110°C, ca lc ined i n a i r for 8 h r at 525°C, a n d cooled 
i n a desiccator. 

X - R a y Di f f ract ion . A l l d i f f ract ion patterns were t a k e n o n powdered 
samples w i t h a G e n e r a l E l e c t r i c X R D - 6 diffractometer. A copper target 
a n d n i c k e l filter were used. 

A c i d i t y b y A m m o n i a Chemisorpt i on . R e l a t i v e ca ta lys t a c i d i t y was 
measured b y the q u a n t i t y of a m m o n i a chemisorbed at the a r b i t r a r y con
di t ions of 250°C, 11.2 t o r r . A n I sorpta analyzer ( E n g e l h a r d model 3A-2) 
was used ; the procedure was t h a t described i n Re f . 8. 

T o t a l P o r e V o l u m e . T h e t o t a l pore v o l u m e was a r b i t r a r i l y t a k e n as 
the v o l u m e of N 2 sorbed at —195° at a re lat ive pressure of 0.25 (8). 

Effect ive Di f fus iv i ty . R e l a t i v e values of the effective d i f fus iv i ty were 
determined b y a gas chromatographic technique i n w h i c h the broadening 
of a N 2 pulse i n H e carr ier is measured as a funct ion of carr ier gas ve l o c i ty 
(9-13). A l t h o u g h there is debate on the proper method of a n a l y z i n g such 
d a t a on peak broadening, the " p l a t e t h e o r y " of V a n Deemter et al. (14) was 
considered adequate for our purposes. I n our measurements each c a t a 
l y s t sample was packed into a stainless steel tube h a v i n g a 0.25-inch od 
(0.18-inch id) a n d 50 c m l ong ; the sample was he ld i n place b y borosi l icate 
glass woo l plugs at b o t h ends. Samples were predr ied at 500°C in situ 
i n flowing 0 2 for 10 h r a n d flowing H e for an add i t i ona l 15 h r . T h e y were 
cooled to 25° C i n flowing H e , a n d then tested at 25° C . F u r t h e r detai ls 
are g iven i n Re f . 15. 
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P a r t i c l e D e n s i t y . P a r t i c l e densi ty was measured b y a H g displacement 
method at atmospheric pressure. T h e s imple equipment has been de
scr ibed (13). 

B u l k D e n s i t y . T h i s was measured b y p a c k i n g the cata lys t i n a straight , 
stainless steel tube 25 c m long b y 0.25-inch od i n a d r y b o x ; the c o l u m n 
was v i b r a t e d d u r i n g loading . 

V o i d F r a c t i o n i n the packed bed was calculated as 1 — (bulk d e n s i t y ) / 
(partic le dens i ty ) . 

P a r t i c l e Poros i ty wTas ca lculated as (pore volume) X (par t i c l edens i ty ) . 
Cata lyt i c A c t i v i t y a n d Select iv i ty . T h e c rack ing of n-hexane was s t u d 

ied b y a pulsed microca ta ly t i c - chromatograph i c technique (16). D u p l i c a t e 
runs were made on each sample. A 5-gram mix ture (2.5 ml) of glass 
microbeads a n d cata lyst was used i n each r u n . T h e q u a n t i t y of cata lyst 
was v a r i e d for different catalysts to ob ta in convenient ly measurable levels 
of conversion at the fixed test temperature of 350° C . O f the t o t a l 5-gram 
charge, the q u a n t i t y of cata lyst v a r i e d f r o m 0.043 g r a m for the most act ive 
sample to 0.28 g r a m for the least act ive . Compensat i on for the var iab le 
amount of cata lyst was made b y c omput ing a n apparent first-order rate 
constant, fc, defined as 

fc(gram-i) = (1/W) In [1/(1 - X)] 

where W = cata lyst weight (grams) a n d X = f ract ional conversion. A 
constant H e carrier flow rate of 31 m l / m i n was ma inta ined for a l l runs . 
Successive 5-μ l i ter samples of n-hexane were injected w i t h a microsyr inge ; 
a k va lue was computed for each in jected pulse. Reac to r effluent was 
ana lyzed w i t h a 6-foot chromatographic co lumn, 0.25-inch od packed w i t h 
U c o n o i l o n 60-80 mesh G C - 2 2 Super Support . T h e co lumn was operated 
i so thermal ly at 35°C, the t h e r m a l c o n d u c t i v i t y detector at 75°C . P r i o r 
to test, each catalyst sample was heated in situ i n flowing 0 2 at 500° C 
(as i n the N H 3 chemisorpt ion experiments) , a n d cooled to 350°C i n flowing 
H e . A t o t a l of 10 injections of n-hexane was t h e n made for each r u n . I n 
the analyses, branched a n d n o r m a l C 6 products are l u m p e d as " u n c o n 
v e r t e d . " T h e " convers ions" reported below represent t o t a l cracked p r o d 
ucts ( inc luding coke) other t h a n hexanes. O n l y saturated hydrocarbons 
were observed i n the reactor effluent. 

C h e m i c a l A n a l y s e s . Ana lyses of the or ig ina l , acid-extracted, and N H r 
N 0 3 - e x c h a n g e d samples were k i n d l y determined b y the N o r t o n C o . 

Results and Discussion 

C h e m i c a l A n a l y s i s . T a b l e I shows the chemical composit ion of the 
samples selected for detai led s tudy . T h e gray-white color of the or ig ina l 
H-morden i te was unchanged b y ac id extrac t ion ; interest ingly , the N H 4 -
N 0 3 - e x c h a n g e d samples were cream colored. 

I n the ac id extract ion, greater removal of a l u m i n u m could have been 
achieved i f smaller catalyst particles a n d repetit ive extractions w i t h H C 1 
h a d been employed. T h e progressively smaller loss on ign i t i on i n samples 
1, 2, a n d 3 constitutes negative evidence for the " h y d r o x y l nes t " h y p o t h 
esis (8). 
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54. T H A K U R A N D W E L L E R Extracted H-Mordenite 599 

Table I. Chemical Composition of Various Catalyst Samples 
Sample No. 

1 3 
Origin 

Original 
H - HC1, QN, HC1, SN, N H 4 N 0 3 , NH4NO3, 

Mordenite 8 hr 24 hr single fourfold 

Analysis, 
w t % 

S i 0 2 

AI2O3 

F e 2 0 3 

T i 0 2 

N a 2 0 
L.O.I.* 

78.55 85.39 88.43 86.02 81.86 
9.08 3.64 2.31 9.59 9.06 
0.27. 0.09 0.09 0.23 0.13 
0.40 0.36 0.35 0.46 0.42 
0.77 0.11 0.16 0.21 0.18 

10.65 9.66 8.56 3.21 7.65 
Residual N H 4 + 
wt ratio 
mole ratio 

0.16 0.32 
S i 0 2 : A l 2 0 3 , 8.65 23.5 38.3 8.97 9.03 

14.7 39.9 65.1 15.3 15.4 
a Single exchange with 0.2ΛΓ NH4NO3, calcined. 
b Fourfold exchange with 0.2M NH4NO3, calcined. 
e Loss on ignition. 

T h e N H 4 N 0 3 exchange h a d the desired effect of lower ing the sod ium 
content whi le leav ing the a l u m i n u m content essentially unchanged. T h e 
sod ium content was on ly s l ight ly lower for the sample exchanged four t imes 
(No . 5) t h a n for tha t exchanged on ly once ( N o . 4). I n add i t i on , sample 5 
showed a higher residual N H 4

+ content after final ca lc inat ion at 525°C. 
I t m a y be expected t h a t b o t h H C 1 extract ion a n d N H 4 N 0 3 exchange 

might increase the effective d i f fus iv i ty b y remov ing res idual exchangeable 
cations, no tab ly sod ium, that p a r t i a l l y b lock the crystal l ine channels. 
Since sod ium t y p i c a l l y poisons c rack ing sites, i ts r emova l should also have 
a beneficial chemica l effect. 

A n opposing effect is possible under the severe conditions of a single 
extract ion w i t h H C 1 : some of the a l u m i n u m removed f rom the c rys ta l 
structure m a y not be transported out of the catalyst part ic le . T h e resul t 
i n g "amorphous a l u m i n a " (after subsequent calcining) remain ing i n the 
part ic le w o u l d cause some reduct ion i n effective d i f fus iv i ty . S u c h amor 
phous a l u m i n a has been suggested b y others (17,18). 

X - R a y Di f f ract ion Pat te rns . T a b l e I I gives in terp lanar spacings for the 
first 12 prominent l ines observed i n the di f fraction patterns for samples 
1-5 as we l l as those reported b y D o m i n e and Quobex (19) for synthet ic 
mordenite. A few points should be noted. 

(1) I n agreement w i t h earlier invest igations (20), neither ac id extrac
t i o n nor exchange caused any m a r k e d shift i n l ine positions or apparent 
c rys ta l l in i ty . 

(2) T h e most signif icant change was subt le : i n synthet ic mordenite 
(19) a n d samples 1, 4, a n d 5, the sharpest peak occurred at 3.47-3.49 A 
[indexed as (022)], a n d i n the ac id-extracted samples 2 a n d 3, the sharpest 
peak was 3.37-3.38 A [indexed as (600) ]. 
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Table II. Interplanar Spacings of Various Samples 

Synthetic 
Sample No. 

Synthetic 
mordenite" 1 2 8 4 δ 

13.53 (m) 13.60 (w) 13.60 (w) 13.77 (w) 13.80 (w) 13.80 (w) 
10.24 10.16 (w) 10.16 (w) 10.16 (w) 10.28 (w) 10.28 (w) 
9.06 (s) 9.17 (s) 9.17 (s) 9.12 (s) 9.21 (s) 9.17 (s) 
6.57 (s) 6.61 (m) 6.58 (m) 6.56 (m) 6.61 (m) 6.61 (m) 
5.80 (w) 5.83 (w) 5.83 (w) 5.80 (w) 5.85 (w) 5.83 (w) 
4.52 (w) 4.54 (m) 4.54 (m) 4.51 (m) 4.54 (m) 4.54 (m) 
4.15 4.27 (w) 4.29 (w) 4.27 (w) 4.27 (w) 4.27 (w) 
4.00 (s) 4.00 (s) 3.99 (s) 3.99 (s) 4.00 (s) 4.00 (s) 
3.84 3.85 (w) 3.82 (w) 3.82 (w) 3.85 (w) 3.85 (w) 
3.47 (vs) 3.49 (vs) 3.48 (s) 3.47 (s) 3.48 (vs) 3.49 (vs) 
3.39 3.38 (s) 3.38 (vs) 3.37 (vs) 3.38 (s) 3.38 (s) 
3.22 3.23 (s) 3.23 (s) 3.22 (s) 3.23 (s) 3.23 (s) 

a Domine and Quobex (19). 

(3) T h e di f fract ion patterns of samples 1 a n d 3 were the same after 
d r y i n g at 500° C (air, 7 hr) as after d r y i n g at 110°C. T h i s m a y be t a k e n 
as ad d i t i ona l evidence against the existence of appreciable amounts of 
" h y d r o x y l nests" i n sample 3 after 110°C d r y i n g , since one w o u l d expect 
such h y d r o x y l nests to be unstable at 500° C . 

A c i d i t y . T h e mole rat io of chemisorbed N H 3 to t o t a l a l u m i n u m , 
w h i c h was 1 =t 0.25 for the or ig ina l and acid-extracted samples (8), was 
s l ight ly lower for samples 4 and 5 (Table III). T h i s is presumably be
cause of the res idual N H 4 + i n these samples. W i t h sample 5, for example, 
i f the res idual N H 4 + is added to the chemisorbed N H 3 , the mole rat io of the 
t o t a l ( N H 4

+ + N H 3 ) re lat ive to the t o t a l a l u m i n u m content becomes 0.74. 

Table III. Physicochemical Characterization 
Sample No. 

1 2 8 4 5 

N H 3 chemisorbed, 
103 moles/grama 1.69 0.955 0.373 1.39 1.23 

NH 3 /A1, moles/gram-
atom 0.85 1.21 0.75 0.72 0.64 

Pore vol, ml/gram6 0.163 0.172 0.166 0.147 0.169 
Bulk density, grams/ml 0.943 0.866 0.814 0.854 0.860 
Particle density, grams/ 

ml 1.492 1.341 1.285 1.466 1.395 
Void fraction in packed 

bed, v/v 0.368 0.354 0.367 0.417 0.383 
Particle porosity, v/v 0.244 0.231 0.214 0.208 0.236 
Effective diffusivity, 

103 cm2/sec 2.4 8.4 6.1 6.7 10.4 
a Measured at 250°C, 11.2 torr. 
6 Determined from N 2 uptake at - 195°C, p/p° = 0.25. 
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T o t a l P o r e V o l u m e . A s the d a t a i n T a b l e I I I show, the pore vo lume 
was essential ly unchanged b y either ac id extract ion or N H 4 N 0 3 exchange. 
T h e single exception was sample 4, for w h i c h the pore vo lume was u n 
expectedly and inexp l i cab ly lower. 

Effect ive Di f fus iv i ty . T h e effective d i f fus iv i ty for N 2 / H e at 25°C was 
calculated f r om the slope of the stra ight - l ine por t i on obta ined i n the h i g h 
ve loc i ty region of a " v a n Deemter p l o t " [height of an equivalent p late vs. 
in te r s t i t i a l ve loc i ty (14, 15)]. A b i n a r y diffusion coefficient for N 2 - H e 
of 0.717 cm 2 / s e c was computed f r o m Ref . 21, and the p a r t i t i o n coefficient 
was t a k e n as the reciprocal of the part ic le poros i ty (Table I I I ) on the as
s u m p t i o n that the adsorpt ion of N 2 at 25° C can be neglected. T h e c a l 
culated dif fusivit ies are l i s ted i n T a b l e I I I . 

A l t h o u g h there is considerable scatter i n the d i f fus iv i ty values for the 
treated samples, the major effect is a large increase i n d i f fus iv i ty , re lat ive 
to the or ig ina l H-mordeni te , on either ac id extract ion or NH4NO3 exchange. 
O n this basis we w o u l d conclude that the sod ium rather t h a n the a l u m i n u m 
content appears to be the factor of greatest importance . 

Cata lyt i c A c t i v i t y , Se lec t iv i ty , a n d Deact ivat ion . T h e product d i s 
t r i b u t i o n ( in the C 1 - C 5 range) remained re la t ive ly unchanged w i t h increas
i n g number of pulses for any g iven sample. F o r the or ig ina l H-morden i te 
a n d the N H 4 N 0 3 - e x c h a n g e d samples, propane was the major product 
(45-55 mole % of C 1 - C 5 ) . Propane and isobutane were comparable i n 
amount (35-40 mole % each) for the two acid-extracted samples. T h e 
z - C 4 : n - C 4 rat io was about 2 :1 for samples 1, 4, a n d 5, a n d about 3 :1 for 
samples 2 and 3, independent of pulse number . 

A s indicated above, overa l l a c t i v i t y for hexane c rack ing was expressed, 
for each pulse, i n terms of an apparent first-order rate constant, k. T h e 
a c t i v i t y decl ined substant ia l ly w i t h increasing pulse number (i.e., w i t h i n 
creasing t o t a l amount of n-hexane fed) for a l l samples. 

A l l a t tempts to find a "deac t iva t i on rate l a w " re lat ing k t o t o t a l hexane 
fed fai led. T h e most satisfactory rect i fy ing plot was found to be log k vs. 
the cumulat ive amount of hexane ac tua l ly cracked (designated Y) i n a n y 
g iven r u n . T h e plots of log k vs. Y are shown i n F i g u r e 1. (The scale 
for Y is shown at the top of F igure 1 for samples 1, 4, a n d 5, a n d at the 
b o t t o m for samples 2 a n d 3.) T h e deact ivat ion behavior is w e l l fitted for 
samples 1, 3, a n d 4, somewhat less we l l for sample 5, a n d poor ly for sample 
2. T h e lines were obtained b y least-mean-squares fitting of the data . 

T h i s correlation corresponds to a n exponential decay model , k = 
kae~aY. T h i s expression differs f rom the conventional exponential model 
often used i n continuous-flow systems (22, 23), k = k0e~at, i n that the 
analog to t ime i n a pulsed reactor is pulse number or i ts equivalent , c u m u l a 
t ive feed introduced . I n our case the correlat ing q u a n t i t y is cumulat ive 
feed converted, Y. I f one assumes that deact ivat ion is caused b y coke, 
the amount of w h i c h is proport ional to hexane ac tua l ly converted, th is 
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* • • • ' I I ι ι 1 1 L 
20 40 60 80 100 120 

Y, ftl/g 

Figure 1. Exponential model for deactivation: apparent first-order rate constant 
vs. cumulative hexane converted. 

deact ivat ion mode l becomes s imi lar to t h a t used b y L a m b r e c h t et al. (24) 
for the fou l ing of a re forming catalyst . 

T a b l e I V lists the values of the two parameters, k0 and a, i n the ex
ponent ia l decay model for each sample. T o o m u c h credence should not 
be placed i n the exact magnitudes of these values since i t is k n o w n for a n 
exponential model t h a t the covariance of the two parameters is v e r y h i g h 
(26). I t is clear, nevertheless, tha t the " i n i t i a l a c t i v i t y / ' presumably 
measured b y k0, decreases m a r k e d l y as a l u m i n u m is progressively extracted 
b y ac id extract ion (samples 2 a n d 3) bu t increases as sod ium is removed 
b y NH4NO3 exchange (samples 4 a n d 5). 

T a b l e I V . P a r a m e t e r s i n Deac t ivat i on Equation» 
Sample No. 

1 2 3 4 6 

k0, grams"1 40.2 7.8 2.5 62.5 84.5 
a, 103 grams/uliter 5.3 10.0 7.9 5.7 8.1 

a k = koe~aY 
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Summary 

The major results of this study are consistent with a simple picture of 
mordenite catalysts. An increase in effective pore diameter, whether by 
extraction or exchange, will increase the rate of transport of reactant and 
product molecules to and from the active sites. However, aluminum ions 
are necessary for catalytic activity; as aluminum is progressively removed 
by acid extraction, the number of active sites and the initial activity de
crease. Coke deposition is harmful in two ways: coke formation as 
the reaction proceeds will cause a decrease in effective pore diameter and 
effective diffusivity, and coke deposited on active sites will result in a chemi
cal deactivation as well. 

In the sequence of catalyst samples 1, 4, and 5, there is both an in
crease in effective diffusivity and a decrease in sodium content. Both 
factors operate in the same direction, and it is not possible to say whether 
the increase in "initial activity" (i.e., fc0) is caused more by an improved 
physical situation or by decreased chemical poisoning. In the sequence 
of samples 1, 2, and 3, the decreased number of active sites plays the pre
dominant role; the "initial activity" drops sharply in spite of the higher 
diffusivity. 
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The Interactive Effects of Alumina 
Tetrahedra in Hydrogen 
Exchanged Mordenite 

H. S. BIERENBAUM,1 R. D. PARTRIDGE,2 and A. H. WEISS 

Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, 
Mass. 01609 

The reactions of o-ethyltoluene were studied using both H
-mordenite (11.2 wt % alumina) and H-mordenite acid-leached 
to 0.1 wt % alumina content. o-Ethyltoluene showed a much 
higher selectivity for isomerization than it did for cracking 
using the aluminum-deficient H-mordenite. With the parent 
H-mordenite, the selectivity was reversed. High charge densi
ties resulting from adjacent alumina tetrahedra provided reacting 
molecules with a low energy path for cracking in H-mordenite. 
At the 0.1 wt % alumina content level, alumina tetrahedra are 
isolated and interact only slightly. H-mordenite deactivated by 
cumene cracking reaction contains mainly non-desorbable alkyl 
polynuclear aromatic species and only little desorbable non
-aromatic polymers. Such polymers probably form as a result 
of the high charge density in H-mordenite; they block the pore 
at the mouth, and this, in part, accounts for the rapid deactiva
tion of the H-mordenite. 

H-morden i te , w h i c h contained 11.2 w t % a l u m i n a , was dea luminated b y 
heat ing for 4 hours at 700° C a n d t h e n leaching under 6N H C 1 reflux to 

0.1 w t % a l u m i n a content (1) (a luminum-def ic ient H - m o r d e n i t e ) . T h e 
in tr ins i c c rack ing act iv i t ies of the parent H - m o r d e n i t e a n d acid- leached 
H-mordeni tes are propor t i ona l t o a l u m i n u m content (2) (i.e., the asso
c iated B r o n s t e d ac id centers). T h e deact ivat ion rate of the a l u m i n u m -
deficient H - m o r d e n i t e is m u c h lower t h a n t h a t of the parent H - m o r d e n i t e . 

1 Present address: Celanese Plastics Co., Summit, N . J . 07901. 
2 Present address: Mobil Research and Development Corp., Paulsboro, N . J . 

08066. 
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606 M O L E C U L A R SIEVES 

W e used desorpt ion of deact ivated catalysts in vacuo a t reac t ion t e m 
peratures in to the i o n source of a mass spectrometer as a m e t h o d of e x a m 
i n i n g desorbable in t racrys ta l l ine f ou l ing products . T h e method of d i s 
so lut ion of deact ivated cata lyst , fo l lowed b y adsorbate analysis , t h a t was 
reported b y V e n u t o et al. (3, 4) was also used. T h e la t te r m e t h o d gives 
compos i t ion a n d q u a n t i t y of t o t a l adsorbate. T h e v a c u u m desorpt ion 
technique provides in f o rmat i on on the mobi l i ty—i .e . , desorption dynamics , 
of desorbable (rather t h a n total ) adsorbed fou l ing products . 

Experimental 

C a t a l y s t s were p r o v i d e d b y H s i e n d a o C h a n g a n d L e o n a r d B . S a n d of 
Worcester P o l y t e c h n i c Ins t i tu te . K r a n i c h et ai. (6) gave chemica l a n d 
morpholog ica l analyses of these mater ia ls . 

T h e microreact ion sys tem a n d operat ion were described prev ious ly 
(2). React ions of 5 μΐ pulses of o-ethyltoluene (280 m l ( N T P ) / m i n H e 
pass ing over 0.057 g r a m catalyst ) were measured i n the cata lyst i n i t i a l 
a c t i v i t y region pr i o r to extensive deact ivat ion . C a t a l y s t s were pre 
t reated for 15.5 hours at 538°C i n 40 m l ( N T P ) / m i n H e . 

Specimens of catalysts (0.125 gram) were deact ivated at 360°C for 
desorpt ion experiments b y us ing cont inuous (rather t h a n pulsed) operat ion. 
P u r i f i e d l i q u i d benzene or cumene was p u m p e d to the in jec t i on por t of the 
microreactor sys tem w i t h a syr inge p u m p at the rate of 0.00241 m o l e s / h o u r . 
P r o p y l e n e was fed f r o m a gas lecture bot t le t h r o u g h a rotameter at a rate 
of 0.00245 moles /hour . P a r e n t H - m o r d e n i t e cata lyst samples were de-
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Figure 1. Ion abundance of aliphatic (Cn.H2n+i) + species 
desorbing from parent H-mordenite near 360° C 
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B i E R E N B A U M E T A L . Alumina Tetrohedra in Mordenite 
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Figure 2. Ion abundance of olefinic (CnH2n-i)+ species 
desorbing from parent H-mordenite near 360°C 

Figure 3. Ion abundance of aromatic (CnH2η-τ)+ species de
sorbing from parent H-mordenite pores near 360°C 
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608 M O L E C U L A R S I E V E S 

ac t i va ted w i t h cumene, benzene, or propylene (Figures 1-3) for 5.5 hours 
each, t o the 0.108 mole of o r g a n i c / g r a m of cata lys t l eve l . T o compare the 
desorpt ion products f r o m parent H - m o r d e n i t e a n d aluminum-def i c ient 
H - m o r d e n i t e (Figures 4 -6) , 0.125-gram samples of each cata lyst were 
treated w i t h 0.046 moles of c u m e n e / g r a m of cata lyst . P r i o r t o treatment' , 
pulse mode cumene conversions t o benzene were 80 a n d 7 3 % over parent 
H - m o r d e n i t e a n d aluminum-def ic ient H-morden i t e , respect ively . A f t e r 
t reatment , cumene conversions b y th is test fe l l t o 6 2 % for the parent H -
mordenite , a n d d i d not change for a luminum-def i c ient H - m o r d e n i t e . 

D e a c t i v a t e d catalysts (5.4-5.5 mg) were loaded at ambient condit ions 
i n t o a 0.1 c m i d X 2.0 c m quartz tube h a v i n g one sealed end. C a t a l y s t 
was he ld i n place w i t h a p l u g of A m e r s i l quartz woo l . B o t h quartz w o o l 
a n d tubes were baked out at 500° C for one hour pr i o r to use. T h e loaded 
tube was p laced in to the e lectr ica l ly heated t i p of the sol ids probe of a 
D u P o n t model 21-491 mass spectrometer operated at 1 X 10~ 7 t o r r . T h e 
solids probe was located i n the mass spectrometer so that i t s t i p , through 
w h i c h desorbing hydrocarbon molecules passed, was immed ia te ly adjacent 
to the i o n source. T h e probe temperature was ra ised f r o m 38° t o 385°C i n 
22 minutes . Spec tra l scanning was conducted a u t o m a t i c a l l y every 30 
seconds f r o m approx imate ly m/e 16 to m/e 650 at 10 sec/decade. 

T o t a l adsorbate analys is was performed on a sample of parent H -
mordenite deact ivated w i t h cumene b y interfaced gas c h r o m a t o g r a p h y -
mass spectrometry . T h e deact ivated cata lyst was d isso lved i n 4 8 % h y d r o 
fluoric ac id at 0 ° C , a n d the organics released were extracted i n t o chloro 
f o rm. P r i o r to analysis , a s m a l l vo lume of this so lut i on was t a k e n u p in to a 
cap i l l a ry tube, a n d the ch loro form was a l lowed to evaporate, l eav ing a t h i n 
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Figure 4- Ion abundance of aliphatic (CnH2n+i)+ species 
desorbedfrom the pores of H-mordenites near 860° C 
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55. B i E R E N B A U M E T A L . Alumina Tetrahedra in Mordenite 609 

Figure 5. Ion abundance of olefinic (CJIzn-1)+ species 
desorbed from the pores of H-mordenites near 360°C 

Figure 6. Ion abundance of aromatic (CnH2n-7) + 

species desorbed from the pores of H-mordenites near 
860°C 
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610 M O L E C U L A R S I E V E S 

film of the extract on the wal ls of the capi l lary . A sample was analyzed , 
us ing the solids probe of the mass spectrometer, as described above. 
Ana lyses of another a l iquot were also performed us ing a P e r k i n - E l m e r - 9 0 0 
gas chromatograph coupled to the mass spectrometer. A 152 c m X 0.31 
c m od stainless steel c o l u m n conta in ing 0 . 0 5 % (wt) P P E - 2 0 on G L C - 1 1 0 
glass beads, p rogrammed at 10°C /min f r o m 75° to 350°C, w i t h a 20"min 
h o l d at 350°C, was used for G C analyses. H e l i u m flow rate was 30.0 
m l / m i n . M a s s spectra were obta ined b y m a n u a l l y scanning each G C 
peak at 2 sec /decade. 

Results 

Select iv i ty as a F u n c t i o n of A l u m i n a Content . A t a react ion t empera 
tures of 204° a n d 343°C, Cs i c se ry (7, 8) f ound t h a t the major react ion of 
o-ethyltoluene over H - m o r d e n i t e was i somer izat ion to the m - a n d p -
isomers. R e s u l t s of our s tudy , l i s ted i n T a b l e I a n d p lo t ted i n F i g u r e 7, 
show t h a t th is is also so at 360°C. Isomers are the major react ion products 
over b o t h the parent H - m o r d e n i t e at 360°C a n d a luminum-def ic ient H -
mordenite at 360°-505°C. A t the higher temperatures , H -morden i t e 
c rack ing se lect iv i ty becomes predominant . 

Table I. Composition of Aromatics After Reaction of o-Ethyltoluene over 
H-Mordenites at 360°C a 

MoU% 

Benzene 
Toluene 
Ethylbenzene 
p-Xylene 1 
m-Xylene> 
o-Xylene ) 
m-Ethyltoluenej 
p-Ethyltoluene ) 
o-Ethyltoluene 
Trialkylbenzenes 

Parent H-Mordenite 
(11.2 wt % AWz) 

0.5 
14.3 
1.9 

2.0 

41.2 

40.0 
0.1 

A luminum-Deficient 
H-Mordenite 

(0Λ wt%AWz) 

0 
0.5 
0 

0 

47.0 

52.0 
0.5 

α 5 μΐ Pulses o-ethyltoluene; 280 ml H 2(NTP)/min; 0.057 gram catalyst activated 
at 538°C with 40 ml He/niin for 15.5 hours. 

T o examine se lec t iv i ty re lat ionships , the f o l l owing classif ication of o-
ethylto luene products is proposed for s impl i f i ca t i on : ethylbenzene, t o l u 
ene, a n d benzene are d e a l k y l a t i o n products ; p- a n d m-ethylto luene are i s o m 
er izat ion products . F o r m a t i o n of m- a n d p-xylenes must have i n v o l v e d 
skeletal rearrangements to have been produced f r o m o-ethyltoluene. A c 
cord ingly , these compounds are counted as i somerizat ion products . I n 
a l l cases s tudied , toluene was the major d e a l k y l a t i o n product , a n d m- a n d 
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Figure 7. Selectivity at initial activity of reaction 
products of o-ethyltoluene using H-mordenites 

p-ethylto luene were the major i somerizat ion products b y at least one order 
of magni tude (see T a b l e I for product d i s t r i b u t i o n data ) . 

F i g u r e 7 shows t h a t dea lky la t i on us ing the parent H - m o r d e n i t e before 
deact ivat ion occurred to a m u c h greater degree t h a n when us ing a l u m i n u m -
deficient H-morden i t e , w h i c h behaved as a n isomerizat ion cata lyst . 

T o exp la in the observed se lect iv i ty effect, consider the t y p e of mech 
an ism proposed b y M a t s u m o t o et al. (9, 10) for reactions of o-ethyltoluene 
w i t h H+A10 2~~ of amorphous s i l i ca -a lumina c rack ing catalysts . 

H'AIO^ 

H*AIOg 
' C 2 H 5 
- C H 3 

AI0 2 " 

Dealkylation 

Η ν ^ Ο , Η . . . . _ 

C 2 H 5 

- Isomerization 

6* 
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612 M O L E C U L A R S I E V E S 

T h e p r o t o n adds to the aromat ic π e lectron complex of o -e thyl 
toluene to f o r m a charged structure t h a t is the same for i somerizat ion a n d 
d e a l k y l a t i o n . T h e next step depends on whether the posit ive charge is 
s tab i l i zed on the e t h y l group b y nearby a l u m i n a sites i n the micropore or 
i f i t is dispersed over the entire molecule. S t a b i l i z a t i o n of the e t h y l car
b o n i u m i on b y a negative charge f r o m a nearby a l u m i n a te trahedron re 
sults i n a s tab i l i zed t rans i t i on state t h a t favors dea lky la t i on . 

I n a luminum-def ic ient H-morden i te , a l u m i n a te trahedra are not close 
to each other a n d reactant molecules are not l i k e l y to have these m u l t i p l e 
interact ions w i t h a l u m i n a tetrahedra . T h e structure i n w h i c h required 
charge s tab i l i za t i on is on on ly the a l k y l group of the molecule must be less 
stable a n d have a higher t rans i t i on state energy (and hence a higher a c t i 
v a t i o n energy) t h a n the structure w h i c h involves charge s tab i l i za t i on over 
the entire molecule. A c c o r d i n g l y , the higher a c t i v a t i o n energy process 
(dealkylat ion) has a l ow energy p a t h over the parent H-morden i t e cata lyst 
t h a t is not avai lab le because of the lower density of sites i n the l o w - a l u m i n a 
m a t e r i a l . 

A n d r e u et al. (11) explained the increased a c t i v i t y (w i th increasing 
a l u m i n a content of amorphous s i l i ca -a lumina catalysts) for c r a c k i n g of 
sec-butylbenzene b y the greater densi ty of ac id sites i n the h i g h - a l u m i n a -
content catalysts . A d a m s et al. (12) proposed t h a t the interac t ion of 
several act ive sites w i t h reactant molecules i n mordenite catalysts was 
p a r t l y responsible for the r a p i d rate of a c t i v i t y loss. 

Species D e s o r b e d f r o m Deac t iva ted Cata lysts . F r o m room tempera 
ture to 288° C, water was the most abundant desorbing species b y about 
three orders of magnitude . A b o v e 288°C water adsorpt ion was not s igni f i 
cant. T h i s large amount of water was probab ly introduced d u r i n g load ing 
into the s m a l l sample tubes. P r i o r to analysis samples were dr i ed b y leav
i n g t h e m under v a c u u m overnight i n the vacuum- lock of the solids probe. 
M a s s spectra showed t h a t the presence, or absence, of water i n the sieve 
h a d l i t t l e , i f any , effect on the hydrocarbon spectra obtained. 

Temperatures b racke t ing 360° C were chosen for scans to prov ide a n 
i n d i c a t i o n of hydrocarbon desorption dynamics corresponding to the re 
ac t i on temperature of 360°C. Scans were recorded as the probe tempera 
ture was cont inuously increased f rom 288°C to 385°C. 

Figures 1 a n d 2 show the abundance of the a l iphat i c a n d olefinic i o n 
series (C n H 2 r e+i) + a n d (CNHL2n-i)+

) respectively, tha t resulted f rom 
deact ivated parent H-morden i te catalysts at temperature condit ions near 
360°C. D e s o r p t i o n temperature precision was approx imate ly ± 4 ° C . 
W h i l e r eproduc ib i l i t y results are not shown, agreement was obta ined be
tween the results of dupl i cate desorption tests on separate samples of the 
same cata lyst b a t c h a n d the curves g iven i n F igures 1, 2, a n d 3. 

F i g u r e 3 shows the abundance of aromat ic ( C w H 2 r e _ 7 ) + ions desorbed 
f r o m deact ivated parent H-morden i te . T h e abundance of the 6- a n d 7-
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Figure 8. Comparison of solids probe mass spectra obtained from extract at 
325° C and by desorption at 316° C of parent H-mordenite deactivated with 

cumene. 

carbon ( C „ H 2 n _ 7 ) + ions is comparable w i t h the abundance of (C n H 2 n +i) + 

ions i n F igures 1 a n d 2, respectively . H o w e v e r , the cont r ibut i on of 
(C n H 2 w +i) + a n d ( C n H 2 w _ i ) + ions f rom absorbed aromat ic compounds 
could on ly have been s m a l l . Reference spectra of low-molecular weight 
a l k y l aromat ic compounds show t h a t ( C n H 2 n _ 7 ) + ions are one to two orders 
of magni tude more abundant t h a n ( C n H 2 n + i ) + a n d (C n H 2 n _i ) + ions p r o 
duced f r o m the parent a l k y l a r o m a t i c compound. 

T h e s m a l l b u t significant number of high-molecular-weight fragments 
of the two series shown i n Figures 1 a n d 2 lead to the conclusion t h a t these 
i o n series were produced f r o m olefinic po lymers . 

H i g h t o w e r a n d E m m e t t (18) s tudied cata lyst residue f o rmat i on over 
amorphous s i l i ca -a lumina cata lyst . T h e y found t h a t benzene produced 
surface residues b u t not gas phase products . N o gas-phase h y d r o c a r b o n 
products were obta ined d u r i n g benzene deact ivat ion over H-morden i te i n 
our w o r k either. 
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614 M O L E C U L A R S I E V E S 

V a n H o o k a n d E m m e t t (H) showed t h a t propylene can f o r m benzene 
over amorphous s i l i ca -a lumina . O u r results indicate a poss ib i l i ty t h a t the 
reverse react ion of benzene to propylene a n d , hence, to olefinic po lymers 
also takes place w i t h parent H-morden i t e . 

D e s o r p t i o n of s imi lar products f rom cumene- a n d propylene-de-
ac t i va ted parent H - m o r d e n i t e is a result analogous to t h a t of V e n u t o a n d 
H a m i l t o n (8). T h e y f ound t h a t deac t ivat i on of rare ear th X ( R E X ) 
faujasite b y a l k y l a t i o n of benzene w i t h ethylene to ethylbenzene resulted 
i n t r a p p e d products s imi lar to those for deac t ivat i on w i t h ethylene alone. 

A comparison of the (C n H 2 n +i) + a n d ( C w H 2 n - i ) + i o n series obta ined 
near 360°C f r o m b o t h parent a n d a luminum-def i c ient H - m o r d e n i t e t reated 
w i t h cumene near 360°C is shown i n F igures 4 a n d 5. A l u m i n u m - d e f i c i e n t 
H - m o r d e n i t e w h i c h d i d not deact ivate apparent ly desorbs a smal ler q u a n 
t i t y of m a t e r i a l t h a n d i d parent H - m o r d e n i t e . 

F i g u r e 6 shows plots of aromat i c ( C n H 2 r a _ 7 ) + ions obta ined f r o m the 
two catalysts . A s before, amounts of aromatics were so s m a l l t h a t they 
cou ld not have accounted for the a lphat i c a n d olefinic f ragment quant i t ies 
observed i n F igures 4 a n d 5. A l s o , the s m a l l amounts of ( C n H 2 n _ 7 ) + 

detected m a k e i t u n l i k e l y t h a t aromat i c compounds are a large percentage 
of the revers ib ly he ld species. T h e f o rmat ion of more desorbable po lymers 
b y parent H - m o r d e n i t e cata lyst t h a n are formed i n the a luminum-def i c ient 
H-morden i t e m a y also be a result of i ts greater site densi ty . 

T o estimate the amount of desorbable speciçs, one b a t c h of parent H -
mordenite cata lyst (0.125 g ram) , deact ivated b y 0.108 mole of cumene per 
g r a m of cata lyst was desorbed b y passing H e at atmospheric pressure a n d 
ra is ing the temperature f r o m 360° to 649°C i n the microreactor . P r i o r 
to deact ivat ion , the cata lys t caused a cumene conversion of 80%, after 
deact ivat ion 33%, a n d after desorption 45%. U s i n g the k n o w n response 
of the flame i on i za t i on detector, i t was possible to calculate t h a t 30.6 μg of 
carbon per g r a m of cata lyst h a d desorbed, a v e r y s m a l l amount . M u c h 
of the desorbable species must have been deposited near the pore m o u t h i n 
order for such a s m a l l a m o u n t of m a t e r i a l t o have so large a n effect on the 
cata ly t i c properties. T h i s result is i n agreement w i t h t h a t of Satter f ie ld 
et al. (16), who found t h a t counter diffusion rates of benzene a n d cumene 
d u r i n g a l k y l a t i o n of benzene w i t h propylene were so l o w at 60° C t h a t the 
react ion was occurr ing o n the exterior surface or i n the pore m o u t h . Swabb 
a n d Gates (16) i n a s t u d y of methano l dehydrat i on to d i m e t h y l ether, re 
ported t h a t , w i t h smaller molecules, pore -mouth b l o c k i n g of H-morden i t e 
b y react ion products does not occur a n d counterdif fusion does. 

Species Ins ide Deac t iva ted Cata lys ts . T h e t o t a l extract of the a d 
sorbate i n deact ivated parent H-morden i t e was heated us ing the solids 
probe of the mass spectrometer. Intense fragment ions at the higher m/e 
values , prev ious ly not observed to be of such in tens i ty i n the d y n a m i c de-
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1 r- — ι 
100 2 0 0 3 0 0 

Temp., e C 

Figure 9. FID gas chromatogram of parent H-mordenite extract showing 
mass spectrometer sampling 

sorpt ion spectra, were observed. A v i s u a l comparison of the spectra ob 
ta ined is g iven i n F i g u r e 8. 

T h e chromatogram obtained for the extract of the cumene-deact ivated 
parent H - m o r d e n i t e is shown i n F i g u r e 9. T h e temperature pro f i l e -
product d i s t r i b u t i o n of the chromatogram is s imi lar to t h a t obta ined b y 
V e n u t o et al. (S, 4) i n the i r studies o n R E X cata lys t deac t ivat ion . T h e y 
established the presence of condensed po lynuc lear aromatics i n the R E X 
adsorbate. 

Closer examinat ion of the i n d i v i d u a l peaks i n the chromatogram also 
indicates the presence of the non-aromat ic po lymers observed i n the de
sorpt ion spectra. F o r example, i n F i g u r e 10, scan A (corresponding to 
the chromatogram i n F i g u r e 9) indicates the presence of a non-aromat ic 
hydrocarbon p o l y m e r ; i n the spectra obta ined on the solids probe for the 
extract , th i s cou ld not be observed i n the composite. A s a n example 
of the stable po lynuclear aromatics formed t h a t do not desorb, scan 
C shows the characterist ic intense molecular i on . Scan Β i n F i g u r e 10 
shows the unresolved t r a n s i t i o n f r o m l ow-bo i l ing desorbable nonaromat ic 
h y d r o c a r b o n po lymers i n deact ivated parent H - m o r d e n i t e to h igh -bo i l ing 
non-desorbable po lynuclear aromatics . 
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lOO-i SAMPLE A 
Non-Aromatic Hydrocarbon 

Polymer 

c 

U141 llll il M II I 
5 0 100 150 

m/e 
200 2 5 0 

100 -

H i 

SAMPLE Β 
Unresolved Non-Aromatic 
And Aromatic Mixture 

5 0 100 150 

m/e 
200 2 5 0 3 0 0 

SAMPLE C 
Polynuclear Aromatics 

h i l l I ,1 μ J ,1,1 I l . | 
5 0 100 150 2 0 0 2 5 0 3 0 0 

m/e 
Figure 10. Interfaced gas chromatograph-mass spectra of parent H-mordenite 

extract 

Conclusions 

T h e a c t i v i t y of parent H - m o r d e n i t e is essentially B r o n s t e d a c t i v i t y , 
a n d a l u m i n u m sites are effective pro ton counters (#). I n parent H - m o r 
denite (11.2 w t % a lumina ) , a c id centers are present at a dens i ty of 100 
t imes those i n a luminum-def i c ient H-morden i te (0.1 w t % a lumina ) . 
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Consequently, the alumina tetrahedra in the latter are so dispersed that 
they do not interact; those in parent H-mordenite do. 

High charge densities resulting from nearby alumina tetrahedra pro
vided reacting molecules with a high activity, low energy path for both 
dealkylation and deactivation in parent H-mordenite. At the 0.1 wt % 
alumina content level, alumina tetrahedra are isolated and interact only 
slightly, resulting in a much higher selectivity for isomerization and a much 
lower deactivation rate. 

On heating deactivated parent H-mordenite (80 to 33% cumene con
version), quantities of desorbate are so low (30.6 /xg/gram catalyst) that 
the desorbable deactivants, and hence the catalyst activity, must be at the 
pore mouth in the deactivated material. Non-desorbable polynuclear 
aromatics fill the mordenite tube. On the other hand, aluminum-deficient 
H-mordenite did not deactivate significantly for the same cumene treat
ment. Activity of this catalyst could be throughout the tube, but because 
of the disperse nature of the alumina sites, the high activity of parent H -
mordenite, only active at its mouth, is not approached. 
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Ethene, benzene alkylation with 566 
Ethylation, Thiele modulus for ben

zene 571 
Ethylene 341, 520 

hydration of 453 
Ethylenediaminetetraacetic acid (H4-

EDTA) 222 
ESR spectra of Pd-Y zeolites 268 
E u 3 + phosphorescence 156 
Exchange 

C a 2 + 556 
cation 219, 249 
degree of 253 
ion 250, 583, 589 
of lattice hydroxyls, isotopic 490 
NH4NO3. . 599 
selectivity, ion 64 

Exchangeable cations 87 
Exchanged zeolites 284 

L 356 

Exchanged zeolites (Continued) 
lanthanide and actinide 281 
mordenite 605 
palladium 67 
ptilolite, sodium , 52 
X and Y, transition metal. 230 

Exchangers, zeolites as model ion 299 
Extracted H-mordenite 596 
Extraction, HC1 599 

Faults, stacking 59 
Faujasite 46, 74, 222, 283, 409, 474 

atomic coordinates of 46 
framework 46, 78 
structures 46 
zeolites 46, 74, 222, 283, 409, 474 

NMR studies of 74 
Faujasites 

H-Na ...283,499 
isotopic exchange of lattice hy

droxyls in 490 
Na- 456 
synthetic 452 
ultrastable 225 

Fe 3 + doped gels, phosphorescence of... 154 
Fields, electric 74 
Field gradient 84, 75 

calculations. 77 
tensors 80 

First-order moment 397 
"Fourier synthesis" 31 
Fourier transform spectroscopy 438 
Formation 

clinoptilolite in the siliceous creta
ceous 205 

constant of ammine complex 506 
factors, significance of zeolite 204 
kinetics of 583 
of the sub-Urals, red analcime 202 
in the system K^O-NaaO-AUOs-SiO*-

H 20, zeolite 179 
X and Y zeolites, mechanism of 209 
of zeolite A, kinetic studies on the. .. 169 
zeolite, kinetics of 185 

Framework. 
analcime 42 

topology of 44 
cation siting in zeolite 90 
density 326 
faujasite 46, 78 
mordenite 52, 53, 65 
symmetry aspects of zeolite 39 
topological symmetry of some zeo

lites 41 
vibrations, zeolite 87 

Function 
radial distribution 418 
partition 340 
temporal autocorrelation 417 

G-values 267 
Gas 

chromatography, diffusion of hydro-
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626 M O L E C U L A R S I E V E S 

Gas (Continued) 
carbon mordenites by 392 

chromatography-mass spectrom
etry, interfaced 608 

drying, cracked 315 
oil, hydrocracking of heavy 594 
phase analysis 521 
purification, natural 316 
sorption of inert 356 

Gels 180 
aluminosilicate 124 

zeolite synthesis from alkaline—152 
during induction . . . 159 
nucleation and crystallization of 

zeolites from 140 
phosphorescence of Fe8+-doped 154 
Raman spectra of crystallizing 158 

Genetic associations of sedimentary 
zeolites 200 

Glass transition 425 
Gradient 

of chemical potential 347 
diffusion in a magnetic field. . . 415, 427 
field 80, 84, 75 

Growth, crystal 126, 144, 169 
H 

H-mordenite 388, 577 
aluminum-deficient 605 
extracted 596 

H-Na faujasites 499 
HNaY zeolites 254 
H-offretite 359 
H 2 0, zeolite formation in the system 

K20-Na2O-Al203-Si02 179 
H Y 487, 567 
Η-zeolites, differential entropies in 365 
HC1 extraction 599 
Heat 

of adsorption on molecular sieves 
374, 380, 410 

isosteric 362, 377, 398 
Henry's law 366 

constants 330 
Hexane 

cracking of 490, 597 
hydrocracking of n- 579 
isomerization activity 538, 593 
sorption of n- 592 

Helium 395 
adsorbed 325 

Heterogeneous catalysis 74 
Heulandite 201, 206 
High resolution NMR 427 

of adsorbed molecules 438 
Host lattices 9 
Hydrate structures around cations—108 
Hydrated Linde A and X 92, 93 

electrical properties of 96 
Hydrated zeolites 97, 99, 102, 103 
Hydration of ethylene 453 
Hydrocarbon 

conversion catalysts 583 
conversion over erionite, shape-

selective 575 

Hydrocarbon (Continued) 
and nonpolar molecules in A zeolites. 330 
separation 312 

Hydrocarbons 
cyclic 431 
in mordenites, diffusion of 392 

Hydrocracking 454 
heavy gas oil 594 
of n-nexane 579 

Hydrodimerization, benzene 453 
Hydrogels 209 

aluminosilicate 107, 210 
Hydrogen 

adsorption on Pd-Y zeolites 270 
bonding .. 11 
and carbon monoxide interactions 

with palladium Y zeolites 266 
exchanged mordenite, alumina tetra

hedra in 605 
-omega 583 
-reduced samples, nature of palla

dium in 72 
-reduced transition metal zeolites.. .266 
reduction 72, 274, 279 

of palladium in Y zeolites 67 
zeolites 219, 220 

Hydrogenation, benzene 464 
Hydrolysis, effect of temperature on.. 235 
Hydrolysis of Na zeolites X and Y . . .232 
Hydrolyzed NaX 426 
Hydrothermal synthesis 170 
Hydroxy cancrinite 186 
Hydroxyl groups 422 

reactivity 497 
proton-donating sites in the.. 243 
in synthetic faujasites, isotopic ex

change of lattice 490 
zeolitic 427,435 

Hydroxysodalite 186 
Hyperfine interactions, Ο 446 

I 
Inclusion isotherm 5 
Induced dipoles and quadrupoles 77 
Induction 148, 152, 169 

gel during 159 
Industrial streams, separation and 

purification of 315 
Influence of alkanity on zeolite A crys

tallization ..171 
Influence of cation on thermal stability 

of modified Y zeolites 249 
Infrared 

spectra 294 
of adsorbed CO 487 
of silicate solutions 164 
of zeolites 88 

spectroscopy 272, 490, 521 
studies .....472, 485 

of aqueous silicate solutions 162 
Impurities 483 

paramagnetic 419 
Ion exchange 250, 583, 589 

forms of zeolite L 356 
isotherms 92 
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I N D E X 627 

Ion exchange (Continued) 
selectivity .. 64 
in synthetic X and Y zeolites, transi

tion metal 230 
Ion exchangers, zeolites as model 299 
Ion mechanism, carbonium 559 
Ion occupancy, effect of bivalent 234 
Ions 

A l 3 + 255 
Ce 3 + 255 
F e 3 + 434 
palladium 268, 278 

Irradiation, prolonged 288 
Irving-Williams order 506 
Isobutylene conversion 456 
Isobutane 471 
Isobutene 471 
Isolated tetrahedra .. 163 
Isomerization 530 

activity, hexane 593 
n-butene 554 
catalyst base 532 
effect of crystallite size on o-xylene.547 
n-hexane 538 
of olefins 553 

over Na-Y zeolites 553 
paraffin 536, 529 
of xylenes 540 

temperature dependence 550 
Isooctane cracking 471 
IsoSiv process 312 
Isosteric heats 362, 377, 398 
Isotherm. 360 

adsorption 319, 385 
equation 333, 377 

virial 366 
equilibrium 352 
ion-exchange 92 

from mixtures 336 
model 334 
sorption, equilibrium 335 

Isotopic exchange of lattice hydroxyls 
490 

Isotopic enrichement 281 
Isotopic labeling experiments 271 
Integral molar entropy of the adsorbed 

phase 389 
Interaction 

of adsorbed molecules with active 
sites 240 

dipole-dipole 83 
second-order quadrupole 85 

Interatomic distances 42 
Interfaced gas chromatography-mass 

spectrometry 608 
Intergrowths 59 
Intracrystalline diffusion 

415, 545, 550, 580 
in H and Na mordenite 400 

Intracrystalline void volumes 319 
Intraparticle diffusion 540 

Jahn-Teller distortion 269 

Κ 
Kex 114 analcites 192 
KL, zeolite 295 
KaONaaO-Al2C3-SKVHaO, zeolite 

formation in the system 179 
Kr, and Xe, sorption of A 362 
Kinetics 

of formation 583 
of zeolites 169, 185 

selectivity 545 
sorption 337 
of tetramethylsilane reaction 262 

L 
L, zeolite 292, 322, 453 

ion-exchanged 497 
potassium, sodium, and cesium forms 

of 295 
LaY 487,493,567 
LiA 408 
L i + cations 410 
L i e x , Mgex, and N i e x 114 analcites 194 
Labeling experiments, isotopic 271 
Langmuir behavior 494 
Lanthanide X and Y zeolites 283 
Lanthanum Y zeolites 469 
Large-port modenite 320, 323 
Laser Raman spectroscopy 154, 156 
Lattice 

breakdown 250 
host 9 
porous 6 
stabilization 3 
vibrations, effect of monovalent 

cations on 87 
Laumontite 206, 207 
Least-squares computations 32 
Limiting adsorption volumes 319 
Limiting diffusivity 340 
Linde A sieves 92, 93 
Linear sizes 403 
Liquefaction 315 
Liquid drying 315 
Loadings for cobalt and zinc 237 
Loadings in zeolites 232, 287 
Losod 121 
Lowenstein rule 77 
Ludox 164 
Luminescence 125 

M 
Macropore 

diffusion 401 
resistance 402, 453 
transport through 348 

Magnesia 480, 487 
Magnetic field gradient diffusion.. 415,426 
Mass transfer . .392 

coefficient 395 
Mass spectrometry 608 

interfaced gas chromatography- 608 
Measurements, acidity 472 
Mechanism of formation of X and Y 

zeolites 209 
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628 M O L E C U L A R S I E V E S 

Mechanism, solid-state 152 
Mercury amidosulfonic acid 10 
Metal cations 256, 506 

electronegativity of 506 
properties of 505 

Metal ion exchange, transition 230 
Metallic phase, dispersion of 481 
Metal particles 462 
Metals, pispersity 433 
Metal zeolites 266, 461 
Metasilicate 211 
Micropores 296,406 

volume filling of 366 
volume of dehydrated zeolite 319 

Minerals 202 
zeolite 52 

Model 
equilibrium 566, 570 
for biological systems, synthetic 

zeolites as 299 
ion exchangers, zeolites as 299 
isotherm 334 
point-multipole . 74 
product desorption limitation 571 
structures, computer optimized 41 

Modified framework structures of 
mordenites 65 

Modified smectites 23 
Modulation broadening 77 
Molecular 

motion in zeolites 414 
rotation 422 
sieve (see also individual types) 352 

4A 352 
5A 351 
CaA 312 
adsorption columns, breakthrough 

curves for 345 
heats of adsorption on 374 

Molecule 
adsorbed 438 
potential energy of.. 340 
sorption and diffusion of hydrocar

bons and nonpolar 330 
Molex process 312 
Moment, second-order 399 
Moment, first-order 397 
Monomeric oxygen adduct of a cobalt 

(II)-ammonia complex 441 
Monomolecular rate theory 439 
Montmorillonite 518 

alkylammonium 525 
Mordenite 124, 379, 453, 533 

adsorption of SO2 on 379 
alumina tetrahedra in hydrogen-

exchanged 605 
aluminum-deficient H- 605 
catalysts based on 534 
crystallization 141 
diffusion of hydrocarbons in 392 
dual function catalysts based on 

zeolite Y and 533 
extracted H- 596 
framework structure 53, 65 
H 401, 577 

Mordenite (Continued) 
intracrystalline diffusion in H and 
large-port 320, 323 

Na 400 
synthetic 54 
zeolites, framework structures re

lated to .52 
Motion in zeolites, NMR relaxation 

and molecular 414 

Ν 

NaA 405 
Na-faujasites 456 

H- 499 
Na line widths 74, 179 
Na20-Al 203-Si02-H20, zeolite forma

tion in the system K 2 0 - 179 
NaOH-CsOH 107 
2 3 Na resonances 75, 80 
NaX ; • · ; • • • ; 2 3 0> 2 3 5> 4 3 4> 4 8 7 

cobalt and zinc ions in 232 
hydrolytic behavior of 231 
hydrolyzed 426 
SF 421 

NaY ! . . . . . . . . . . . . . . . 230J 235,' 433,465 
olefin isomerization over 553 
protonic sites on 561 

Naphthalene 511 
Natural gas purification , 316 
Nature of palladium in hydrogen-re

duced samples 72 
Nepheline 327 
Neutron capture 281 
Neutron diffraction 34 
N H 8 and 0 2 in Co(II) zeolites, adsorp

tion of 442 
NH4NO3 exchange 599 
NH4-zeolites, thermal activation of. . . 243 
N i e x 114 analcites, L i e x , Mg e x , and. . . . 194 
/3-Ni (4-MePy)4(NCS)2 22 
NiCaY 464 
Nickel in toluene disproportionation. .465 
Nickel reduction 454 
Nitrobenzene 510 
Nitrogen adsorption 325 
NMR 75 

of adsorbed molecules ·. 438 
on zeolites Ζ, X , and Y 430 

faujasite-type zeolites 74 
high resolution .427 
relaxation and molecular motion in 

zeolites 414 
relaxation, diffusion and 417 

Nonregenerative applications of zeo
lites 317 

Nucleation: 124, 145, 169 
and crystal growth, activation en

ergies of 144 
and crystallization of zeolites from 

gels 140 

Ο 

Ο hyperfine interactions 446 
O, zeolite.^ 324 
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I N D E X 629 

O2 molecule, coordinated 446 
Occlusion 455 
Occupancy, effect of bivalent ion 234 
Offretite 324 

erionite and 356 
Oil, hydrocracking of heavy gas 594 
Olefin 331 

isomerization 553 
over Na-Y zeolites 553 

separation 314 
Siv process 314 
over Y zeolites, benzene alkylation 

with 563 
Olex process 314 
Omega (zeolite) 324 

crystal structure of 584 
hydrogen- 583 
pyrolysis of sodium-tetramethyl-

ammonium 590 
synthesis of 583 

Optical electronic spectroscopy 241 
Organic-alkali base systems. . . . . . . . . 120 
Organic bases in zeolite crystallization. 132 
Oxidized palladium ions 277 
Oxonium cations 528 
Oxygen adduct of a cobalt (Hi -

ammonia complex. 441 
Oxygen enrichment of air 316 
Oxygen ions, polarizabilities of 77 

Pd-H zeolite 538 
Pd-Y zeolite 268, 270 
Palladium 

crystallites 68 
in hydrogen-reduced samples 72 
10ns 268, 278 

oxidized 277 
-exchanged zeolite 67 
-loaded zeolite 481 
Y zeolite 266 

hydrogen reduction of 67 
Palladized silica-alumina 484 

isomerization of 529, 536 
Paraffins 331, 580 

separation of 312 
Paramagnetic centers 433 
Paramagnetic impurities 419 
Parameter 

asymmetry 75, 79 
correlation 35 
for conduction, thermodynamic 99 
intracrystalline diffusion 550 

Parex process 313 
Particle, mass transfer within the 395 
Particles, metal 462 
Partition function 340 
Pattern, x-ray powder 

56,59,76,79,187,196 
Pellets, role of clay in the 405 
Pentration through skin, drug 305 
w-Pentene 554 
Period, induction 148 
Permeability, dielectric 403 
Perylene 511 

Phase structure, rho 114 
Phase transition effect, apparent 425 
Phenol 21 
Phosphorescence, E u 3 + 156 
Phosphorescence Fe3+-doped gels 154 
Photoirradiation 246 
Pispersity of metals 433 
Platinum-aluminum oxide catalyst.. .463 
Point-multipole model 74 
Polanyi's theory 382 
Polarizabilities of oxygen ions 77 
Pollution control 316 
Polycondensation 125, 214 
Polymer 615 
Polymerized silica 216 
Polystyrene disks, zeolite 305 
Pore system, two-dimensional 54 
Pore volume 325, 607 
Porosity, nonzeolite crystals of per

manent 22 
Porous crystals 1 

classification 6 
Porous lattices strongly bonded in all 

three dimensions 6 
Positional disorder vs. temperature 

vibration .33 
Potassium ion on zeolite crystallization, 

influence of 173 
Potassium, sodium, and cesium forms 

L zeolite 295 
Potential energy of a molecule 340 
Powder 

diffraction data 36 
pattern, x-ray 54, 60, 76, 187, 196 
pattern, distance of the singularities 

of the 79 
Pr Enrichment 209, 289 
Precipitation, nucleation - crystalliza

tion, solution 126 
Prediction of breakthrough curve 346 
Prediction of diffusivity 340 
Pretreatment 475 
Processing, data 396 
Product desorption limitation model. .572 
Product elution ·.··.·· 8̂6 
Projection of building units of faujasite 

framework. 78 
Prolonged irradiation 288 
Promoters, water molecules as 455 
Properties 

acidic 464 
electron acceptor 260 
of hydrated and partially hydrated 

zeolites 96 
of metal cation 505 
of palladium, adsorption and cata

lytic 480 
of zeolites, catalytic 451 

Propylene 339 
disproportionate of 453 

Proton-donating sites 244 
in hvdroxyl groups 243 

Protonic sites on Na-Y zeolite 561 
Protons, tightly bound .425 
Pseudosymmetry operations 39 
Pseudosymmetry-twinning 34 
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630 M O L E C U L A R S I E V E S 

Ptilolite, sodium-exchanged 52 
Purification of industrial streams 315 
Purification, zeolite adsorption for 

separation and 311 
Pyridine 493 

chemisorption of. . . . 470 
Pyroclastics, aluminosilicates 207 
Pyrolysis -589 

of sodium - tetramethylammonium 
zeolite omega 590 

Quadrupole 
coupling constants 75, 79 
effects 75 
interaction 333 

second-order 85 
moment, electric 75 

Quadruples, induced dipoles and 77 
Quinol 21 

R 

Radial distribution function 418 
Raman spectroscopy 125 

of crystallizing gels 158 
laser 154,156 

Rare earths, neutron capture product 
enrichment with 285 

Rate deactivation 568 
Rate decay 568, 565 
Rate theory, monomolecular 545 
Ratio, Si-Al 80 
Reaction 

of aromatic compounds, with am
monia over Y zeolites 501 

of chlorobenzene with ammonia 503 
kinetics of tetramethylsilane 262 
Szilard-Chalmers ...282 
with tetramethylsilane, modification 

of H Y zeolite by. 258 
Reactions 

of benzaldehyde with ammonia 507 
carbonium-ion type 455 
transalkylation 518 

Reactivity of hydroxyl groups 497 
Recoil energy 283 
Red analcime formation of the sub-

urals 202 
Redox activity 509, 515 
Redox sites 516 
Reduced samples, palladium in hydro

gen 72 
Reduction 

hydrogen 67, 72, 274, 279 
nickel 454 
of palladium in Y zeolite 66 

Refinement, zeolite structure 31 
Rehydration 253, 474 
Relaxation 

dielectric 425 
diffusion and N M R . . 417 
and molecular motion in zeolites, 

NMR 414 
times 420 

caused by diffusion, NMR 418 

Relaxation times (Continued) 
for water 423 

Resistance, acid 291 
Resistance, macropore 402 
Resonance, 2 3 Na 75, 80 
Resonance (NMR), nuclear magnetic.. 75 
Reversibility 232, 235 
Rho 

crystal structure of zeolite 108 
phase structure 114 
x-ray diffraction data for zeolite.... 109 
zeolite synthesis and crystal struc

ture of zeolite 106 
Role of clay in the pellets 405 
Rotation, molecular 422 
Rule, Loewenstein 77 

Salicylic acid 305 
Saturation capacities 361, 366 
Second-order moments 399 
Second-order quadrupole interaction... 85 
Sedimentary zeolites in the Soviet 

Union 200 
Selectivity 607, 610 

catalytic 454 
in clathration and zeolitic sorption... 25 
crystallite size effects on AP catalyst. 545 
ion exchange 64 
kinetics 545 

Selectof orming 454 
Self-diffusion studies 300, 434 
Separation 

hydrocarbon 312 
olefin 314 
n-paraffin ^ 312 
and purification of industrial 

streams 315 
zeolite adsorption for 311 

p-xylene 313 
SF e-NaX system ..421 
Shape selective hydrocarbon conversion 

over erionite 575 
Shell's process 312 
Shallow-bed calcination 223 
Si-Al distribution 33, 42 
Si-Al ratio 80,452, 613 
Sieve 

adsorption columns 345 
CaA molecular 312 
4A molecular 352 
5A molecular 351 
system, C02-5A 378 

Sieves 
heats of adsorption on molecular.... 374 

Silica 487 
-alumina 33, 487, 452, 480, 613 

palladized 484 
analcite, high 191 
ge l . . . . 172 
L and clinoptilolite zeolites 291 
polymerized 216 

Silicate solution, infrared absorption 
spectra of 164 

Silicate species in solution 162 
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I N D E X 631 

Siliceous cretaceous formation of the 
Russian Platform 205 

Siloxene 9 
Si0 2-H 20, zeolite formation in the 

system K 2 0-Na 2 0-Al 2 0 3 179 
Si02 source on zeolite A crystallization, 

influence of 172 
Sites 

acidic 227 
in decationized zeolites 241 
electron-acceptor 484 
for electron-transfer activity 509 

in the hydroxyl groups, proton-
donating 243 

nature of acid 477 
on Na-Y zeolite, protonic 561 
proton-donating 244 
redox 516 
thermal genesis of active 246 

Siting in the zeolite frameworks, cation. 90 
Size 

effects on AP catalyst selectivity, 
crystallite 545 

variations during adsorption.. 403, 412 
on o-xylene isomerization, effect of 

crystallite 545 
zeolite crystallite 540 

SK-500 567 
Skin, drug penetration through 305 
Smectites, modified 23 
S02 heat of adsorption 380 
Sodalite cage 70, 279 
Sodium 

aluminate 171 
exchanged ptilolite 52 
and forms of L zeolites 295 
metasilicate, zeolite X 212 
tetramethylammonium zeolite omega 

590 
Solid-state mechanism 152 
Solution 

effect of thermal history upon the 
equilibrium level 236 

precipitation nucleation-crystalliza-
tion 126 

silicate species in 162 
Solutions, infrared absorption spectra 

of silicate 164 
Sorption 583, 589 

of Ar, Kr, and Xe 362 
and diffusion type A zeolites 330 
entropies of 369 
equilibrium isotherms for 335 
of n-hexane 592 
of inert gases 256 
kinetics 337 
selectivity in clathration and zeolitic. .25 
zeolite 1 

Soviet union, genetic association of 
sedimentary zeolites in 200 

Space gnmps I l l 
symmetry 40 

Species, aluminosilicate 153 
Spectra 

of adsorbed aromatic amines 240 
of adsorbed CO, infrared 487 

Spectra (Continued) 
of crystallizing gels, Raman 158 
for dehydrated zeolites 250 
infrared 294 
of Pd-Y zeolites, ESR 268 
of silicate solutions, infrared absorp

tion 164 
of zeolites, infrared 88 
spectrometer, mass 608 
spectrometry, interfaced gas chroma-

tography-mass 608 
Spectroscopic studies of zeolite syn

thesis 152 
Spectroscopy 

Fourier transform 438 
infrared 272, 490, 521 
laser Raman 156 
optical electronic 241 
Raman 125 

Spin concentrations, unpaired 513 
Sr e x

5 B 114 analcite 194 
Stability, thermal 253, 291, 476 
Stabilization of aluminosilicate struc

tures 131 
Stabilization, lattice 3 
Stacking faults 59 
Stoichiometry 234 
Strain-free structures 53 
Structural determinations 474 

of palladium-exchanged zeolite, crys
tal 67 

Structure 
mordenite framework 53 
refinement 106 

zeolite 31 
rho phase 114 
of zeolites during adsorption, crystal

l ine. . . . . 403 
of zeolite rho, crystal 108 

Structures 
cavity 16 
channel 11 
computer optimized model 41 
crystallization and 129 
f aujasite-type 46 
of mordenites, modified framework... 65 
related to mordenite zeolites 52 
strain-free 53 

Studies 
of aqueous silicate solutions, infra

red 162 
electron diffraction .55 
on the formation of zeolite A, kinetic. 169 
infrared 472 
magnetic field gradient diffusion 426 
x-ray diffraction 55 

of palladium Y zeolite 66 
of zeolite synthesis spectroscopic. . . 152 

Sub-Urals, red analcime formation of 
the 202 

Supports, acidic 487 
Symmetry, space-group 40 
Symmetry of some zeolite frameworks, 

topological 39, 41 
Syntheses in the mixed-base system, 

zeolite 184 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ix

00
1

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



632 M O L E C U L A R S I E V E S 

Synthesis 
from alkaline aluminosilicate gels, 

zeolite 152 
cation systems for zeolite 128 
and crystal structure of zeolite rho.. 106 
Fourier 31 
hydrothermal 170 
zeolite 120 
spectroscopic studies of zeolite 152 
of zeolite A 147 
of zeolite omega 583 
of zeolite X 146 

Synthetic faujasites 452 
isotopic exchange of lattice hydroxyls 

in 490 
Synthetic mordenite 54 
Synthetic zeolites, adsorption on 382 
Synthetic zeolites as models for bio

logical systems 299 
Szilard-Chalmers reaction 282 

Target elution 286 
Temperature 

activation 514 
dependent loadings for Co 237 
dependence of o-xylene isomerization 

550 
on hydrolysis, effect of 235 
of the adsorbate, critical 382 
on zeolite crystallization, influence 

of 174 
properties of lanthanum Y zeolites. .469 
vibration, positional disorder vs 33 

Temporal autocorrelation functions.. .417 
Tensors, field gradient 80 
Tetracyanoethylene 510 
Tetrahedra in hydrogen exchange mor

denite, alumina 605 
Tetrahedra, isolated 163 
Tetramethylammonium zeolites.. 519, 590 
Tetramethylsilane reaction 262 
Theoretical prediction of diffusivity.. .340 
Theory, Polanyi's 382 
Theory, monomolecular rate 545 
Thermal 

activation of N H 4 zeolites 243 
correlation times 431 
genesis of the active sites 246 
history and the equilibrium level in 

solution 236 
motion probability ellipsoids 45 
properties 583 
stability 253, 291, 476 

of modified Y zeolite 249 
Thiele modulus for benzene ethylation. 571 
Thiourea 13 
Thermodynamic parameter for conduc

tion 99 
Thermogensis of adsorption sites of 

zeolites 240 
Thermogravimentric analysis.... 190, 300 

differential 591 

Times, NMR relaxation 420 
Toluene disproportionation 464 
Topological symmetry of some zeolite 

frameworks 41 
Topology of analcime, framework 44 
Tracer experiments, deuterium 557 
Transalkylation reactions 518 
Transfer activity, sites for electron. . . 509 
Transfer coefficient, mass 395 
Transfer within the particle, mass 395 
Transition, glass 425 
Transition-metal ion exchange 230 
Transport through macropores 348 
Trapping 1 
1,3,5-Trinitrobenzene 510 
Tris(o - phenylenedioxy)phosphonitrile 

clathrates 15 
Turnover numbers 482 
Twinning, pseudosymmetry 34 
Two-dimensional pore system 54 

U 

Units of faujasite framework, building.. 78 
Unpaired spin concentrations 513 
Urea 13 

Vibration, positional disorder tempera
ture 33 

Vibrations, zeolite framework 87 
Virial isotherm equation 366 
Void volume 325 

intracrystalline 319 
Volume filling of micropores 366 
Volume 

of a dehydrated zeolite, micropore. .319 
pore 325,607 

Vulkasil 172 

W 

Water 
adsorption . .325 
cation complexes 410 
molecules as promoters 455 
relaxation times for 423 
-13X system 416 

Williams order, Irving- 507 

X 

X and Y zeolites 
electrical properties of 96 
hydrolysis of 232 
lanthanide 283 
mechanism of formation of 209 
NMR of molecules adsorbed on 430 
transition-metal ion exchange in—230 

Xylene isomerization 547, 550 
p-Xylene separation 313 
Xe, sorption of 362 
X-ray 

diffraction 55, 110, 187, 190, 599 
data for zeolite rho 109 
study of palladium Y zeolite 66 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ix

00
1

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 



I N D E X 633 

X-ray powder diffraction 589 
pattern 54, 56, 60, 187 

Xylenes, catalyzed isomerization of... 540 
X zeolite 34, 210 

maximum loadings in 232 

Y zeolite. .96, 211, 232, 278, 453, 509, 532 
aluminum-deficient 222 
ammonium 470 

decomposition products of 224 
benzene alkylation with olefins over. 563 
catalysts based on 534 
decationated 516 
ESR spectra of Pd 268 
hydrogen 270 

adsorption on Pd- 270 
influence of cations on the thermal 

stability of 249 
lanthanide X and 283 
lanthanum 469 
mechanism of formation of 209 
NMR of molecules adsorbed on. . . . 430 
olefin isomerization over Na- 553 
palladium 266 
protonic sites on Na- 561 
reactions of aromatic compounds 

with ammonia over 501 
reduction of palladium in 66 
tetramethylammonium-exchanged.. 519 

Zeolite (s) 
A 107, 186, 320, 332, 430, 453 

diffusivities 341 
hydrated 91 
formation of 169 
synthesis of 147 

adsorbents 311 
adsorption 382, 403, 412, 442 
alkylammonium exchange 520 
aluminosilicates 509 
aluminum-deficient 219 
ammonium 243, 270 
as catalyst 249, 451, 461 
cation-exchanged 251 
CaY 465 
Co(II) 441 
CuNaY 254 
compositions 120 
crystallite size 540 
crystallization 119, 126, 179 

organic bases in 132 
decationized N H 4 240 
dehydrated 250, 292 
diffusion 353 
exchanged 284 
elution, Pr enrichement by 285 
faujasite 74, 283 
formation factors 204 
formation in the K20-Na20-Si02-

H 2 0 179 

Zeolite(s) (Continued) 
framework.., 90 

cation siting in 90 
related to mordenite 52 
symmetry aspects of 39 
vibrations 87 

from gels, nucleation and crystalliza
tion of 140 

genetic associations of sedimentary.. 200 
H 254 

differential entropies of 365 
hydrogen adsorption on Pd-Y 270 
hydroxyl groups 427, 435 
hydrated 99,103 
hydrogen 220 

reduced transition metal 266 
infrared spectra of 88 
J 186 
K-F 186 
K-G (H) 186 
K L 295 
K - M 186 
kinetics of formation 185 
L 13, 186, 292, 322, 453 

ion-exchanged forms of 356 
lanthanide- and actinide-exchanged. 281 
loading 232, 287 
micropore volume of dehydrated. . .319 
minerals 52 
as model ion exchanger 299 
NaA 405 
Na 186,465 
NMR relaxation and molecular 

motion in 414 
Ο 324 
olefin isomerization over Na-Y 553 
omega 324 

crystal structure of 584 
synthesis of 583 

palladium-loaded 481 
-polystyrene disks 305 
protonic sites on Na-Y 561 
Q (K-I) 186 
R 186 
rho, synthesis and crystal structure 

of 108 
sorption 1, 25, 330 
structure refinement 31 
synthesis 120,184 

cation systems for 128 
from gels 152 
spectroscopic studies of. . . 152 

synthetic ..106, 299 
thermogenesis of adsorption sites of. 240 
transition metal complexes 441 
V 186 
X . . . .186, 209, 230, 232, 321, 385, 430 

lanthanide 283 
synthesis of 146 

Y 96, 186, 209, 
211, 230, 232, 278, 430, 453, 509, 532 
aluminum-deficient 22 
benzene alkylation with olefins 

over 563 
catalysts based on 534 
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Zeolite Y (Continued) 
hydrogen 219 
lanthanide 283 
lanthanum 469 
palladium 66,268 
reactions of aromatic compounds 

with ammonia over 501 
reduction of palladium in , . ,66 

Zeolite Y (Continued) 
tetramethylammonium-exchanged 

519 
thermal stability of 249 
ultrastable 219 

ZK-5 107 
zonation 201 

Zeolon 100 324 
Zinc 230,235,238 

 P
ub

lic
at

io
n 

D
at

e:
 J

un
e 

1,
 1

97
3 

| d
oi

: 1
0.

10
21

/b
a-

19
73

-0
12

1.
ix

00
1

In Molecular Sieves; Meier, W., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1973. 




