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FOREWORD 
The A C S S Y M P O S I U
a medium for publishing symposia quickly in book form. The 
format of the SERIES parallels that of the continuing A D V A N C E S 
IN C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the A C S S Y M P O S I U M SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

ith the" discovery of the catalytic properties of zeolites in the late 
• • 1950s, the level of research activity into zeolite synthesis, structure, 

and properties changed from one of slow continual progress to intense 
pursuit. This led to three International Conferences on Molecular Sieves. 
The first in London in 1967 was in recognition of the pioneering work 
of R. M . Barrer, the second was at Worcester Polytechnic Institute in 
1970, and the third was in Zurick, Switzerland in 1973. About 300 sci
entists and engineers fro
backgrounds attended the sessions. These meetings attempted to cover 
the scope of molecular sieve science including mineralogy, structure, 
synthesis, modification, adsorption, diffusion, catalytic properties, and 
technological applications. This intermingling of disciplines has been a 
critically important benefit of previous conferences and of the resulting 
proceedings. 

This volume of the A C S Symposium Series contains the program 
papers of the Fourth International Conference on Molecular Sieves held 
at the University of Chicago in April 1977. It includes papers on all the 
aspects of molecular sieve science that were covered at the last three 
conferences except mineralogy. Due to a Natural Zeolites meeting held 
in Tuscon, Arizona in June 1976, no mineralogy papers were submitted 
to this conference. It is unfortunate that this separation has occurred, 
and a reuniting of these two areas would benefit the entire field of 
zeolite science. 

The program papers have been categorized into the topical sections: 
Structure, Synthesis and Modification, Adsorption and Diffusion, Cataly
sis, and Technology. Such categorization was at times subjective because 
many papers overlapped several topical areas. For example, papers con
cerning the structure and electronic properties of transition metal com
plexes in zeolites relate to the structural (location) properties (albeit not 
framework structure) of zeolites, involve modification, and are of vital 
interest to the catalytic properties. Similarly papers that characterize 
metals, partially or completely reduced, are not truly catalytic and were 
typically included as a modification. 

A review paper by M . M . Dubinin is presented first. Reviews on 
theoretical calculation of zeolite structure (Gibbs et al.), ion exchange 
(Cremers), adsorption (Schirmer et al.), transition metal complexes in 
zeolites (Lunsford), the acid catalytic properties of zeolites (Bartho-

ix 
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meuf), adsorption applications (Anderson), and catalytic cracking tech
nology ( Magee ) open each topical section. 

Our knowledge of zeolite properties and the emphasis in zeolite 
research has changed markedly over the last two decades as illustrated 
by the papers in this volume and those of the previous three conferences. 
Classical framework structural papers are no longer present as they 
were appropriate when the field was new and growing. They have been 
succeeded by papers concerned with the locations and electronic prop
erties of cations in the cages and detailed structural information on the 
location and properties of transition metal complexes in zeolites. The 
physical-chemical approach of investigating zeolite properties is being 
replaced by application of sensitive electronic (X-ray emission, X P S ) , 
nuclear ( N M R , Szilard-Chalmers cation recoil), and other probes 
(Raman, IR, uv). Catalyti
studies are concerned no
and to quantify previously stated concepts. In the second trend new, 
different chemistry is being investigated. A n example of the latter is 
the studies of transition metal complexes in zeolites. Catalytic properties 
remain the least well characterized properties of zeolites and are the 
topic of the most papers. 

Adsorption and catalytic applications papers were encouraged in 
recognition of the technological impact of zeolites. Because of the pro
prietary nature of commercial catalysts and catalytic processing, few 
papers were obtained in this area. 

Thanks are due to the organizing committee which consisted of 
J. V . Smith (Conference Chairman), D . W . Breck (Technical Program 
Chairman), J. W . Ward (Financial Committee Chairman), D . M . Ruth-
ven, G . T . Kerr, and J. B. Uytterhoeven (previous chairmen) for all their 
assistance in getting the program together. Special thanks are due to all 
of the reviewers who have contributed greatly to the quality of the papers 
in this volume, to the authors for their excellent preparation of the final 
manuscripts, to A C S for their cooperation, and particularly to J. B. 
Uytterhoeven for his advice on paper handling grained from his work on 
the Third International Conference on Molecular Sieves. Support was 
obtained from several organizations which are listed in the proceedings 
of the conference. 

University of Delaware 
Newark, Delaware 
November 18, 1976 

J A M E S R . K A T Z E R 

χ 
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1 

Investigations of Equilibria and Kinetics of Adsorption 

of Gases on Zeolites 

M . M . D U B I N I N 

Institute of Physical Chemistry, Academy of Sciences of the U.S.S.R., 
Union of Soviet Socialists Republic 

A thermodynamic theory of adsorpt ion equilib
r ium based on the vacancy solution model and the 
analogy between osmotic and adsorpt ion equilibria 
has been developed to describe adsorpt ion on z e o l i t e s 
over wide ranges of pressure and temperature. New 
methods for i n v e s t i g a t i n g the kinetics of vapor ad
s o r p t i o n by microporous adsorbents and for theoreti
cal description of these processes on the bas i s of 
a biporous adsorbent model have been proposed. The 
experimental data agree w i t h theory . 

I n t r o d u c t i o n 
i^or the subject of the opening l e c ture which I 

have been i n v i t e d to d e l i v e r , I haven chosen the most 
important r e s u l t s obtained r e c e n t l y at the Sorpt i on 
Processes Department headed by me at the I n s t i t u t e of 
P h y s i c a l Chemistry of the USSR Academy of Sc iences . 
These are t h e o r e t i c a l and experimental i n v e s t i g a t i o n s 
i n t o e q u i l i b r i u m p h y s i c a l adsorpt ion c a r r i e d out by 
B . P . B e r i n g and V«V»Serpinskii w i t h the p a r t i c i p a t i o n 
of T.S.Yakubov and A.A.Fomkin, and s tudies i n t o the 
k i n e t i c s of p h y s i c a l adsorpt ion far b i p o r o u s - s t r u c t u -
re adsorbents conducted by P . P . Z o l o t a r e v , A .M.Vo lo -
shchuk w i t h the p a r t i c i p a t i o n of I.T#Erashko, V#A#GOD-
l o v , G .Schon arji V . I . U l i n . 

Based on the s i z e s of t h e i r pores , z e o l i t e s are 
t y p i c a l microporous adsorbents. The commensurability 
of the s i z e s of micropores and the molecules adsorbed 
leads to a sharply def ined e f f ec t o f increase i n ad
s o r p t i o n p o t e n t i a l s due t o d i s p e r s i o n forces .Cat ions 
i n the z e o l i t e vo ids cons iderably enhance (owing t o 
e l e c t r o s t a t i c i n t e r a c t i o n s ) the energy inhomogeneity 
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2 MOLECULAR SIEVES—II 

of the adsorpt ion space of the micropores as compa
red w i t h adsorbents of a d i f f e r e n t chemical nature , 
such as ac t iva ted carbons* 

Our i n v e s t i g a t i o n s of e q u i l i b r i u m adsorpt ion o f 
the vapors of var ious substances i n micropores, have 
lead t o the concept t h a t there was a q u a l i t a t i v e 
d i f ference between adsorpt ion i n micropores and ad
s o r p t i o n on the surface of nonr-parous and r e l a t i v e l y 
large-pore adsorbents of i d e n t i c a l chemical nature* 
As a reasonable approximation far descr ib ing adsorp
t i o n i n micropores, we proposed the theory of volume 
f i l l i n g of micropores* A survey of these i n v e s t i g a 
t i o n s i s g i v e n i n (1,2)# 

I n development of t h i s theory we meet w i t h some 
d i f f i c u l t i e s . The theory i n d i c a t e s only a decrease 
i n d i f f e r e n t i a l heat
i n f i l l i n g . At tenperature T > T C the theory i s 
i n a p p l i c a b l e . 

I t f o l l ows from, the foregoing that i t i s expe
d ient t o search for a more per fec t model o f e q u i l i b 
r i u m adsorpt ion of gases i n micropores and develop 
a theory free from the above drawbacks. B . P . B e r i n g 
and V . V . S e r p i n s k i i have made a success fu l attempt 
t o develop and substant iate exper imenta l ly a more ge
n e r a l thermodynamic theory of e q u i l i b r i u m adsorption, 
which was named the osmotic theory of adsorpt ion . 
I t s basic p r i n c i p l e s have been publ ished only i n 
Russian Q ) . We w i l l consider the main v e r s i o n o f 
the theory as appl ied t o microporous adsorbents,using 
z e o l i t e s as examples* 

ffundamsntal of Osmotic Theory of Adsorpt ion 
i n Micropores 

As demonstrated by H i l l ( 4 ) , i n descr ib ing e q u i 
l i b r i u m between an adsorbent and the gas phase i n 
p h y s i c a l adsorpt ion, methods of adsorpt ion thermody
namics and of s o l u t i o n thermodynamics can be appl ied 
w i t h equal success. U s u a l l y , the adsorbent i s as 
sumed t o be thermodynamic a l l y i n e r t i n adsorpt ion , 
and methods of adsorpt ion thermodynamics are used. 
However the chemical p o t e n t i a l s of the microporous 
adsorbents and p a r t i c u l a r l y of z e o l i t e s change i n 
the course of adsorpt ion (|). Therefore the methods 
of s o l u t i o n thermodynamics are more expedient i n 
t h i s case . I n connection w i t h t h i s i t was a l so shown 
(6) that the l i n e a r dimensions of the z e o l i t e c r y s 
t a l s change i n the course of adsorpt ion . 

Th is approach t o the d e s c r i p t i o n of adsorpt ion 
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1. DUBININ Adsorption of Gases on Zeolites 3 

e q u i l i b r i a has proved t o be the most f r u i t f u l , when 
the theory was based on the s o l u t i o n model, which was 
named , 9the vacancy so lut ion 1 . ' . I n t h i s model, one of 
the s o l u t i o n components i s not a s o l i d adsorbent, as 
i n ( 5 ) , but s o - c a l l e d "adsorpt ion vacancies 1 1 * Th i s 
term means the free elementary volume of the adsorp
t i o n space of the micropores which i s f i l l e d by one 
adsorbate molecule i n adsorption* Since the adsorp
t i o n space of the micropores i s l i m i t e d by t h e i r 
volume, for a u n i t mass of the adsorbent there i s a 
maximum number of vacancies , which i s equal to the 
l i m i t i n g number of the molecules adsorbed. The adsorp
t i o n value tends to t h i s quant i ty asympto t i ca l l y w i t h 
an un l imi ted increase of the e q u i l i b r i u m pressure i n 
the gas phase. 

At any e q u i l i b r i u m pressure of the adsorbate the 
adsorpt ion space of the micropores contains adsorbed 
molecules and adsorpt ion vacancies which form a b i n a 
r y vacancy s o l u t i o n * At a constant temperature, the 
dependence of the e q u i l i b r i u m pressure i n the gas 
phase on the molar fraction of the d i sso lved substan
ce (adsorbate) , i . e . the adsorpt ion v a l u e , represents 
a curve of the p a r t i a l vapor pressure over the vacan
c y s o l u t i o n , or the adsorpt ion isotherm. Thus, the 
adsorpt ion eequilibrium of the adsorbent w i t h the gas 
phase i s equivalent t o the e q u i l i b r i u m o f the vacancy 
s o l u t i o n w i t h the same gas phase. I t i s n a t u r a l t o 
analyse t h i s e q u i l i b r i u m by methods of s o l u t i o n t h e r 
modynamics. 

Note that these concepts have proved t o be p a r t i 
c u l a r l y f r u i t f u l because there i s a deep, f o rmal ly 
thermodynamic, as w e l l as p h y s i c a l , analogy between 
adsorpt ion e q u i l i b r i u m and osmotic e q u i l i b r i u m . The 
i d e a of the existence o f t h i s s i m i l a r i t y i n the s im
p l e s t case of adsorpt ion on the surface o f a l i q u i d 
was f i r s t suggested by Erumkin as f a r back as 1925 
( 7 ) i and then was abso lute ly c l e a r l y formulated by 
Adam ( 8 ) . I n subsequent years , however, i t was not 
developped on a s u f f i c i e n t s c a l e . 

Consider now the p h y s i c a l background of t h i s anar-
l o g y . Denote the number o f moles of the substance 
adsorbed and the number of vacancies per u n i t mass o f 
the adsorbent by a and d * , r e s p e c t i v e l y . At any 
e q u i l i b r i u m condi t ions 

a + a*= a m ( 1 ) 

where a m i s l i m i t i n g adsorpt ion , which i s assumed 
t o be temperature i n v a r i a n t . Introduce the concept 
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4 MOLECULAR SIEVES—H 

of molar f r a c t i o n s of the adsorbate x and of the 
vacancies x * » i n the vacancy s o l u t i o n : 

x = a / a ^ , x * - a V c i m (2) 

We w i l l regard the e q u i l i b r i u m of the micropo
rous adsorbent w i t h the gas phase as e q u i l i b r i u m o f 
two vacancy so lu t i ons of d i f f e r e n t concentrat i on . 
One of these s o lu t i on s i s the vacancy s o l u t i o n i n 
the micropores, and the other , the s o l u t i o n formed 
by the gas molecules i n a vacuum, i n which the r o l e 
of the " so lvent " i s played by the vacancies i n the 
gas phase. Two s o l u t i o n s of d i f f e r e n t concentrat ion 
formed by un l imi ted soluble components can be at 
e q u i l i b r i u m only when one of them i s i n the e x t e r n a l 
p o t e n t i a l f i e l d . I
of t h i s f i e l d i s f o rmal ly equivalent to the d i f f e 
rence of the hydrostat i c pressures e x i s t i n g i n these 
s o l u t i o n s . I n the s o l u t i o n theory the d i f ference o f 
these pressures i s c a l l e d the osmotic pressure . 

We w i l l now wr i te down the expressions for the 
chemical p o t e n t i a l s of the vacancies i n these two 
s o l u t i o n s , denoting the values r e f e r r i n g t o the gas 
phase by the subscr ipt oC . Note that a vacancy so 
l u t i o n corresponding t o the gas phase i s always h i g h 
l y d i l u t e d ( X ^ c ^ 1 ; X o C « 1 ) and therefore can be 
regarded as i d e a l 

R T ^ < + P*V* ( 3 ) 
M-*- M* + gRT In. X * + p V * ( 4 ) 

where V i s the molar volume of the vacancies , and 
g i s the osmotic c o e f f i c i e n t , which, l i k e the a c t i 
v i t y c o e f f i c i e n t , charac ter i zes the n o n - i d e a l i t y of 

the vacancy s o l u t i o n i n the micropores (9 )» 
At e q u i l i b r i u m , JUl* = U * , and, according t o (3) 

and ( 4 ) , ' ' * 

I t i s obvious that at 3C*.= 1 , i . e . at zero concen
t r a t i o n of the substance i n the gas phase X * ^ , g=1 
and Pot = P • Therefore , i n (5) U * = • Introducing 
the n o t a t i o n / 0 

n « P - P o c (6) 
for the osmotic pressure , we ob ta in 

TTV*= - g R T t V t x * + RT &rt X * (7) 
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1. DUBININ Adsorption of Gases on Zeolites 5 

The second term i n Eq» (7) can be neglected . I f 
W i s the micropore volume per u n i t mass o f the ad
sorbent, the quotient W / v i s the l i m i t i n g adsorption 
value a m 

W / V * = C l m (8) 
I n accordance w i t h (7) and (8 ) , we get 

W n = - d m g R T tn ( 1 - C L / d m ) ( 9 ) 

We w i l l now wri te the Gibbs-Duhem equation for 
the vacancy s o l u t i o n i n the micropores, r e f e r r i n g i t 
to the u n i t mass of the adsorbent at T~ c ons t 

adjUL + Cl*dLt* = W d E L (10) 
where JJL i s the chemica
Since t h i s s o l u t i o n i s at osmotic e q u i l i b r i u m , d u * = 0 , 
and therefore - a 

ad/x=WdTI and T I W - 0 J adju = <i> 
where ^ i s the i n t e g r a l of Gibbs 1 adsorpt ion equa
t i o n c a l c u l a t e d from the adsorpt ion isotherm. I t i s 
obvious that <J> i s p r o p o r t i o n a l t o the osmotic p r e s 
sure of the vacancy s o l u t i o n i n the micropores. 

Adopting the only non-thermodynamic assumption 
of the constancy of the osmotic c o e f f i c i e n t g at T= 
const , we ob ta in , proceeding from Bqs . (9) and 
(11) , the adsorpt ion isotherm equation: 

p v g = ( a / j b ) / ( a m - a ) (12) 

where ji> i s a constant , or 
a = a m j b p / V c i + £ P V g ) (13) 

Equations of the type (13) have long been known 
i n the l i t e r a t u r e as e m p i r i c a l adsorpt ion equations 
w i t h three parameters CUv\,j5>t and g (10) /See also 
(11) and ( 1 2 ) A Their good a p p l i c a b i l i t y over wide 
ranges of f i l l i n g s , C t / a m s u p p o r t s the adopted assunt-
p t i o n of the constancy of the osmotic c o e f f i c i e n t g • 

As i s known from a r igorous thermodynamic ana
l y s i s of osmotic e q u i l i b r i u m i n bulk s o l u t i o n s , the 
osmotic c o e f f i c i e n t g i s a l i n e a r func t i on of the 
r e c i p r o c a l temperature w i t h a constant molar f r a c 
t i o n of the solvent (13) 

g = C O - b / T ) (14) 
I n developing fur ther the analogy between osmotic 
e q u i l i b r i u m and adsorpt ion e q u i l i b r i u m , i t i s expe
dient t o u t i l i z e E q . (14) i n the l a t t e r case as w e l l . 
For the discussed b inary vacancy s o l u t i o n i n the mic-
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6 MOLECULAR SIEVES—II 

ropores the constancy of the molar f r a c t i o n of the 
vacancies means the constancy of the molar f r a c t i o n 
of the adsorbate, i . e . of the adsorpt ion v a l u e . 

Denoting, for b r e v i t y , 
4>(CL)= t n [ a / ( a m - a ) ] (15) 

we ob ta in from E q . (12) , 
t n p = g4>(C0-- (16) 

Since *f(0l) = O at a = 0 . 5 a m > we apply E q . (16) for 
t h i s case and obta in 

where p o s i s a f u n c t i o n of the temperature alone. 
To express t h i s dependence, we adopt a second non-
thermodynamic assumptio
ponding t o a = 0 . 5 a m i s l i n e a r : 

^ P o . 5 = C a 5 - L a 5 / T (18) 
I n E q . (18) , L 0 . s SLD^ C O . S are the slope and the 
intercept on the* Cnp -ax is , which are temperature 
i n v a r i a n t . 

We w i l l ob ta in a thermal equation (19) of the 
osmotic theory of adsorpt ion of the type f ( a , p / T ) - 0 
a f t e r s u b s t i t u t i n g g from (14) and tn. p o s from 
(17) and (18) i n t o E q . (16) , tak ing i n t o account (15): 

^ P = C 0 . 5 - Los/T + C (1 - tyl) tn [a/(ctm-a)] (19) 
This equation can be represented as 

! n p = d a ~ L / T (20) 
where 

C a = C l a 5 + Cif(a) (21) 

and 
L - L 0 . 5 + CL>4>(ct) (22) 

are temper at ure i n v a r i a n t parajneters. The ir r e l a t i o n 
w i t h the adsorpt ion values w i t h an allowance for (15} 
however, i s g i v e n e x p l i c i t form. 

Thus, on the bas i s of the p r e v i o u s l y der ived 
adsorpt ion isotherm equation (12), the thermodynamic 
dependence of the osmotic c o e f f i c i e n t on the tempera
ture (14) , and the assumption (18) as an experimental 
f a c t , we obta in the "thermal equation of adsorpt ion" 
(19)» To t h i s equat ion there corresponds the l i n e a r i 
t y of the i sos teres over a wide range of adsorption 
v a l u e s . As i s w e l l known, the l i n e a r i t y of the ad
s o r p t i o n i sos teres i s one of the very general proper -
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1. DUBININ Adsorption of Gases on Zeolites 7 

t i e s of adsorpt ion e q u i l i b r i u m and i s u s u a l l y w e l l 
supported by experiment. 

Note that i n the i n i t i a l p o r t i o n of the adsorp
t i o n isotherm, when the adsorpt ion values become very 
low, i . e . when passing over to the i d e a l , i n f i n i t e l y 
d i l u t e d vacancy s o l u t i o n , the osmotic c o e f f i c i e n t g 
tends t o u n i t y and the parameter b , t o zero . There
f ore , i t should be assumed that i n the i n i t i a l p o r 
t i o n of any adsorpt ion isotherm g=1 , and then , as CI 
increases , t h i s c o e f f i c i e n t r a p i d l y changes t o a c e r 
t a i n v a l u e , which remains constant over a wide range 
of adsorpt ion va lues . 

Experimental S u b s t a n t i a t i o n of Thermal Equation 
of Osmotic Theory of Adsorpt ion 

The thermal equation of adsorpt ion (19) contains 
5 parameters: C l m , Lo.«5iC0.s>Cand t> , for whose d e t e r 
mination one must have at l e a s t two experimental ad
sorp t i on isotherms. 

The thermal equation (19) of the osmotic theory 
of ^adsorption describes w i t h a h igh accuracy the ad
s o r p t i o n e q u i l i b r i u m of gases and vapors on var ious 
microporous adsorbents such as z e o l i t e s and ac t ive 
carbons over a wide range of temperatures and p r e s s u 
r e s . To i l l u s t r a t e the agreement between theory and 
experiment, we w i l l consider only one t y p i c a l system, 
namely X e - z e o l i t e NaX which have been studied at 
our Laboratory (14)# These i n v e s t i g a t i o n s are o f 
i n t e r e s t per se i n the experimental sense, s ince the 
constructed equipment enabled us t o perform r e l i a b l e 
measurements of adsorption e q u i l i b r i a over a very 
wide range of pressures from hundredths of Torr t o 
hundreds of atm and temperatures from 150 t o 600 K . 

I n Figure 1, i n c o o r d i n a t e a x e s d - t o g p , the 
s o l i d l i n e s show the adsorption isotherms of on 
c r y s t a l s of z e o l i t e NaX, c a l c u l a t e d f o r var ious tem
peratures from E q . (19)> for the f o l l owing values o f 
the equation parameters: OL m = 4 . 30 mmoie/g , L Q > 5 =* 

= 1225 K , £0.5~ 6.76 , C=<1.14- a n d b = H o 9 K . 
The experimental po in t s are marked by c i r c l e s . W i t h i n 
the s tudies temperature range from 150 t o 600 K,which 
inc ludes the normal c r i t i c a l temperature T c = 2 9 0 K, 
theory agrees w e l l w i t h experiment i n the range of 
f i l l i n g a / a m f r o m 0.09 t o 0.93* 

I t i s worth noting that for systems studied i n 
the above-mentioned ranges of CL/Ctmthe adsorpt ion 
i s os te res are l i n e a r . The thermal equation of adsorp
t i o n (19) w i th the same parameter values i s e q u a l l y 
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appl icable to below-and a b o v e - c r i t i c a l temperatures. 
The good agreement between the c a l c u l a t e d and e x p e r i 
mental adsorpt ion isotherms and the l i n e a r i t y of the 
i s o s t e r e s , i n p a r t i c u l a r at a=05a r t l J are d i re c t expe
r i m e n t a l confirmations of the main p r i n c i p l e s of the 
osmotic theory of adsorpt ion . 

Thermodynamic Functions of Adsorpt ion E q u i l i b 
r i u m 

On the bas i s of Eqs . (18) and (22) i t i s easy 
t o o b t a i n expressions f a r the main thermodynamic 
funct ions of adsorpt ion e q u i l i b r i u m for the range of 
p and T i n which the gas phase can be considered 

p r a c t i c a l l y i d e a l . According t o (16) and (17)t Gibbs 1 

d i f f e r e n t i a l free energy G i s expressed t h u s : 
G = R T tn. p = G a 5  fi T4>(a) (23) 

D i f f e r e n t i a t i n g t h i s equat ion w i t h respect t o T at 
a - c o n s " t w i t h an allowance for the temperature depeiH 
dence of g according t o (14) , we get the expression 
f or the d i f f e r e n t i a l entropy of adsorpt ion $ 

S = - ( a e / a T ) a = s a s - CRIP(CA (24) 
I f we have an i d e a l e q u i l i b r i u m gas phase,RL— Q , 
where Q i s the d i f f e r e n t i a l heat of adsorpt ion.There-
f o re , according t o (22), 

Q = Q Q S + CbR4>(oO (25) 
Proceeding from thermodynamic cons iderat ions we 

can show that the parameter C i n E q . (14) cannot be 
negat ive . Therefore i t fo l lows from E q . (25) that at 
T ^ c o n s t t h e dependence of the heat of adsorpt ion Q. 
on a i s determined by the s i g n of the parameter b . 
When b > 0 , Q increases w i t h adsorpt ion . For b < 0 , 
Q decreases w i t h increas ing a • 

Figure 2 compares the dependence of the d i f f e 
r e n t i a l heat of adsorpt ion on the adsorption value 
( s o l i d curve ) , as ca l cu la ted by E q . (25)> for the 
system X e - N a X i n the range of p where the e q u i l i b 
r ium gas phase can p r a c t i c a l l y be considered i d e a l . 
The c i r c l e s i n d i c a t e the experimental i s o s t e r i c heats 
of adsorpt ion . C a l c u l a t i o n i s i n good agreement w i t h 
experiment• 

Thus, the osmotic theory of adsorpt ion e q u i l i b 
r i u m leads t o a thermal equation of adsorpt ion which 
makes i t poss ib l e to express the isotherms, i s o s t e r e ^ 
and thermodynamic funct ions of e q u i l i b r i u m through 
the same parameters of t h i s equat ion . 
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a MMOle/g 
MK '/65 %m ' 200- '240. '£80. ' 5JO : 350 

Figure 1. Adsorption
NaX. Solid lines calculated from Ref. 19. Circles 
denote experiment (a, mmole/gr; p, N/m2 or Pa). 

Q kJ/moee 

25 

20-

15 

0. mmoSe/ 

Figure 2. Dependence of differential heat of adsorption of Xe 
on zeolite NaX on adsorption values a. Solid line calculated from 

Ref. 25. Circles denote experimental values. 
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K i n e t i c s of P h y s i c a l Adsorpt ion by Microporous 
Adsorbents 

According t o the c l a s s i f i c a t i o n based on the 
mechanisms of adsorpt ion and c a p i l l a r y phenomena 
occurring i n adsorbent g r a i n s , i t i s expedient t o 
d i v i d e t h e i r pores i n t o micropores, supermicropores, 
mesopores and macropores (2 t 15)« 

I n many p r a c t i c a l l y important cases i t i s pos 
s i b l e t o s l i g h t l y sin5>lify the r e a l s t ruc ture of the 
adsorbent and d i s t i n g u i s h only two pore v a r i e t i e s 
d i f f e r i n g s u b s t a n t i a l l y i n t h e i r p r o p e r t i e s : adsorb
ing pores (micro - and supermicropores) and t ranspor t 
pores (meso- and macropores). Th i s biporous adsorbent 
model, which c h a r a c t e r i z e s
z e o l i t e s , i s presented i n s i m p l i f i e d form i n F i g . 3

I n recent years , i n v e s t i g a t i o n s on the k i n e t i c s 
of adsorpt ion by biporous adsorbents have been coi>-
ducted i n the works of a number of authors (16-19) 
and i n our works (20-27)* We considered the eques
t i o n s of i n t e r n a l d i f f u s i o n i n biporous adsorbents i n 
the general case of non - l inear adsorpt ion isotherms. 
Then we general ized these equations for the case of 
micrcporous zones ( smal l c r y s t a l s ) of var ious s i z e s 
t a k i n g i n t o account the f i n i t e d i f f u s i o n res i s tance 
of the ex te rna l surface of the c r y s t a l s (21122,25»27). 
For l i n e a r adsorption isotherms, the a p p l i c a t i o n o f 
the s t a t i s t i c a l moments method made i t poss ib le t o 
ob ta in s u f f i c i e n t l y s ing l e a n a l y t i c a l equations rela?-
t i n g the c h a r a c t e r i s t i c times of d i f f u s i o n i n adsorb
ing T a and t ransport T j pores w i t h the moments of 
the k i n e t i c curves (23 ,22) . I n the case of i n t r o d i f -
f u s i o n k i n e t i c s and microporous zones of i d e n t i c a l 
s i z e , k-order moments have the form 

Here, x\ = L*fl+r)D,- r 0 / D a , r = CL 0 /C 0 

L and Y*0 are the determining dimensions of the 
granule and the microporous zones, D? and P a are the 
c o e f f i c i e n t s of d i f f u s i o n i n the t ransport pores and 
the microporous zones, CX 0 i s the e q u i l i b r i u m ad
s o r p t i o n v a l u e , Co i s the adsorptive concentrat ion 
at the granule sur face . The c o e f f i c i e n t s g v k depend 
on the geometrical shape of the granule and of the 
microporous zones, r e s p e c t i v e l y . The i r values for 
granules and microporous zones of var ious shspe are 
g i v e n , far ins tance , i n ( 2 £ ) . Bes ides , we developed 
a procedure f o r determining the t ransport coe f f i c i ents 
i n biporous adsorbents based on the study of adsorp-
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1. DUBININ Adsorption of Gases on Zeolites 11 

t i v e d i f f u s i o n from one volume t o another through an 
adsorbent granule (26 ) . 

The r e l a t i o n s HTscussed were used by us f o r c a l 
c u l a t i n g the d i f f u s i o n c o e f f i c i e n t s separate ly i n 
adsorbing and t ransport pores and analyzing the cha 
r a c t e r of mass t r a n s f e r i n r e a l microporous adsor
bents (molded z e o l i t e s , ac t ive carbons) (25*26).This 
ana lys i s demonstrated the r a t i o n a l i t y o f a p p l i c a t i o n 
of the biporous model i n studying r e a l microporous 
adsorbents* 

Along w i t h the case of l i n e a r adsorpt ion i s o 
therms the equations of i n t e r n a l d i f f u s i o n i n b i p o 
rous adsorbents have a lso been inves t iga ted by us 
t h e o r e t i c a l l y for sharply convex ( r e c t a n g u l a r ; i s o 
therms* 

The case of a c y l i n d r i c a l ( p r i smat i c ) adsorbent 
g r a i n w i t h an impermeable l a t e r a l surface has been 
cons idered . The v a r i a t i o n i n the l o c a l concentrat ion 
of the adsorbate i n the g r a i n , OL(x), at d i f f e r e n t 
i n s t a n t s of time ( X i s the distance from the g r a i n 
end face) and the grain-average r e l a t i v e adsorpt ion , 
^ ( " t ) (k ine t i c curves ) , have been i n v e s t i g a t e d . The 

process p a t t e r n e s s e n t i a l l y depends on the r a t i o of 
the c h a r a c t e r i s t i c times t o adsorption e q u i l i b r i u m 
i n the t ransport pores and i n the microporous zones, 
T? and T a . 

I n the case of sharp ly convex adsorption i s o 
therms, a p i c t o r i a l p i c t u r e , confirming the r a t i o n a l 
i t y of the biporous model for molded z e o l i t e s and 
microporous act ive carbons can be obtained by s tudy
ing the adsorpt ion k i n e t i c s of the vapors of X - r a y 
contrast substances by X - r a y technique ( 22 ,££ ) . The 
advantage of t h i s method i s the p o s s i b i l i t y of v i s u a l 
observat ion of the formation of the adsorpt ion front 
and i t s propagation across the g r a i n . 

Consider a c y l i n d r i c a l z e o l i t e granule whose 
l a t e r a l surface and one of the end faces are imper
meable, and the adsorpt ion of the X - ray contrast sub
stance occurs only from the granule end face ( F i g . 3 ) . 
I f the adsorption r a t e i s determined by the d i f f u s i o n 
i n the z e o l i t e c r y s t a l s ( T a » tTi ) , the X-ray p a t 
t e rns w i l l show gradual darkenirg of the e n t i r e ad
sorbent granule ( F i g . 3a ) . I f , however, the process 
i s l i m i t e d by the t r a n s f e r i n the t ransport pores 
(!:•,» T a ) " l a y e r - b y - l a y e r " f i l l i p of the z e o l i t e 
granule i s tak ing place ( F i g . 3 c ) . I n t h i s case the 
shape of the adsorpt ion wave q ( x ) i s near-rect angulax; 
and the k i n e t i c curve tf(*t) ~ Vx~. 

The intermediate case (when the times T - and x Q 
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are comparable) i s character ized by the formation 
and propagation, across the g r a i n of an adsorption 
wave CLteO w i t h a cons iderably smeared-out fronb 
P i g . 3 b ) . I n t h i s case , as t h e o r e t i c a l c a l c u l a t i o n s 
show, #Ct) v a r i e s i n a more complicated way than by 
the law Y t . The ac tua l form of the dependence #(-t0 
i s determined by the type of the k i n e t i c func t i on of 
the f i l l i n g of the microporous zones ( f o r ins tance , 
of the smal l z e o l i t e c r y s t a l s i n the granu le ) , T C i : ) 
( O ^ L P 0 t ) ^ ' 1 ) • I n our op in ion , the approximate i n 
t e g r a l equation obtained by us ( f o r t h i s case) for 
the law of motion of the forward front of the adsorp
t i o n wave 

tZ (S) - 2 D  S~  [ (CLo/Co) S$(S) + 1/6 ] (27) 
i s of i n r e r e s t . Here, t^(S) and $(s) are the Laplace 
transformants of the f u n c t i o n f 2 ( t ) and ^ ( t ) • 
Equation (>27) makes i t poss ib le ( i n p r i n c i p l e ) t o 
determine, on the bas i s of the known law of motion of 
the forward f ront of the adsorpt ion wave t("t) , the 
k i n e t i c s of adsorpt ion i n the microporous zones ^ ( i r ) , 
and v i ce v e r s a . The same r e l a t i o n can be used f o r c a l 
c u l a t i n g the d i f f u s i o n c o e f f i c i e n t s . 

We have also inves t iga ted t h e o r e t i c a l l y the law 
of v a r i a t i o n i n the f ront width of the adsorpt ion 
wave w i t h time i n the intermediate case . For the r e c 
tangular adsorpt ion isotherm, we found t h a t t h i s v a 
l u e , A("t)t decreases w i t h t i m e . The concrete form of 
the decreasing f u n c t i o n A(1f) depends on the nature 
of the k i n e t i c f u n c t i o n of the f i l l i n g of the micro -
porous zones, <4>("t) • I n p a r t i c u l a r , i f 4>(t)=1-exp(-*ArG) 
then 

A ( t )=(5^)[(i^ ( <- £,Hi)-(i^i) J (») 
Here, & A > 0 i s a s m a l l value appearing i n the d e f i 
n i t i o n of the front width of the absorption wave. 

The conc lus ion about the v a r i a t i o n i n the adsorp
t i o n wave front w i d t h , which fo l lows from t h e o r e t i c a l 
a n a l y s i s , can be confirmed exper imental ly by studying 
the k i n e t i c s of adsorpt ion of X - r a y contrast substanr-
ces by X - r a y technique. Th i s method was used by us , 
i n p a r t i c u l a r , when studying the k i n e t i c s of adsorp
t i o n of e t h y l i o d i d e , e t h y l bromide, and bromobenzene 
from a n i t rogen flow by molded z e o l i t e s CaA, CaX, NaX, 
and by act ive carbons. For X-type z e o l i t e s and act ive 
carbons, i n adsorpt ion from the c a r r i e r gas flow we 
observed a c l e a r l y def ined p a t t e r n of " l a y e r - b y - l a y e r " 
f i l l i n g of the granules ( F i g . 3 c ) . When studying zeo-
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Figure 3. Granule of molded zeolite with impermeable lateral surface 
and nature of adsorbate distribution in granule of biporous adsorbent 

Figure 4. Distribution of bromobenzene (a) and xenon (b) in active carbon gran
ule in successive time intervals 
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l i t e s CaA, which d i f f e r as regards t b e i r binders and 
granule molding c o n d i t i o n s , we observed a l l the 
poss ib l e cases (F ig*3)* The p a t t e r n t y p i c a l of the 
intermediate case ( T j ^ T a , F i g * 3b) i s observed 
most c l e a r l y i n studying the k i n e t i c s of adsorpt ion 
of bromobenzene and xenon from a one-component gas 
phase by microporous ac t ive carbons w i t h molecular-
sieve proper t i es* The experimental r e s u l t s are de 
p i c t e d i n P i g . 4 (a -brom-benzene, P=27 P a , T=298K; 
b-xenon, Ρ =6.5 kpa , Τ=195Κ)· 

I n a l l the f i gures attached, at the i n i t i a l 
i n s tants of time one can see a s u b s t a n t i a l l y smeared-
out adsorpt ion f r o n t , which reduces w i t h t ime , i n 
accordance w i t h t h e o r e t i c a l a n a l y s i s , and at s u f f i 
c i e n t l y large time
f i l l i n g of the granules* 

Our i n v e s t i g a t i o n s , as w e l l as those of other 
authors, show that the biporous k i n e t i c model holds 
much promise f o r studying the k i n e t i c s of adsorpt ion 
by r e a l adsorbents and, i n the f i r s t p l a c e , by molded 
z e o l i t e s * I t enables one t o i n t e r p r e t c o r r e c t l y the 
r e s u l t s of experiments which cannot be s que Θ se d i n t o 
the framework of the c l a s s i c a l q u a s i - d i f f u s i o n mo
d e l * At the same t i m e , t h i s model r equ i res fur ther 
experimental s u b s t a n t i a t i o n * T h i s r e f e r s , above a l l , 
t o the nature of mass t r a n s f e r i n the microporous 
zones* I n the f i n a l a n a l y s i s , the a p p l i c a t i o n of 
the biporous model of r e a l adsorbents makes i t 
poss ib le t o approach more r a t i o n a l l y the choice of 
adsorbents w i t h the most r a t i o n a l porous s t ruc ture* 
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2 
Molecular Orbital Calculations for Atoms in the 

Tetrahedral Frameworks of Zeolites 

G. V. GIBBS—Department of Geological Sciences, Virginia Polytechnic 
Institute and State University, Blacksburg, Va. 24061 
E. P. MEAGHER—Department of Geological Sciences, University of 
British Columbia, Vancouver 8, B.C., Canada V6T 1W5 
J. V. SMITH and J. J. PLUTH—Department of the Geophysical 
Sciences, University of Chicago  Chicago  Ill. 60637 

MO calculations for T5O16 clusters isolated from structures 
of six zeolites are examined. Variations of observed T-O bond 
lengths correlate negatively with bond overlap populations and 
p o s i t i v e l y with geminal nonbonded repulsions. Longer T-O bonds 
tend to involve narrower T-O-T and O-T-O angles and oxygen atoms 
with larger electrical charges, Q(O). Despite the neglect in the 
calculations of the nontetrahedral cations, M, shorter M-O bonds 
involve framework oxygen atoms with larger Q(O) values. 

Introduction 

In the l a s t few decades much work has been devoted to c l a r i 
fying the structure, c r y s t a l chemistry and properties of z e o l i t e s . 
Nevertheless, i t has provided l i t t l e insight into the charge d i s 
t r i b u t i o n and the nature of the bonding forces i n the z e o l i t e 
framework. Most interpretations of cation distributions and bond 
length and valence angle variations have been based on ionic 
theory. For example Dempsey (1, 2) found that Madelung potentials 
calculated for faujasite type zeolites correlate with cation d i s 
tributions obtained i n x-ray studies. However, because complete 
i o n i c i t y and observed atomic coordinates were assumed and disper
sion and closed s h e l l repulsion energies were neglected, the c a l 
culations do not improve understanding of the geometry and charge 
d i s t r i b u t i o n of the tetrahedral framework for which extended 
Htickel theory (EHT) should be p a r t i c u l a r l y relevant by analogy 
with e a r l i e r calculations on feldspars (3). The calculations for 
the feldspars predict that the oxygen atoms involving the longer 
T-0 bonds (T - A l , Si) have larger e l e c t r i c a l charges, Q(0), than 
those involving the shorter bonds. In addition, Mulliken bond 
overlap populations, rc(T-O), calculated by assuming constant T-0 
bond lengths with the valence angles clamped at observed values 
correlate negatively with the observed T-0 bond lengths, d(T-0). 

19 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



20 MOLECULAR SIEVES—II 

The calculations also predict that Si-0 bonds i n Si-O-Al linkages 
should be shorter than those i n Si-O-Si linkages and that Si-O-Al 
linkages are more stable than A1-0-A1 linkages (4). Because 
shorter bonds are predicted to involve wider T-O-T angles, t e t r a -
hedra involved i n wider than average angles are expected to be 
s l i g h t l y smaller than those involved i n narrower angles (5). 
Molecular o r b i t a l theory has also proved useful i n the construc
tion of theoretical and empirical MO diagrams and the interpreta
tion of v i s i b l e , u l t r a v i o l e t and x-ray emission and x-ray photo-
electron spectra of other s i l i c a t e s (6, 7_, , 9_9 10, 11). The 
good agreement obtained between the calculated electronic struc
ture of the s i l i c a t e ion and the available spectra of s i l i c a t e s 
and the use of the theory to correlate bond length and valence 
angles i n s i l i c a t e s indicate that modern valence theory can pro
vide a meaningful r a t i o n a l i z a t i o f th  natur f bondin  i
s i l i c a t e minerals. 

The present study wa
bond overlap populations obtained using molecular o r b i t a l theory 
correlate with T-0 bond length variations i n six s i l i c a r i c h 
zeolites (two dehydrated and two rehydrated p t i l o l i t e s (12, 13, 
14, 15, 16) and two o f f r e t i t e s (15, 17) and whether the calculated 
e l e c t r i c a l charges for the oxygen atoms i n the tetrahedral frame
work predict especially favorable s i t e s i n these zeolites for at
taching cations and sorbed molecules. 

Extended Htickel Theory and Population Parameters 

Because quantum mechanics cannot be applied i n general to 
polyelectronic systems, simplified approximations such as EHT (18) 
were developed to provide objective algorithms for r a t i o n a l i z i n g 
chemical experience. Comparison of experimental observations with 
such calculations should improve our understanding of the c r y s t a l 
chemistry of the zeolites and other inorganic compounds. Recently 
i t allowed interpretation of the interplay between bond length and 
valence angle variations i n the nontransition metal tetrahedral 
oxyanions for the second, t h i r d and fourth period elements (19). 
Although the algorithm cannot predict a priori the equilibrium 
bond lengths, i t does predict the observations that shorter T-0 
bonds tend to involve wider valence angles and that interdepen
dence between bond length and valence angle variations improves 
with increasing electronegativity of the tetrahedral cation. 

In EHT, each valence electron i s characterized by a normal
ized molecular o r b i t a l extending over the whole oxyanion cluster. 
This o r b i t a l i s approximated by a linear combination of atomic 
o r b i t a l s 

where | x .> are single exponent Slater type atomic o r b i t a l s and c. 
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i s a set of linear c o e f f i c i e n t s . If one electron o r b i t a l ener
gies, e^, are defined, then we may write the integral form of the 
Schrb'dinger equation 

ek = ^ k l h e f f I V 

where h e ^ f i s some undefined effective one electron Hamiltonian 
operator. The variation p r i n c i p l e yields the following set of 
secular equations 

where h ± . = h. ± = <x±|h
solution occurs only whe

|h ± j - e S l J | = 0 

holds for the secular determinant. 
When the elements of the Hartree-Fock Hamiltonian matrix are 

replaced by the Wolfsberg-Helmholz approximation (20), EHT i s as
serted to simulate Hartree-Fock calculations. We employed this 
approximation, i . e . , (1) the diagonal elements of the matrix l u ^ 
were taken as measures of the electron attracting power of an 
atom and were set equal to the negative of the valence o r b i t a l 
ionization potential (VOIP) of the U^L atomic o r b i t a l and (2) the 
off diagonal matrix elements h^. were taken as proportional to the 
overlap in t e g r a l , , according to the parameterization 

h ± j = s i j ( h ± i + V -

The overlap integrals were computed using the atomic coordinates 
of each atom i n the oxyanion cluster and the following Clementi-
Raimondi o r b i t a l exponents, £: 0(2s) 2.246; 0(2p) 2.227; T(3s) 
1.634 and T(3p) 1.428. The VOIP's used are: 0(2s) -32.33 eV; 
0(2p) -15.79 eV; T(3s) -14.83 eV and T(3p) -7.75 eV. 

When the secular determinant i s expanded, the solution to the 
resulting nth order polynomial gives n molecular o r b i t a l energies, 
e. Each e, i s then inserted into the secular equations to obtain 
a set of linear coefficients c f c. that define l ^ ^ ? ' Once the 
linear c o e f f i c i e n t s are found, a Mulliken population analysis may 
be completed to gain some insight into the charge d i s t r i b u t i o n i n 
the oxyanion cluster. For a T0i+~n tetrahedral oxyanion, the T-0 
bond overlap population defined by 

n(T-O) 
MO 
21 N(k) 

ieT jeO °ki
Ckj Sij 
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i s believed to measure the electron density located between T and 
0 where N(k) i s the number of electrons i n |ik>- It i s t r a d i t i o n 
a l to expect a larger binding force between the nuclei of the two 
atoms and therefore a shorter T-0 bond when the electron density 
i n the bond i s large. Accordingly, a negative correlation between 
n(T-0) and the observed T-0 bond length, d(T-0), i s anticipated. 
On the other hand, when the overlap population between two atoms 
(l i k e two oxygen or two T atoms) i s negative (antibonding), the 
electron density between the nuclei i s believed to be reduced. 
This increases their repulsion and they separate to minimize the 
potential energy. The sum of a l l the antibonding overlap popula
tions across a T-0 bond i s called the geminal nonbonding overlap 
population, nb(T-0). According to B a r t e l l et al. (21), rib(T-Q) 
should measure repulsion forces i n a structure that tend to 
stretch bonds, longer bonds involving larger nb(T-0). 

The e l e c t r i c a l charge

number calculated for Q(0) should not be regarded as the actual 
charge on the atom but as a crude index of the r e l a t i v e charge. 
An i n t r i n s i c defect i n EHT i s the strong dependence of the r e s u l t 
ing energies and wavefunctions on the form of the parameteriza
tion. Nevertheless, i t appears that trends i n bond overlap popu
lations and e l e c t r i c charges estimated for chemically and struc
t u r a l l y similar molecules are v i r t u a l l y independent of the exact 
parameterization. Hence, the correlations are considered to be 
s i g n i f i c a n t , not the absolute numbers. 

Application to Zeolites 

In a systematic study of the factors controlling the location 
of exchangeable cations and adsorbed molecules i n p t i l o l i t e and 
o f f r e t i t e , Mortier et al. (13, 15, 17) observed moderate to strong 
correlations between Ad(T-0) and -l/cos(Z,T-0-T) where Ad(T-0) i s 
the v a r i a t i o n of the individual d(T-O) value from the mean value 
for the tetrahedron (Fig. l a ) . The correlation i s especially well 
developed for dehydrated H - p t i l o l i t e which lacks exchangeable 
cations or sorbed molecules whose bonding requirements must 
disturb correlations based only on framework eff e c t s . As these 
correlations are consistent with observational and molecular o r b i 
t a l results for the feldspars, they proposed that covalent bonding 
may be important i n characterizing the s t e r i c d e t a i l s of the t e t 
rahedral frameworks i n these z e o l i t e s . Although the correlation 
evinced by Figure l a i s highly s i g n i f i c a n t , the scatter of points 
about the regression l i n e i s f a i r l y large. This i s not surprising 

Q(0) 

where Zt 

eff i s the number of valence electrons on 0. The actual 
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because (1) Ld(T-0) also correlates with the average of the three 
O-T-0 angles adjacent to the bond, <0-T-0>3, such that shorter 
bonds tend to involve larger <0-T-0>3 angles (Fig. l b ) , and (2) 
bonding from exchangeable cations and adsorbed molecules was ne
glected. A multiple linear regression analysis of Ad(T-0) versus 
both <0-T-0>3 and -1/cos(LT-O-T) accounts for about three-quarters 
of the variation i n A d , Figure l c ; on the other hand, only 
about half was explained i n terms of either <0-T-0>3 or 
-1/cos(LT-O-T). Note that no attempt was made to include the 
bonding effects of the nontetrahedral atoms i n the regression 
analysis. 

In order to interpret the correlations i n Figure 1 with a co-
valent bonding model, EHT calculations (Table I) were completed 
for closed s h e l l T5O16 clusters isolated from p t i l o l i t e and o f f r e -
t i t e following the procedur
et al. (3). A l l T-0 distance
and O-T-0 angles were set at observed values obtained from x-ray 
c r y s t a l structure analyses. The data for dehydrated H - p t i l o l i t e 
were plotted i n Figures 1-4 as s o l i d triangles whereas those for 
the remaining zeolites containing exchangeable cations and sorbed 
molecules were plotted as s o l i d c i r c l e s . The larger scatter i n 
data for the l a t t e r zeolites may be ascribed to the bonding ef
fects of the cations and molecules not e x p l i c i t l y modelled i n the 
molecular o r b i t a l calculations for the framework. 

From the plot (Fig. 2) of Ad(T-0) versus An(T-0), the devia
tion of n(T-O) from the mean value of i t s host tetrahedron, the 
shorter bonds are shown to match the larger bond overlap popula
tions as observed for the feldspars. The Ad(T-O) values also 
correlate with tmb(T-0) (Fig. 3), the deviation of the geminal 
nonbonding overlap population from the mean value of i t s host 
tetrahedron. These two correlations support the assertion by 
B a r t e l l et al. (21) that geminal nonbonding repulsions are as im
portant as bond overlap populations i n governing trends i n bond 
length variations. Calculations predict that the repulsion forces 
associated with nb(T-O) become more important as the angles be
tween the tetrahedra i n the ze o l i t e framework narrow and as T-T 
and 0-0 separations and n(T-O) values decrease (22). 

The oxygen atoms involved i n the narrower angles within and 
between the tetrahedra of the framework are predicted by EHT to 
carry the larger e l e c t r i c a l charges, Q(0) (Fig. 4). Because 
longer T-0 bonds tend to be associated with narrower valence 
angles, longer T-0 bonds are predicted to involve the more nega
t i v e l y charged oxygen anions. In spite of the utter neglect of 
the nontetrahedral cations, A/, i n the feldspar calculations, the 
Q(0) values were found to correlate inversely with the number of 
M-0 bonds and the bond strength sums to the oxygen atoms i n the 
framework. For the zeolites, the estimated Q(0) values correlate 
with the observed M-0 bond lengths, shorter bonds involving oxygen 
atoms with larger e l e c t r i c a l charges (Fig. 5). Because the bond
ing between the M cations and the framework i s asserted to be 
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Table I. Observed T-0 bond lengths, d(T-O), Mulllken bond overlap populations, 
n(T-O), gemlnal nonbondlng populations, nb(T-0), and electrical charges for 

oxygen, Q(0), for selected ptllolites and offretltes. 

Atoms d(T-O) n(T-O) nb(T-O) Q(0) Atoms d(T-O) n(T-O) nb(T-O) Q(0) 

Dehydrated Ca-ptllolite 
T l - ° 1 1.605 0.502 -0.094 -1.251 

T 3^°l 1.632 0.501 -0.095 -1.251 
T 1^3 1.586 0.514 -0.090 -1.227 

T 3"°4 1.594 0.528 -0.086 -1.207 

T l " ° 6 1.610 0.505 -0.091 -1.241 
T 3"°9 1.657 0.484 -0.099 -1.287 

V ° 7 1.604 0.499 -0.095 -1.254 

T 2"°2 1.591 0.502 -0.093 -1.246 T 4"°2 1.609 0.503 -0.094 -1.246 
T 2-°3 1.579 0.513 -0.091 -1.227 T4^°4 1.607 0.521 -0.089 -1.207 

T 2-°5 1.606 0.499 -0.094 -1.251 V°10 1.610 0.498 -0.095 -1.254 
T 2"°8 1.566 0.518 -0.088 -1.222 

V°10 

Rehydrated Ca-ptllollte 
T l - ° 1 1.618 0.505 -0.093 -1.247 V°i 1.638 0.501 -0.095 -1.247 
T l - ° 3 1.600 0.512 -0.09

V ° 6 1.617 0.507 -0.09
T l - ° 7 1.627 0.496 -0.095 -1.260 

V ° 2 1.609 0.498 -0.094 -1.252 V ° 2 1.622 0.500 -0.095 -1.252 

T 2-°3 1.601 0.512 -0.090 -1.231 
T 4"°4 1.615 0.523 -0.087 -1.211 

T 2-°5 1.620 0.498 -0.095 -1.254 V°10 1.623 0.500 -0.095 -1.251 

V ° 8 1.584 0.520 -0.088 -1.217 
V°10 

Hydrated Ha-ptllollte 

V°i 1.628 0.505 -0.093 -1.248 
T 3 - ° l 1.645 0.501 -0.095 -1.248 

T r ° 3 
1.603 0.512 -0.091 -1.230 

T 3"°4 1.618 0.523 -0.086 -1.208 

V ° 6 1.623 0.506 -0.092 -1.241 
T 3"°9 1.647 0.496 -0.096 -1.260 

V ° 7 1.633 0.493 -0.097 -1.265 

T 2-°2 1.615 0.497 -0.096 -1.255 
T 4"°2 1.629 0.499 -0.094 -1.255 

V ° 3 1.604 0.512 -0.091 -1.230 
T 4"°4 1.607 0.497 -0.086 -1.208 

T 2-°5 1.619 0.498 -0.095 -1.254 V°10 1.632 0.524 -0.094 -1.256 
T 2"°8 1.589 0.521 -0.089 -1.216 

V°10 

Dehydrated S-ptllollte 
T l - ° 1 1.608 0.507 -0.092 -1.243 

T 3 - ° l 1.640 0.503 -0.093 -1.243 
T l - ° 3 1.600 0.512 -0.091 -1.230 

T 3"°4 1.614 0.520 -0.087 -1.217 

V ° 6 1.611 0.508 -0.091 -1.236 
T 3"°9 1.636 0.500 -0.093 -1.250 

T l - ° 7 1.631 0.497 -0.096 -1.258 

T 2 - 0 2 1.608 0.500 -0.093 -1.249 T 4"°2 1.632 0.502 -0.095 -1.249 
T 2" °3 1.596 0.511 -0.090 -1.230 

T 4"°4 1.600 0.520 -0.089 -1.217 
T 2-°5 1.613 0.500 -0.093 -1.249 V°10 1.623 0.503 -0.094 -1.245 

T 2-°8 1.587 0.519 -0.089 -1.220 
V°10 

Dehydrated offretlte 
T l - ° 1 1.618 0.505 -0.093 -1.239 T 2 - 0 1 1.612 0.511 -0.091 -1.239 
T l - ° 2 1.668 0.489 -0.099 -1.278 T 2- °5 1.681 0.490 -0.100 -1.274 
T l - ° 3 1.622 0.496 -0.096 -1.256 T 2"°6 1.612 0.505 -0.093 -1.242 
T l - ° 4 1.618 0.519 -0.089 -1.224 

CO adsorbed offretlte 

V ° l 1.631 0.505 -0.093 -1.238 
T 2 - ° l 1.621 0.512 -0.091 -1.238 

T l - ° 2 1.669 0.488 -0.099 -1.279 
T 2- °5 1.697 0.487 -0.100 -1.280 

T l - ° 3 1.635 0.496 -0.096 -1.256 
T 2-°6 1.607 0.505 -0.093 -1.242 

T l " ° 4 1.621 0.518 -0.089 -1.224 
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Figure 1. T-0 bond length variations Ad(T-0) for dehydrated and rehydrated Ca 
ptilolite, hydrated Na and dehydrated H-ptilolite, dehydrated and CO-adsorbed off-
retite vs. (a) —l/cos(LT-O-T), (b) (O-T-O) s, the average of the three angles com
mon to the bond, and (c) Ad(T-0) calculated as a linear combination of —1/cos-

EHT has shown that n(T-0) varies
ariy when plotted against —l/cos(/_T-0-T) (23). Because experience has shown that 
n(T-0) is linearly dependent on d(T-0), Ad(T-0) was plotted against —l/cos(ZT-O-T) 
to obtain a linear trend. A, data for dehydrated H-ptilolite, which lacks exchangeable ca

tions and adsorbed molecules; •, remaining zeolites. 

-.03 -.02 -.01 A n ( T - O ) 

Figure 2. Ad(T-0) vs. A n f T -
O), the variation of the indi
vidual bond overlap popula
tion, nfT-O) , from the mean 
value calculated of its host 

tetrahedron. 

The n(T-0) values (Table I) 
were obtained for the T - O bonds 
of the central tetrahedron of a 
Tr,016 cluster. Each nonequiva-
lent tetrahedron in the six zeolites 
was placed in such a cluster, but 
only the n(T-0) values of the 
central tetrahedron were used. 
All the T-O bond lengths in the 
cluster were set at 1.61 A, and 
the O-T-O and T-O-T angles 
were kept at observed values. 
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Figure 3. bd(T-O) 
vs. A n b ( T - 0 ) , the 
variation of the gemi
nal nonbonding
pulsion from
mean value of its 

host tetrahedron A nb(T-O) 

-1.28 -1.26 -1.24 
Q(0) 

-1.22 

Figure 4. Estimated electrical charge 
for oxygen Q(O) vs. (a) (O-T-O)6, the 
average of the six O-T-O angles in
volving an oxygen in a T-O-T linkage, 
and (b) -l/cos(lT-0-T). The Q(O) 
values (Table I) were calculated for 
the oxygen atoms coordinating the cen

tral tetrahedron of aT5016 cluster. 
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Figure 5. Observed M - O bond lengths (M 
= Mg, Na, Ca, K) vs. the estimated charge 
on oxygen Q(O) for (a) ptilolite and (b) off-
retite. In (a), O = Na-O bonds, and • = 

Ca-O bonds. 
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predominantly ionic i n character, an inverse r e l a t i o n between Q(0) 
and M-0 bond length i s to be expected. It should be emphasized 
that p a r t i a l s i t e occupancy by M cations results i n unknown sys
tematic errors i n the Af-0 distances, and that the slopes i n Figure 
5 should not be interpreted quantitatively. Furthermore, note 
that small systematic errors i n T-0 distances and T-O-T and O-T-0 
angles may result from technical problems of c r y s t a l structure 
refinement when A l , S i substitution occurs, but that such errors 
are t r i v i a l i n r e l a t i o n to the above correlations for p t i l o l i t e 
and o f f r e t i t e . 

In conclusion, the above discussion indicates that semiempi-
r i c a l molecular o r b i t a l theory i s a useful model for r a t i o n a l i z i n g 
the conformation of the zeo l i t e framework. It may also help i n 
evaluating the role of the framework i n sorption, ion exchange 
and catalysis by providing crude estimates of the charges on the 
oxygen atoms i n the tetrahedra
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3 
Identification and Characterization of Zeolites 

Synthesized in the K2O-Al2O3-SiO2-H2O System 

J O H N D. S H E R M A N 

Union Carbide Corp., Tarrytown Technical Center, Tarrytown, N.Y. 10591 

Close examination has revealed some confusion in the identification of the 
various zeolites synthesized in the K 2 O - A l 2 O 3 - S i O 2 - H 2 O system. 

Linde H and Linde M have been found to consist of mixtures of other species. 
Recent papers have erroneously identified a species as zeolite Z (K-F); in fact, the 
material most closely resembles Linde F zeolite, not zeolite Z. 

Based upon these proper identifications the relationships between the various 
species reported by different authors have now been clarified. 

Introduction 

Systematic studies in 1950-1952 of the synthesis of zeolites from gels at low 
temperatures (50-120°C) in the K 2 0-AI 2 03-Si02-H 2 0 system were undertaken in 
the Tonawanda Laboratory of Union Carbide Corporation. Several new zeolite 
phases were discovered (designated herein as Linde F, H, J , L, M, Q and W) (1_7). 
Additional synthetic zeolite phases K-E, K-F (designated zeolite Z in the patent 
literature and also herein to avoid confusion), and K-G were subsequently reported 
by Barrer and Baynham (8,9,10). More recently, another zeolite, K-A, has been 
reported by Aiello and Franco (VI). Because other zeolites provide properties 
(such as larger pore sizes and pore volumes) of greater practical value, only a few 
of these eleven zeolites have been studied in any detail (12-22, 26). 

Present Studies. During recent syntheses and characterizations of samples of 
these zeolites, detailed comparisons were made of the X-ray diffraction patterns 
of the samples and those reported in the literature. Some discrepancies were found 
in the identification of the various zeolites involved. This led to a detailed exami
nation of some of the zeolite samples synthesized in the early Linde studies and a 
critical review of the literature. As a result, the nomenclature and relationships 
among these zeolites have been clarified. The typical properties and relationships 
among the various zeolites reported by different authors are outlined in Tables I 
and II and discussed below. 
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T A B L E I 

T Y P I C A L COMPOSITIONS A N D S O R P T I O N P R O P E R T I E S O F Z E O L I T E S S Y N T H E S I Z E D IN T H E K2O-AI2O3-S1O2-H2O S Y S T E M 

Typical Composition 
( M o l e s / A I 2 0 3 ) 

Approximate H 2 0 Sorption 

Identification 
Typical Composition 

( M o l e s / A I 2 0 3 ) Largest Effective Capacity 
In Present 

Report 
Literature 

Designation K 2 0 S i 0 2 H 2 0 
Molecule 

Sorbed 
Pore 

Diameter 
Temp. 
C°C» 

Pressure (gms/100gms 
(Torr) active wt) 

Thermal 
Stability 

Zeolite Z 
(K-F) 

K-F <a> 1 2 3 N H 3 

(slowly 
at 20°C) 

2.6 A (LOI at 1000°C) 14.3 Decomposed at 
600°C/3 days 

K-F US) 1 2 
3.4 - - 18 ~ 0 . 5 P/Po 18.0, 22.0 

Linde F F a) 1 2 2.9 S 0 2 3.6 A 25 4.5 12.0 Stable to at 
F * 

Linde M 
(Mixture of 

M (§) 1 2.1 

least 350°C (20) F and 
Kaliophilite) M * 

S 0 2 3.6 A 
least 350°C (20) 

Zeolite K G K G (8) 1 2.3-
4.15 

2 6 -
4.6 

C 0 2 3.5 A Calculated 1 3 - 2 0 
(from Chem. Analyses) 

K G (19) 1 2.0-
4.2 

3.8-
6.2 - - 18 ~ 0 . 5 P/Po 23.5 Stable to 

600°C + 

Linde H 
(Mixture of 
Q a n d K G ) 

H (2) 1 2 4 s o 2 3.6 A 25 4.5 17.4 Unstable above 
~130°C(20) 

Linde Q Q (6) 1 2.2 4.3 s o 2 
3.6 A 25 4.5 11.5 Unstable above 

~ 1 3 0 ° C (20) 

K-l (19) 1 2 3.8 - - 18 0.5 P/Po 18.0 Disintegrated at 
200°C 

K-l i l l ) 1 2 4 Decomposes at 
168°C 

Linde J J (3) 1 1.9 1.2 s o 2 3.6 A 25 25 8.4 Stable to at 
K-H (19) 1 2.0 - - - 18 ~ 0 . 5 P/Po 9.0 least 350°C W) 

Linde L L (4) 1 6 6 ( C 4 F 9 ) 3 

(slowly at 
50°C) 

N 8.1 A 25 4.5 12.6 

Linde W W 1 3.6 5.1 S 0 2 

0 
3.6 A 25 4.5 14.4 

Stable to at 
least 250°C (20) 

K-M (19) 1/3.5-4.4/3.8-4.4 18 ~ 0 . 5 P/Po 16.4 Stable to at 
least 250°C (20) 

W * 25 17.5 16.4 

Stable to at 
least 250°C (20) 

Zeolite K-E K-E (S) 1 4 1 - - (LOI at 1000°C) 7.43 -
Zeolite K-A 
(Mixture of 
K-E and Kal-
silite) (?) 

K-A <LP 1 2 4.25 

# Present Studies 
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3. SHERMAN Zeolites in the KgO-Al203-SiOrH20 System 33 

Linde F/Zeolite Z (K-F) 

The report of the synthesis of zeolite Z (K-F) from gel at 120-150°C by 
Barrer and Baynham (8,9) was followed later by confirmation of the synthesis 
from gel at 90°C by Zhdanov and Ovsepyan (12) and from clay at 80°C by Aiello 
and Franco (1J). As may be seen in Figure 1, the reported X-ray patterns are in 
good agreement. The synthesis of Linde F zeolite was described by Milton (J_) 
and later by Takahashi and Nishimura (13). 

A series of recent papers (14-17) described the synthesis of a zeolite desig
nated "K-F" , its characterization, and, finally, the determination that it had a 
framework structure like that of the natural zeolite edingtonite. However, as 
shown by the comparisons with Linde F zeolite synthesized from gel (present 
studies) (Figure 1), this zeolite "K-F" , the synthesis of which is described in 
references (14-17), most closely resembles Linde F zeolite. 

Further confirmation is provided by comparison of X-ray diffraction patterns 
of clay-synthesized Linde F
exchanged forms, with the X-ray  pattern  reporte  (15)
Na + exchanged "K-F" prepared in a similar manner; and also with the computed 
X-ray powder pattern calculated from the structure reported by Baerlocher and 
Barrer (17) for the " N a e x K-F". These comparisons are given in Table III. As 
may be seen, the agreement is excellent. Therefore, it is concluded that the repor
ted (17) structure is that of Linde F and the studies (14-17) were performed on 
samples most closely resembling Linde F, not zeolite Z [Barrer and Baynham's 
K-F (§ ) ] . 

Examination of Figure 1 reveals that zeolites Z and Linde F have similar X-ray 
patterns. Since the edingtonite framework is very flexible, it may well be that 
zeolite Z has a distorted structure based upon the same or a closely related frame
work. 

Other reported properties of zeolite Z also differ from those of Linde F. In 
particular, Na + exchange of zeolite Z caused "no appreciable alteration in the 
lattice" as shown by X-ray diffraction (8). However, as discussed above and shown 
in Table III, Na + exchange of Linde F causes marked alteration of the X-ray dif
fraction pattern. 

Zeolite Z appears to sorb more water than does Linde F, as summarized in 
Table I. The thermal stability of the K + form of Linde F also appears to be much 
greater than that of zeolite Z. Barrer and Baynham (8) reported the conversion of 
Z (K-F) to kaliophilite in three days at 600°C; whereas Barrer, Cole and Sticher 
(14) and Barrer and Mainwaring (16) reported that decomposition of their " K - F " 
(actually Linde F) did not occur until a temperature of 1Q95°C was reached in a 
DTA study. Such a difference cannot be rationalized on the basis of kinetics alone. 

Finally, zeolite Z appears to have a smaller effective pore diameter for sorp
tion than does Linde F zeolite. Barrer and Baynham (8) reported that zeolite Z 
(K-F) sorbed N H 3 very slowly at 20°C, indicating an effective pore diameter of 
~2.6 A. In contrast to this, Linde F zeolite readily sorbs S 0 2 and C 0 2 at room 
temperature, indicating an effective pore diameter of ~3.6 A. 

It is of interest that the crystal morphologies of both zeolites are very similar. 
Figure 2a shows the typical tetragonal morphology of the Linde F zeolite (present 
studies). Barrer and Baynham (8) describe a zeolite Z (K-F) preparation consisting 
of "small rods", and Aiello and Franco (1J) show an electron photomicrograph of 
their sample of zeolite Z (K-F) revealing a similar morphology. The structural 
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3. S H E R M A N Zeolites in the K20-Al2Os-Si02-H20 System 35 

T A B L E III. X - R A Y P O W D E R D A T A F O R K + A N D N a + FORMS O F L I N D E F 

S Y N T H E S I Z E D F R O M C L A Y 

F O R M S Na+ E X C H A N G E D F O R M S 

" K - F " " N a - F " • ' N a e x K - F " C A L C U L A T E D 
L I N D E F B A R R E R & L I N D E F B A R R E R & F R O M S T R U C T U R E BY 

( P R E S E N T M U N D A Y ( P R E S E N T M U N D A Y B A E R L O C H E R & B A R R E R 
S T U D I E S ) (1971) S T U D I E S ) (1971) (1974) 

d_ _L _l_ 1 _d_ i _ hkl 

7.87 w 
7.14 100 7.10 s 7.11 100 110 

4 .94 100 6.94 s 
6.66 15 6.66 M 6.68 25 001 

6.51 13 6.52 w 
5.56 4 101 
5.03 1 200 

4.80 8 4.78 vw 

4.17 6 4.18 vw 
4.00 4 4.00 5 4.03 W 4.02 6 201 

3.73 2 211 
3.56 12 3.57 MW 3.56 8 220 

3.49 22 3.48 M 3.52 sh 7 
220 

3.34 5 3.35 W 3.34 4 002 
3.28 7 3.22 W 

3.20 VW 
3.19 W 3.17 14 102, 310 

3.14 94 3.15 vs 3.14 62 221 
3.11 6 3.11 w 
3.09 75 3.08 MS 

3.02 28 3.03 MS 3.02 18 112 
2.97 87 2.97 s 

2.88 25 2.88 MS 2.87 18 311 
2.81 56 2.82 MS 

2.74 vw 
2.68 8 2.69 VW 
2.57 3 2.58 vw 

2.56 vw 2.56 vw 2.57 1 321 
2.46 4 2.46 vw 

2.52 6 2.52 MW 2.51 3 400 
2.44 8 2.44 MW 2.43 4 222, 410 

2.37 1 302 
2.35 1 401 

2.32 5 2.32 vw 
2.30 6 2.31 MW 2.30 3 312 

2.26 10 2.26 w 
2.25 W 2.25 2 420 

2.24 4 2.24 W 2.23 3 331 
2.19 vw 

1.90 4 1.86 vw 
2.14 vw 2.14 2 322 

2.13 3 2.13 vw 2.12 3 113, 421 
2.01 W 2.01 2 402 

2.00 1 213 
1.90 9 1.89 MW 1.89 5 223 

1.85 5 1.87 W 1.86 1 422 
1.83 vw 1.82 1 313 

1.78 19 1.78 M 1.78 8 440 
1.74 10 1.74 w 1.73 5 1.73 MW 1.725 1 530 

1.72 vw 1.718 1 441 
1.69 9 1.70 4 1.698 2 512 
1.67 5 1.670 2 004 

1.623 3 333, 601, 
114 

1.590 1 620 
1.585 1 204 
1.547 4 621 
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3. S H E R M A N Zeolites in the K20-Alfls-Si02-H20 System 37 

relationships between zeolite Z and Linde F are not clear. Further study is needed 
to resolve this question. 

Linde F/Linde M/Kaliophilite 

The synthesis of Linde M was described by Breck and Acara (5), and it was 
later shown by Breck and Flanigen (18) that Linde M forms in a portion of the 
same composition field in which Linde F is synthesized. Barrer, Cole and Sticher 
(14) concluded later that Linde M is the same as "K-F" . But, as discussed above, 
their " K - F " of reference (M) is identical with Linde F, not zeolite Z (K-F). 

To resolve these questions, the original sample of Linde M (5) was obtained 
and examined. From comparisons of the X-ray diffraction patterns shown in 
Figure 3, it is concluded that Linde M is a mixture of Linde F and synthetic 
kaliophilite. 

Scanning electron microscop  (SEM) als  confirm  that thi  Lind  M sampl
contains particles with two differen
crystals of Linde F and rounde  intergrow  agglomerate  syntheti  kaliophilite
The latter are larger but similar in appearance to those found in a synthesis of 
pure synthetic kaliophilite (Figure 2c). Water sorption and N H 4

+ ion exchange 
data also confirm the above conclusions and indicate that the fraction of Linde F 
present ranges from ~25 to 50% in the Linde M samples examined. 

Linde Q/Linde H/Zeolite K-G 

Breck and Acara (6) reported the synthesis of Linde Q. On the basis of the 
comparisons in Figure 4, it is concluded that zeolite K-l later reported by Zhdanov 
and Ovsepyan (12,19), and Barrer, Cole and Sticher (14), is identical to Linde Q. 
Barrer, Cole and Sticher (14) also noted that they consistently synthesized mix
tures of zeolite K-G and zeolite K-l and concluded that Linde H (2) is the same 
mixture. 

The original sample of Linde H described by the X-ray pattern (2) was 
obtained and examined by X-ray diffraction and scanning electron microscopy. 
As shown in Figure 4, Linde H is indeed a mixture of Linde Q and zeolite K-G, the 
latter being similar to, but not identical with, natural chabazite. 

SEM reveals that this Linde H sample (Figure 2d) contains particles with two 
different morphologies: hexagonal plates of Linde Q and rounded spherulites of 
interpenetrating twins of zeolite K-G. A separate synthesis of pure Linde Q gave 
very small, poorly formed hexagonal plates (Figure 2e). However, the morphology 
of the Linde Q in Figure 2d is identical to that reported by Zhdanov and Ovsepyan 
(1_2) for Linde Q (K-l). The picture given by Barrer, Cole and Sticher (14) for 
Linde Q (K-l) showed a morphology more similar to that shown in Figure 2e. The 
morphology of zeolite K-G shown in Figure 2d is identical to that shown by Barrer 
and Mainwaring (16). 

Single crystal electron diffraction studies by J. M. Bennett of one of the hexa
gonal Linde Q platelets (in the sample of Linde H) gave the following results: 
hexagonal symmetry, a.= 13.37 + 0.09 A, c.= 26.45 + 0.12 A. This is in excellent 
agreement with the results of Zhdanov and Ovsepyan (12) who found hexagonal 
symmetry with a.= 13.41 ^0.02 A and c_= 13.2 i 0.2 Albased on indexing of the 
powder pattern). The doubling of £.shown by our electron diffraction results may 
well be due to Si/AI ordering in this zeolite (which has Si/AI = 1). 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



MOLECULAR SIEVES—II 

LINDE F 
Present Studies 

1 , . , • . . 1 . . 11 i i i . 1 i 
' 1 1 1 1 1 

LINDE M 
Present Studies 

1 i l l 1 - l | I I I l u l l 

1 1 1 

II. 1, - i. 
1 1 | 1 * 1 * ^ ' 

SYNTHETIC 
KALIOPHILITE 
Smith A Turtle 

0957) 

, 1
4 8 12 16 20 24 28 32 36 40 44 

DEGREES 20 [Cu K« RADIATION] 

Figure 3. Linde F/Linde M/synthetic kaliophilite 

K-l 
Ovsepyan & 

Zhdanov 
(1965) 

1 1 1 1 1 1 f i l l 1 III 1 1 >l H | l • 

1 

LINDE 0 
Present Studies 

I i • L i - i 1 1 - • • J l 

I I 1 

l | li 1 |i . I i | • I 

1 

l | I I i — t 

LINDE H 
Present Studies 

J LL. 1 . .11 i •••• 1 III., ll 1 • 
Barn 

i 

i i i 
K-G (1) 

»r & Baynham 
(1956) 

,1 1 . . . 1 1 

I 

I 

I 

1 I L _ l l_l L _ l l l I I I I I I I l—l L _ l L 
4 8 12 16 20 24 28 32 36 40 44 

DEGREES 20 [Cu K« RADIATION! 

Figure 4. Linde Q/Linde H/Zeolite K-G 
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The low thermal stability of Linde H is also in agreement with these conclu
sions, and is clearly due to the low thermal stability of the Linde Q portion of the 
mixture (see Table I). 

Linde W/Phillipsite/Zeolite K-G 

The synthesis and properties of Linde W were described by Milton (7). Barrer 
and Baynham (8) also described the synthesis of a zeolite K-M. A sample of the 
latter zeolite was obtained, examined, and found to be essentially identical with 
the Linde W synthesized earlier (20). 

The X-ray powder patterns of the various zeolites found to be identical with 
Linde W are given in Figure 5. Comparison is also given with natural phillipsite, 
zeolite ZK-19, and both synthetic (K-G) and natural chabazite. The latter are 
included because zeolite K-G has a similar composition and might occur as an im
purity in the synthesis of Linde W  Consideration of Figure 5 confirms that the 
zeolite K-M of Barrer et al. (8,16,22
are identical with Linde W. Also

However, the X-ray patterns for Linde W and phillipsite differ, for example, 
in the existence in the Linde W of a line at d = 9.94 Â. It was believed that this 
might be due to the presence of a chabazite-type (K-G) impurity with the Linde W. 
However, close comparison (see Figure 5) with the X-ray pattern for K-G and with 
that calculated from the chabazite structure of J . V. Smith et al. (23) leads to the 
conclusion that the discrepancies between the Linde W and phillipsite patterns are 
not due to a chabazite type impurity. On the other hand, the X-ray powder pattern 
for zeolite ZK-19 [Kuehl (24)] most closely resembles that of natural phillipsite. 
[Note: ZK-19 is synthesized in the K 2 0 · Na 2 0 · (K,Na)3 P 0 4 · A l 2 0 3 · S i0 2 · 
H 2 0 system.] 

SEM also indicates that Linde W comprises a single phase, consisting of 
"wheatsheaf" bundles as shown in Figure 2f. Therefore, it is concluded that 
Linde W zeolite has a structure related to, but different from, that of natural 
phillipsite. Further study is needed to determine the exact structure of Linde W. 

K-E/K-A/Kalsilite 

Barrer and Baynham (8) described the synthesis from gel of a hydrated 
potassium zeolite, K-E ( K 2 0 · A l 2 0 3 · 4 S i0 2 · H 2 0) , having an X-ray powder 
pattern very close to the zeolite mineral analcime (Na 20 * A l 2 0 3 · 4 S i0 2 · 
2 H 2 0) . Aiello and Franco (U) reported the synthesis of a new zeolite, K-A 
( K 2 0 · A l 2 0 3 · 2 S i0 2 · 4.25 H 2 0) , from halloysite. The K-A phase was found 
in a single preparation and subsequent attempts to repeat the synthesis were un
successful (25). No other reports of the synthesis of K-A have been found. 

Comparison of the X-ray patterns for K-E and K-A reveals great similarity 
between the two. Furthermore, many of the remaining lines are identical with 
those of synthetic (K-N) or natural kalsilite. Therefore, it appears that K-A might 
be a mixture of K-E and kalsilite. Further study of the K-A sample should be of 
value. If it is indeed a single phase, further attempts to repeat the synthesis would 
appear desirable. 
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Other K + Zeolites 

Critical examination of unpublished data and literature reports of the synthe
ses of other zeolites synthesized in the K 2 0-Al2 03-Si02-H 20 system has con
firmed that the zeolite Linde J [Breck and Acara (3)] is a purephase. Zeolite K-ll 
of Ovsepyan and Zhdanov (19) appears identical to Linde J. Linde L [Breck (4)] 
has received detailed study (18) establishing that it is a pure phase. 

The conclusions from the present studies relating the zeolite phases reported 
by various authors are summarized in Table II. The identifications of the zeolite 
phases of Bosmans et al. (26) are based upon examination of copies of the X-ray 
powder patterns kindly provided by Professor Bosmans (33). 

Conclusions 

Of eleven zeolites reported synthesized i  th  K 0 - A l 0 - S i 0 - H  Ο system
one (Linde H) has been show
Qand K-G), and another (Lind )  kaliophilite
existence of another zeolite (K-A) has not been confirmed and it is noted that it 
might be a mixture of a zeolite (K-E) and kalsilite. Therefore, the list simplifies to 
eight clearly distinguishable zeolite phases [K-E, F, K-G, J, L, Q, W and Ζ (K-F)] 
plus one (K-A) yet to be confirmed. 

It has been found that all of the other zeolite phases reported synthesized in 
this system are identical with, or mixtures of, the eight confirmed zeolite species 
(see Table II). 

Recent papers (14-17) describing the structure (edingtonite-type framework) 
and properties of zeolite " K - F " have, in fact, dealt with samples most closely 
resembling the Linde F zeolite, not zeolite Ζ (K-F). However, Linde F and zeolite 
Ζ (K-F) appear to have related framework structures. Finally, Linde W zeolite is 
shown to be closely related to but different in structure from natural phillipsite. 
The structures of Linde Q and Linde J zeolites are also unknown. 

It is hoped that these results will aid others involved in studies of these zeo
lites and encourage orderly development in a heretofore somewhat confused 
synthesis field. 
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Propert ies of Synthesized, I o n - E x c h a n g e d , a n d Stabi l ized 

Zeo l i te R h o 

W. H. FLANK 

Union Carbide Corp., Molecular Sieve Dept., Tarrytown Technical Center, 
Tarrytown, N.Y. 10591 

Zeolite rho and some of its modifications, including a stabilized form, have 
been characterized by infrared, sorption, x-ray and thermal techniques. The 
structure is less open than expected. A distorted structure is suggested, containing 
two unequal non-intersecting pore networks. Evidence is presented for the pres
ence of a zeolitic H 3 O + species, and for acidic OH groups. Considerable frame
work elasticity during sorption-desorption is indicated. 

Introduction 

The synthesis and characterization of a crystalline zeolite designated zeolite 
rho has been described by Robson and co-workers(J.). The structure initially pro
posed for this material is that of a cubic array of ar-cages linked by double 8-rings. 
Further characterization, using infrared, sorption, x-ray and thermal analysis tech
niques, was undertaken to examine in more detail the properties of this material 
and some of its modifications. 

Experimental 

The Cs, Na-form of zeolite rho was prepared in accordance with published 
proceduresQJ. Ion exchange with 1.25N NH4CI solution was accomplished by 
multiple exchange treatments at reflux temperature, followed by washing with 
1% NH 4OH solution. A portion of the NH4-rho was stabilized by placing it in a 
furnace at 523K purged with an*80% steam in air mixture, and raising the tempera
ture to 923K for one hour. Conventional wet chemical analyses were performed 
on these samples. 

Gravimetric sorption data were taken with a quartz spring balance contained 
in a conventional high-vacuum system. Adsorption data were obtained for n-
butane and water at 296K and oxygen at 90K, using vacuum-activated samples of 
stabilized rho, Cs, Na-rho, NH4-rho and NH4-rho which had been pre-calcined 
in air at various temperatures. Additional data were also obtained on samples 
conventionally exchanged with a number of different ions. 

DTA curves were obtained on 50 mg samples with a duPont Model 990 
Thermal Analyzer programmed at 10K/min. and air-purged at a rate of 38 cm 3/ 
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min. TG curves on 25.0 mg samples were obtained using a duPont Model 951 TG 
Analyzer at the same conditions. The latter curves were recorded on a tempera
ture corrected chart, while the former were recorded on a chart which was linear 
in millivolts. 

Infrared spectra were taken with self-supporting wafers after evacuation at 
room temperature, 523K and 773K, using a Perkin-Elmer Model 225 double-beam 
instrument. Acid activity and acid strength were examined by observation of 
band changes after admitting propylene into the infrared cell. The framework 
region was investigated with pressed KBr discs. Some of the hydroxyl region 
spectra were obtained with a Perkin-Elmer Model 112 single-beam spectrophoto
meter. 

X-ray powder data were obtained at various conditions using a Norelco 
diffractometer equipped with a graphite monochromator and pulse height ana
lyzer. A silicon internal standard was used in obtaining the data for calculation 
of cubic lattice parameters. 

Results and Discussion 

Chemical Analysis. Data for three forms of zeolite rho are shown in 
Table I. Some carbonate is frequently present in the synthesized material, and 
would be expected to remain in the NH4

+-exchanged and stabilized forms. (The 
small band at about 1350 cm"1 in the infrared spectra also indicates the presence 
of cesium carbonate.) Incomplete washing of the NH4

+-exchanged sample is also 
evident, but excess NH 4CI would not be expected to remain after calcination. 

The carbonate-corrected cation to alumina ratio in the as-synthesized sample 
is 1.02, in agreement with the value of 1.02 reported by Robson et al. (J.). There 
is good agreement in the S i 0 2 / A l 2 0 3 ratio (5.86 vs. 5.8). Their molar I V ^ O / C s ^ 
value of 3.25, however, differs from the 2.64 reported here, where the carbonate 
is considered to be present as C s 2 C 0 3 . The carbonate- and chloride-corrected 
cation to alumina ratio for the NH4

+-exchanged sample is a reasonable 0.98. An 
increase in the S i 0 2 / A l 2 0 3 molar ratio of the exchanged product was observed, 
which might be due to aluminum leaching, either from the framework or from 
unreacted gel, or hydrolysis during the exchange treatment. 

It might be noted that essentially all of the Na + and most of the C s + were 
exchanged out of the structure, in contrast to the earlier report that exchange 
with N H 4

+ removes substantially all of the C s + and over 90% of the N a + content 
of the synthesized product. However, if the cesium in the NH4

+-exchanged 
material is present as carbonate, as appears likely, then the exchanged product is 
essentially all in the ammonium form. 

Adsorption Measurements. It was found that little oxygen sorption 
occurred with the Cs, Na-form, samples exchanged with monovalent, divalent or 
trivalent metal cations, or with the NH4

+-exchanged form calcined at 623K in 
vacuum. Water sorptive capacity, however, was appreciable in all of these samples 
and apparently approached complete void-filling for the calcined NH 4-form, as 
shown in Table II. This last result may be an artifact, however, and may be due 
to rehydration çf defect aluminum sites. The kinetic diameters for oxygen and 
water are 3.46 A and 2.65 A, respectively(2). The sharp difference in capacities 
for both n-butane (4.3 A kinetic diameter) and oxygen between NH 4-rho heated 
to 623K and NH 4-rho heated to 673K, shown in Table III, indicates that there 
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TABLE I 
CHEMICAL ANALYSIS AND MOLAR RATIO DATA 

FOR ZEOLITE RHO SAMPLES 

WT. PERCENT (ANHYDROUS BASIS) 
SAMPLE Na20 Cs20 (NH4)20 Si02 Al 20 3 C cr 

Cs, Na - RHO 7.6 16.8 < 0.1 58.7 17.0 0.15 -
NH4-RHO < 0.1 3.2 11.2 67.8 18.1 - 2.8 
STABILIZED RHO < 0.1 3.6 < 0.1 75.8 20.4 — -

MOLES PER MOLE Al 20 3 

Na20

Cs, Na-RHO 0.74 0.36 - 5.86 1.00 0.08 
NH4 - RHO - 0.07 1.22 6.35 1.00 - 0.22 
STABILIZED RHO - 0.06 - 6.31 1.00 

TABLE IE 

SORPTIVE PROPERTIES OF ION-EXCHANGED FORMS OF ZEOLITE RHO ( 

Q2 ADSORPTION AT 90K, 750 TORR H2Q ADSORPTION AT 296K, 20 TORR 
ION EXCHANGED FORM WT. PERCENT VOLUME, cm3/g WT. PERCENT VOLUME, cm3/g 

(Cs, Na)+(b) 4.1 0.04 23.3 0.23 
NH4

+ 5.9 0.05 31.5 0.32 
Li+ 4.7 0.04 23.1 0.23 
Na+ 4.8 0.04 24.5 0.25 
K+ 2.6 0.02 21.9 0.22 
Mg++ 4.7 0.04 24.3 0.24 
Ca++ 4.3 0.04 27.0 0.27 
La + + + 4.5 0.04 23.3 0.23 

( a ) A L L SAMPLES ACTIVATED IN V A C U U M A T 623K. 

( b ) AS SYNTHESIZED FORM 
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are different kinds of cation exchange sites or positions present, and that only 
some of the N H 4

+ ions were decomposed at the lower temperature. Complete 
removal of N H 4

+ ions appears to have occurred only after the high-temperature 
stabilization treatment. 

The data in Table III also show that calcined NH 4-rho is unstable with 
respect to water vapor. The measured oxygen and η-butane adsorptive capacities 
are significantly lower for a vacuum-activated sample which has previously been 
exposed to water. In contrast, stabilized rho was found not to be adversely affec
ted by exposure to water. The measured oxygen adsorption capacity upon re
activation following exposure to water was within 0.1 relative percent of that for 
the freshly stabilized material. 

Adsorption of η-butane was found to be quite low, approaching 50% of the 
calculated(.2) maximum pore volume of 0.33 cm 3 /g only for NH 4-rho samples 
heated above 673K. After exposure to water and re-activation, such samples 
generally showed about twice as much loss in η-butane capacity as the loss in 
oxygen capacity. The maximu
(4) is the same as that of the η-butan  adsorptio
reported for hexane(l), which has the same 4.3 A kinetic diameter as butane. 
Zeolite A, which has an 8-ring aperture, adsorbs neither of these molecules at 
room temperature, most likely because of the presence of cations. If zeolite rho 
has an 8-ring aperture, then adsorption of such molecules in a structure where the 
cations have been removed could be expected. Zeolite ZK-5, which appears to 
have an 8-ring aperture and a dual non-intersecting pore network, after calcination 
to remove the organic base, adsorbs about 70% of the expected amount of 
n-hexane(5). However, it is possible that a distorted rho structure containing 
two non-intersecting three-dimensional pore networks with 8-ring apertures, as 
was suggested earlier(i), could explain the butane sorption results if the pore net
works were unequal, with one allowing, and the other not allowing, passage of 
the butane molecule. This would be compatible with the thermal and x-ray 
results discussed below. 

Thermal Analysis Data. Curves for the Cs-Na, NH4-exchanged and stabilized 
forms of zeolite rho are shown in Figures 1 and 2. The most noteworthy feature 
is the presence of hydroxyl groups thermally stable to about 1000K, which are 
present in the ΝH4-exchanged and stabilized forms. The weight loss associated 
with these amounts to 2.0% for the ΝH4-exchanged form (on a deamminated 
basis) and 1.9% for the stabilized form. Endotherms corresponding to these 
weight losses are clearly evident. A hydroxyl density of about 12 χ 10 2 0 per gram 
of dehydrated zeolite can be calculated for the stabilized material. 

It can also be noted that completion of deammination occurs beyond 800K, 
in agreement with the observations of both Robson and Kerr(6). The present data 
indicate that two different ammonium ion sites are most likely present in the N H 4 -
exchanged product. The endotherm centered at about 61 OK and the exotherms 
at about 680K and 765K are not evident in the other zeolite rho forms. There is 
obviously overlap between these peaks, but the transition from one to the other in 
the DTA curve corresponds well with the inflection seen in the TG curve at 635K. 
Alternative explanations involving hydration spheres, hydrolysis, impurities or 
secondary reactions do not seem to correspond with the heats of reaction or the 
magnitude of the phenomena involved. Differences based upon distortion of the 
structure may be more plausible, and would be compatible with the observed 
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Figure 1. DTA curves for zeolite Rho samples 
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extended deammination temperature range. 
The zeolite rho framework appears to be thermally stable in air to about 

1230K. The weight loss due to high-temperature dehydroxylation is about 20% 
less, or about 0.53 H 2 0 / A l 2 0 3 , than would be expected by analogy with similarly 
treated zeolite Y, which loses about 0.64 H 2 0 / A l 2 0 3 under the same conditions 
(1), suggesting that the calcined rho structure may be somewhat more defective 
than the corresponding zeolite Y structure. 

Infrared Studies. Several different types of experiments were performed to 
further characterize the hydroxyl groups indicated by the thermal data. The as-
synthesized product showed only a small band at 3740 cm"1 attributable to amor
phous silica, and some adsorbed water removable by vacuum activation at 523K. 
The NH4

+-exchanged product, after vacuum activation at 773K, showed, in addi
tion to the small 3740 cm"1 band, a strong band at 3620 cm"1 which has been 
assigned to a hydroxyl grou  vibration  Th  environment f thi  ha t 
been clearly defined, however
indicating that a small amoun 4  present,  agreemen
thermal data. 

The stabilized product exhibited a strong band at 3640 cm - 1 which was also 
not removed by vacuum activation at 523K (which did remove the physisorbed 
water, however), nor at 773K. The slightly increased size of the 3740 cm' 1 band 
in this material suggests that steaming has effected some aluminum hydrolysis and 
tetrahedral vacancy formation(fi). It can also be noted that the hydroxyl band 
has shifted 20 cm' 1 ; this can be interpreted as evidence for a change in the struc
ture, or at least a distortion of it. 

Exposure of NH4

+-exchanged rho and stabilized rho samples, after vacuum 
activation at 773K, to a 30 torr propylene atmosphere showed that the hydroxyl 
groups of both materials cause polymerization to occur, but that, in both cases, 
only a small portion of the hydroxyls interact with the propylene. Broad bands 
due to hydrogen-bonding between the hydroxyls and the propylene appeared at 
3260 cm' 1 with the ΝH 4 -rho, and at 3360 cm' 1 with the stabilized rho. The bond 
strength of the Ο — Η bond (as measured by the magnitude of the frequency shift 
due to hydrogen-bonding of the hydroxyl group) has been related to acid strength. 
This shift is more pronounced in the NH 4-rho (360 cm"1 ) than in the stabilized 
rho (280 cm' 1 ), indicating that the former is more strongly acidic than the latter. 
This might be due to differences in the environment of some of the aluminum 
atoms resulting from the stabilization treatment. 

Differences in the framework region were also observed between the Cs, Na-
rho, the NH 4-rho and the stabilized rho forms. The band positions in cm' 1 for 
these samples are as follows: 

Cs, Na-rho 1040 798 730 620 520 432 
NH 4-rho 1052 804 730 590 440 
Stabilized rho 1070 818 605 442 

Band shifts, especially for bands in the vicinity of 1050 cm' 1 and 800 cm" 1 , have 
been related to removal of aluminum from the framework, with higher frequen
cies being associated with increased S i 0 2 / A l 2 0 3 molar ratios(7,9,lQ). Some 
aluminum removal appears to have occurred upon 773K vacuum activation of the 
NH 4-rho sample, but substantially more seems to have occurred in the stabilized 
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sample. Additionally, some of the bands in the stabilized sample are broadened 
and less intense than in the other samples, suggesting some change of ordering in 
the structure. 

It was noted that the spectrum of NH 4-rho showed a small band at 
~1685 cm" 1 . When the sample was exposed to D 2 0 , the band disappeared and 
then re-appeared upon subsequent exposure to water vapor, along with the com
monly observed physisorbed water band at ~1640 cm" 1 , as shown in Figure 3. 
Corresponding changes in the broad hydroxyl region at higher frequency were 
also seen. The band at 1685 cm' 1 could also be removed by thermal treatment. 
This may constitute the first experimental evidence for the postulated presence 
(1J) of an H 3 0 + species in zeolites. The predicted position for an H 3 0 + deforma
tion band is ~1690 cm" 1 , with a diffuse hydroxyl band in the region 2500-3500 
cm* 1 , based on salt spectra(12,12). The presence of H 3 0 + has also been estab
lished in mineral structures recently, at a slightly higher frequency(14). 

X-rav Diffraction Data
of Cs, Na-rho, dried NH 4-rh  pea  chang
substantially upon hydration of the Cs, Na-form (indicative of considerable move
ment in the structure), while ion exchange with N H 4

+ results in much higher 
overall intensity, presumably as a consequence of the removal of cesium. The 
stabilized form has peak intensities about equal to those of the NH 4-form, with 
the [110] peak being much more intense, suggesting that stabilization does not 
introduce a substantial degree of disorder into the structure. Broadening was 
noted, however, in the stabilized rho pattern. 

The instability of the deamminated NH 4-form was strikingly seen in the 
x-ray diffraction pattern for an NH 4-rho sample which had been calcined at 813K 
and then exposed to moisture. The intensity of the pattern was reduced by more 
than an order of magnitude and a considerable amount of amorphous material 
was evident. This effect is in agreement with the sorption data discussed above, 
where the behavior of the deamminated and stabilized forms were contrasted. 

Judging from the width of some of the peaks in the powder patterns, espe
cially those where overlapping occurs, it appears possible that the rho structure is 
actually pseudo-cubic, or near-cubic, rather than fully cubic, as suggested earlier(l) 
and discussed above. Typical dry and humidified Cs, Na-form patterns, together 
with a stabilized rho pattern, are shown in Figure 4. Apparent impurities present 
at low levels in the materials prepared include zeolite B, pollucite, quartz, and 
possibly a trace of zeolite Y. 

Of particular interest are the changes in the calculated cubic unit cell para
meters that occur as a result of ion exchange, stabilization, and hydration-
dehydration. Table IV shows a comparison of these data. The Cs, Na-rho unit 
cell apparently expands upon hydration by more than 0.4 Angstrom units, or 
almost 3%. This appears to be one of the largest changes reported so far. (Frame
work reconstruction or phase transition does not appear to take place in zeolite 
rho, in contrast to the behavior of thermally dehydrated zeolite B(15), which 
also exhibits substantial lattice movement.) The NH 4-rho expands only slightly 
on hydration, and the stabilized rho does not appear to change at all, in contrast 
to most other zeolites, which generally change slightly. It is also evident that the 
stabilized material expands in apparent unit cell size as a result of the stabilization 
treatment, in contrast to zeolite Y(7). This may be related to the positions 
assumed by cationic aluminum species. It should be noted that calculations 
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TABLE m 

S O R P T I V E P R O P E R T Y C H A N G E S IN Z E O L I T E R H O S A M P L E S 

T R E A T E D A T D I F F E R E N T CONDITIONS 

H 2 0 ADSORPTION 0 2 ADSORPTION N-BUTANE ADSORPTION 

AT 296K, 20 TORR AT 90K, 750 TORR AT 296K, 300 TORR 

SAMPLE TREATMENT WT. % V p , cm 3/g WT. % V p , cm 3/g WT. % V p , cm 3/g 

Cs, Ma-RHO ACTIVATED AT 673K 23.0 0.23 4.5 0.04 1.6 0.03 
IN VACUUM 

NH 4 - RHO ACTIVATED AT 623K 31.5 0.32 5.9 0.05 1.7 0.03 
IN VACUUM 

NH 4 - RHO ACTIVATED AT 673K 31.8 0.32 32.0 0.28 8.3 0.14 
IN VACUUM 

N H 4 - R H O RE-ACTIVATED AFTE
EXPOSURE TO WATER VAPOR 

STABILIZED RHO ACTIVATED AT 673K 32.0 0.32 37.7 0.33 
IN VACUUM 

STABILIZED RHO RE-ACTIVATED AFTER - - 37.7 0.33 
EXPOSURE TO WATER VAPOR 

TABLE IE 

C O M P A R I S O N O F H Y D R A T E D A N D D E H Y D R A T E D 

CUBIC L A T T I C E P A R A M E T E R D A T A FOR R H O S A M P L E S 

NO. OF 

CUBIC a Q STD.DE- LINES 

FORM CONDITIONS Ι Ν Α VIATION USED 

Cs, Na - RHO DRIED AT 3 9 3 K ( 1 M 2 ) 14.59 0.010 12 

DRIED AT 373K, RUN IN DRY N 2

< 2 , ( 3 ) 14.66 0.008 11 

HUMIDITY-EQUILIBRATED, RUN IN HUMIDIFIED N 2

( 2 ) ( 3 ) 15.09 0.017 12 

N H 4 - R H O DRIED AT 373K. RUN IN DRY N 2

( 2 , ( 3 ) 14.86 0.007 10 

HUMIDITY-EQUILIBRATED, RUN IN HUMIDIFIED N 2

< 2 , ( 3 ) 14.98 0.006 11 

DEAMMINATED CALCINED A T 8 1 3 K ( 1 H 2 ) 14.96 0.016 10 
RHO 

CALCINED AT 8 1 3 K m ( 4 ) CALCINED AT 8 1 3 K m ( 4 ) 14.99 0.006 18 

VACUUM-ACTIVATED AT 6 7 3 Κ Π Η 4 ) 15.02 0.010 23 

STABILIZED RHO DRIED AT 373K, RUN IN DRY N 2

< 2 , ( 3 ) 15.06 0.008 10 

HUMIDITY-EQUILIBRATED. RUN IN HUMIDIFIED N 2

( 2 M 3 ) 15.06 0.009 10 

(1) D A T A FROM REF. 1 
(2) C A L C U L A T E D FROM LINES BETWEEN 25-40° 2 0 
(3) 0 .125° /M IN . SCAN R A T E 
(4) C A L C U L A T E D FROM LINES BETWEEN 40-75°2θ 
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52 MOLECULAR SIEVES—Π 

based on Robson et a I.'s data Π ) using higher-angle peaks would be expected to 
give results slightly higher than those for intermediate-angle peaks used in this 
work, as seen in Table IV. Distortion in the structure is suggested by the different 
degrees of change observed In hydration-dehydration of the Cs, Na-, NH 4 - and 
stabilized forms, as well as by the other data noted above. 

The data obtained on these rho samples support the view that the zeolite 
framework structure is not a highly rigid one, and that considerable elasticity is 
manifested during the sorption-desorption process, as has been noted earlier by 
Breck(4) and more recently by Dubinin et al.(16). It would appear that, for this 
structure at least, the strongly hydrated sodium cation is associated with expan
sion-contraction movement. Steric and electrostatic effects resulting from 
hydration of the large cesium cation would also be expected to contribute to the 
strong expansion-contraction phenomenon. The hydrated proton and aluminum 
cations possibly present, probably contribute to the absence of àn observed 
expansion-contraction effect in the stabilized structure  while in the NH +-ex
changed form the weakly hydrate
contribute to only a modest  typ  probably applie
other adsorbates as well. 
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23Na-Resonance in Zeolites of the Faujasite- and A-Type 

and Its Interpretation by Computer Simulation o f t h e 

Measured Spectra 

H. LECHERT and H. W. HENNEKE 

Institute of Physical Chemistry of the University of Hamburg, 
Laufgraben 24, 2000 Hamburg, West Germany 

Na23-spectra of X-zeolites consist o f a central 
component a n d satellites, assigned t o t h e S1'- a n d 
S2-sites, b y m o d e l calculations. The central compo
n e n t is given b y t h e S1-sites a n d sites a t t h e cavi
ty-walls with varying coupling constants and high 
a s y m m e t r y parameters. The Y- and A-type spectra c a n 
n o t be explained satisfactorily b y m o d e l calculations 
as yet. 

I n t r o d u c t i o n 

The i m p o r t a n c e o f z e o l i t e s i n c a t a l y t i c r e s e a r c h 
i s m a i n l y b a s e d o n t h e f a c t t h a t t h e s e s u b s t a n c e s 
h a v e a d e f i n e d c r y s t a l s t r u c t u r e , c o n t a i n i n g t h e a c 
t i v e s u r f a c e as a p a r t w i t h known g e o m e t r i c a l a r r a n g e 
ment o f t h e atoms b e l o n g i n g t o i t . I n t e r a c t i o n s o f 
s o r b e d ^ m o l e c u l e s w i t h t h i s s u r f a c e s h o u l d , t h e r e f o r e , 
o c c u r o n l y w i t h a few c l a s s e s o f c r y s t a l l o g r a p h i c a l -
l y e q u i v a l e n t l a t t i c e e l e m e n t s . T h i s h a s b e e n u s e d , 
s i n c e t h e v e r y b e g i n n i n g o f t h e a p p l i c a t i o n o f z e o l i 
t e s , f o r t h e d e v e l o p m e n t o f m o d e l s o f t h e e l e c t r i c 
f i e l d d i s t r i b u t i o n i n s i d e t h e z e o l i t e c a v i t i e s , l e a 
d i n g , f o r i n s t a n c e , t o t h e h e a t o f a d s o r p t i o n a n d i t s 
c o m p o s i t i o n o f d i f f e r e n t k i n d s o f i n t e r a c t i o n (1.-^) 
a n d a l s o t o t h e d e v e l o p m e n t o f m o d e l s o f t h e c a t a l y 
t i c a c t i o n ( 6 ) . A s u i t a b l e method t o g e t d i r e c t e x 
p e r i m e n t a l i n f o r m a t i o n s on t h e e l e c t r i c f i e l d d i s t r i 
b u t i o n i s t h e measurement o f t h e m a g n e t i c r e s o n a n c e s 
o f n u c l e i w i t h a n e l e c t r i c q u a d r u p o l e moment ( 7 - 1 1 ) * 
w h i c h a l l o w s c o n c l u s i o n s on t h e g r a d i e n t o f t h e e l e c 
t r i c f i e l d a t t h e s i t e o f t h e n u c l e u s . S i m i l a r i n 
f o r m a t i o n c a n be o b t a i n e d f r o m M o B b a u e r - s p e c t r a ( 1 2 -
14;). I n some p r e c e d i n g p a p e r s ( 7 - 1 1 ) t h e b e h a v i o u r 
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54 M O L E C U L A R S I E V E S — Π 

of the Na 23 and the Li7-resonance has been s t u d i e d 
i n dehydrated z e o l i t e s of the X- and the A-type and 
t r i e d t o e x p l a i n by model c a l c u l a t i o n s of the e l e c 
t r i c f i e l d g r a d i e n t ( 8 ) . For X-type z e o l i t e s a s i n g l e 
Na23-resonance l i n e has been observed and e x p l a i n e d 
as b e l o n g i n g t o the S 1 - s i t e s . The n u c l e i of the other 
s i t e s should have much broader s p e c t r a which are 
u s u a l l y hidden i n the n o i s e . As, however, the p r o b a b i 
l i t y of o c c u p a t i o n of the S1'- and the S 2 - s i t e s i s 
two t o f o u r times h i g h e r than t h a t of the S 1 - s i t e s , 
these n u c l e i should be d e t e c t a b l e , i f the s i g n a l - t o -
n o i s e - r a t i o i s improved by accumulation of s p e c t r a . 

N u c l e a r Magnetic Resonance and Quadrupole E f f e c t s 
N u c l e i w i t h s p i n I
pole moment Q whic y  g r a d i e n
the e l e c t r i c c r y s t a l f i e l d a t the s i t e of the nucleus. 
The e l e c t r i c f i e l d g r a d i e n t t e n s o r i s u s u a l l y des
c r i b e d by two q u a n t i t i e s eq -and^ c a l l e d " f i e l d g r a 
d i e n t " and "asymmetry parameter" measuring the f i e l d 
g r a d i e n t i n the d i r e c t i o n i t s l a r g e s t v a l u e and the 
d e v i a t i o n of the f i e l d p e r p e n d i c u l a r to t h i s d i r e c 
t i o n from r o t a t i o n a l symmetry. The s t r e n g t h of the 
quadrupole i n t e r a c t i o n i s u s u a l l y expressed i n terms 
of the quadrupole c o u p l i n g constant 

tfo* i s the " a n t i s h i e l d i n g f a c t o r " d i s c r i b i n g the i n 
f l u e n c e of the e l e c t r o n i c s h e l l t o which the nucleus 
belongs. I n the s p e c t r a presented i n t h i s paper o n l y 
the t r a n s i t i o n - 1 / 2 1 / 2 can be observed which i s 
a f f e c t e d by second order p e r t u r b a t i o n . Taking i n t o 
account the a d d i t i o n a l d i p o l e - d i p o l e i n t e r a c t i o n of 
the n u c l e i , f o r d i f f e r e n t amounts of t h i s i n t e r a c t i o n 
and d i f f e r e n t the s p e c t r a demonstrated i n F i g . 1 
can be ob t a i n e d by computer s i m u l a t i o n ( 1 0 ) . D e t a i l s 
s h a l l be d i s c u s s e d l a t e r i n c o n n e c t i o n w i t h the mea
sured resonance l i n e s . 
E x p e r i m e n t a l 

The samples f o r the NlvlR measurements have been 
prepared f o l l o w i n g procedures, d e s c r i b e d elsewhere 
( J l 9 , 2 0 ) . A f t e r removing the major p a r t of the water 
at 100 C at about 1Q~^ t o r r , the samples where hea
t e d t o 350°C at 10~5 t o r r f o r f o u r days. The adsorp
t i o n of water and other adsorbates was achieved over 
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5. L E C H E R T A N D H E N N E K E *Na-Resonance in Zeolites 55 

the vapour phase where the exact contents c o u l d he 
determined by weight. 

The NMR-measurements were c a r r i e d out w i t h the 
w i d e - l i n e u n i t of a VARIAN DP 60 spectrometer. The 
measurering frequency has been u s u a l l y 16 Mc and the 
frequency of the f i e l d m odulation 20 c. For the accu
m u l a t i o n of the s p e c t r a a VARIAIT C-1024- time a v e r a 
g i n g computer was used. 

Model C a l c u l a t i o n s 

For the c a l c u l a t i o n of the f i e l d g r a d i e n t s at 
the s i t e s of the sodium i o n s i n the f a u j a s i t e l a t t i c e 
a p o i n t m u l t i p o l e model has been used. At f i r s t the 
p o i n t charge c o n t r i b u t i o  t  th  f i e l d d f i e l d 
g r a d i e n t s a t the s i t e
r o n was e v a l u a t e d , c a r r y i n g
26 nearest cubooctahedra. With the v a l u e s o b t a i n e d , 
the s t r e n g t h s of the induced d i p o l e s and ,quadrupoles 
were c a l c u l a t e d f o r d i f f e r e n t p o l a r i z a b i l i t i e s of the 
oxygen i o n s and the c o n t r i b u t i o n s of these m u l t i p o l e s 
added t o the p o i n t charge c o n t r i b u t i o n t o the f i e l d 
g r a d i e n t a t * t h e s i t e of the wanted Na-ion. The s t r u c 
t u r e has been b u i l t up a c c o r d i n g t o the x-ray data of 
EULEN3ERGER e t . a l . ( 1 8 ) . The S1- and the S 1 ' - s i t e s 
are h a l f , the 3 2 - s i t e s f u l l y occupied. For the i o n s 
n o n l o c a l i z a b l e by d i f f r a c t i o n , two models have been 
chosen. A c c o r d i n g to BRECK (21^), these i o n s are p l a c e d 
above the four-membered r i n g s . ( S 3 and S 3 1 ) . S3' and 
S3 are c r y s t a l l o g r a p h i c a l l y e q u i v a l e n t . The d i s t i n e -
t i o n i s made o n l y to c a l c u l a t e the i n f l u e n c e on the 
d i s t a n c e of these i o n s on the f i e l d g r a d i e n t at the 
n e i g h b o u r i n g S1 and S 1 ' - s i t e s . I n the other model, the 
n o n l o c a l i z a b l e i o n s are arranged a t the outer s i d e of 
the double-sixmembered r i n g s a c c o r d i n g to the sugges
t i o n s f o r MORTIER et a l . ( 2 2 ) . ( S ^ and S5) The exact 
p o s i t i o n s are drawn from the assumption, t h a t the Na-
i o n s should c o n t a c t at l e a s t t h r e e oxygen i o n s . For 
the present c a l c u l a t i o n s the d i s t a n c e s to these oxygen 
io n s have been chosen as 2.3 A. OLSON (22) has found, 
on the other hand, t h a t these i o n s occupy at l e a s t 
t h r e e d i f f e r e n t s i t e s w i t h s t r o n g l y v a r y i n g d i s t a n c e s 
to the n e a r e s t oxygen i o n s . 
I n Table 1 the r e s u l t s of our c a l c u l a t i o n s are 
summarized f o r a d i p o l e p o l a r i z a b i l i t y of the oxygen 
ion s pf 1.7 2^ and a quadrupole p o l a r i z a b i l i t y of 
0.1 25. O r i e n t a t i o n a l c a l c u l a t i o n s w i t h the data of 
OLSON (2^) show asymmetry parameters above 0.8 and 
f i e l d g r a d i e n t s depending q u i t e s e n s i t i v e l y on the 
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Table 1 

Quadrupole C o u p l i n g Constants and Asymmetry P a r a 
meters f o r the P o s s i b l e S i t e s of the Sodium-ims i n 
Z e o l i t e s of the Fau,jasite Type 

CC i n Mc ^2 
S1 o n l y S3 occupied 1.486 0.24 
S1 o n l y S3' occupied 0 . 6 5 5 0 . 5 7 
S I , S4 occupied 0 . 9 2 1 0.54 
51, S5 occupied 0.926 0.62 
S1' o n l y S3 occupied 3.362 0.04 
S1' o n l v S 3 ' occupied 4.165 0.03 
S1', 34 occupied 3.288 0.11 
S1', 35 occupied 3.27
52, S3 occupied 3
S2, S4 occupied 4 . 5 3 5 0.42 
52, S5 occupied 4 . 7 2 0 0 . 3 2 
53, S1 occupied 6 . 1 5 0 . 5 7 
5 3 , S1' occupied 6.18 0.60 
54, S1 occupied 3.61 0.85 
34, 31' occupied 3 . 5 0 0.74 
35, 31 occupied 5 . 0 9 0.65 
35, 31' occupied 4.81 0 . 5 1 

c h o i c e of the d i s t a n c e of the Na-ion from the n e a r e s t 
oxygen i o n . 

R e s u l t s and D i s c u s s i o n 
The shape of a Na23-spectrum, c o n t a i n i n g the 

resonance l i n e s of n u c l e i i n the 31-, 31'-, and the 
S 2 - s i t e s w i t h the occupancy f a c t o r s g i v e n above, has 
been s i m u l a t e d by a s u p e r p o s i t i o n of the r e s p e c t i v e 
s p e c t r a of F i g . 1 u s i n g the data of Table 1. The 
broadening parameter has been es t i m a t e d from the 
amount of d i p o l e - d i p o l e - i n t e r a c t i o n w i t h the n e i g h 
b o u r i n g A127-nuclei (see a l s o ( 2 4 ) ) . The r e s u l t i s 
shown i n the F i g . 2 a . I t can be seen t h a t the i n f l u 
ence of the c e n t r a l resonance comes out s u r p r i s i n g l y 
low and the resonance l i n e s of the S1 1 - and the S2-
s i t e s should be e a s i l y d e t e c t a b l e . The measurements 
have, t h e r e f o r e , been repeated accumulating 4-00 spec
t r a i n a time a v e r a g i n g computer. The r e s u l t i s de
monstrated i n the F i g . 2b and c. Fig.2b shows t h a t , 
indeed, b e s i d e the c e n t r a l resonance, which i s too 
i n t e n s e to be s t o r e d i n the computer memory, two 
peaks can be observed at lower f i e l d s . At h i g h e r 
f i e l d s the measurement i s d i s t u r b e d by the A127 r e s o 
nance of the sample h o l d e r of the spectrometer, so 
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L E C H E R T A N D H E N N E K E ^Na-Resonance in Zeolites 

q=0 η=0.4 q=0.6 q=lO 

Figure 1. Model-spectra of a quadrupole interac
tion of the second order for different asymmetry 
parameters and contributions of the dipole-dipole 

Figures at the left edge give the ratios of the amount of 
the dipole-dipole interaction and the total width of the 
spectrum. (· · shape of the actual absorption spec
trum; (—), spectrum obtained by the wide-line tech

nique, being the first derivative of the first. 

Figure 2. Comparisons of the 23Na-spectra of two dehydrated zeo
lite samples of the faujasite-type with Si/Al = 1.03 and 1.18 with a 
computer simulated spectrum (a) using the data of model calcula

tions of the field gradient 
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t h a t the r e s p e c t i v e peaks, b e i n g demonstrated i n the 
s i m u l a t e d spectrum, are hidden under t h i s resonance. 
I n the F i g . 2c a r u n i s shown which has been c a r r i e d 
out w i t h reduced a m p l i f i c a t i o n , to demonstrate the 
r a t i o of i n t e n s i t y of the c e n t r a l l i n e and the s i d e 
peaks. I t can be seen t h a t the shape of the spectrum 
a l o n g s i d e the c e n t r a l l i n e i s r e l a t i v e l y good r e p r o 
duced by the s i m u l a t i o n . F o l l o w i n g the data of Table 
1 the outer peak should belong to the S 2 - s i t e s and 
the i n n e r t o the S 1 1 - s i t e s . Taking the c o u p l i n g con
s t a n t s from the spectrum of F i g 2b a v a l u e of 5*02 Mc 
f o r the 3 1 ' - s i t e s and 5.69 Mc f o r the S 2 - s i t e s can be 
c a l c u l a t e d . 

These v a l u e s are d i s t i n c t l y h i g h e r than those of 
Table 1, a l t h o u g h th
c a l c u l a t e d c o u p l i n
p l a i n t h i s d i s c r e p a n c y the l a t t i c e parameters have 
been v a r i e d as w e l l as the p o l a r i z a b i l i t i e s of the 
oxygen i o n s . I n the present s t a t e of d i s c u s s i o n a 
changed v a l u e of the a n t i s h i e l d i n g f a c t o r seems to be 
the b e s t e x p l a n a t i o n to the author. The observed coup
l i n g c o n s t a n t s would be e x p l a i n e d by the c a l c u l a t e d 
v a l u e s , i f a JO* of 6.9 i s chosen i n s t e a d of 4.55. 
Changes of t h i s amount have been d i s c u s s e d s e v e r a l 
times i n the l i t e r a t u r e t o e x p l a i n the e f f e c t s of 
s p e c i a l bond s i t u a t i o n s of the e l e c t r o n i c s h e l l arourfL 
the nucleus i n q u e s t i o n ( 2 ^ ) . 

A s i m u l a t i o n of v a r i o u s s p e c t r a shows t h a t the 
h i g h i n t e n s i t y of the c e n t r a l l i n e i s due t o about 
s i x i o n s per cubooctahedron which i s much more than 
the S 1 - s i t e s a v a i l a b l e . A c o n s i d e r a b l e p a r t of the 
i n t e n s i t y of the c e n t r a l l i n e s h o u l d , t h e r e f o r e , come 
from the i o n s , not l o c a l i z a b l e by x-ray d i f f r a c t i o n . 

Measurering now s p e c t r a of samples w i t h a h i g h e r 
S i / A l - r a t i o the c e n t r a l l i n e l o o s e s i n t e n s i t y q u i t e 
c o n s i d e r a b l y , whereas the s i d e peaks show o n l y a 
s l i g h t broadening, as i s shown f o r the example of S i / 
A l = 1.18 i n the F i g . 2d. 

S i m i l a r e f f e c t s can be observed, i f water i s ad
ded t o the z e o l i t e . F i g . 5 shows the example of S i / A l 
= 1.05 and s i x molecules of water i n the l a r g e cage. 
These e f f e c t s show, t h a t the c e n t r a l l i n e and the s i d e 
peaks most l i k e l y do not belong to the same i o n s . 

Even, i f i t i s conceded, however, t h a t the a s 
sumptions of the S3-, S4~ and S 5 - s i t e s are not c o r r e c t , 
i t i s hard t o imagine t h a t any s i t e at the s u r f a c e of 
the z e o l i t e c a v i t y should g i v e a low c o u p l i n g con
s t a n t . I f , on the other hand, the n o n l o c a l i z a b l e i o n s 
occupy s i t e s w i t h f i e l d g r a d i e n t s of asymmetry p a r a 
meters n e a r ^ = 1 and c o u p l i n g c o n s t a n t s , which are 
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d i s t r i b u t e d over a c e r t a i n range, t h e r e should be a 
narrow c e n t r a l component observable and the edges 
should not have any i n f l u e n c e on the spectrum, as i s 
shown i n the F i g . 4 a . T h i s k i n d of d i s t r i b u t i o n i s a l 
so suggested by the data drawn from the r e s u l t s of 
OLSON C23) mentioned above. The whole spectrum simu
l a t e d w i t h two l i n e s of r e l a t i v e c o u p l i n g c o n s t a n t s 
of 1 : 1.8 and the spectrum 4a i s demonstrated i n the 
F i g . 4-b. I t i s obvious t h a t from the c e n t r a l l i n e on
l y q u i t e poor i n f o r m a t i o n can be drawn about the f i e l d 
d i s t r i b u t i o n at the s i t e s at the w a l l s of the l a r g e 
cages. 

Proceeding to h i g h e r S i / A l - r a t i o s , the r e l a t i v e 
i n t e n s i t y of the c e n t r a l l i n e decreases simultaneous
l y w i t h the number f th  n o n l o c a l i z a b l  i o n s  Abov
about S i / A l = 1.3 th
unobservable near S i / A l = 1.5 a c c o r d i n g to the f a c t 
t h a t the f i e l d d i s t r i b u t i o n at the S 1 1 - and the S 2 -
s i t e s becomes l e s s u n i f o r m w i t h i n c r e a s i n g S i / A l -
r a t i o . At h i g h S i / A l - r a t i o s above 2.5 a s t r o n g l y asyn*-
m e t r i c l i n e can be observed, as i s shown i n the F i g . 5· 
Attempts to e x p l a i n t h i s l i n e by a s i m u l a t i o n based 
on a model c a l c u l a t i o n of the above mentioned k i n d 
f a i l e d u n t i l now. 

Summarizing, i t can be s t a t e d t h a t the e x p e r i 
mental r e s u l t s can be e x p l a i n e d f a i r l y good by model 
c a l c u l a t i o n s a t the s i t e s S1 1 and S2 f o r low S i / A l -
r a t i o s . The resonance l i n e of the S 1 - s i t e s i s hidden 
under the l i n e r e s u l t i n g from a r e l a t i v e l y l a r g e num
ber of n u c l e i , the behaviour of which suggest the 
assumption, t h a t t h i s l i n e i s g i v e n by the n o n l o c a l i 
z a b l e i o n s . The resonance l i n e a p p a r e n t l y does not 
r e s u l t from one k i n d of i o n but r a t h e r from a num
ber of s i t e s w i t h h i g h asymmetry parameter and v a r y 
i n g c o u p l i n g c o n s t a n t s . Another e x p e r i m e n t a l f a c t 
which confirms the g i v e n e x p l a n a t i o n of the o r i g i n 
of the c e n t r a l resonance, i s t h a t i t i s s t r o n g l y a f 
f e c t e d by s o r p t i o n of p o l a r m o lecules, which has been 
observed a l r e a d y i n e a r l i e r experiments (2*2)· As the 
c o u p l i n g c o n s t a n t s are r a t h e r h i g h at these s i t e s the. 
l i n e widths are s t r o n g l y dependent on changes of the 
asymmetry parameter, which l e a d t o a wide spread d i s 
t r i b u t i o n of the i n t e n s i t y of the c e n t r a l component. 
At h i g h e r coverages f o r s m a l l p o l a r molecules l i k e 
water and ammonia a s t r o n g narrowing of the Na23-
resonance can be observed, which i s due t o the f a c t 
t h a t a p a r t of the Na-ions becomes novable (2)· ^ o r 
l a r g e r d i p o l e molecules l i k e t e t r a h y d r o f u r a n e and d i -
oxane, a t h i g h e r coverages o b v i o u s l y complexes w i t h 
the S 2-ions can be observed (2)· T h e c o u p l i n g - c o n -
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Figure 3. 23Na-spectrum of a zeolite 
sample of the faujasite type with Si/Al 
= 1.03

Figure 4. (a) Spectrum of a computer simulation belonging to a number of 
sites with η = 1 and coupling constants varying in the given range, (b) Spec

trum obtained in (a) superimposed by the spectrum given in Figure 3a. 
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Figure 5. Lineshape of the 23Na-resonance of a 
dehydrated faujasite sample with Si/Al = 2.71 

Figure 6. Comparison of the 23Na-resonance of 
a 4A-type zeolite sample (a) with a computer 
simulated spectrum (b), fitted to (a) by variation 

of CQ and η 
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stant at these s ites i s decreased considerably by an 
attached molecule, as can be shown by model ca l cu la 
tions of the above mentioned kind. The respective 
Na23-spectra show quite intense l ines of widths bet
ween 10 and 29 kc, depending on S i / A l . 

In the F i g . 6 the Na23-spectrum of a 4A sample i s 
shown. The simulation of the spectrum shows, that i t 
can be composed of two parts with nearly equal inten
s i ty and CQ = 5.13 Mc with^= 0 

and CQ = 3.36 Mc with^= 0.7 
Calculat ing the f i e l d gradient tensors at the 

s i te of the ions Na1 and Na2 given "by SEFF (26) va
lues of CQ1 = 7.06 Mc,^= 0.88 and CQ2 = 6.35 Mc, ^ = 
0.28 are obtained. Eight ions Na1 are situated above 
the sixmembered rings at the walls of the large cav i 
t i e s . The Na2 s ite
the edges of the mentione
each Na1 only one of these edges i s occupied, the 
threefold symmetry i s spoi led, causing the discrepan
cy, ar i s ing between the values drawn from the spectrum 
and the s tructural data. For the A-type further d i s 
cussions and experiments are necessary. 

From the discussions of this paper can be seen, 
that the method of NIvIR on quadrupole nuclei can be 
used to supplement the results obtained by structure 
analys is , espec ia l ly , i f the signal to noise rat io i s 
improved by accumulating spectra, to get enough de
t a i l s for a computer simulation. 

The great advantage of the NMR-method i s given by 
the fact , that the influence of sorption on the reso
nances can be studied more easi ly than by x-ray d i f 
f rac t ion , which has been shown i n ear l i er experiments 
(2). 
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6 
Measurement of Chemical Shifts in Zeolites by X-Ray 

Emission 

R. L . P A T T O N , E. M. F L A N I G E N , L . G. D O W E L L , and D. E. PASSOJA 

Union Carbide Corp., Tarrytown Technical Center, Tarrytown, N.Y. 10591 

Relative SiK ß and ΑΙΚß X-ray emission band energies have been measured for 
zeolites A, X, Y, rho, offretite, erionite, and mordenite, as well as some thermo
chemically treated forms, and correlated with framework aluminum content and 
structure type. Both SiKß band energies, which are found to linearly increase with 
increasing framework aluminum content, and ΑΙΚ ß values, which are most respon
sive to AI coordination changes, shift significantly as thermochemical treatments 
displace framework AI and transform it to octahedral species. 

Introduction 

Measurements of S'IKR and ΑΙΚβ X-ray emission bands for a wide variety of 
silicon and aluminum oxides and aluminosilicates have been reported within the 
past decade Q-7). These bands, resulting from transition of bonding AI or Si-3p 
electrons to the inner 1s orbitals, reflect the energy difference between those 
orbitals. Hence, chemical changes affecting stabilization of bonding orbitals cause 
a "chemical shift" in the energy of the Κβ bands. This chemical shift is normally 
expressed as a quantity " Δ " representing the difference in Κβ band energy of the 
sample vs. that of a reference material, usually quartz (Si0 2 ) or corundum 
(<*-AL0 3). 

for SiK/j of Si-0 bonds of silicates and aluminosilicates, strong correlations 
of "Δ" have been found with factors such as: d(Si-O) (1,8), silicate structure type 
(1,4), number and type of species coordinated with the oxygen of the Si-0 bond 
(1,4), T-O-T and 0-T-0 angles (2), cation type and presence (2), and, for frame
work aluminosilicates, with ΑΙ/Si ratio (JJ. For ΑΙΚβ of A)-0 bonds in various 
aluminum oxides and aluminosilicates, large variations in "Δ" have been correlated 
with d(AI-O) (5,8,IQ) and with 4 vs. 6-fold coordination of AK4.-Z, 1Ώ). 

Both the AI and Si Κβ peaks from either tetrahedral or octahedral oxides have 
been generally accepted to consist of at least two components as evidenced by 
shoulders or peak asymmetry or distinct peak maxima, the two components of 
octahedral oxide bands usually being of similar intensity and the tetrahedral oxide 
band components normally appearing as a weak high energy shoulder on the main 
component. Several authors (3,4,3,U-1Z) have presented molecular orbital inter-
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pretations, consistent with these Κβ X-ray emission spectra, of the Si and AI 
electronic structures in tetrahedral and octahedral coordination with oxygen. 
Most recently Tossell, in an excellent series (13-17), assigned the high and low 
energy components of the main Κβ band to the 5t 2 and 4t 2 orbitals for tetrahedral 
AI and Si oxides and to the 6t1 u and 5^ u orbitals for octahedral oxides, respec
tively. Alternately, multiple Κβ band components have simply been interpreted as 
resulting from distinctly different bonds present in the structure (2). In reality, 
both interpretations are likely correct, with each different species or bond type 
present in a material probably contributing multiple molecular orbital components 
to the total Κβ band. 

To date the only reported Κβ XES data on zeolites is the brief 1973 report by 
G. H. KUhl (7) who measured the shift of the AlK^line between sodium zeolite Y 
and various thermochemical derivatives. The shifts were interpreted as correspond
ing to transformation of as much as 44% of the original tetrahedrally coordinated 
framework AI to hexacoordinated non-framework AI  based on a scale using NaY 
and zinc spinel ΑΙΚβ lines a
Klihl additionally mentioned
lated" Y was unshifted. 

In this study the SiK^ and ΑΙΚβ emission bands of a variety of typical zeolites, 
as well as some thermochemically derived forms, have been measured. The SiK^ 
shifts are compared to previous results on non-zeolite framework aluminosilicates, 
correlated with AI population of the framework, and presented for thermochemi
cally treated products. The ΑΙΚβ values relative to an α - Α Ι 2 0 3 standard are 
reported, and substantial shifts resulting from thermochemical treatment forms of 
Y, mordenite, and erionite are discussed in terms of framework dealumination 
reactions. 

Experimental 

A. Samples. The samples for which X-ray emission data are presented are 
listed in Table I including origin, history, and chemical composition. 

B. Equipment. The X-ray emission data collection equipment and methods 
have recently been described by Dowell et al., (18). Briefly, a Siemens SRS-1 auto
matic vacuum path X-ray fluorescence spectrometer was used with CrKa (max. 
50 KV, 40 MA) X-ray excitation, and a "PET" (pentaerythritol, 2d = 8.75 Â) 
analyzer crystal. A dedicated PDP-11 minicomputer controlled automatic step 
scanning and digital detector count recording, with each of ten preloaded samples 
in turn,, through a preset diffraction angle range. Filled sample cells, "Somar" 
brand liquid cups with >0.5g of powder covering "Mylar" polyester bottom 
windows, were normally vacuum dessicated several hours before loading and pump-
down in the spectrometer. 

C. Data Collection and Reduction. Each 10-sample set included at least 3 
interspersed reference samples: α-quartz for SiK^ runs, and α - Α Ι 2 0 3 for ΑΙΚβ 
runs. Sets were normally cycled at least 3 times in automatic overnight or week
end runs, with individual values averaged and with the reference samples serving to 
verify the stability of the system. Some representative samples were actually step-
scanned through the entire Κβ and Κβ peak range of 100.0 to 103.0° 2Θ for SiK^ 
and 130.0 to 136.0° 2Θ for AlKg, to characterize the nature of the data and peak 
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TABLE I: Description of Samples and SiK^ and ΑΙΚβ X-ray Emission Results 

Description 

Zeolites: 

Typical forms: (1) 

Notation 
Used in 
Figures 

Chemical Analysis 
Al fraction 

Chemical Shift Values (8) 
ÂIÏU 

/ SiO z \ / nAl \ 
I A1ZQ3 J \ nAl + nSi] 

SiK, •L 
Δ Ε (e. v. ) -ΔΕ (e. v. ) 
(vs. quartz) (vs. g -AÎ^U"3; 

Hydroxy sodalite 1 2.04 495 .85 (5) -
(5) NaA 2 1.84 521 .77 (5) 1. 00 (5) 

NaX 3 2.43 451 .81 (2) . 89 (5) 
NaY (3.6) 4 3.61 357 .69 (7) .89 (3) 
NaY (4.8) 5 4.81 294 • 54 (4) 1. 02 (5) 
NH 4

 e x Y 6, Y0 4.97 287 . 6 0 (3) .95 (3) 
NH 4

 e x rho 7 6.05 248 . 54 (4) .94 (4) 
Na, Κ, Τ MA offretite 8 6.70 230 . 38 (5) 1. 09 (7) 
NH 4

 e x erionite 9, E0 6.97 223 .37 (1) 1. 17 (5) 
Na-Zeolon (mordenite) 1

Thermochemical forms: (2) 
(3) H-Zeolon: ZO 12. 1 142 .07 (1) 1. 08 (3) 

" (AE) ZO -A 83. 6 , 023 - . 0 6 (1) 1. 14 (11 
" (SS) Zl 12. 1 , 142 -.03 (1) . 33 (3) 
" (SS,SS) Z2 12. 1 , 142 .01 (1) . 35 (3) 
" (SS,AE) Z l -A >1500 ( < · , 001) -.05 (1) 1. 0 6 (3) 

N H 4
e x erionite: E0 6. 97 , 223 . 37 (1) 1. 17 (5) 

" (MS) El 7. 06 , 221 .24 (7) 1. 05 (6) 
" (MS, MS) E2 7. 06 , 221 .27 (5) .98 (6) 
" (MS,SS) E3 7. 0 6 . 221 . H (5) .46 (5) 
" (MS,MS,SS) E4 7. 06 , 221 .05 (3) . 39 (6) 
" (MS,MS,SS,AE) E4 -A 17.0 . 105 .03 (2) . 58 (5) 

N H 4
e x Y: Y0 4.97 . 287 .60 (3) .95 (3) 

" (MS) Yl 5.2 . 277 .35 (5) .68 (9) 
" (MS,SS) Y2 5. 2 , 277 . 10 (1) . 27 (*) 
" (MS,SS,AE) Y2 -A 17.7 . 102 .03 (1) . 27 (*) 

Aluminum Oxides: 
α-A1 2 0 3 (Corundum)(3) 0 1 - (-0-) 

(6) α-Α1(ΟΗ)3 (Gibbsite)(4) 0 1 - . 13 (6) 
α -AIO(OH) (Bohmite)(5) 0 1 - - . 01 (6) 
ZnAl 2 0 4 (zinc spinel)(6) 0 1 - - . 41 (7) 

Silicon Oxide: 
α -quartz (7 ) (-0-) 

(1 ) These zeolites taken from the Linde Research Dept. collection and represent samples of excellent purity and crystallinity. 
Samples synthesized within Union Carbide except erionite (purified, N H 4

+ exchanged ore) and Zeolons (Norton Co. 
products). 

(2) Thermochemical treatments of the listed starting zeolite forms are coded in parentheses from left to right as performed 
successively on the material. 
-Code: 

(AE) - Acid extraction by reflux in excess 6N HCI. 
(MS) · Mild steaming - moist air, short term, 500-650°C, followed by ammonium exchange with hot NH 4 CI solution. 
(SS) - Severe steaming - 100% steam, long term, 650-850°C. 

(3) "Linde" A Corundum (0.3μ powder) 

(4) "Alcoa" C-31 

(5) From internal collection - exhibits excellent X-ray powder pattern. 

(6) Zinc Spinel (Gahnite) sample courtesy of G. V. Gibbs. 

(7) "MIN-U-SIL" (30Mquartz). 
(8) All are triplicate run values except single values marked (*). Numbers in parentheses are actually observed deviations in 

last reported digit. 
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shapes. All the main Si Kg bands were fairly sharp, strong, narrow bands with half-
height widths of 0.3 to 0.5° 2Θ, symmetric except for a slightly shallower slope on 
the low 2Θ side attributed to the unresolved weak high energy shoulder on the 
main Κβ band. The AI Kg bands, in contrast, were much wider, ranging at half-
height from ~0.75° wide for zeolites to ~1.1° 2Θ fora-AI 2 0 3 ,and were character
ized by an extremely broad 2Θ range for I >0.9I m a x , or by moderate asymmetry 
evidenced by different sjlopes of peak sides and by occasional shoulder appearance. 
Those samples containing low AI contents resulted in weak, ragged peaks. 

The following methods were then developed to produce, for each sample, a 
value of 2θ characterizing the main Kg peak position which, by difference (Δ2Θ) 
from corresponding values for accompanying quartz or α - Α Ι 2 0 3 references, 
represents the "chemical shift" of the sample reported as " Δ Ε " values, where 

(1) ΔΕ (e.v.) = [E (sample) - Ε (reference)] = -[k χ (Δ2Θ)°]. 
In our system, with PET crystal, k (SiKg) = 13.2 and k (AlKg) = 6.08. 

For SiKg shifts, each sample'  mai  SiK k d i  17
tive 0.01° 2Θsteps encompassin
fit to a cubic equation to determin  pea
values matched, within the experimental precision, all values for a series of samples 
derived from a symmetrical curve fit of the entire main Kg band. 

For AlKg, bands were step-scanned in 0.05° 2Θincrements over a 3.0° 2Θ 
range encompassing the entire main Kg band. Counts vs. 2Θcurves were then 
plotted for each sample, and the center 2Θposition measured at peak half-height. 
When peaks were ragged or asymmetric, each side of the peak was independently 
approximated by a visually placed straight line; the center 2Θposition was then 
measured midway between these lines at half-height. 

The AlKg and SiKg ΔΕ values determined by the above methods are given in 
Table I. The precision of these values for all but the most ΑΙ-deficient AlKg 
samples is estimated at ± 0.05 e.v. based on the excellent consistency throughout 
each run of the quartz and α - Α Ι 2 0 3 values, and the usually excellent agreement 
of triplicate sample results. The observed maximum deviation is shown in paren
theses. 

Recently in our laboratories, Dowell et al. (18) developed a computer 
processing method to resolve the SiKg curves into two symmetrical components. 
Such two component spectra shown for quartz, α-alumina, gibbsite, and a 
zeolite crystallization sequence (Ifi), closely resemble the types of bands observed 
in published higher resolution spectra, and as Dowell et al. noted, are consistent 
with Tossell's molecular orbital treatment (16,17)· However, Tossell's assignments 
are inconsistent with the use of the two component resolution method for the 
thermochemically treated zeolites of this study. These samples contain both AI1 v 

and A l v 1 species, and therefore should have AlKg bands composed of at least four 
components from the 6^ u and 5tj u octahedral orbitals and the 5t 2 and 4t 2 tetra
hedral orbitals. Attempts to resolve the AlKg bands into only two components 
for these samples were tedious and unsatisfactory, and hence the choice of the 
single component method described. 

Discussion 

A. SiKg Results. It follows from the nature of the electronic transition pro
ducing the SiKg X-ray emission band, that any perturbation of Si-0 bonds resulting 
in less efficient bonding orbital overlap relative to that in quartz should result in a 
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positive chemical shift expressed as AEiSiKg) = [E (sample) - Ε (quartz)]. The 
most obvious such perturbation in zeolites is the substitution of AI into the tetra
hedral silicate framework. Figure 1 shows SiKg results for all the typical zeolite 
forms (as synthesized or ion-exchanged) that have received no further thermal 
treatments plotted against [nAI/(nAI + nSi)], the fraction of framework positions 
occupied by AI assuming all chemically analyzed Si and AI to be in the framework. 
Indeed, ΔΕ is observed to increase linearly with increasing AI framework substi
tution and, satisfyingly, the illustrated least-squares line fit of the data indicates 
that ΔΕ closely approaches zero for zero AI fraction. 

For comparison, the White and Gibbs (1) SiKg chemical shift data for a series 
of non-zeolite framework aluminosilicates have been replotted vs. AI fraction in 
Figure 2. Strikingly, the same linear relationship is shown by both zeolites and 
non-zeolites as illustrated by the near coincidence of the least-squares fit lines. 

Thus, AE(SiKg) of framework aluminosilicates is primarily related to the 
extent of AI occupation of tetrahedra
tions from linearity can be expecte
and defects, variation and number of cations, and hydration. It should also be 
noted that wet chemical analyses,on which all [nAI/(nAI + nSi)] values are based, 
do not distinguish framework from non-framework AI and Si. Thus, for example, 
the presence of cationic AI species, aluminate stuffing, or amorphous silica will 
cause the quantity [nAI/(nAI + Si)] to incorrectly represent the real framework 
composition. 

Figure 3 shows that the measurement of SiKg shifts can be used to monitor 
the effects on framework AI of various thermal treatments of ammonium or hydro
gen exchanged forms of zeolites erionite, mordenite, and Y. In each case, the dis
placement of a moderate amount of framework AI by mild steam calcination was 
reflected by a moderate lowering of AE(SiKg); subsequent displacement of much 
of the framework AI by severe steaming was reflected by lowering of ΔΕ to near 
zero; and the success with which subsequent acid extraction removed extra-frame
work AI species was shown by the approach to the original zeolite line on the plot 
of ΔΕ vs. AI fraction. 

Thus, AE(SiKg) can serve to monitor the relative effects of the thermochemi
cal treatments on framework composition. The results, particularly the H-Zeolon 
series with actual appearance of negative ΔΕ values, caution, however, that actual 
quantitative conclusions are not always realistic because of secondary effects on 
ΔΕ such as cation changes, creation of structural defects or amorphous silica, or 
the presence of Si-OH bonds expected to differ from Si-O-Si bonds in SiKg energies. 

B. AlKg Results. Unlike SiKg, the AlKg results, shown in Table I and Figure 
4, only weakly correlate with AI-fraction. This is reasonable because regardless of 
the AI content of a zeolite, all AI in the framework is tetrahedrally coordinated 
with 4 (-O-Si) groups as required by Loewenstein's rule (19). Framework Si, on 
the other hand, is coordinated to both (-O-Si) and (-0-ΑΙ), hence the pronounced 
effect on SiKg of Ai-fraction variation. 

Any number of secondary differences in the studied zeolites might be 
invoked in correlations with the observed 0.35 e.v. AlKg variation. Such differ
ences, however, appear to relate to the zeolite structural geometry, the number and 
type of cations present, and possible structural defects or non-framework AI 
present. For example, the AlKg values can be separated into three groups based 
either on framework structure type or framework density as in Table II. These 
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0.1 0.2 0.3 0.4 0.5 
nAl 

nSi + nAl 

Figure 1. Relative SiKp band energies of zeolites plotted vs. 
framework Al fraction calculated from chemical analyses (paren
theses show Si02/Al203 ratios). Line shown is best linear (y = 

a + bx) least-squares fit with a = .026, b = .0166. 

0.1 0.2 0.3 0.4 0.5 

nAl 

nSi + nAl 

Figure 2. White and Gibbs (1) SiK$ results for non-zeolite tetra
hedral framework aluminosilicates plotted vs. Al fraction. Dashed 
line is best y = a + bx least-squares fit with a = —.003, b = 
.0185. Zeolite data from Figure 1 are shown for comparison 

(solid line and points). 
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Figure 3. Effects on ΔΈζΞΐΚβ) of thermochemical treatments of 
zeolites. Sample notations are identified in Table I. ( ), zeo

lite least-squares fit from Figure 1. 
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Figure 4. ΑΙΚβ results for various zeolites (AVV), aluminas (AlVI), and thermochemi-
cally treated zeolites (AlTV + AlVI). Results of Kuhl (7) and White and Gibbs (5) are 

shown for comparison. 
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correlations are reasonable in terms of increasing chemical shifts (-ΔΕ) representing 
increased stabilization of the AI-0 bonding orbitals from Group 1 to Group 3, and 
closer approach to perfect tetrahedral coordination of the framework Al. Quali
tatively, the denser linked 5-ring mordenite framework should be less strained and 
the Al atoms less susceptible to approach by, and weak coordination with, extra-
framework species. The excellent thermal stability of mordenite is also consistent 
with these AlKg (and SiKg) chemical shift results. 

TABLE II 
CORRELATION OF AlKg SHIFTS 

WITH FRAMEWORK DENSITY AND STRUCTURE 

Group Zeolites 
AlKg shift 
-ΔΕ (e.v.) 

Framework 
Density (g/cc)* 

Framework 
Structural Units* 

1 A, X, Y, Rho 0.89 to 1.02 1.25 to 1.41 Truncated octahedra 
or cuboctahedra 

2 Offretite, 
Erionite 

3 Mordenite 

1.09 to 1.17 

1.24 

1.51 to 1.55 

1.7 

Cancrinite Units 
(e cages) 

Crossl inked 
5-ring chains 

* Information from Breck (20) except Rho data from Robson et al., (21) 

Additionally shown in Figure 4 are our Δ Ε ( Α Ι ^ ) values for the various 
aluminas and the various thermochemically treated zeolites, together with values 
reported by KUhl (7) for shifts of various Y's and values from White and Gibbs (5) 
for a wide variety of silicates separated into 4 and 6-fold Al coordination groups. 
[ KUhl's values were all referenced to zinc spinel and have been plotted vs. our 
zinc spinel value; his Δ2Θ = .240° for NaY translates to a 1.46 e.v. difference and 
agrees excellently with our NaY (4.8) value. The White and Gibbs values, reported 
as Δ(Α χ 10'4) vs. α - Α Ι 2 0 3 , are referenced to our α - Α Ι 2 0 3 value and scaled by the 
relation ΔΕ (e.v.) = (-.0195) χ Δ(Α χ 10"4). ] 

The zeolites (4-coord. Al) and the aluminas (6-coord.) are seen to lie in two 
distinctly separated broad groups. With successively more severe treatments, the 
thermochemically treated zeolites are seen to enter successively further into the 
region between the two groups, as is expected for increasing transformation of 
tetrahedral AI-0 into 6-coordinated species. 

Kuhl observed this same behavior in his Y series (7) and, in fact, quantita
tively estimated the percentage of framework Al transformed to hexacoordinated 
Al using a linear scale with his NaY and zinc spinel values as standards for 0% and 
100% hexacoordinated Al, respectively. Our results support, and extend to other 
zeolites, Kuril's concept that increasing shifts of the AlKg band from starting 
zeolite values can be used to monitor the relative degrees of framework dealumi-
nation resulting from thermochemical treatments. 

It now seems, however, that quantitative estimates of the ratio of tetrahedral 
to hexacoordinated Al as derived from chemical shifts by Kuhl, must be treated 
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with some caution because of the absence of a clearly defined standard for either 
4-fold or 6-fold Al. For example, two hexacoordinated Al species, gibbsite 
(a-AI(OH)3) and zinc spinel (ZnAI 2 0 4 ) , have shifts differing by 0.54 e.v., equiva
lent to 37% of the observed NaY to zinc spinel shift. Thus, within the realm of 
hexacoordinated Al species, a wide range of shifts are encountered depending on 
the actual oxy- or hydroxy-aluminum bonding present. The ideal standard repre
senting 100% hexacoordinated Al should be the actual species present in the 
thermally treated zeolite. Unfortunately, variously treated zeolites probably con
tain more than one type of non-framework Al species with differing coordination 
with -0 and -OH and in differing cationic forms, making selection of a suitable 
quantitative standard somewhat tenuous. 

Even the use of the particular starting zeolite for a 100% 4-fold framework 
Al standard is precarious as evidenced by the 0.13 e.v. difference between NaY 
(4.8) and NaY (3.6) indicating that the Al remaining in the framework may itself 
shift as other Al is removed
steamed erionites, E1 and E2
by Kuril's method, may simply reflect the changing environment of the framework 
Al. The data of White and Gibbs (5) shown in Figure 4 further illustrate the care 
needed in picking realistic standards. 

The shifts for the severely steamed then acid extracted products deserve 
mention. It is apparent that essentially all the hexacoordinated Al was removed 
from mordenite (Z1-A) and part from erionite (E4-A), but the 6/4-fold ratio seems 
unaffected in Y (Y2-A). The differing results relate to the extent to which extra-
framework Al can be trapped in the different structures, and illustrate the utility 
of chemical shift measurements in monitoring the effectiveness of chemical extrac
tions. 

C. Comparison of AlKg and SiKg Results: Both AlKg and SiKg shifts are 
plotted against each other in Figure 5, graphically illustrating the consistent, 
complementary nature of the two measurements. Strikingly, the untreated zeo
lites all closely fall along the same line, whereas the treated zeolites are all displaced 
to a degree related directly to the thermal treatment severity. 

Summary 

The SiKg X-ray emission band energies of a variety of zeolites, as well as 
other tetrahedral framework aluminosilicates, have been found to increase approxi
mately linearly with increasing substitution of Al into tetrahedral framework sites, 
implying significant destabilization of silicon bonding orbitals. These SiKg shifts 
are highly sensitive to thermochemical treatments which remove Al from the zeo
lite framework, and readily allow comparison of the effects of such treatments. 

As expected, AlKg shifts are less sensitive to variation of zeolite framework 
Al fraction because all framework Al is coordinated to 4(-0-Si) groups regardless 
of composition. More important is the substantial AlKg difference between 4 and 
6-fold coordinated Al. Significant shifts result as tetrahedral framework Al is 
thermochemically transformed to octahedral extra-framework species. The magni
tude of these shifts, as Kuhl observed (7), can be used to estimate the extent of 
transformation, with the caution that quantitative use is complicated by the wide 
variety, and wide ΔΕ (AlKg) range, of possible extra-framework Al species. 

Thus, both SiKg and AlKg chemical shift measurements are powerful, com-
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Figure 5. Plot of ΔΕ(3ίΚβ) vs. ΔΕ(ΑΙΚβ) for both untreated and 
thermochemically treated zeolites. Line shown is best linear fit of 

data for untreated zeolites. 
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plementary tools to readily monitor zeolite framework compositions and the 
structural and chemical changes occurring during various thermal and chemical 
treatments. 
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In the present paper the si l icon and aluminium composition 
of the external layers in some sodium zeolites or exchanged zeo
l ites have been investigated by X.P.S. Partial dealumination of 
the surface of these solids is shown to occur. 

Introduction 

The adsorptive properties of synthetic zeolites are related 
to their ultramicroporous crystalline structure which confers 
upon them very high specific areas. But in many cases, the part 
of the surface really involved in the phenomena of gas adsorpti
ve and catalytic reactions is only a small fraction of the total 
and can be limited in certains cases to the external layers of 
the crystal. The external surface of some synthetic zeolites has 
been studied by means of XtP.S. 

Experimental section 

Material. The following zeolites are used in the study : 
NaA, NaX, NaY Linde molecular sieves ; NaZ, HZ Norton zeolons ; 
partially calcium exchanged NaA, NaX, NaY and NaZ. 

Some experiments were performed with Ketjen silica-aluminas 
conlaining either 14% or 26,4% by weight of alumina. A series of 
these oxides, progressively dealuminated in order to obtain sam
ples containing from 0.1% to 26.4% by weight of alumina, was 
obtained from Dr. D. Barthomeuf. 

X.P.S. X-ray photoelectron spectra were recorded on an 
ΑΕΙ ES 200B spectrometer with a magnesium anode in the X-ray 
source (1253,65 eV). The binding energies were calculated by 
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taking the energy of the Is electron of carbon contaminaxion as 
an internal standard (JL, 2). In view of previous work, this ener
gy has been f i x e d at 285 eV. r e l a t i v e to the Fermi l e v e l (2). 
The spectrometer i s equipped with an independent sample handling 
chamber, and a direct introduction system. During recording of 
the spectrum the pressure i s 2X10" 1 0 torr, when the sample i s 
introduced v i a the preparation chamber, and 5X10~9 torr when i t 
i s introduced v i a the di r e c t introduction lock. The z e o l i t e pow
ders are compressed onto a copper g r i d and then, f i x e d on the 
sample holder whose temperature can be varied from - 180°C to 
450°C. When the samples are desorbed " i n s i t u " , they are i n t r o 
duced v i a the preparation chamber and treated under vaccum 
(1CT 8 torr) at 300°C for 16 hours. 

The inhomogeneity of the chemical composition i n the exter
nal layers can be reveale
of z e o l i t e , the use o
the samples are heterogenous insulator oxides, so that we t r y to 
obtain an i n depth analysis by using a variable angle sample hol
der (3, 4). Such a device provides a non destructive analysis 
over a thickness of about one escape depth (5). Since the samples 
aire compacted powders, the surface roughness of samples must be 
taken into account i n a study of the angular d i s t r i b u t i o n . The 
sinusoidally rough surface model which i s proposed by C S . Fa-
dley (3) was chosen to describe the surface roughness of our com
pacted z e o l i t e (Fig. 1). Scanning electron microscopy of the 
surface shows that the roughness parameter (a/λ) i s close to 
unity. F i g . 2 shows the average value of the actual electron 
emission angle θ ? evaluated over the electron unshaded area on 
a sinusoidally rough surface for 0.5 < a/λ < 2.0. It i s clear 
that when the apparent emission angle θ decreases the actual 
angle Θ 1 decreases more and when θ i s small, Θ 1 becomes great. 
Such a θ τ variation w i l l exaggerate the surface species, not 
only for large values of Θ, but also for the smallest ones. 

Results 

Energies of the A l and S i electrons i n the z e o l i t e s . The 
energies of the A l ^ s and Si2p electrons i n different zeolites 
can be grouped according to the value of the r a t i o (Al/Si) and 
the mean values are l i s t e d i n table I. The 2s l e v e l of A l does 
not appear tcjjbe displaced and the values are close to those 
measured for γ AI2O3. On the other hand, the energies of the 
SÎ2p electrons increase (+ 1.3 eV), on going from z e o l i t e A to 
Z. The difference (Εβ s i 2 " E B Al^s^ increases i n the same way. 
For the Y and Ζ zeolites, the binding energy i s closer to that 
measured for s i l i c e , for type A and X i t i s considerably l e s s . 
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Figure 1. Model of a general rough surface contour with both x-ray and electron shad
ing (after Ref. 3) 

O 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 
θ° 

Figure 2. Curve showing the variation of θ ' with θ for 
various values of the roughness parameter (after Ref. 3) 
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Table I. and A l ^ s binding energies. 

Sample • ( A l / S i ) B E L A 1 , <*)! 
2s 

E F . (*) L S i 0
 v ; 

2p 
Δ eV A l T-O (**)A 

A 1 119.10 102.05 -17.05 1.688 

! χ 0.80 119.55 ' 102.70 -16.85 1.678 

Y 0.40 119.75 103.25 -16.50 1.648 

ζ 0.20 J19.60 103.35 -16.25 1.629 
Ketjen 

Α 1 2 ° 3 119.50 

S i 2 ° 3 103.20 

(*) The accuracy of this calculation i s estimated to be - 0,2 eV 
(**) mean length T-0 from Smith (13) 

Spectrometer c a l i b r a t i o n and re l a t i v e intensity. For a 
sample of i n f i n i t e thickness, the re l a t i v e intensity of the two 
characteristic peaks i s given by (6) : 

(Eq. 1) 

with : 
λ : mean free path of the photoelectrons of k i n e t i c energy 
S : transmission factor of the spectrometer for an energy E^ 
Cf : ef f e c t i v e ionization cross section 
η : atomic concentration of the element studied 

For the elements given, the r a t i o i s a constant which can be 
ca l l e d a " r e l a t i v e spectrometer intensity f a c t o r " : Τ 2 # This 
factor can be determined, by recording the spectra of compounds 
of known stoichiometry. These calculations and the experimental 
determinations are presented i n table I I . 

These results provoke two remarks : there i s good agreement 
between our measurements and the r a t i o of the ef f e c t i v e i o n i z a 
tion cross sections, but at same time one observes considerable 
dispersion i n the experimental values which suggests that subse
quent quantitative analysis w i l l lack precision. 
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Table I I . Relative intensity of peaks A l and S i : Ί( 

This work 1 1 
(8) I (9, ΙΟ) (11) ; (12) 

i ; 
°l./<* J ! exp. theo. . AlK 
S i A l j ; ^ α 

Na A1F J Dealum. 
Na^SiF ! Ketjen 

I 2 6 i 

1 1 
(8) I (9, ΙΟ) (11) ; (12) 

i ; 
°l./<* J ! exp. theo. . AlK 
S i A l j ; ^ α 

! 5 
! 1.37 I 1.61 

1 i 

1.27 2.53 (9) \ 1.11 1.25 0.80* \ 

1.82(10) j j i 

* Since the energies
similar, i t i s possibl  compar
ferent apparatus, since the transmission are close for similar 
k i n e t i c energies. 

Analysis of the surface of z e o l i t e s . Equation (1) makes i t 
possible to evaluate the r e l a t i v e atomic concentrations of the 
two elements of a s o l i d from the r e l a t i v e i n t e n s i t i e s assuming 
that the concentration i s homogenous. But conversely i f there i s 
a concentration gradient, the r e l a t i v e i n t e n s i t i e s , which corres
pond only to the analysis of the s u p e r f i c i a l layers, would reveal 
a difference r e l a t i v e to the core concentration. The (Al/Si) r a 
ti o s i n the zeo l i t e s investigated i n this study vary from 0.2 to 
1. These rati o s denoted by (Al/Si) refer to the bulk composition 
and are obtained from chemical analysis. Another (Al/Si) r a t i o 
may be determined from X.P.S. which involves the external layers 
of the s o l i d . This i s referred to as (Al/Si) and i s based on 
the r e l a t i v e factor Τ ^ = 1.37 which i s reported above. 

The results of tne'analysis of the zeolit e s of the Na series 
and of the calcium exchanged series are given i n F i g . 3 and i n 
table I I I . "In s i t u " desorption of samples at 300°C for 16 Η cau
ses no s i g n i f i c a n t modifications of the r e l a t i v e i n t e n s i t i e s mea
sured for the different s o l i d s . At higher temperatures the A l / S i 
r a t i o increases, and at 450°C the values of the ratios determined 
for c a l i b r a t i o n with Na^SiF^ are found (Fig. 3). At 850°C the 
zeo l i t e structure i s destroyed as indicated by the X-ray d i f f r a c 
t ion diagram. One then obtains a very high value, higher than the 
theorical value. These analysis reveal an excess of S i or an 
A l deficiency for a l l these samples. The very low values obtai
ned for the HZ zeolites which are decationized by HC1 suggest 
that i t i s an A l 3 + deficiency rather than an excess of s i l i c o n . 
We have Pttempted to v e r i f y this aluminium deficiency by using 
the variation of the r e l a t i v e intensity I A 1 / I C n . with the angle of 
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photoelectron emission. As we have recalled above, i f the surface 
roughness i s taken into account, i t can be seen that the e f f e c t i 
ve photoelectron emission angle θ ! i s large (grazing angle) when 
the apparent angle θ i s very small or very great so that the con
tr i b u t i o n of e n t i t i e s at the surface to the t o t a l signal w i l l be 
in t e n s i f i e d , not only for large apparent aggies, but also for 
small ones. A s u p e r f i c i a l deficiency i n A l w i l l appear then, 
as a decrease i n the r e l a t i v e intensity IAIO / I S i 2 ^ o r θ close 
to 0° and 90°. This corresponds to the profiSe recorded when θ 
was varied from 0° to 90° thus confirming the hypothesis that the 
external layers of the crystals are dealuminated. With a tough
ness parameter between 0.5 and 1 the variation of the r e l a t i v e 
intensity as a function of the ef f e c t i v e photoelectron emission 
angle (Fig. 4a) has the c l a s s i c a l form

Discussion of the results. 

a) Binding energy. According to various crystallographic 
studies on t e c t o s i l i c a t e s (13), the mean T-0 bond length decrea
ses on going from type A z e o l i t e to type Ζ (see Table I ) . The 
binding energies of the Si2p electrons increase from A to Z. Sin
ce this s h i f t cannot be attributed to a variation i n the charge 
of the cations i t must be supposed that the modifications of the 
c r y s t a l l i n e structure induces a variation of the Madelung poten
t i e l which i s responsable for this s h i f t . In fact the decrease 
i n the mean T-0 length related to dealumination provokes an i n 
crease i n the influence of near neighbors on the binding energy 
of the atom studied, i t i s however impossible to establish a 
quantitative correlation between the mean length and the binding 
energies of the A l 2 s and electrons. T n e effect of the Made-
lung potential shows up more c l e a r l y on the S i 4 + ions than on 
the A l 3 + ions contrary the results reported by Urch et a l . (14) 
for natural silicoaluminates. 

b) Dealumination. In a previous publication (15) we repor
ted results on the X.P.S. analysis of the surface of some synthe
t i c z e o l i t e s . However to calculate ( A l / S i ) s we used the r e l a t i v e 
intensity c o e f f i c i e n t s of Wagner (12). The use of those c o e f f i 
cients had two disadvantages : f i r s t Wagner1s tables were based 
on A1 K ( X radiations : moreover the Varian IEE 15 spectrometer 
used by this author has a transmission factor which varies with 
the k i n e t i c energy d i f f e r e n t l y than our ΑΕΙ ES 200. These two pa
rameters should not have led to important différencies between 
our determinations and those of Wagner. Since the nature of the 
radiation has an effect of about 20% on the r e l a t i v e intensity 
and since the photoelectrons analysed have very similar energies 
(1135 and 1150 eV) the variation of the transmission factor can 
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then be neglected. We nevertheless observed considerable disa
greement between our results and Wagner's but there i s even less 
agreement between the l a t t e r and those of Jorgensen (9, 10) who 
uses the same type of spectrometer. The d i v e r s i t y of these results 
demonstrates c l e a r l y the great d i f f i c u l t y one meets when one trys 
to translate r e l a t i v e intensity measurements i n terms of atomic 
concentration. In this work we have used the r e l a t i v e intensity 
factor determined by analysis of N a ^ l F ^ and NagSiF^ on the 
ΑΕΙ ES 200 spectrometer. Since this value i s very close to the 
theorical value calculated from the e f f e c t i v e photoionization 
cross sections, we have assumed that i t s use led to the most pre
cise calculation of the s u p e r f i c i a l atomic concentration (Al/Si) 
(T). The determination of A l / S i based on these assumptions for 
variously treated A, Χ, Υ, Ζ zeolites lead to values which reveal 
systematic dealuminatio
(Fig. 3 and Table I I I )
i n a previous publication (15) has now been observed i n other so
l i d s by other authors (16, 17). The p r i n c i p a l objection to such 
a conclusion i s the p o s s i b i l i t y that there i s a matrix eff e c t i n 
the z e o l i t e which lowers the apparent e f f e c t i v e phtoionization 
cross section of aluminium thus diminishing the intensity of the 
signal corresponding to Al^+ ions which could then be interpreted 
as evidence for a decrease i n the atomic concentration (18). 

Table III. 
Bulk and s u p e r f i c i a l S i and A l composition of various z e o l i t e s . 

Linde molecular sieves 
NaA NaX NaY 

Norton zeolons 
NaZ HZ 

( A l / S i ) B 1 0.8 0.4 0.2 0.2 

untreated 
Na z e o l i t e 
desorbed 16 h 

# . _ //·> · \ at 300°C 
< A 1 / S l>S N a z e o l i t e 

desorbed 16 h 
at 300°C 
Na,Ca z e o l i t e 

0.75 0.65 0.25 

0.68 0.49 0.22 

0.60 0.55 0.27 

0.15 0.041 

• 0.17 0.069 

0.14 
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We thought that adsorbed water molecules or the exchangeable 
cations could cause an effect of this type. We therefore recorded 
the spectre a) after "in situ" desorption and b) of a series ex
changed with calcium ions. Since no significant variation between 
the three series of measurements could be observed we concluded 
that the low values of the A l / S i ratio were really due to a super
f i c i a l A l3 + deficiency. 

This interpretation is strongly supported by the variation 
of the relative intensity of Al and Si in function of the photo
electron emission angle assuming that the model proposed by Fadley 
is applicable to samples studied here. The curves obtained on the 
basis of these assumptions are given in Fig. 4 and appear to con
firm that i t is possible to use the model of a surface with sinu
soidal roughness for compacted powders  Certain results (19  20) 
suggest that the externa
external layers of a crysta  n é g l i g e a b l  catalyti
vity. This would appear to be confirmed by reagents which do not 
penetrate to the interior of the cavities or which diffuse only 
partially in the pores. Thus the reduction of benzophenone (19) 
may occur to a large extent on this external surface. If this is 
so, such reactions occur upon contact with a partially dealumina-
ted catalyst. 
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X.P.S. S t u d y of HY Zeolites: Charac ter i za t ion of 

Superficial C o m p o s i t i o n a n d Acidity 

C. DEFOSSE and B. DELMON 
Groupe de Physico-Chimie Minérale et de Catalyse, Université Catholique de 
Louvain, Place Croix du Sud 1, B-1348 Louvain-la-Neuve, Belgium 

P. CANESSON 
Laboratoire de Chimie XI, U.E.R. Sciences Fondamentales et Appliquées, 
40, Avenue du Recteur Pineau, F-86022 Poitiers, France 

The superficial composition of germanium - and silicon
-aluminum zeolites has been investigated by X.P.S. The aluminum 
concentration in the upper layers increases when the crystal l i 
nity decreases. Pyridine adsorption at 150°C on an HY zeolite 
induces a reduction of superficial s i l icon. Adsorption at room 
temperature allows a quantitative measurement of Brönsted and 
Lewis acid centers. 

Introduction 

The field of application of electron spectroscopy 
(called X.P.S. or E.S.C.A.) has broadened very quickly and its 
usefulness in catalysis has been conjectured very early (1J . 
Indeed, the high specificity for surface analysis achieved by 
this technique allows the qualitative and quantitative charac
terization of the outermost layers of solids as well as that of 
adsorbed species. Very recently, some studies have been pu
blished dealing with the application of X.P.S. to the study of 
zeolites (2-6). 

This communication concerns some applications of X.P.S. 
to the characterization of surface properties of zeolites. When 
catalytic phenomena are considered, diffusion effects may limit 
the actually active part of zeolites to the few f irst unit cells 
below the external surface of the grains, or, at least, give 
prominent importance to this external region. Since X.P.S. 
signals originate from the 1 5 - 3 0 outermost Angstroms, they 
may give information that is more narrowly related to the ob
served catalytic activity. Two topics will be considered in the 
communication. First , the chemical composition of the superfi
cial layers for ordinary (i .e. Si-Al) γ zeolites and for germa
nium faujasite-type molecular sieves has been determined quan
titatively. Second, the superficial acidity of ordinary HY 
zeolites has been investigated by the adsorption of pyridine 

86 
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used as a probe m o l e c u l e . The a d s o r p t i o n s t a t e o f the molecule 
can be monitored by X.P.S. and a q u a l i t a t i v e d i s t i n c t i o n o f 
Bronsted and Lewis a c i d i t y can be e s t a b l i s h e d , q u i t e s i m i l a r t o 
what i s r o u t i n e l y r e a l i z e d u s i n g I.R. t e c h n i q u e s . 

E x p e r i m e n t a l 

1_. M a t e r i a l . The germanium f a u j a s i t e type z e o l i t e has been 
s y n t h e t i z e d a c c o r d i n g to a procedure d e s c r i b e d elsewhere ( 7 ) . 
The b u l k Al/Ge r a t i o i s e x a c t l y u n i t y . Sodium and ammonium ex
changed (exchange l e v e l : 30%) s i e v e s have been s t u d i e d as w e l l 
as the ammonium form a f t e r framework c o l l a p s e subsequent to 
h e a t i n g o v e r n i g h t i n a i r at 180°C. 

Two s e r i e s o f s i l i c o n z e o l i t e s have been s t u d i e d . The f i r s t 
one (Union Carbide l o t
r a t i o o f 2.2. Three d i f f e r e n
o r i g i n a l Na Y , a 72% exchanged NH Υ , and the same NHLY. sample 
c a l c i n e d i n a i r a t 900°C. 

The parent NaY- z e o l i t e o f the second s e r i e s has been syn
t h e t i z e d i n our l a b o r a t o r y ; i t s b u l k S i / A l r a t i o i s 2.4. 60% ex
changed CaNaY 2 and 90% exchanged NiNaY samples have been prepa
red from the o r i g i n a l NaY 2 > The c r y s t a l l i n i t y o f both s e r i e s has 
been monitored by X-ray powder d i f f r a c t i o n . 

P y r i d i n e (Merck A.G.) i s d i s t i l l e d under vacuum. A f t e r 
thorough o u t g a s s i n g by the f r e e z e - pump - thaw procedure, i t i s 
s t o r e d over a c t i v a t e d 5 A m o l e c u l a r s i e v e . 

2_. Procedure. A l l the X.P.S. s p e c t r a have been recorded on a 
Vacuum Ge n e r a t o r s ESCA 2 system equiped w i t h a s i g n a l a verager 
( T r a c o r Northern NS 560). The A l anode was powered at 10 KV and 
50 mA. The sample was s p r i n k l e a on a d o u b l e - s i d e d adhesive t a p e . 

In the experiments d e a l i n g w i t h p y r i d i n e a d s o r p t i o n at room 
temperature (R.T.) on NHLY^ z e o l i t e s , the treatment and sampling 
sequence are d e s c r i b e d elsewhere (J3) . Samples o b t a i n e d t h i s way 
are l a b e l l e d Py 300, Py 400, Py 500 and Py 600, depending upon 
t h e i r a c t i v a t i o n température, expressed i n °C. 

Experiments have a l s o been c a r r i e d out on an HY z e o l i t e ac
t i v a t e d at 300°C. In t h i s case, p y r i d i n e was adsorbed and o u t -
gassed at 150°C. The c e l l was kept i n l i q u i d n i t r o g e n o v e r n i g h t 
and a g o l d b acking was used i n s t e a d o f s c o t c h tape. 

The S i 2p- o r Ge 2pg/ 2 " l i n e n a s been used as r e f e r e n c e 
f o r d e t e r m i n i n g b i n d i n g e n e r g i e s and i n t e n s i t i e s . In the case 
o f s i l i c o n - a l u m i n u m t y e z e o l i t e s , i t has been proved elsewhere 
t h a t the carbon c o n t a m i n a t i o n o v e r l a y e r does not p e r t u r b e the 
i n t e n s i t y r a t i o s id) s i n c e the k i n e t i c e n e r g i e s o f e l e c t r o n s 
i s s u e d from the r e f e r e n c e l i n e ( S i 2p) and from the i n v e s t i g a t e d 
one ( A l 2p o r Ν Is) have s i m i l a r v a l u e s . For germanium-aluminum 
type z e o l i t e s , the Ge 2 p 3 /„ l e v e l has been chosen as r e f e r e n c e 
i n the absence o f any o t h e r s u i t a b l e l i n e ; i n t h i s c a s e , i t 
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should be noted t h a t the carbon c o n t a m i n a t i o n o v e r l a y e r can a r t i 
f i c i a l l y i n c r e a s e the A l 2p/Ge 2^/2 i n t e n s i t y r a t i o because o f 
the l a r g e d i f f e r e n c e i n the mean f r e e path o f e l e c t r o n s i s s u e d 
from the Ge 2ρβ/ 2 and A l 2p l e v e l s . 

The i n t e n s i t i e s a r e g i v e n as i n t e n s i t y r a t i o s noted R 
equal to y 

RX -
y Ix 

where I x i s t h e p l a n i m e t e r e d i n t e n s i t y o f the r e f e r e n c e peak and 
Iy i s the i n t e n s i t y f o r t h e l i n e o f i n t e r e s t . 

I n f r a r e d measurements i n c l u d e a s i m i l a r treatment than f o r 
X.P.S. a n a l y s i s bu£, i n t h i s case, the z e o l i t e i s compacted i n t o 
a wafer o f 3 mg.cm d e n s i t y and p y r i d i n e o u t g a s s i n g i s a c h i e v e d 
at i n c r e a s i n g temperatures
300°C. S p e c t r a i n the 1750-140
u s i n g a Beckman I.R. 12 spectrometer o r a P e r k i n Elmer 180 spec
t r o m e t e r , working i n absorbance mode. I n t e n s i t i e s a r e the p l a n i 
metered s u r f a c e a r e a s , n o r m a l i z e d f o r t h e wafer t h i c k n e s s ; they 
are expressed i n absorbance u n i t s (A-U.) χ wavenumber (W.N.; 

-1 ·» η -1 
cm J x CITK χ g Assignments are taken from the l i t e r a t u r e 
(9,10). 
R e s u l t s 

1_. S u p e r f i c i a l c o m p o s i t i o n . 
a_. Germanium_zeolites. F o r a l l the samples s t u d i e d the 

d i f f e r e n c e i n b i n d i n g energy between the Ge 2p3/2 and A l 2p 
l e v e l s i s c o n s t a n t , showing t h a t the Ge and A l c a t i o n s a re i n a 
s i m i l a r s u r r o u n d i n g . 

For the v a r i o u s samples, namely NaGeX, NaNH^GeX, and t h e 
h y d r o x y s o d a l i t e s t r u c t u r e o b t a i n e d by h e a t i n g the NaNH^GeX at 
180°C (11), t h e A l 2p/Ge 2 p 3 / 2 i n t e n s i t y r a t i o s , noted R ^ 2 , 
are g i v e n i n T a b l e I . 

S i 
b_. S i l i c o n _ z e o l i t e s . Concerning the R A 1 2p r a t i o s , the 

i n f l u e n c e of t h e c a l c i n a t i o n temperature as w e l l as t h a t o f the 
i o n exchange have been i n v e s t i g a t e d on Y z e o l i t e s . The r e s u l t s 
f o r the two s e r i e s are g i v e n i n Table I . 

TABLE I 
,x i n t e n s i t y r a t i o s f o r t h e v a r i o u s samples 

" A l 2p Germanium 
z e o l i t e s 

Na NH NH 
180°C 

S i l i c o n z e o l i t e s 
Sample 

Germanium 
z e o l i t e s 

Na NH NH 
180°C 

F i r s t s e r i e s Y^ 
Na NH * NH 

4 900°C 

Second s e r i e s Y 2 

Na Ca N i 

R .D193 .0257 .0268 .21 .20^.01 ,43 .24 .27 .58 
Κ U n a c t i v a t e d sample and samples a c t i v a t e d at temperatures 

r a n g i n g from 300°C to 600°C. 
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2. Organic molecules a d s o r p t i o n . The b e h a v i o r o f p y r i d i n e 
adsorbed on NH^Y z e o l i t e s outgassed at v a r i o u s temperatures has 
been i n v e s t i g a t e d . A l l the experiments have been made w i t h the 
NH^Y^ z e o l i t e s e r i e s . 

a_. A d s o r g t i o n _ a t _ 1 50°C. For the sake o f comparison w i t h 
some i n f r a r e d s t u d i e s (12,13), p y r i d i n e a d s o r p t i o n has been 
c a r r i e d out a t 150°C. In t h i s c o n d i t i o n , an unexpected r e s u l t 
has been observed, as shown i n f i g u r e 1. A second S i 2p l i n e 
appears a f t e r a d s o r p t i o n at 150°C ( f i g u r e 1-C). T h i s second l i n e 
i s not observed i n any of the f o l l o w i n g samples : ( i ) s i m p l y 
outgassed z e o l i t e (I) (curve a ) , ( i i ) sample exposed to p y r i d i n e 
at room temperature (R.T.) ( I I ) , ( i i i ) p r e v i o u s sample I I f u r t h e r 
outgassed a t R.T. ( I l l ) (curve b ) , ( i v ) sample I I s l o w l y heated 
f o r 1 hour a t 150°C (IV
r e s u l t s are o b t a i n e d i
namely a second S i 2p l i n e i s observed a f t e r a d s o r p t i o n a t 150°C 
( f i g u r e 1, curve d ) . 

b. Adsorgtion_at_room_tempera The most remarkable 
f e a t u r e i n the X.P.S. s p e c t r a a f t e r R.T. a d s o r p t i o n i s a s h i f t 
of -2 eV of the Ν I s l i n e from adsorbed p y r i d i n e when the a c t i 
v a t i o n temperature of the z e o l i t e exceeds 400°C. 

We have e v a l u a t e d the r a t i o o f the number o f adsorbed p y r i 
d i ne molecules to the t o t a l number o f s i l i c o n atoms i n the 
n e a r - s u r f a c s l a y e r s . I n t e n s i t y v a l u e s , noted R j ^ and 
RN^1 ( 2 ) ' c o r r e s P ° n d r e s p e c t i v e l y to the low b i n d i n g energy l i n e 
and l o trie h igh one. These v a l u e s , a f t e r c o r r e c t i n g f o r the r e 
maining Ν I s i n t e n s i t i e s found i n the c o r r e s p o n d i n g blank sam
p l e s Î Q ) are summarized i n t a b l e I I . 

Table I I 

R ^ ,.. v a l u e s f o r the v a r i o u s Py samples. 

( Outgassing 
( temperature 

R S 1 

N l s (1) R S i ) K N l s (2) j 

( Without any treatment .33 ) 

( 300 .0 .13 ) 
( 400 .02 .13 ) 
( 500 .18 .02 ) 
( 600 .11 .0 ) 
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D i s c u s s i o n 

1_. S u p e r f i c i a l c o m p o s i t i o n . The atomic A l / x r a t i o s i n the 
s u p e r f i c i a l l a y e r s a n a l y z e d by X.P.S. can be c a l c u l a t e d from the 
R r a t i o s g i v e n i n t a b l e I by the r e l a t i o n : 

where χ i s Ge o r S i and i x / i A l 2P i s the r e l a t i v e l i n e i n t e n s i t y 
r a t i o taken from the littérature (14,15) . T h i s above r e l a t i o n 
assumes t h a t mean f r e e path o f e l e c t r o n s i n s i d e the s o l i d and 
t r a n s m i s s i o n f a c t o r o f the spectrometer are the same f o r χ and 
A l 2p. These c o n d i t i o n
k i n e t i c energy of e l e c t r o n
very c l o s e to t h a t o f the A l 2p l i n e (about 1412 eV) . For the 
Ge 2 p 3 ^ 2 l e v e l , because o f the very h i g h v a l u e o f the b i n d i n g 
energy, the r e l a t i o n would a r t i f i c i a l l y enhanced the Al/Ge r a t i o . 
The r e s u l t s o b t a i n e d t h i s way are g i v e n i n t a b l e I I I . 

The s u r f a c e l a y e r s o f a l l w e l l c r y s t a l l i z e d z e o l i t e s , i n 
t h e i r i n i t i a l Na form, a r e d e p l e t e d i n alumina. T h i s f a c t had 
a l r e a d y been observed by o t h e r a u t h o r s . (4) 

On the o t h e r hand, a d e s t r u c t i o n o f the s t r u c t u r e by c a l c i 
n a t i o n a t 900°C r e s u l t s i n a s u p e r f i c i a l s e g r e g a t i o n o f aluminum 
i n the case o f Y s i l i c o n z e o l i t e s . T h i s i s demonstrated by the 
f a c t t h a t the A l / S i r a t i o s f o r NH^ 900 a r e t w i c e those observed 
w i t h NaY. The b u l k A l / S i r a t i o i s s i t u a t e d between these two ex
tremes. 

The s i t u a t i o n f o r germanium z e o l i t e s i s somewhat d i f f e r e n t . 
The c a l c i n a t i o n i n a i r a t 180°C o f the NH^ exchanged m a t e r i a l 
l e a d s to a s u r f a c e Al/Ge r a t i o s i m i l a r t o t h a t o f the b u l k . T h i s 
d i f f e r e n c e r e f l e c t s the f a c t t h a t , i n the case of s i l i c o n z e o l i t e s , 
the c a l c i n a t i o n l e a d s to an amorphous m a t e r i a l , whereas w i t h g e r 
manium ones, the thermal treatment a t 180°C b r i n g s about the 
t r a n s f o r m a t i o n o f the f a u j a s i t e type s t r u c t u r e i n t o hydroxysoda-
l i t e M l ) . 

As l o n g as the exchange-does not a f f e c t c r y s t a l l i n i t : y , the 
s u p e r f i c i a l c o m p o s i t i o n remains unchanged, as observed f o r the 
NH^Y^ z e o l i t e . When i o n exchange l e a d s to a parti£l l o s s o f 
c r y s t a l l i n i t y , t h e s u p e r f i c i a l c o n c e n t r a t i o n i n aluminum i n c r e a s e s . 
T h i s i s i l l u s t r a t e d by the Ca exchanged Y 2 z e o l i t e , t h e X-ray 
d i f f r a c t i o n p a t t e r n o f which i n d i c a t e s a l e s s c r y s t a l l i n e mate
r i a l than the s t a r t i n g NaY 2 z e o l i t e , and by the e x t e n s i v e N i 
exchanged one, where t h i s e f f e c t i s s t i l l more enhanced. In both 
c a s e s , one observes an i n c r e a s e i n the A l / S i r a t i o s i n the l a y e r s 
a n a l y z e d by X.P.S. The same t r e n d i s observed f o r germanium 
z e o l i t e s . 

— = R 
X A l 2p 

χ i x 
i A l 2p 
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Thus, the p a r t i a l l o s s o f c r y s t a l l i n i t y by the exchange 
process a f f e c t s the s u p e r f i c i a l c o m p o s i t i o n i n a way s i m i l a r t o 
a thermal t r e a t m e n t . The l o s s o f c r y s t a l l i n i t y r e s u l t s i n a p r e 
f e r e n t i a l l o s s o f aluminium t e t r a h e d r a i n the framework. These 
aluminum c a t i o n s a r e e x p e l l e d t o the e x t e r n a l s u r f a c e o f the 
c r y s t a l l i t e s . 

The above r e s u l t s suggests t h a t the d e t e r m i n a t i o n o f the 
A l / S i r a t i o by X.P.S. c o u l d c o n s t i t u t e a v a l u a b l e method f o r 
e v a l u a t i n g c r y s t a l l i n i t y . 

2. A d s o r p t i o n o f o r g a n i c molecules 
a_. Adsorgtion_at_150°C. The second s i l i c o n l i n e s i t u a t e d a t 

a b i n d i n g energy l e v e l o f 98 eV cannot be a t t r i b u t e d t o a s p e c i 
f i c c h e m i s o r p t i v e i n t e r a c t i o  betwee  p y r i d i n d s i l i c o  i  th
framework, s i n c e the sam
co m p l e t e l y d i f f e r e n t adsorbe
s e p a r a t i o n between the s i l i c o n l i n e s , a p p r o x i m a t e l y 4 eV ( f i g u r e 
1, c and d ) , i s too l a r g e to be a t t r i b u t e d t o any s p e c i f i c i n 
t e r a c t i o n between the adsorbed molecules and s i l i c o n atoms. A 
s h i f t o f 4 eV i s comparable near t h a t observed between elem e n t a l 
s i l i c o n and S i 0 2 ( 1 6 ) . T h i s s h i f t i s n e i t h e r observed on the 
A l 2p l i n e nor on the 01s one. We a r e t h e r e f o r e l e d t o conclude 
t h a t , as a consequence o f a d s o r p t i o n , some s i l i c o n i n the z e r o -
v a l e n c e s t a t e i s formed on the e x t e r n a l s u r f a c e of the z e o l i t e . 
In s p i t e o f p o s s i b l e i n t e r f e r e n c e of o t h e r c o n t a m i n a t i n g gases, 
c o n t r o l experiments i n d i c a t e t h a t the l i n e a t t r i b u t e d t o Si° 
d i s a p p e a r i n the presence o f t r a c e s o f 0^· In a d d i t i o n , t h i s l i n e 
tends to d i s a p p e a r over l o n g p e r i o d s o f x-ray exposure at R.T., 
probab l y by a d i f f u s i o n i n t o the b u l k . N e v e r t h e l e s s , a p o s s i b l e 
r e o x i d a t i o n because o f the poor q u a l i t y o f the vacuum cannot be 
excluded . The c r i t i c a l f a c t o r f o r t h i s r e d u c t i o n o f S i 4 + to Si° 
i s the a d s o r p t i o n temperature. The s p l i t t i n g i n t o two l i n e s o f 
the S i 2p spectrum i s not observed when the a d s o r p t i o n t a k e s 
p l a c e at R.T. even a f t e r a subsequent slow o u t g a s s i n g at 150°C. 
The r e d u c t i o n to Si° a p p a r e n t l y can o n l y o c c u r at the outermost 
s u r f a c e o f the c r y s t a l l i t e s s i n c e i t has never been observed by 
bulk t e c h n i q u e s . T h i s s u r p r i s i n g r e s u l t r a i s e s the q u e s t i o n as 
to whether such a s u p e r f i c i a l r e d u c t i o n c o u l d modify s t r o n g l y 
c a t a l y t i c p r o p e r t i e s i n c e r t a i n working c o n d i t i o n s . 

JD. Adsorption_at_room_temgeratur . S i n c e p y r i d i n e a d s o r p t i o n 
at R.T. does not induce any r e d u c t i o n , X.P.S. can be used f o r 
s u p e r f i c i a l a c i d i t y d e t e r m i n a t i o n s , by m o n i t o r i n g the Ν I s l e v e l 
o f the probe mo l e c u l e . 

There i s a s h i f t o f 2 eV o f the N1s l e v e l towards lower b i n 
d i n g e n e r g i e s between Py 400 and Py 500 samples ( t a b l e I I ) . T h i s 
s h i f t must be a t t r i b u t e d t o d i f f e r e n c e s i n i n t e r a c t i o n s between 
the n i t r o g e n atom o f the probe molecule and, r e s p e c t i v e l y , a 

I 
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8. D E F O S S E E T A L . XPS Study of HY Zeolites 

(^Binding energy (eV) 

Figure 1. Si 2p profiles for NH^ zeo
lite activated at 300°C. (a), with no 
pyridine adsorption; (b), upon pyri
dine adsorption at R.T.; (c), upon 
pyridine adsorption at 150°C; (d), 
upon ethylene adsorption at 150°C. 

la 154 ·> c m " 1 

„ ( a.u. w.n. c m 2 m g " 1 ) If 

BRONSTED 
AC IDiTY 

1 
.1 «Si 

^ R NU2) 
2 . Uïa 1619 c m " 1 

(a.u- W J I . c m 2 m g " 1 ) 

ι . k 

R N l s ( 0 

Figure 2. Quantitative corrélation 
between X.P.S. RNi8

8iZp and infrared 
absorption intensities for Bronsted 
and Lewis acid sites. Nls data col
lected at —90°C. I.R. wafer exposed 
to pyridine and outgassed at 20°C 
( Β j , 200°C (Φ )and 300°C ( 0 λ 
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Bronsted or a Lewis acid site since i t is well knoun that dehydro-
xylation of HY zeolites occurs between 400°C and 500°C [17,18) • 
Infrared measurements further support this conclusion. 

Figure 2 indicates a good correlation between the R|\| 1s (i) 
values characteristic respectively of Bronsted (i = 2) and Lewis 
(i = 1) sites and the intensity of the infrared bands at 1545 cm" 
(Bronsted sites) and 1619 cm_>l (Lewis sites). The comparison cof 

R N l s (2) r a t i o s f o r t n e i n i t i a l N H ^ zeolite and the Py samples 
snows that roughly one third of the near surface sites accessible 
to NH3 can be reached by pyridine molecules. 

From the stoichiometry, i t is possible to calculate the 
theoretical intensity ratios of the Ν Is and Si 2p lines for the 
NĤ Ŷ  i n i t i a l zeolite (14). The theoretical intensity ratio is 
0.68, and the experimental observed  i  0.33  Thi  indicate
that the surface NĤ  conten
suggests that the surfac  depletio
responds to a similar depletion in NH . The superficial layers 
of the crystallites are poorer in acidic centers (by a factor of 
about 1/2) than the bulk. This relation between Al and acidic 
center contents confirms that acidic centers are associated with 
the incomplete charge compensation of Al tetrahedra in the zeo
l i te or alumino-silicate frameworks. 
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Acidity of M o r d e n i t e 

G. H. KÜHL 

Mobil Research and Development Corp., Paulsboro, N.J. 08066 

The acidity of hydrogen mordenite was determined by treat
ment with 0.1N NaOH and back-titration of the excess, and by 
t itration of the extract obtained by successive batch treatments 
with 2N NaCl or O.1N AgN03. The results show that acid-exchanged 
mordenites are true hydronium forms. The degree of dehydroxyla
tion of thin-layer calcined NH4-mordenites can be estimated from 
the different results obtained by the two methods. 

Introduction 

When a true hydrogen zeolite Y is contacted with O.lN NaOH 
solution, the sodium form of the zeolite is obtained (1). Sorb-
ing water on hydrogen zeolite Y probably produces the hydronium 
form of the zeolite; the structure collapses upon dehydration of 
hydronium zeolite Y (1). It is not clear whether any framework-
Al hydrolyzes upon contact of HY with water, but since the heat 
of hydration of a proton i s considerable, partial hydrolysis i s 
l ikely to occur. Similar reactions can be expected upon contact 
of HY with NaCl solution. 

When a stabilized hydrogen zeolite Y is treated with O.lN 
NaOH solution, cationic aluminum is removed from the zeolite and 
replaced by Na+ ions (1). Contact of stable hydrogen zeolite Y 
with 2n NaCl solution also causes removal of cationic aluminum in 
exchange for sodium, while the pH of the in i t i a l l y neutral solu
tion drops to about 3 and the S1O2/AI2O3 ratio of the remaining 
solid increases (2). Refluxing of a stabilized hydrogen zeolite 
Y with several batches of sodium chloride solution resulted in a 
gradual increase of the pH in sequential batches: 2.7-3.0-3.2-
3.35-3.5 (2). It was also found that most of the exchangeable 
aluminum was removed in the f i r s t treatment. The number of sodium 
ions introduced into the zeolite per aluminum ion removed was 
close to 3.0 in the f i r s t exchange and decreased in subsequent 
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9. K U H L Acidity of Mordenite 97 

steps. I t r therefore, appears that A l 3 + ions are exchanged f i r s t , 
followed by A l ( O H ) 2 + and Al(OH)2 +. In a few samples we found that 
the r a t i o N a i n / A l o u t dropped below 1, indicating the possible 
presence of a dimeric ion such as { H O - A T ^ ^ A I } * . 

Similar reactions occur with most z e o l i t e s . A notable excep
t i o n i s mordenite. When hydrogen mordenite i s treated with NaCl 
solution at ambient temperature, hydronium ions are exchanged from 
the z e o l i t e , unless the contact i s prolonged, no aluminum cations 
appear i n solution; i t i s l i k e l y that hydrated •aluminum ions are 
so large at ambient temperature that they cannot eas i l y migrate 
out of the c a v i t i e s . This behavior permits easy determination of 
exchangeable hydrogen ions by t i t r a t i o n and may be useful as a 
model for other z e o l i t e s . 

Since t h i s work wa  done  Barre d Klinowski (3) reported 
on the exchange of Na-mordenit
reaction. They also reporte  prepare y 
calcination of NH4-mordenite. Therefore, we s h a l l l i m i t t h i s 
paper to those parts of our work that w i l l provide additional con
tributions to the understanding of hydrogen mordenite. 

Experimental 

Materials, Two samples of commercial hydrogen mordenite and 
three samples of commercial sodium mordenite were obtained from 
Norton Company; the compositions were (in wt. % ) : 

Hydrogen Mordenite Sodium Mordenite 
A Β A Β C 

S i 0 2 86.4 85.5 78.7 78.8 77.4 
A1 20 3 13.0 12.1 13.35 13.6 12.9 
Na 20 0.39 0.66 7.45 7.4 7.6 

Three samples of hydronium mordenite were prepared by ion-
exchange of sodium mordenite with O.lN HC1 at ambient temperature. 
Their compositions were: 

Hydronium Mordenite 
Β 

From Na-Mordenite A A Β 
Dried Heat Lamp Heat Lamp Room Temp 
S i 0 2 70.9 70.9 69.9 
A1 20 3 10.9 11.7 11.6 
Na 20 0.21 0.33 0.34 

NH4-mordenite was prepared by successive ion-exchange of 
sodium mordenite C with 2N NH4CI solution at reflux temperature. 
The composition was 65.2% S i 0 2 , 10.7% Al2C>3, 0.30% Na 20, 2.69% N. 
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Procedures. The thermal analysis was carried out with a 
DuPont Model 950 thermogravimetric analyzer. Ammonia appearing 
i n the effluent helium was determined by passing the gas through 
a solution containing 2 ml of aqueous 4% boric acid and 50 ml of 
water, and t i t r a t i n g with sulfamic acid using an automatic 
t i t r a t o r . 

Three methods for determining the acid hydrogen were used: 
a) Approximately l g of z e o l i t e i s treated with 20-25 ml of 

O.lN NaOH and s t i r r e d for one hour. The slur r y i s then 
f i l t e r e d and washed with water. The excess of NaOH i s 
back-titrated with O.lN HC1 to determine the ml O.lN NaOH 
consumed. Methyl purple was used as indicator. 

b) Approximately l g of z e o l i t e i s treated with 150 ml of 2N 
NaCl solution and s t i r r e d for f i f t e e n minutes. The 
slurry i s f i l t e r e d on a f r i t t e d disk funnel and the 
residue washed wit
with O.lN NaOH. Methy
obtain a very d i s t i n c t end point, but other indicators 
can be used. The s o l i d i s r e s l u r r i e d with 150 ml of 2N 
NaCl solution and the treatment repeated u n t i l the amount 
of t i t r a n t required i s only 0.1 ml for the l a s t batch. 
The accumulated ml of O.lN NaOH i s plotted over the num
ber of treatments and extrapolated. 

c) Since mordenite, l i k e other ze o l i t e s , has a high a f f i n i t y 
for Ag + ions, 2N NaCl can be replaced by O.lN AgN03 

solution. To prevent p r e c i p i t a t i o n of Ag 20 during the 
t i t r a t i o n , NaCl solution i s added to each f i l t r a t e 
(AgN03 + NaCl+AgCl+ + NaN03) before t i t r a t i n g with O.lN 
NaOH. 
No aluminum was extracted by these treatments i n the great 

majority of determinations. In a few experiments, negligible 
traces of aluminum were observed. 

The percentage of aluminum potentially associated with hydro
gen ions ("effective" aluminum) was calculated by subtracting the 
percentage of aluminum associated with sodium or ammonium from 
the t o t a l aluminum content. From t h i s figure and the t i t r a t i o n 
r e s u l t the atomic r a t i o of acid hydrogen per eff e c t i v e aluminum, 
H + / e f f . A l , was determined. X-ray d i f f r a c t i o n of a few selected 
samples showed f u l l retention of c r y s t a l l i n i t y . 

Results and Discussion 

When a mordenite sample containing hydrogen ions i s con
tacted with sodium chloride solution, an exchange HM + NaClr* 
NaM + HCl takes place. The extent of the exchange i s governed by 
the exchange isotherm (3). Repeated NaCl treatments remove more 
and more hydrogen ions, the t o t a l amount of available acid hydro
gen being approached asymptotically. I f the accumulated acid 
removed i s plotted over the number of treatments, the curve 
obtained with f i v e to seven treatments can be extrapolated to 
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9. K U H L Acidity of Mordenite 99 

determine the t o t a l amount of hydrogen removable by t h i s treat
ment. 

Zeolites usually have a p a r t i c u l a r l y high a f f i n i t y for s i l 
ver ions. Therefore, for more precise determinations, s i l v e r 
n itrate may be used instead of sodium chloride. Such a treatment 
gives a steeper curve that can be extrapolated with greater 
accuracy (Figure 1). The results obtained by these two procedures 
are generally i d e n t i c a l . Both have the advantage of short contact 
times p r a c t i c a l l y eliminating the r i s k of aluminum ion-exchange. 

F i n a l l y , a hydrogen mordenite can be treated with a known 
amount of di l u t e NaOH according to HM + NaOH + NaM + H2O. The 
excess i s then back-titrated i n the f i l t r a t e . This procedure i s 
very fa s t and accurate. 

Commercial Hydrogen Mordenite  In contrast to the findings 
of Barrer and Klinowsk
gen mordenite (see experimenta
not be converted completely to the sodium form by treatment with 
O.lN NaOH. Instead we found 

H+/eff.Al 
after A Β 

15 min. at 25°C 0.545 0.660 
1 hour at 25°C 0.590 0.668 

Repeated NaCl treatments gave 0.268 (A) and 0.305 (B) H + / e f f . A l . 
When heated to 550°C, acid hydrogen was l o s t from sample B: 

Time Method H*/eff .Al. 
3 hours NaCl 0.290 
16 hours AgN03 0.055 

When a slurry of sample A i n d i l u t e NaCl solution was t i t r a t e d 
potentiometrically with O.lN NaOH, a smooth sinoi d a l curve was 
obtained with an inversion point at pH 6.5 corresponding to 
0.440 H + / e f f . A l (Figure 2). The t i t r a t i o n i s very slow as the 
mixture has to be permitted to reach equilibrium after each addi
t i o n of NaOH. The curve has characteristics of both a strong and 
a weak acid. However, the base, known to be strong, shows the 
same strong and weak aspects. Such a behavior can be explained 
by the eff e c t of the system 

3+ H20 2 + + H 2 0 H 20 
A l + A10H +H ·> A1(0H) 2 + H •+ A l ( O H ) 3 + H (1) 

4" Ψ Ψ 

The hydrogen ions are exchanged for Na + ions, 

H + z + N a + s * N a + z + H + s (2) 
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Figure 1. Comparison of Ag and Na 
exchange of H-mordenite Number of Treatments 

12 

Figure 2. Titration of H-mordenite. 
1.0982g H-mordenite A + 10 ml satu

rated NaCl solution + 100 ml HtO. 
5 10 15 20 

ml 0.1 Ν NaOH 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



9. K U H L Acidity of Mordenite 101 

and neutralized upon leaving the z e o l i t e . The equilibrium pH 
after every addition of NaOH depends on the two coupled rate 
reactions, hydrolysis of cationic A l ( l ) and ion-exchange(2). 

The points corresponding to the results obtained by the NaCl 
method(b) and by the NaOH method(a) are marked i n Figure 2. I t 
seems l i k e l y , therefore, that free hydrogen ions and those 
generated by 

A l 3 + + H 20 - A10H 2 + + H + (3) 

are determined by procedure b), whereas the sum of these hydrogen 
ions and those generated by the reactions 

A10H 2 + + H 20 = Al(OH) 2
+ + H + and (4) 

Al(OH)

i s obtained by procedure a). 
The results obtained indicate that commercial hydrogen 

mordenites — or at least the two samples investigated by us — 
are not true hydrogen z e o l i t e s . Their structure appears to be 
considerably more complex. Our next goal was, therefore, to 
prepare a true hydrogen form of mordenite. A mordenite contain
ing hydrogen ions as the only source of aci d i t y should give the 
same results with both procedures, unless a secondary reaction, 
such as hydrolysis of framework-aluminum, occurs. An acid form 
of mordenite can conceivably be prepared by 

a) ion-exchange with an acid, 
b) calcination of ammonium mordenite. 

Hydronium Mordenite. Ion-exchange of sodium mordenite with 
0.1N HC1 produced hydronium mordenite, i n agreement with 
Shikunov, Lafer and Yakerson (4). The ana l y t i c a l data show a 
small increase i n the S1O2/AI2O3 r a t i o for samples Β and C, a 
somewhat greater increase for sample A. The results suggest that 
treatment with 0.1N HC1 extracts some aluminum from the z e o l i t e , 
i n agreement with the findings of Barrer and Klinowski (3). The 
amount of acid used to prepare sample A was greater than for Β 
and the product contained less sodium and aluminum. 

Sodium chloride extracted 0.601 H + / e f f . A l from hydronium 
mordenite A. The treated z e o l i t e sample had a Na/Al atomic r a t i o 
of 0.595, i n excellent agreement with the re s u l t of the t i t r a t i o n . 

Another sample of hydronium mordenite (sample B) was 
examined after twelve years of storage. Treatment with 0.1N NaOH 
neutralized 0.481 H+/eff.Al, and NaCl treatment extracted 0.482 
H + / e f f . A l . The perfect agreement of the results indicates that 
the only a c i d i t y present i n the ze o l i t e was that of H30 + ions. 
But the absolute number found i s very low suggesting that H 30 + 

ions disappeared, either i n the drying procedure or i n storage, 
without generating other potential a c i d i t y , such as that of 
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aluminum cations. 
Determination of acid hydrogen i n hydronium mordenite C gave 

0.648 H + / e f f . A l with NaOH and 0.663 H + / e f f . A l with NaCl, i . e . 
p r a c t i c a l l y i d e n t i c a l results by the two methods, again indicating 
the absence of a c i d i t y other than H30 +. 

F i n a l l y , ammonium mordenite was exchanged with O.lN HC1 but 
the product was not dried a f t e r washing. Treatment of t h i s sample 
with O.lN NaOH and back-titration of the excess showed the 
presence of 0.802 H + / e f f . A l , calculated on the assumption that the 
small percentage of Na did not change during the HCl exchange. An 
i d e n t i c a l l y treated sample was contacted with NaCl and the 
released acid t i t r a t e d y i e l d i n g 0.776 H + / e f f . A l by t h i s determina
ti o n , again i n agreement with the r e s u l t obtained by NaOH 
treatment. The higher H +/eff .Al of t h i s sample compared with the 
dried materials agrees with th  statement f Shikuno d 
co-workers (5) that th
for the existence of th  hydroniu

A l l samples of hydronium mordenite gave the same results by 
the two methods employed. This can only happen i f hydronium ions 
are the only source of a c i d i t y i n the z e o l i t e . In p a r t i c u l a r , 
aluminum cations of any composition cannot be present. I t i s 
interesting that the acid treatment d i d extract small amounts of 
aluminum from the framework, but a l l intermediate cationic 
aluminum was then removed by ion-exchange. The always low H+/A1 
ratios suggest that some non-ionic A l i s present, possibly s t i l l 
attached to the framework through two oxygen ions and carrying one 
free hydroxyl group. 

H-Mordenite Obtained by Calcination of NHa-Mordenite. The 
decomposition pattern of ammonium mordenite i s shown i n Figure 3. 
A helium atmosphere was used to avoid temperature excursions upon 
oxidation of NH3 i n a i r , as observed, e.g., by Weeks and co
workers (6). The figure contains the thermogravimetric analysis 
at 5°/min. heating rate (corroborating the results of Benesi (7) 
and Shikunov and co-workers (8)), the weight of ammonia released 
and the weight of water given o f f . Also included are the rates 
at which ammonia and water are liberated (in arbitrary units)· 
The temperature at which ammonia begins to escape i s about the 
same as for z e o l i t e Y Ç9). Whereas the release of ammonia from 
NH4Y i s p r a c t i c a l l y complete at 460°C (9), i t reaches i t s highest 
rate for mordenite at 480eC, and i s essentially complete at 620°C 
The highest rate of dehydroxylation of mordenite i s attained at 
about the same temperature as with z e o l i t e Y, about 670°C How
ever, whereas dehydroxylation of z e o l i t e Y occurs within a narrow 
temperature range (9), t h i s reaction i n mordenite i s drawn out 
from 525 to 880°C. I t i s evident that the deammoniation and 
dehydroxylation reactions overlap i n the range of 525 to 620°C. 
For t h i s reason, i t i s very d i f f i c u l t , i f not impossible, to 
prepare a pure hydrogen mordenite by calcination of ammonium 
mordenite. The best chances appear to be i n the range 480-525°C 
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Heat ing Rate: 5 C / M i n . 
F low ing H e l i u m , 150 c c / M i n . 

T G A 
N H 3 L ibe ra ted 

_ . _ Rate of NH3 Re lease ( A r b i t r a r y U n i t s ) 
H 2 0 Re leased 
Rate of H ? 0 Re leas

0 100 200 300 400 500 600 700 800 900 1000 

T e m p e r a t u r e , C ( C o r r e c t e d ) 

Figure 3. Thermo gravimetric analysis of NHrmordenite 
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In order to prevent hydrolysis of framework-aluminum, i t i s man
datory to remove gaseous reaction products f a s t . Several 
attempts to prepare a pure hydrogen mordenite are outlined i n 
Table I. 

TABLE I.- Attempts to prepare pure H-mordenite 

Sample 
No. Muffle 

Sample 
i n 

Heating 
Rate 

Highest 
Temp, 

Time at 
Highest 
Temp. 

H + / e f f . A l 
NaOH NaCl 

1 Cold Crucible l°/min 480°C 8 hrs 0.539 0.344 
2 II Thin Bed 3°/ " II 3 " 0.795 0.559 
3 II II II II II II 1 hr 0.855* 0.695* 
4 II II II II II 500°
5 II Crucibl
6 II II 550°C 0.508 0.189 
7 Hot II - 480°C II II 0.669 0.518 
8 II II - 550°C •1 II 0.479 0.250 

•Contains 0.156 residual NH4
+/A1, a l l other samples <0.008. 

Kerr (1) produced a true hydrogen z e o l i t e Y by "shallow bed" 
calcination. Samples 2 to 4 were prepared by the same method, 
calcinations 2 and 4 gave complete deammoniation. The t i t r a t i o n 
results indicate more dehydroxylation at 480°C than at 500°C, 
whereas the opposite should be the case. The data are evidence 
of the degree of reprod u c i b i l i t y attainable for shallow bed c a l c i 
nation i n t h i s temperature range. Less acid hydrogen was found 
i n a sample calcined for one hour at 480°C (sample 3), but the 
product s t i l l contained 0.55% N. I f the effective A l i s reduced 
by the corresponding amount, the highest H + / e f f . A l was found i n 
this sample; but the re s u l t i s s t i l l only 85% of that expected i f 
a l l acid hydrogen i n i t i a l l y formed i n the deammoniation process 
was retained. Evidently some dehydroxylation occurred even i n 
one hour at 480°C, before deammoniation was complete. 

For a l l three thin layer calcined samples, especially for 
samples 3 and 4, i t i s evident that the amount of acid hydrogen 
l o s t i s twice as great for the NaCl procedure as for the NaOH 
method. Assuming that no "deep bed" (1) reactions occurred dur
ing the calcination, only dehydroxylation has to be considered. 
As reported e a r l i e r (10), X-ray spectrometry results suggest that, 
i n dehydroxylated zeo l i t e s , one half of the aluminum i s t e t r a -
hedrally coordinated (framework-Al) and the other half i s probably 
present as A10 + cations to give the combination A10 + A10 2". A10 + 

can hydrolyze according to 

A10 + + H 20 + AlOOH + H + (6) 

This reaction occurs when dehydroxylated mordenite i s treated with 
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O.lN NaOH, thus generating 1 H+/2 A l . The exchange equilibrium 
between Na + and H + does not permit t h i s reaction to proceed when 
the z e o l i t e i s treated with NaCl solution. In a p a r t i a l l y 
dehydroxylated true hydrogen mordenite, NaCl extracts only 
hydronium ions formed by hydration of protons, whereas O.lN NaOH 
determines also those generated by equation (6). Thus, 70% of 
the eff e c t i v e aluminum i n sample 3 i s associated with protons, 
15% i s present as AlO + ions associated with another 15% of the 
effe c t i v e A l i n the framework: (H+) 7 Q ( A l O + ) 1 5(A10 2~) 8 5 

(sample 2: (H+) ^ ( A l O + ) 2 2 ( A l 0
2 " ) 78 ; s a m P l e 4 5 ( H + )

 6 3 

(A10+) (Al0 o ) 0 . _ ) . The other samples i n Table I , calcined •lob ζ ·O I D 

i n crucibles, have characteristic  intermediat  betwee  shallo
bed and deep bed calcinatio
added. The closest to p
of dehydroxylation i s expected from a fast calcination at the 
lowest temperature (sample 7). The t i t r a t i o n results can be 

interpreted i f a dimeric cation {A1^>A10H} + i s assumed: H +
 5 2 

(Α1 η0 ο0Η +) 1 c ( A 1 0 o ) I t i s questionable whether hydrogen 
Ζ Ζ · JLo Ζ · b / 

ions can coexist with the dimeric cation, and other explanations 
may be possible. 

Dealuminized Mordenite. The number of acid sites i n a hydro
gen mordenite can be reduced by mere calcination or steaming. 
However, oxy- and hydroxy-aluminum cations and possibly aluminum 
oxide are deposited i n the channels of the z e o l i t e . These 
materials, which may block passage of hydrocarbons i n c a t a l y t i c 
applications, can be removed by acid extraction. 

Prolonged heating of any hydrogen mordenite to a temperature 
of about 480°C or higher causes a decrease of the H+/A1 r a t i o by 
dehydroxylation (Table I I ) . 

TABLE I I . - Dehydroxylation of hydrogen mordenite 

Sample, Si02/Al20 3 

H-Mordenite B, 12.0 
H-Mordenite, 14.8 a 

H-Mordenite, 23.8 b 

a) 
H2SO>| 

H+/A1 
after drying 

at 120°C 

H+/A1 after calcination 
at 550°C for 

3 hours 16 hours 

0.31 0.29 0.06 
0.65 0.50 0.12 
0.63 0.53 0.14 

Prepared by refluxing Na-mordenite C with two batches of 20% 
D4 for four hrs. each, 

b) Prepared by refluxing NH4-mordenite A with 6N HC1 for eight hrs, 
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The data for H+/A1 i n this table were obtained from NaCl treat
ments; th i s procedure was chosen because i t does not extract H + 

generated by hydrolysis of hydroxylated aluminum cations, and the 
data obtained i n t h i s way should be more meaningful. 

TABLE I I I . - Dealuminized mordenite -
Effe c t of steaming and acid treatment 

Starting 
Material Steamed Refluxed Product 

SiO^/Al.O hours °C hours with SiOVAl.O H+/A1 

23.8 a 24 760 8 IN HC1 38 0.05 
38 24 760 8 6N HC1 41.5 0.02 
23.8 a - - 24 6N HC1 47 0.56 
11. 3 b -75 24 
11. 3 b - - 5x8 6N HC1 62 0.69 
62 2 538 5x8 6N HC1 112 0.46c 

10. 2 d - - 6x8 6N HC1 59 0.62e 

59 2 538 3x8 6N HC1 125 0.39e 

a) See Table I I . 
b) Hydrogen mordenite Α.* 
c) After two-hour calcination at 480°C. 
d) Sodium mordenite C. 
e) After two-•hour calcination at 540°C. 

Table III contains results obtained by NaCl treatment of dealumi
nized mordenites; the effe c t of steam treatment on the hydrogen 
content was examined. When a mordenite of 23.8 S1O2/AI2O3 was 
steamed at 760°C for a day, acid hydrogen was almost completely 
l o s t . The same treatment decreased the H +/Al r a t i o of a 75 S1O2/ 
AI2O3 sample by only 50%. Steam treatment at lower temperature 
(538°) (11) and for a shorter period (two hours) retained 
considerably more H+/A1 i n the preparation of h i g h - s i l i c a 
dealuminized mordenite. 

The results indicate that high-temperature steaming of 
hydrogen mordenite causes removal of aluminum from the framework 
and deposition within the z e o l i t e as polymeric oxoaluminum 
cations of low charge and probably even as neutral aluminum oxide. 
These species appear to have a low rate of dissolution at a 
hydrogen ion concentration present i n the z e o l i t e channels and 
cannot be extracted very readily. 
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A theory of the electronic structure of t r a n s i t i o n metal ions 
in zeolites which takes into account the s i t e symmetry and vibra
tional-electronic interactions is presented. The r e l a t i v e sta
bilities i n t rigonal s i t e s (CuII=NiII>CoII>FeII>MnII, CrII=IIVII>TiII), 
redox potentials, axial and o f f - a x i a l d istortions, and o p t i c a l tran
s i t i o n s are calculated and compared with published data. 

Introduction 

It i s well established that t r a n s i t i o n metal ions i n zeolites 
act as s p e c i f i c chemisorption centers (1-4), form i n t r a z e o l i t i c 
complexes (5,6), undergo redox reactions (7-10), and are c a t a l y t -
i c a l l y active i n oxidation reactions (11). These properties stem 
from the electronic structure of the ions i n coordinatively unsa
turated si t e s of the z e o l i t e i n t e r n a l surfaces, and are accompan
ied by well defined physical properties such as o p t i c a l absorption, 
photoluminescence, magnetic moments, and magnetic resonances, char
a c t e r i s t i c of both the metal ion and i t s enviroment. 

A theory that accounts for these phenomena must take into con
sideration the s i t e symmetry, interelectronic repulsion, vibration-
al-electronic interactions, spin-orbit coupling, and interactions 
with electromagnetic f i e l d s where present, and to compare the chem
i c a l properties and s t a b i l i t i e s of the individual ions, such a 
theory should encompass the whole t r a n s i t i o n series. 

The interelectronic repulsion and s i t e potential energies for 
D3h a n <* C 3 v symmetries were f i r s t analyzed for the Ni^+ ion and 
compared with the o p t i c a l spectra of the NiA z e o l i t e (12,13). In 
this paper an analysis i s presented for a l l the d n configurations. 
Further discussion i s devoted to the effects of vibronic coupling 
on the s t a b i l i t y of ions i n trigonal and tetrahedral s i t e s , and to 
the consequences of combined c r y s t a l - f i e l d , Jahn-Teller effect, and 
spin-orbit coupling. 

108 
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Observations and Physical Model 

The observable quantities i n t r a n s i t i o n metal ion containing 
zeolites are associated with either the electronic ground states or 
transitions between the ground and excited states. To the f i r s t 
category belong chemical properties such as redox potentials and 
s t a b i l i z a t i o n energies, s t a t i c and dynamic distortions, magnetic 
moments, and magnetic resonances. Phenomena of the second class 
are exemplified by o p t i c a l absorption spectra and color changes i n 
duced by chemisorption, photoluminescence, and as yet unreported 
but expectable photochemical reactions. Theoretical relationships 
among various observable quantities can be found i n terms of a 
small number of physically meaningful parameters related to the 
symmetry of ligand charge distributions. 

We consider the Hamiltonia

where Τ i s the k i n e t i c energy, V R the interelectronic repulsion, 
V Q the ligand f i e l d potential at a s i t e of the symmetry group G , 
H L S the spin-orbit coupling energy, and H J T the Jahn-Teller 
(vibronic) coupling energy. While Τ + V R + H^g are b a s i c a l l y 
atomic ( i . e . , spherically symmetric) properties of the ion, V Q + 
H j T describe the interaction of the ion with i t s environment. The 
symmetry of V Q i s the f u l l s i t e symmetry but the symmetry of Hjf i s 
generally that of less than f u l l y symmetric irreducible representa
tions of the group G . The s i t e symmetry G may be obtained from 
crystallographic data but the model presented here i s s u f f i c i e n t l y 
general to allow for continuous transitions from one symmetry posi
tion to another and for determination of the s i t e symmetry from op
t i c a l data where crystallographic positions are not available. 

The prevailing s i t e symmetries i n zeolites have i n common a 
trigonal axis, and the model for such a s i t e i s depicted i n Fig. 1. 
The s i t e symmetry i n this picture i s C3 V and contains the l i m i t i n g 
cases of planar trigonal (D^b) s v m m e t r y f ° r L i = L2 = L3, L4 = 0, 
3 = 90°; tetrahedral (T d) for L± = L2 = L3 = L4, cos β = - 1/3; and 
half-octahedral for = L2 = L3, L4 = 0, cos 3 = -1//3. Two iden
t i c a l assemblies with L4 = 0 may also be superimposed from the pos
i t i v e and negative z-direction so as to form s i t e s of symmetries 
D3 V or D3h with six oxygen atoms surrounding the metal ion. The SI 
s i t e i n zeolites i s accordingly D3 V symmetry while the SII-type 
sites have C3 V or symmetries. The ligand f i e l d potential for 
the model i n Fig. 1 i s given by (14) 

H = T + \ + VG + \S + H J T (1) 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



M O L E C U L A R S I E V E S — I I 

φ 3 d " ION 

Figure 1. The C3v ligand field model for intrazeolitic 
transition-metal ion complexes. The three base ligands 
Lu L2y L3 are the proximal oxygens of the distorted hex
agonal oxygen window of the sodalite unit. Ligand Lk 

represents an adsorbed 'guest molecule.' 
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The superscripts A, Β i n the γ 1s refer to a x i a l or basal ligands 
respectively, V̂ . i s the potential f e l t by an electron at 
r Ξ ( Γ , Θ , Φ ) and pY R) i s the charge density of the ligands at 
R Ξ (R,0,<I>). For β = 90° the potential i n eq. 2 becomes independ
ent of the in-plane angle φ i n which case the trigonal f i e l d be
haves as a c i r c u l a r f i e l d and one can rigorously replace the l i 
gands L^, L 2, and L3 by a "halo" of negative charge. The c i r c u l a r 
l y symmetric f i e l d allows the o r b i t a l angular momentum to remain a 
good quantum number and results i n high o r b i t a l contributions to 
the magnetic moment. When ligand L4 has o f f - a x i a l symmetry compon
ents, as i n the case for π-bonded o l e f i n s ( 4 ) , the low symmetry 
component may be introduced as a perturbation. 

The individual parts of the Hamiltonian (eq. 1 ) are often of 
comparable magnitude but for the f i r s t and second transition series 
the contributions to energ
those from H L S + Hj-p. W
to electron repulsion and ligand f i e l d energies i n Parts III - IV 
and follow with the analysis of Jahn-Teller effect and spin-orbit 
coupling i n Part V. 

Energy Spectra of Ions i n Trigonal Fields with Electron Repulsion 

The neglect of H J T and H L S amounts to admitting an adiabatic 
potential for vibration-electronic interactions, and the t o t a l spin 
of the system as a good quantum number. Under these circumstances 
the states of the system s p l i t into spin multiplets i n which each 
term i s labeled by the irreducible representations of the group 
c3v( D3h> Td)* T n e e x p l i c i t form of the Hamiltonian (eq. 1 ) becomes 

H c Ξ T + V C 3 v
 + VR " . V " S V? " IT + W ^ i " + .ξ. ΪΤΓ «> 

i = l 1 K j 13 

The eigenfunctions of H Q are b u i l t up from Slater determinants of 
the atomic d-orbitals by standard group-theoretical techniques ( 1 4 , 
1 5 ) and the matrix of H c i s then diagonalized i n the basis of the 
multielectron functions to obtain the energy spectrum. The elec
tron repulsion matrix elements are evaluated i n terms of the Racah 
parameters Β and C ( 1 5 ) . The matrix elements of vC3 v( vD3h ' V T H ^ A R E 

evaluated i n terms of parameters which characterize the ligana f i e l d 
d i s t r i b u t i o n and strength: 

The physical significance of G 2 and G4 i s that of a convolution of 
the ligand charge d i s t r i b u t i o n with the functions Z 2 Q / R ^ A N D 

Z ^ Q / R 5 where the spherical harmonics Z 2 Q and Z40 a r e directed along 
the ion-ligand axis. 
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From qualitative arguments as well as from calculations for 
various ligand charge distributions i t appears that (i) G 2 and G4 
are positive for negatively charged ligands; ( i i ) G4 decreases, and 
the r a t i o G2/G4 increases, with increasing ligand-ion distance; 
( i i i ) both G2 and G4 correspond to short range interactions not 
reaching beyond the nearest neighbor distances; (iv) for the diva
lent ions of the f i r s t t r a n s i t i o n series the range of values of 
G^/B i s between 2.2 and 6.0 while that of G2/G4 i s between 10 and 
3.5. Energy term diagrams are presented i n Fig. 2 for the ϋβ^ 
s i t e . Only the highest spin m u l t i p l i c i t y terms and the lowest 
energy low spin terms are shown. Inspection of these diagrams i n 
the neighborhood of (G4/B) = 2.2 - 3.0 shows that: (i) a l l ground 
states have high spin m u l t i p l i c i t y ; ( i i ) the ground states A-̂  of 
the d l and d^ and A2 of the d 3 and d8 systems are non-degenerate; 
( i i i ) the ground state
generate, and (iv) the
either doubly degenerate E  or nondegenerate A2 depending upon the 
ligand strength G4/B. Accidental degeneracy of A2 with E" i s pos
s i b l e . Degeneracy of the ground state plays an important role i n 
o f f - a x i a l distortions and i n the temperature dependence of the mag
netic moment. The energy term diagrams i n Fig. 2 can also be used 
to assign the main o p t i c a l transitions observed i n various metal 
substituted zeolites (2,3,9). A detailed quantitative interpreta
tion of op t i c a l spectra, including their fine structure, requires 
an account of further term s p l i t t i n g by Hjx + and a refinement 
of the ion position with respect to the angle β. 

Sta b i l i z a t i o n Energies and Redox Potentials 

It can be seen from the term diagrams i n Fig. 2 that the ground 
states of the d^(d^) and d^(d^) ions are strongly s t a b i l i z e d com
pared to their spherically symmetric (G4 = 0) state. The energy 
difference E c = E g r o u n d ( G 4 ) - E § r o u n d ( G 4 = 0) i s the c r y s t a l f i e l d 
s t a b i l i z a t i o n energy which, since i t i s i n some cases quite large, 
w i l l be an important contribution to various thermodynamic quanti
t i e s which determine r e l a t i v e s t a b i l i t i e s and redox reactions of 
the ions. We have elected to demonstrate the patterns of re l a t i v e 
s t a b i l i t i e s and redox potentials for the following cases: 

(1) S t a b i l i z a t i o n of a divalent ion i n the D 3h s i t e , represented 
by the energy -E c; 

(2) One-electron oxidation potential for oxidations 

Me 2 +(D 3 h) + 0 2 + Me 3 +02(T d), given by 

ΔΕ<1) = - I 3 -E c[Me3+(T d)] + E c [ M e 2 + ( D 3 h ) ] ; 
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lOOr 

0 5 10 

Figure 2. Energy term diagrams for d n 

ions in a D3h site ( L 2 = L 2 = L 5 , L 4 = 0, 
β = 90°) for G 2 / G , = 10 and C / B = 4 
(B, C—RacaKs parameters). The terms 
are hbeled by spin multiplicity and irre
ducible representations of the Dsn group. 
The symbols in parentheses refer to the 
d n ions and symbols without parentheses 

to the d n + 5 ions. 
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(3) Two-electron oxidation potential for oxidations 

Me 2 +(D 3 h) + 1/2 0 2 + M e 4 + 0 2 _ ( T d ) , represented by 

Δ Ε ( 2 ) = - i 3 - i 4 -E c[Me^+(T d)] + E c [ M e 2 + ( D 3 h ) ] ; 

(4) Reduction potential for reductions to neutral atoms 

Me 2+(D 3 h) + H 2 Me0 + 2H +, represented by 

Δ Ε ( 3 ) - Ι χ + I 2 + E c [ M e 2 + ( D 3 h ) ] ; 

(5) Reduction potential for reduction to bulk metal represented 
by ΔΕ(4) = ΔΕ(3) -AU where AU i s the cohesion energy of the 
metal. 

Here I n i s the n-th ionization potential of the metal under consid
eration. Energy contributions common to a l l the ions such as the 
Madelung energies, dissociation energies of oxygen and hydrogen, 
the ionization potential of hydrogen and the electron a f f i n i t i e s of 
oxygen, need not be considered i n estimates of r e l a t i v e energies. 
The energies of the processes 1 - 5 have been calculated for 
(G4/B) = 3, (G2/G4> = 10 (16) from the term diagrams i n Fig. 2, tab
ulated values of ionization potentials (17), cohesion energies (18), 
Racah's parameters Β (19), and ground state energies of tetrahedral 
complexes (20). The results are summarized i n Fig. 3. 

Several points of interest arise from the data i n Fig. 3: (i) 
the d^ and d ^ ( C r 2 + and Cu 2 +) ions are as strongly s t a b i l i z e d i n the 
D 3h s i t e s as the d^ and d^ ions, i n contrast to tetrahedral or octa
hedral s i t e s ; ( i i ) the one-electron oxidation potentials of F e 2 + and 
C r 2 + are nearly the same, and since C r 2 + has been shown to be a re
versible one-electron oxygen c a r r i e r (9), F e 2 + i n zeolites i s a 
l i k e l y candidate for the same reaction; ( i i i ) the two-electron oxi
dations exhibit a steeply varying redox potential and there w i l l be 
a dividing l i n e above which a l l ions w i l l undergo the two-electron 
oxidations and below which none w i l l ; (iv) copper i s most e a s i l y 
reducible to bulk metal but zinc displays the greatest r e d u c i b i l i t y 
to atoms. Since similar calculations have led to a quantitative 
account of redox potentials i n oxides (21) the results i n Fig. 3 
are expected to be a f a i r l y accurate picture of the r e l a t i v e energies 
for the l i s t e d reactions i n zeo l i t e s . 

Distortions and Spin-Orbit Coupling 

Axial distortions. The changes of electronic energy associated 
with the movement of an ion i n a D 3^ s i t e along the trigonal axis 
are given i n ref. 16, Fig. 6 for the case of a single d-electron. 
As the symmetry changes from D 3h to C 3 v, there i s l i t t l e change i n 
electronic energies for values of the angle 3 between 90 and 100°, 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



10. K L I E R E T A L . Transition Metal Ions in Zeolites 115 

and further excursion only results i n destabilization of the system. 
Similar conclusions hold for multielectron systems. Thus the i n -
plane position i s e l e c t r o n i c a l l y the most stable but no s i g n i f i 
cant energy penalty i s paid upon excursions up to half-way to the 
tetrahedral position. This result i s i n agreement with c r y s t a l l o 
graphic analysis showing the ion probability e l l i p s o i d s centered 
near the plane of the proximal oxygens and elongated along the t r i g 
onal axis (22). It i s also noted that due to a general r e l a t i o n 
ship between the and C3 V groups, no degeneracies are removed 
upon a x i a l distortions. 

Off-axial Distortions. Off-axial motion of the ion i n the 
D3h^3v) s i t e i s associated with degenerate vibrations having the 
symmetry of the Ε 1 (E) representations of the D3^(C3V) groups. As 
there exist many such vibration  i  th  phono  manifold f th
c r y s t a l l a t t i c e , Toyozaw
analysis of vibronic interactions,  symme
try may be assembled into a single "interaction mode." The i n t e r 
action mode E f (E) i s doubly degenerate with components Q x and Qy 
localized i n the v i c i n i t y of the metal ion and similar to the E 1 

(e) normal modes of a trigonal XY3 molecule (24). The displacements 
Q x and Qy give r i s e to potentials V x and Vy which remove the degen
eracies of the electronic states E T and E" and exemplify the Jahn-
Te l l e r effect i n our system. The vibronic interaction Hamiltonian 
Hj-p and i t s matrix i n the basis of the electronic functions 
{|E'l>,|E'-l>}of an E 1 state are 

H J T - + V m y ( 4 ) 

and 

H J T |Ε·Ι> ι |E'-I> 

<E'l| 0 [ - | ( Q x + i Qy> 

<E'-l| 0 

where b i s a coupling constant (25). An i d e n t i c a l matrix i s ob
tained for the E" electronic sta"tes of 03^ and Ε of C3 V and there
fore the same analysis applies to a l l doubly degenerate states of 
the 03^ and C3 V groups for systems with any number of d-electrons. 
The vibronic energies obtained by diagonalizing H j T 

E* = ± == R, where R =/(Qx + Q2,) (6) 

and energies involving the adiabatic potential R 2 and anharmonicity 
BR3 C O S 3Φ (B i s the anharmonicity constant and Φ the angle between 
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R and Q x) are given by (26) 

E* = R 2 ± =_ R + BR3 cos 3Φ. 
JT y/2 ~ 

It i s noted that this result i s formally but not physically equi
valent to the vibronic s p l i t t i n g of octahedral Ε-states by the E-
vibrations (27). The energy surfaces corresponding to (7) are re
presented i n Fig. 4. Case A i s representative of non-degenerate 
electronic states with anharmonic vibrations (b=0, B^O), case Β 
corresponds to a dynamic Jahn-Teller effect (b^O, B=0) on the doubly 
degenerate states, and case C represents the s t a t i c Jahn-Teller 
effect (b^O, B^O) i n which the combination of vibronic coupling 
with anharmonicity results i n new t r i g o n a l l y symmetric stable pos
i t i o n s of the central ion
rection between two proxima
B>0, or point to the proximal oxygens for B<0, and should be cry
stallographically observable at low temperatures (while case Β re
sults i n an angular motion about the center at a l l temperatures). 
S u f f i c i e n t l y large combined vibronic coupling and anharmonicity may 
result i n low saddle points (cf. one at 180° i n Fig. 4C), the t r a 
jectory over which may lead to the destruction of the complex, i . e . , 
to an ion-skeletal chemical reaction. On the basis of qualitative 
chemical behavior and the magnetic moments of the individual ions 
i n zeolites, i t i s suggested that case Β i s approached by C r 2 + and 
case C by C u 2 + i n Type A ze o l i t e s . When the energy surfaces from 
Fig. 4 are superimposed upon the electronic energies from the term 
diagrams Fig. 2, the removal of degeneracy of the Ε electronic 
states i s apparent from the existence of the two surfaces i n Fig. 
4B or C. 

The Trigonal Site with an Adsorbed Molecule. In the case where 
a molecule (Fig. 1) i s adsorbed with a strength comparable to 
that of the skeletal oxygens 2 3» certain combinations of states 
w i l l produce the t r i p l y degenerage states Τχ and T 2 of the t e t r a 
hedral group (Αχ + Ε = T 2 ( T d ) and A 2 + Ε = T^T^)) which w i l l s p l i t 
into symmetric t r i p l e t s . Such t r i p l e t s are apparent i n the o p t i c a l 
transitions into the excited states of Co(II) sieves with adsorbed 
water, ammonia (3), and imidazole (6). 

Spin-orbit Coupling. A f u l l treatment of spin-orbit (LS) coup
l i n g requires a diagonalization of the LS operator for each i n d i 
vidual ion within a l l terms of a d n configuration. However, sim
p l i f i c a t i o n s arise i n trigonal f i e l d s from the fact that suitable 
bases for the Ε-representations are pairs of functions {|SL M§ M L > , 
ISL Ms -ML>} i n which the XL.S operator (λ i s the spin orbit coup
l i n g constant of the 2S+1L term) i s diagonal with eigenvalues 
± X M L M S . The | S L M s ± M L > functions behave as the | E±l> components 
and inspection of equation (5) shows that the operators XL.S and 
H j T have opposite effects on the energies of the Ε-states: the 
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ρ Τ T — ~ T - - ~ r T ! y τ r- • ] ι -τ - y - ι T r y " ! 1 

Figure 3. Stabilization energies (ER), reducibilities to metal atom (ΔΕ(3)) and bulk 
metal (ΔΈ(4)), and one-electron (AE(1)) and two-electron (ΔΈ(2)) oxidizabilities for the 

divalent ions of the first transition series in the D3h sites. 

Figure 4. Energy surfaces in the space of interaction modes Qx and Qy of the E'(DSh) 
or E(C3V) vibrations according to equation (7) in text. Case A, a non-degenerate elec
tronic state with anharmonicity (b = 0, Β = 0.375); Case B, a degenerate electronic 
state without anharmonicity (b = 0.94, Β = 0); Case C, a doubly degenerate electronic 

state with comparable Jahn-Teller coupling and anharmonicity (B = 0.4, b = 0.375). 
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Jahn-Teller effect tends to reduce the energy differences between 
states with Μ β differing by 1 compared to those of the free ion 
terms. This effect results in smaller splittings of the lowest 
lying states and should significantly influence both magnetic 
susceptibilities and electron paramagnetic resonance spectra. 

Conclusions 

The properties of transition metal ions in zeolites are ade
quately described by the theoretical treatment outlined herein. 
The structure of the theory allows qualitative assignments to be 
made to the ground and excited states of any d n configuration, on 
the basis of which the various phenomena such as relative stabi l 
i t ies , redox properties, vibronic coupling, and magnetic proper
ties may be predicted an
dence of optical band splittin
quired for the quantitative determination of relative magnitudes 
of the various coupling constants in each individual system. 
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R e d o x C h e m i s t r y a n d C o m p l e x a t i o n of D i v a l e n t 

Chromium I o n - E x c h a n g e d Zeol i te A 

RICHARD KELLERMAN 
Xerox Corp., Webster Research Center, N.Y. 14580 

KAMIL KLIER 
Department of Chemistry and Center for Surface and Coatings Research, 
Lehigh University, Bethlehem, Penn. 18015 

Spectroscopic, magnetic and gravimetric analysis show that 
the Cr+2 ion in anhydrous type-Α zeolite is trigonally coordinat
ed and that i t forms complexes with N2O, CO2, C2H4 and O2 at room 
temperature. At 150°C O2 and N2O dissociate producing a near tet
rahedral Cr+4 ion which is reduced to the original trigonal Cr+2 

ion by CO at 300°C. 

Introduction 

The multiple valence states available to transition metal 
ions, their characteristic electronic absorption spectra and mag
netic properties, and the strong dependence of a l l three on local 
environment have stimulated a large amount of research on the 
physics and chemistry of transition metal ion exchanged zeolites 
(1,2). Studies of the stabil i ty of such zeolites (3,4), their 
catalytic activity, particularly to redox reactions (5,6), and of 
the geometry of various sorption complexes formed with guest mol
ecules (1,2) have established that most i f not a l l of the d ions 
can be exchanged into various zeolites, that the exchanged zeo
l i t e may be dehydrated leaving the exchanged ions in crystallo-
graphically well defined sites which are usually accessible, and 
that these ions can form complexes with guest molecules or molec
u l a r fragments w h i c h may be p r e s e n t i n the z e o l i t i c c a v i t i e s . 

The ease of oxidation of the divalent chromium ion suggests 
that this ion, in addition to forming complexes in which the oxi
dation state of the ion does not change, should also give rise to 
ionic chemisorption with suitable electron acceptors. Changes in 
the oxidation state of transition metal ions are expected to be 
important in catalytic reactions and study of a model system such 
as exchanged type-Α zeolite may lead to further understanding of 
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the c a t a l y t i c behavior of these ions. 
We report here on the o p t i c a l and magnetic properties of the 

divalent C r + 2 ion i n anhydrous type-Α z e o l i t e , the interactions of 
the C r + 2 ion with N2O, CO2, and C2H4 at room temperature, i n t e r 
actions which w i l l be shown to be weak and, i n the case of CO2 and 
N2O reversible, and on the oxidation of C r + 2 by N2O or O2 and sub
sequent reduction by CO. F i n a l l y we show that the chromium ion i n 
ze o l i t e A acts as a c a t a l y t i c center i n the oxidation of CO by O2. 

Experimental 

Fu l l y hydrated zeolite A was washed several times i n d i s t i l l e d 
water prior to being loaded into an anaerobic ion exchanger (7). 
After adjustment of pH to 7 and deoxygenation of the aqueous Teo-
l i t e slurry, crystals o
and ion exchange proceede
gen stream for one hour at room temperature. The pale blue zeo
l i t e so produced was a i r stable and was f i l t e r e d and washed with
out anaerobic precautions. For low C r + 2 contents (1 - 1.5 C r + 2 

ions per unit c e l l ) exchange was essentially complete as indicated 
by the absence of v i s i b l e coloration i n the a i r oxidized exchange 
supernatant. The supernatant sulfate ion concentration was shown 
by gravimetric analysis to be the same before and after exchange. 
Samples containing 1, 1.5 and 3 C r + 2 ions per unit c e l l or per 
large cavity and hereinafter referred to as Cri(II)-A, Cr^ ^(ΙΙ)-Α 
and Cr3(II)-A were prepared, and were stored over saturated aque
ous calcium n i t r a t e solutions prior to use. The samples were de
hydrated at ~110°C overnight and then at ~350°C for two hours. 
Vacuum was maintained by a l i q u i d nitrogen cooled z e o l i t e 5A sorp
tion pump activated under vacuum at 350°C prior to use. The anhy
drous zeo l i t e was transferred without loss of vacuum from the 
shallow bed vessel i n which activation took place to the c e l l used 
for spectrophotometric measurements. Similar procedures were used 
to prepare samples for magnetic s u s c e p t i b i l i t y measurements. 

A Cary 14 spectrophotometer was used to c o l l e c t diffuse re
flectance spectra over the range 2.19 - 0.25y (4566.2 -
40, OOOcrn""!). The output of the spectrophotometer (-log^o Ra>> 
where R œ i s defined as the reflectance r a t i o Rsample/^standard f ° r 

materials of s u f f i c i e n t thickness that no transmission occurs) was 
d i g i t a l i z e d by an analog to d i g i t a l converter (8) which was t r i g 
gered by the spectrophotometer monochromator scan drive. The or
dinate resolution was ±0.001 logio ^ units and the wavelength 
trigger i n t e r v a l was lnm. A preselected number of spectral points 
was stored by a Data General "Nova 2" minicomputer which also con
t r o l l e d the wavelength scan drive. FORTRAN coded programs were 
used to transform wavelength to a linear energy scale, and log^Q 
R œ to the Schuster-Kubelka-Munk function (F(R^) = (1-R^) 2/(2R Q O)) 
(9). The function FiR^) i s equal to K/S where Κ i s the absorption 
coe f f i c i e n t and i s therefore equal, but for a scattering c o e f f i 
cient S which may be shown to be a constant for the p a r t i c l e size 
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and energy range of interest here, to the absorbance of the sam
ple (9). Plots of Ε (reciprocal centimeters) vs. ^(R^) were pre
pared on an incremental plotter. 

Anhydrous magnesium oxide was used as a reflectance standard 
for a l l measurements and corrections were made for instrumental 
baseline e f f e c t s . The sharp negative absorption v i s i b l e i n most 
of the spectra at approximately 7,300cm"" 1 i s due to hydroxyl i n 
frared absorption i n the Cary 14 optics. 

Nitrous oxide, carbon dioxide, ethylene and oxygen gas (Linde, 
99.9% purity) could be admitted to the sample without a i r contam
ination. Pressures were measured i n the range 10"^-1000 torr 
using Datametrics capacitance manometers. A Cahn RG electrobal-
ance and a McBain-Bakr spring balance were used to measure the up
take of the various gases under controlled temperature and pres
sure conditions. A Uthe Technology Incorporated 100C quadrupole 
residual gas analyzer wa
t i b i l i t i e s were measure
Applied Research Foner Vibrating Sample Magnetometer. 

Results 

Complete dehydration of pale blue, a i r stable θΓχ(ΙΙ)-Α pro
duced a pale blue-grey material with the spectrum given, along 
with those of C r l e 5 ( I I ) - A and Cr 3(II)-A, i n Fig. l a curves 1, 2 
and 3 respectively. There i s a small C r + 2 concentration depen
dence of the position of the band at 17,000cm""l a n d t n e expected 
dependence of the i n t e n s i t i e s of both bands on the C r + 2 concentra
tion. The magnetic s u s c e p t i b i l i t y of ϋΓχ(ΙΙ)-Α was measured at 
10,000 Oe at room temperature with the vibrating sample magneto
meter and the magnetic moment of the C r + 2 ion was calculated to be 
5.8μΒ. The value of 5.0μΒ calculated from Gouy balance data and 
previously reported by us (10) i s considered to be less r e l i a b l e . 

Exposure of the anhydrous Cr(II)-A zeolites to 1000 torr of 
N20 caused an immediate color change from pale blue-grey to tur
quoise. The spectra of Cri(II)-A, Cri.5(II)-A and Cr3(II)-A 
equilibrated with 1000 torr N 20 are given i n Fig. lb curves 1, 2 
and 3 respectively, from which i t can be seen that the 12,000cm""1 

peak i s only s l i g h t l y affected by N?0 and that the s h i f t i n the 
17,000cm"1 peak i s dependent on Cr +2 concentration, being larger 
at higher C r + 2 loadings. The N 20 could be pumped out at room tem
perature to restore the o r i g i n a l spectrum of a l l of the samples. 

The effect of N 20 at 1, 10, 100 and 1000 torr at room temper
ature on the spectrum of Cri(II)-A i s shown i n Fig. l c and the 
room temperature adsorption isotherm over the same pressure range 
i s given i n Fig. 2. From both figures i t can be seen that the i n 
teraction of the N 20 with the C r + 2 ion i s weak, and the absence of 
any plateau i n the isotherm at one N 20 molecule per cavity i n d i 
cates that the interaction i s of the same order as that of N 20 
with the nonexchanged Na + ions. The fraction of adsorbed N 20 
bound i r r e v e r s i b l y at room temperature (Fig. 2) could be completely 
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WAVENUMBERS(I03 RECIPROCAL CMS) 

Figure 1. Diffuse reflectance spectra of 
anhydrous chromium(II)-exchanged type-A 
zeolite containing 1,1.5, and 3 Cr+2 ions per 
unit cell (a, curves 1, 2, 3, respectively) and 
the same under 1000 ton of N20 (b, curves 
2, 2, 3, respectively). The effect of pressure 
on the spectrum of Crj(II)-A in equilib
rium with N20 is shown in c, where each 
of the curves is offset for clarity, for NgO 
pressures of 0, 1, 10, 100, and 1000 torr 

( curves 1,2,3,4, and 5). 

- 4 -3 -2 -1 0 +1 +2 +3 

LOGJQ PRESSURE (TORR) 

Figure 2. The room temperature adsorption isotherm for 
nitrous oxide on anhydrous Cr^s(II)-A. The isotherm shows 
no plateau at NxO contents corresponding to 1 N20 mole

cule per Cr*2 ion. 
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removed by evacuation at 150°C. Nitrous oxide at 760 torr caused 
only a s l i g h t decrease i n the magnetic moment of the Cr-L5(II)-A 
material. 

Ethylene and carbon dioxide show a behavior similar to N 20 and 
the spectra of Cr]_(II)-A i n equilibrium with 1000 torr of these 
gases are given, along with the bare s i t e spectrum, i n Fig. 3a 
curves 1, 2 and 3 respectively. Carbon dioxide adsorption was 
completely reversible at room temperature as indicated by the res
toration of the bare s i t e spectrum by evacuation. Color changes 
similar to those produced by N 20 were observed. Color changes 
attending C2H^ adsorption were more subtle, as can be seen from 
the spectrum. 

The narrow, low intensity peaks i n the 4500-6000cm""l region of 
the spectra of samples under 1000 torr of C2H4, C0 2 or N 20 are 
overtone/combination vi b r a t i o n a
bands under higher magnificatio
C0 2 and N 20 their shapes and positions are, within noise and reso
l u t i o n l i m i t s , the same as the shapes and positions of the v i b r a 
t i o n a l bands of C0 2 and N 20 i n unexchanged sodium-Α. This i s per
haps not surprising since Crx(II)-A contains 5 Na + ions for each 
C r + 2 ion. Similar results however, are obtained for Cr3(II)-A i n 
which there are only 2 Na + ions for each C r + 2 ion. Only the i n 
ten s i t i e s change, being greater for the exchanged z e o l i t e . 

Although the effects of b r i e f exposure of Cr(II)-A to N 20 were 
largely reversed by pumping at room temperature and completely re
versed by pumping while slowly heating to 150°C, prolonged expo
sure (several weeks) of either Cri(II)-A or Crx.5(II)-A to N 20 at 
1000 torr at room temperature caused a color change from turquoise 
to l i l a c which could not be reversed either by pumping at room 
temperature or at 150°C. Curve 1 i n Fig. 3b i s the spectrum of 
the 150°C evacuated l i l a c sample. The spectrum of the room tem
perature evacuated sample d i f f e r s only i n intensity. Re-admission 
of N 20 to the l i l a c material at 150°C i n t e n s i f i e d and deepened i t s 
color to red-brown and produced a material with the spectrum given 
i n Fig. 3b curve 2 which, i t should be noted, i s approximately ten 
times the intensity of the spectrum of the o r i g i n a l C r i e 5 ( I I ) - A 
sample (Fig. l a curve 2). 

Prior to pumping out the N 20 i n the l i l a c samples the pressure 
in the sample c e l l with a glass extension tube immersed i n l i q u i d 
nitrogen was measured and found to be about 500 torr, showing that 
a large f r a c t i o n of the o r i g i n a l N 20 had dissociated to N 2. 

The magnetic moment of the chromium ion subsequent to 150°C 
N 20 oxidation was 2.9μΒ. 

Exposure of Cr3(II)-A to 0 2 at 760 torr at room temperature 
produced a deep grey material with the spectrum given i n Fig. 3c. 
This spectrum i s similar to that of C r l e 5 ( I I ) - A exposed to 0 2 under 
the same conditions (10). At 150°C anhydrous Cr(II)-A turned red-
brown i n the presence of oxygen at 500 torr. The spectrum of this 
material d i f f e r s from that of the 150°C N 20 treated sample only i n 
the presence of an additional band at 36,700cm-1. 
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The red-brown products of 150°C oxidation by either N2O or O2 
were reduced to the starting Cr(II)-A material by CO at 300-350°C 
and 500-760 torr with the formation of CO2. This reduction was 
demonstrated both spectroscopically and by vacuum microbalance 
analysis (see below). The spectra of the reduced samples matched 
those of the v i r g i n anhydrous material but exhibited some broad
ening of the absorption bands. 

The results of a vacuum microbalance analysis of the i n t e r 
action of anhydrous Cri(II)-A with O2, N2O and CO are presented i n 
Table I. The sequence of measurements was from top to bottom. 
The analyses are thought to be accurate to ±5%. A l l reactions 

TABLE I . - Gravimetric Analysis of Cri(II)-A Interaction with 
02, N2O and CO 

TREATMEN

Oj 800 TORR 25»C 

500 TORR 25'C 

CO 900T0RR 350·C 

NjO 500TORR I5C-C 

CO 500 TORR 350»C 

O2 500 TORR 25· C 

0, 500TORR I50*C 

CO 500TORR 350»C 

500 TORR 25· C 

1.5 « W* TORR 25· C 

1.0 χ ΚΓ 9 TORR 25* C 

LOxKT9 TORR 25» C 

LO » ΚΓ9 TORR 25eC 

500 TORR 25· C 

LO « ΚΓ* TORR 25* C 

LO 110"* TORR 25* C 

MOLES 0 PER Ο CAVITY 

were complete within minutes except for molecular oxygen uptake 
which was instantaneous, and molecular oxygen desorption which was 
incomplete even after 12 hours evacuation. The Cr^(II)-A sample 
contained one C r + 2 ion per unit c e l l or per α cavity so that a 
weight uptake equivalent to one oxygen atom per α cavity corre
sponds to a Cr/0 r a t i o of unity. 

The c a t a l y t i c oxidation of CO by oxygen suggested by these ob
servations was confirmed i n a flow experiment i n which a mixture 
of CO and O2 was passed through an anhydrous Cr^(II)-A bed which 
could be heated. The mass spectrometer was set to display the 30-
46 mass region. At room temperature the mass spectrum was domi
nated by the molecular oxygen peak but at 300°C the CO2 peak was 
dominant. 

X-ray diffractograms of the hydrated freshly prepared Cri.5-
(II)-A and of re-hydrated dehydrated Cr^ e5(H)-A showed no s i g n i f 
icant structure loss had occurred. 
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Discussion 

The location of t r a n s i t i o n metal ions i n water free A-type 
zeolites i s generally the oxygen si x - r i n g l i n k i n g the α and β 
cages (1,2). Distortion of this ring by the coordinated ion gives 
r i s e to a s i t e symmetry which i s i n general C3 V and which becomes 
E>3h i n the event that the central ion l i e s i n the plane of the 
three proximal oxygens. Accordingly the spectra of the various 
Cr(II)-A anhydrous zeolites are interpreted using the simplified 
term diagram for a d^ (Cr +2) i o n i n a D 3 n (trigonal planar) ligand 
f i e l d given i n Fig. 4. Only the high spin (2S+1=5) terms are given 
(so l i d l i n e s ) . The d e f i n i t i o n and the significance of the ligand 
f i e l d parameter G4 have been discussed elsewhere (11). The s o l i d 
l i n e D 3 n terms i n Fig. 4 have been calculated for a fixed G2/G4 
value of 10 which i s physicall
work oxygen ligands (11)
states of the Cr +2 ion under a D 3 n f i e l d cross the quintet ground 
state at oa. (G4/B)=5 and (G^/B)=7 respectively so that the ground 
state at (G4/B)=2.2 i s the quintet state and the two major bands 
observed for the anhydrous Cr(II)-A z e o l i t e (Fig. la) may be assign
ed to the 5 E F • 5E" and 5 E F • 5Aj[ transitions predicted i n Fig. 
4. The best f i t i s at (G4/B)=2.2 for a Racah Β parameter of 
830cm"1 (12) but agreement between the predicted and observed 
values of the ^EF — • ^A^ t r a n s i t i o n i s only f a i r . The discrep
ancy can be attributed to a Jahn-Teller d i s t o r t i o n of the doubly 
degenerate electronic ground state (11), which displaces the equi
librium position of the ion i n the gound state from that i n the 
excited state and thereby increases the energy of the Franck-
Condon tra n s i t i o n between the two. 

The small but s i g n i f i c a n t dependence of the 5 Αχ state energy 
on the C r + 2 concentration (Fig. la) may be due to the motion, 
driven by e l e c t r o s t a t i c forces, of the C r + 2 ion along the C 3 axis 
of the oxygen s i x - r i n g s i t e since i t has been shown that there i s 
only a small electronic energy barrier for small motions of the 3d 
ions along the C 3 axis (11). 

The narrow weak band at 17,000cm"1 i n Fig. l a probably arises 
from a spin forbidden t r a n s i t i o n into a t r i p l e t state, the most 
l i k e l y being the ( 3P) 3A£ state (13) which i s nearly p a r a l l e l to 
the quintet ground state and so should give r i s e to a narrow band. 
The magnetic moment of 5.8μΒ of the Cr +2 ion i n ϋΓχ(ΙΙ)-Α confirms 
that the system ground state i s a spin quintet and the large o r b i 
t a l contribution to the d^ spin only value of 4.89yB i s expected 
for a D 3 n complex (11). 

Admission of any molecule into the z e o l i t e framework opens the 
p o s s i b i l i t y that complexation of the highly coordinatively unsat
urated Cr +2 ion w i l l occur. Thus small and reversible changes i n 
the spectrum of Cr(II)-A are caused by N2O and CO2 (Fig. l b , c and 
Fig. 3a curve 2) and these changes are interpreted as a r i s i n g from 
a change from a D 3 n complex to a C 3 v complex i n which the fourth 
(axial) ligand i s the guest molecule (1,13). A choice of (G2/G4)=17 
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Figure 3. Diffuse reflectance spectra 

temperature and of "bare" Cr^IIj-A 
(curves 1, 2, and 3, respectively); (b) 
Crj^IIj-A left in contact with 1000 
torr N20 at room temperature for 5 
weeks and of the same material heated 
under 1000 torr N20 to 150°C (curves 
1 and 2); and (c) Cr(II)-A under 760 
torr Ο2. The ordinate scales of a, b, 

and c are not the same. 

0 1 2 3 4 

G 4 / B 

Figure 4. The term diagram for a a4 (Cr*2) Dsh com
plex ( ) and the same for a a4 (Cr+2) CSv complex in 
which a weak axial ligand lowers the symmetry from 
Dsh to CSv ( ). The vertical dotted line at (G4/B) 
= 2.2 best matches the observed transitions of the Dsh 

Cr*2 ion in anhydrous Cr(II)-A. The same value of 
Gj/B is used in interpreting the spectrum of the Cr*2 

ion perturbed by weak ligands. 
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and a r e l a t i v e a x i a l ligand strength of 0.7 was used i n calcula
ting the C3 V (dashed line) terms i n Fig. 4 and the effect of a 
weak fourth ligand i s qu a l i t a t i v e l y well described - the separa
tion between the ground 5 E (0β ν) term and the f i r s t excited 5 E 
term decreases less than that between the excited ^E and terms. 

The electronic spectrum of ethylene saturated Cri(II)-A (Fig. 
3a curve 1) may be interpreted i n the same way as the CO2 and N2O 
perturbed Cr(II)-A spectra and a spectrochemical series for the 
Cr+2 ion i n anhydrous type-Α z e o l i t e may be written. 

C2H4 < N 20 < C02 

The s h i f t i n the 17,000cm"1 band on exposure of Cr n(II)-A to 
N2O shows a small but si g n i f i c a n t dependence on η (Fig. l a and b), 
being larger for larger n  and i t i s reasonable to speculate that 
larger η values are associate
α cavity and so more expose

The positions of the infrared absorption bands of N2O and CO2 
on Cri(II)-A are given i n Table 2 column 1. The assignments of 

TABLE 2.- Near Infrared Absorption Bands of N 20 and CO? on 
Cr-j (II)-A 

B A N D ENERGY, C M " 1 A S S I G N M E N T 

A D S O R B E D G A S P H A S E 

4 7 7 5 4 7 3 4 . 0 2 0 E 1 N^o 

4 8 3 5 4 8 6 0 5 0 4 E 1 -
4 9 7 0 4 9 8 3 . 5 1 2 E 1 co 2 

5 0 9 0 5 1 0 9 . 0 2 0 E 1 

these bands and their gas phase energies are given i n columns 2 
and 3 (14). As can be seen from this table, only small s h i f t s i n 
the infrared absorption spectra are caused by the sorption of CO2 
and N2O, confirming, as i s already apparent from the electronic 
spectra of sorbed N2O and CO2 (Fig. lb and c and Fig. 3a curve 2 
respectively), that these molecules interact only weakly with the 
Cr+2 ion i n anhydrous Cr(II)-A. A discussion of the ethylene i n 
frared spectrum w i l l be given i n a separate publication. 

The guest molecule/Cr +2 interactions discussed so far have been 
weak and reversible and have not involved any change i n the oxi
dation state of the chromium ion. We now show that both N2O and 
O2 are able to induce such oxidation state changes, N2O ir r e v e r 
s i b l y through dissociation, and oxygen reversibly via the 02" anion 
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or i r r e v e r s i b l y through dissociation. 
The magnetic moment (2.9μΒ), stoichiometry (one oxygen atom 

per chromium ion) and o p t i c a l spectrum of the red-brown product of 
the oxidation of Cr(II)-A by N 20 at 150°C may a l l be understood i n 
terms of the reaction 

C r + 2 N 20 •[Cr+ 3-N 20-] — • [ C r + 3 - 0 ~ ] + N 2 — • C r + 4 - 0 = 

i n which an electron i s transferred from the C r + 2 ion to N 20 form
ing the unstable intermediate N20~ which decomposes yielding N 2 

and leaving a single oxygen atom bound to the C r + 3 ion. A similar 
mechanism, involving dissociation of the precursor 0 2~ i s proposed 
for the oxidation of Cr(II)-A by 0 2 at 150°C. The species Cr+ 3-0" 
must i t s e l f be unstable against further oxidation of the C r + 3 ion 
to C r + ^ because neither the magnetic moment nor the spectrum of 
the red-brown complex ar
i s concluded that the red-brow
150°C of Cr(II)-A has a tetravalent (Cr +^) ion i n near T^ coordi
nation defined by three z e o l i t i c oxygen atoms and the ax i a l oxygen 
derived from N 20 or 0 2. Accordingly the three bands of Fig. 3b 
arise from the 3A 2 » 3 T 2 , 3 A 2 • 3Τχ and 3 A 2 *- 3Tj_ transitions 
predicted by the Tanabe-Sugano diagram for a T^ high spin ion 
(15) . The 3 A 2 — • 3 T 2 t r a n s i t i o n i s symmetry forbidden i n Td com
plexes but i t i s argued that the C r + ^ complex has C 3 v symmetry and 
that small departures from T Q symmetry may have large effects on 
selection rules, though not on absorption band positions. The 
ori g i n of the additional band at 36,700cm"1 produced by 0 2 oxida
t i o n at 150°C i s unknown but this band i s believed not to arise 
from a d-d transition of the Cr"*"̂  ion. The above assignments of 
the three bands i n Fig. 3b curve 2 imply a A t^ t value of 13,000cm"1 

for a Racah Β parameter of 875cm"1 of the Cr+5 ion. For a formally 
tetravalent ion a value of A t e t=13,000cm" 1 i s reasonable since i t 
i s well known that ligand f i e l d s p l i t t i n g parameters increase with 
increasing charge on the central ion. A nepheloauxetic reduction 
of the free C r + ^ ion Β value of 1039cm"1 (12) to 875cm"1 r e f l e c t s 
the extent to which the binding i n the red-brown C r + ^ complex i s 
covalent rather than purely ion i c . The tenfold increase i n inten
s i t y i n going from the D 3 h C r + 2 ion to the C 3 v C r + ^ ion (Figs, l a 
curve 2 and 3b curve 2 respectively) i s expected for a reduction 
i n symmetry which involves the loss of the horizontal mirror plane. 
A detailed discussion of the e l e c t r i c dipole t r a n s i t i o n selection 
rules for D 3 n systems has been given i n Ref. 13. 

The bands i n Fig. 3b do not show the s p l i t t i n g generally ob
served for C o + 2 T^ complexes (1) and attributed to a dynamic Jahn-
Te l l e r effect, indicating that the Jahn-Teller coupling constants 
for the excited states are small. 

Behavior similar to that reported here for N 20 on Cr(II)-A has 
been reported for N 20 on a-chromia (16, 17) with which N 20 may 
either form weak sorption complexes or undergo dissociation to 
0 " a ( j s and N 2, but not form stable N 20~ a (js species. 
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We have already reported upon the reversible adsorption of 
molecular oxygen by C r 1 5 ( I I ) - A (10) and only note here that 
Cr3(II)-A also reversibiy adsorbs 0 2 but that the degree of rever
s ib i l i ty appears to be less. In both cases the irreversibly bound 
fraction ( i .e . , that oxygen which could not be pumped off at room 
temperature and 5 χ 10"' torr) may be due to slow decomposition, 
as observed for N2O, or may simply correspond to strongly bound 
molecular O2. The spectrum of the Cr3(II)-A/02 complex (Fig. 3c) 
is most l ikely due to a species in which the electrons are shared 
between the O2" ligand and the C r + 3 ion and therefore cannot be 
interpreted satisfactorily within the context of ligand field 
theory. 

The reduction of the red-brown Cr+4 complex by CO at 300-350°C 
and the formation of this complex from Cr(II)-A and N2O or 0 2 

suggest that the catalytic oxidation of CO by O2 to CO2 exhibited 
by Cr(II)-A involves th

C r + 2 (D 3 h) + 1/2 0 2 • C r + 4 - 0 2 " (C 3 v ) 

Cr+^-O2" (C 3 v ) + CO • Cr+2 (D 3 h) + C02 
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O p t i c a l Spectroscopy of Hydrated a n d A m m o n i a t e d 

Cu(I I ) -Exchanged Zeolites, T y p e s X a n d Y 

WILLY DE WILDE, ROBERT A. SCHOONHEYDT, and JAN B. UYTTERHOEVEN 

Centrum voor Oppervlaktescheikunde en Colloïdale Scheikunde, Katholieke 
Universiteit Leuven, De Croylaan 42, B-3030 Heverlee, Belgium 

Hydrated Cu(II) z e o l i t e s with N a  and La(III ) as 
co-exchanged cat ions conta in mainly Cu(II ) (H 2 O)6 in the 
supercages with bonding characteristics s i m i l a r to 
those of Cu(II) (H2O)6 in solution. With K + as co
-exchanged c a t i o n most o f the hydrated Cu(II) ions are 
in the s o d a l i t e cages at low exchange levels. S a t u r a 
tion with NH 3 g ives Cu(II) (NH3)4 wi th increased π - b o n d 
ing charac ter with respect to Cu(II) (NH3)4 i n s i n g l e 
crystals. Desorpt ion and adsorpt ion were s tud ied , 
and the species ( O ) 3 - C u - O H 2 and ( O ) 3 - C u - N H 3 were 
c h a r a c t e r i z e d s p e c t r o s c o p i c a l l y . 

In troduc t ion 

Epr s tudies o f hydrated Cu(II) ions i n s y n t h e t i c 
f a u j a s i t e s revea led the presence of the Cu(II)(H20)g 
species i n the supercages ( 1-8) , and a p a r t i a l l y hy
drated Cu(II) ion immobi l ized aga ins t the c a v i t y wa l l s 
(2 ,4 -6) . The l a t t e r species cou ld not be i d e n t i f i e d 
from the o p t i c a l spec troscop ic measurements whi le the 
former absorbed around 12500 cm" 1 (3 ,9-12) . Upon ad
s o r p t i o n of NH3 on a dehydrated C u ( H ) z e o l i t e , epr 
measurements i n d i c a t e d that the square p lanar 
Cu(II) (NH 3 )4 i s immediately formed. However, f o r a 
q u a n t i t a t i v e r e a c t i o n to occur , the pretreatment con
d i t i o n s are extremely important as vacuum dehydrat ion 
leads to a p a r t i a l reduct ion o f Cu(II) to Cu(I) 
(2 ,6-8 , 13-18). The o p t i c a l spec tra of ammoniated 
Cu(II) z e o l i t e s were not i n t e r p r e t e d as uni formly as 
the epr data and pentammine as w e l l as hexammine com
plexes have been proposed (9-11). Upon desorpt ion of 
NH 3 intermediates o f the type Cu(NH3) x 0$,, wi th χ 

132 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



12. D E W I L D E E T A L . Cu(II)-Exchanged Zeolite 133 

ranging from 1 to 3 and 0^ i n d i c a t i n g l a t t i c e oxygens, 
were i d e n t i f i e d but there was no agreement among the 
authors (8-11,13). We report the e l e c t r o n i c spectra 
of hydrated and ammoniated X and Y z e o l i t e s with d i f 
ferent Cu(II) loadings, and with Na +, K + and La(III) as 
co-exchanged cations. The study includes adsorption 
and desorption of H2O and NH3. 

Experimental 

Samples. Z e o l i t e s X and Y i n t h e i r Na + forms were 
exchanged i n IN NaCl s o l u t i o n at room temperature f o r 
72 χ 10^ s p r i o r to use. Parts of these samples were 
converted to t h e i r K + form by repeated exchange (5x) i n 
IN KC1. Four runs wer
the f i f t h at 343°K
from 0.1N La(N0 3)3 so l u t i o n s at room temperature f o r 
72 χ 10 3 s. These Na+, K + and La(III) loaded z e o l i t e s 
were exchanged with CUCI2 soluti o n s at room temperature 
for 1 day. The s o l i d : l i q u i d r a t i o v a r i e d from 2-10 
kg/m3. Maximum exchange l e v e l s were obtained i n 0.1N 
Cu(II) s o l u t i o n s . Lower exchange l e v e l s were obtained 
from solutions containing the necessary amount Cu(II) 
to r e a l i z e a f i x e d exchange l e v e l . A l l the samples 
were washed u n t i l CI" f r e e , a i r d r i e d at 333°K and stored 
i n a desiccator over a saturated NH4CI s o l u t i o n . Na +, 
K + and Cu(II) were determined by atomic absorption. 
La(III) was determined with the atomic absorption spec
trometer i n the emission mode. The a n a l y t i c a l data 
are given i n Table I, together with the sample symbols. 
The co-exchanged cation Na + i s not i n d i c a t e d . The 
numbers a f t e r each symbol are the number of Cu(II) ions 
per u n i t c e l l . In the same table the charge d e f i c i t 
due to proton exchange, and excess Cu due to exchange 
or p r e c i p i t a t i o n of polynuclear Cu-complexes, are i n d i 
cated also (_19) . 

Desorption and adsorption of H?0. The recording 
of the spectra of the hydrated z e o l i t e s was followed 
by a stepwise vacuum desorption up to 723°Κ with i n t e r 
v a l s of ^ 50°Κ. At each i n t e r v a l the desorption time 
was 1.728 χ 10^ s p r i o r to recording the spectra. O2 
was added at 623°Κ and, a f t e r a one night contact, eva
cuated at room temperature. The samples were then 
e q u i l i b r a t e d with water vapour at room temperature or 
at 353°Κ f o r several days and the spectra taken again. 

Adsorption and desorption of NH^. The z e o l i t e s 
were degassed up to 773°Κ, except CuX26.8 and CuX36, 
which were degassed at 623°Κ because of l a t t i c e 
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destruction at 773°K. In our e a r l i e r experiments no 
eu treatment was given p r i o r to adsorption of NH3. In 
the other experiments the dehydration was followed by 
an O2 treatment as described above. A f t e r t h i s 0 2 

treatment the spectra of the dehydrated z e o l i t e s were 
taken. NH3 was allowed to adsorb i n slugs of ^ 1 NH3 
molecule per Cu(II) ion up to 6 NH3/Cu(II). The f i n a l 
adsorption step was an e q u i l i b r a t i o n of the z e o l i t e i n 
NH3 vapor. A f t e r a d d i t i o n of each s l u g the z e o l i t e 
was allowed to e q u i l i b r a t e f o r 1.728 χ 10 5 s and the 
spectra recorded. Adsorptions were performed at room 
temperature and at 35 3°K. In some cases the s a t u r a t i o n 
of the z e o l i t e with NH3 was followed by a stepwise de
sorption as described f o r the desorption of water. 

TABLE I.- Numbe
c e l l 

Samples Cu(II) Na + K + La(III) charge excess 
( + ) or d e f i c i t 

(-) 
CuYl.3 1.3 54.8 _ — -
CuY2.6 2.6 52.1 - - -
CuY3.8 3.8 47.1 - - - 1.3 
CuY8.8 8.8 37.3 - - -
CuYll.8 11.8 31.4 - - -
CuY17.5 17.5 21.4 - - -
CUY18.0 18.0 20.0 - - -
CuY19.0 19.0 18.5 - - -CuKY3.1 3.1 0.9 49.1 - -
CuLaY4.6 4.6 17.3 - 6.9 - 8.8 
CuLaY6.8 6.8 5.2 - 8.6 -11.4 
CuX4.5 4.5 76.8 - - -
CuX8.5 8.5 65.4 - - - 3.6 
CuXlO.9 10.9 60.7 - - - 3.5 
CuX26.8 26.8 38.9 - - + 6.5 
CuX36.0 36.0 21.7 - - + 7.7 
CuKX4.4 4.4 1.5 76.3 - — 

Spect r a l measurements. The spectra were recorded 
at room temperature i n the range 1800-350 nm with a 
Cary 17 instrument equipped with a type II r e f l e c t a n c e 
u n i t . The output was d i g i t a l i z e d and processed i n a 
computer to obtain p l o t s of the Kubelka-Munk function 
(20) against wavenumbers. The standard was MgO. 
Samples and standard were placed i n quartz r e f l e c t o -
metric c e l l s (21) f i t t e d with a small volume f o r pre-
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treatment and a sidearm with a greaseless stopcock f o r 
connection to the vacuum system. 

Results 

Hydrated z e o l i t e s . Figure 1 shows t y p i c a l spectra 
of hydrated X-type z e o l i t e s with Na + as co-exchanged 
cation at d i f f e r e n t Cu(II) loadings. The spectra show 
1 band, s l i g h t l y assymmetric at i t s low frequency sid e . 
The shape i s independent of the Cu(II) content. The 
band i s centered at 12430 cm"1 with a standard devia
t i o n of 71 cm""1. The h a l f band width increases with 
increasing Cu(II) loadings i n the range 5100-6300 cm"1. 
For Y-type z e o l i t e s with 8-19 Cu(II) ions per u n i t c e l l 
and Na + as co-exchange
served at a s l i g h t l
with a h a l f band width of 5 700 ± 1 3 5 cm" . The La(III) 
exchanged sieves have t h e i r band maximum at 12 350 ± 
150 cm"1 with a h a l f band width of 6200-6 700 cm"1. The 
o r i g i n a l band of CuY1.25 and CuY2.6 (Figure 2) i s 
centered around 14000 cm"1, but a f t e r rehydration the 
band maximum s h i f t e d to 13000 cm"1. For a l l the other 
z e o l i t e s rehydration at room temperature completely 
restored the o r i g i n a l spectra, while rehydration at 
353°K r e s u l t e d i n a s h i f t of ̂  200 cm"1 to lower wave-
numbers. For hydrated z e o l i t e s with K + as co-exchanged 
cation the spectra are t o t a l l y d i f f e r e n t (Figure 3). 
Both f o r X and Y type z e o l i t e s the band maximum i s at 
11100 cm"1 with a c l e a r l y d i s t i n g u i s h a b l e shoulder at 
9200 cm"1. A f t e r a dehydration rehydration cycle the 
same spectrum i s recovered. A 0.1 Ν Cu(II) s o l u t i o n 
has a band with maximum absorption at 12300 cm"1, 
s l i g h t l y assymmetric towards the low frequencies. The 
h a l f band width i s 5000 cm"1. 

P a r t i a l l y hydrated z e o l i t e s . The s p e c t r a l changes 
observed during dehydration are very s i m i l a r f o r a l l 
the samples except the K + co-exchanged z e o l i t e s . F i 
gure 2 shows the r e s u l t s f o r CuY2.6. Room temperature 
vacuum degassing gives a band broadening due to the 
appearance of low and hiqh frequency shoulders around 
10200 cm"1 and 15000 cm"1 r e s p e c t i v e l y with the band 
maximum s t i l l around 12500 cm"1. Upon heating a 2 band 
spectrum appears with maxima at 10600 cm"1 and 12200 
cm"1, which p e r s i s t up to 418°K. For the Y type zeo
l i t e s with higher Cu(II) loadings and also f o r those 
with La(III) as co-exchanged cation the 3 band spec
trum obtained f o r CuY2.6 a f t e r room temperature vacuum 
degassing p e r s i s t s up to ̂  373°K. Between 373°K and 
42 3°K a broad band i s observed with i t s maximum s t r e t -
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Figure 1. NIR-VIS spectra of hydrated zeolites. (A) CuX 4.5; (B)CuX 10.85; 
(C) CuX 26.8. 
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Figure 2. NIR-VIS spectra of CuY 2.6. 
(A) hydrated; (B) after vacuum desorp
tion at 298 K; (C) after vacuum desorp

tion at 418 K. 
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ching from 11500 to 13200 cm""1. I t c l e a r l y covers 
several components. For the X type z e o l i t e s with Na 
as co-exchanged cation room temperature vacuum degass
ing r e s u l t s i n a narrowing of the 12430 cm"1 band f o r 
CuX4.5 and the appearance of a 10000 cm shoulder f o r 
CuX26.8. At 373°K the 3 band spectrum s i m i l a r to that 
of CuY2.6 (Figure 2) i s obtained with the band maximum 
at 13100 cm"1 and the shoulders around 17000 cm"1 and 
10000 cm"1. Above 373°K a broad band i n the range 
12500-14500 cm"1 shows up and p e r s i s t s up to 475°K. 
Above 423°K f o r Y type and above 475°K f o r X type 
z e o l i t e s the spectra are t y p i c a l f o r Cu(II) i n dehydra
ted z e o l i t e s with a bandmaximum at 10800 cm"1 and a 
shoulder around 14500 cm"1 (see Figure 4A). Figure 3 
shows the t y p i c a l spectr  f o  CuKY3.1 obtained a f t e
several dehydratio
i d e n t i c a l . The ban  syste  completely hydrate
system s h i f t s to higher frequencies, decreases i n i n 
t e n s i t y and a new band appears at 16000 cm"1 which per
s i s t s up to 438°K. At 566°K t h i s spectrum i s des
troyed and that of a dehydrated C u ( I I ) - z e o l i t e shows 
up. 

Cu(II) ammonia complexes. The s p e c t r a l behavior 
upon adsorption of NH3 i s s i m i l a r f o r z e o l i t e s X and Y 
and i s independent of the degree of exchange, of the 
type of co-exchanged c a t i o n , Na + or La(III) and of the 
adsorption temperature. Figure 4 shows a t y p i c a l 
example. At low NH3:Cu(II) r a t i o s a two band spectrum 
i s v i s i b l e with absorption maxima around 11000 cm"1 and 
12400 cm"1 and a weak shoulder around 16000 cm"1. At 
high Cu(II) loadings the two absorption maxima overlap 
too strongly to be d i s t i n g u i s h a b l e . This spectrum per
s i s t s up to 1 NH 3 per Cu(II). At higher NH 3:Cu(II) 
r a t i o s the 16000 cm"1 component increases at the ex
pense of the lower frequency bands. This causes a 
s h i f t of the band system to higher frequencies. The 
NH3 saturated samples have t h e i r band maximum at 
16 300 ± 200 cm""1 at high exchange l e v e l s (CuX26.8, 
CuY17.5, CuY18, CuY19) and at 15600 ± 300 cm"1 at low 
exchange l e v e l s (CuX4.5, CuY1.25, CuY2.58, CuY3.8, 
CuLaY4.6, CuLa6.7). I r r e s p e c t i v e of the p o s i t i o n of 
t h e i r band maximum the bands of these NH3 saturated 
z e o l i t e s are assymmetric towards t h e i r low frequency 
side . This i s e s p e c i a l l y evident f o r CuX4.5 where the 
shoulder could be l o c a l i z e d around 11300 cm"1. The 
spectrum of a Cu(II)(NHo) 4 s o l u t i o n had i t s band maxi
mum at 16500 cm"1. In 6.IN NaCl the Cu(II)(NH 3)4 com
plex absorbed at 16660 cm"1. These bands are assymme
t r i c at t h e i r low frequency s i d e s . 
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Figure 3. NIR-VIS spectra of CuKi 3.1. (A) hydrated; (B) 
after vacuum desorption at 327 K; (C) after vacuum desorp

tion at 438 K. 
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Figure 4. NIR-VIS spectra of CuLaY 6.7. (A) dehydrated; (B) 6.81 
NHs/U.C; (C) 13.06 NH3/U.C.; (D) 46.62 NHS/U.C; (E) saturated 

with Ν Η 3. 
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Cu(II)(NH3)4 was also exchanged onto a NaY zeo
l i t e a z e o l i t e . Degassing y i e l d s , between 356°K and 
383°K, an intense spectrum wherein 2 bands could be 
resolved at ^ 10500 cm"1 and 12200 cm"1. At higher 
temperatures t h i s spectrum decreases i n i n t e n s i t y and 
the spectrum of a dehydrated Cu(II) z e o l i t e i s recover
ed a f t e r addition of 0 2. The NH3 desorption of the 
same sample followed i n a McBain balance revealed i n 
the temperature range 36 3°K - 400°K a d i s t i n c t loss at 
0.5 NH3 molecules per Cu(II) i o n . Desorption of NH3 
from the NH3 saturated z e o l i t e s i n the range 356°K -
400°K gave a broad band between 10000 and 12500 cm"1 

f o r CuYl.25 and CuLaY4.6. For CuX4.5 and CuX26.8 the 
desorption i n the same temperature range gave spectra 
with band maxima a
desorption was not s
Y type z e o l i t e s . 

Discussion 

Aqueous Cu(II) ions i n z e o l i t e s X and Y. The 
spectra of Cu(II) ions i n hydrated and rehydrated zeo
l i t e s with Na + or La(III) as co-exchanged cations con
f i r m the epr data (1-8) i n that they are due to 
Cu(II)(H20)g species i n the supercages. Indeed, the 
band frequencies of 12150 cm"1 and 12430 cm"1 f o r Y 
and X type z e o l i t e s r e s p e c t i v e l y agree with the 12 300 
cm"1 f o r Cu(II)(H20)£ i n s o l u t i o n . The frequency d i f f e 
rence f o r Cu(II)(H2O)5 between X and Y i n d i c a t e s a 
s l i g h t increase of the octahedral c r y s t a l f i e l d para
meter 10 Dq from Y to X. The same e f f e c t has been ob
served f o r Ni(II) i n dehydrated A, X and Y type z e o l i 
tes by Garbowski and Mathieu (22) . They ascribed i t 
to the d i f f e r e n c e i n isomorphic s u b s t i t u t i o n . A s i m i 
l a r explanation may be invoked here but should be 
handled with care as the framework i s screened by the 
adsorbed water molecules and the co-exchanged c a t i o n s . 

The combination of our s p e c t r a l data with the epr 
parameters published sofa r (1-8) allows a b e t t e r e s t i 
mate of the above mentioned idea. Cu(II)(H 20)g i s a 
t e t r a g o n a l l y d i s t o r t e d complex. The e f f e c t i v e s p i n -
o r b i t coupling constants can be c a l c u l a t e d both from 
the i s o t r o p i c and a x i a l l y symmetric g-values (1-8) and 
the observed band frequencies (23). The r e s u l t s are 
given i n Table I I . This table contains also the c o e f f i 
c i e n t s of the molecular o r b i t a l s (M.O.'s) of the com
plex, c a l c u l a t e d according to the theory of Kivelson 
and Neiman (24Γ. α, 3χ and 3 are r e s p e c t i v e l y the 
c o e f f i c i e n t s of the d x2_ y2, d x and d x z or dy Z o r b i t a l s 
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of Cu(II) i n the Μ.Ο.'s of C u ( I I ) ( H 2 0 ) 6 . We conclude 
from the values of these c o e f f i c i e n t s i n Table II that 
the bonding c h a r a c t e r i s t i c s of Cu(II)(H 20)6 are not 
s i g n i f i c a n t l y d i f f e r e n t i n z e o l i t e s X and Y. The 
values of a , which i s a measure of the extent of σ-
bonding, i s equal to i t s value i n aqueous s o l u t i o n 
(25). Usually π-bonding i s n e g l i g i b l e i . e . $2 = 3^ = 
1~T25) . In z e o l i t e s these c o e f f i c i e n t s are le s s than 
1/ suggesting that some π-bonding may occur. 

When the z e o l i t e s are not completely hydrated 
Cu(II) i s present as Cu(II)(H 20)4 as suggested by the 
14000 cm"1 band of CuY1.25 and CuY2.6. The spectra of 
CuKX4.4 and CuKY3.1 necessitate a d i f f e r e n t explana
t i o n . Indeed, the 9200 cm"1 shoulder i s i n d i c a t i v e f o r 
the presence of a d i s t o r t e
(26-28). We therefor
CuKY3.1 most of the Cu(II) ions are i n the s o d a l i t e 
cages on s i t e s I' or I I 1 and co-ordinated to 1 or 2 
water molecules. We conclude that K + i s e a s i e r to re
place i n the s o d a l i t e cages than Na +. This phenomenon 
r e f l e c t s the d i f f e r e n t hydration properties of K + and 
Na + as discussed by Costenoble et a l . (29). 

The s p e c t r a l changes observed during dehydration 
are s i m i l a r to those described by Kuzmenko and Lygin 
(10). The appearance of high and low frequency shoul
ders on the Cu(II)(H20)5 band i n d i c a t e s the formation 
of less hydrated species. The high frequency shoulder 
(15000-17000 cm"1) i s c l e a r l y observed on CuKX4.4 and 
CuKY3.1 (Figure 3). The assignment of t h i s band i s not 
c l e a r , although the rather high frequency may i n d i c a t e 
a square planar character f o r the Cu(II) environment. 
The low frequency shoulder around 10000 cm"1 i s part 
of the stable 2 band spectrum observed c l e a r l y at 
higher degassing temperatures (Figure 2). The frequen
ci e s of 10600 cm"1 and 12200 cm"1 are i n agreement with 
a C 3 v symmetry model i . e . a Cu(II) ion l i n k e d to 3 
l a t t i c e oxygens of s i t e s Ι', I I 1 or II and 1 water mole
cule. At high Cu(II) concentrations these bands over
lap strongly and cannot be resolved. I t i s i n t e r e s t i n g 
to note that the degassing temperature necessary f o r 
the formation of t h i s species increases with i n c r e a s i n g 
Cu(II) loading and i s higher f o r X than f o r Y type 
z e o l i t e s . 

Cu(II) ammonia complexes. The band frequencies 
and band shapes of the spectra a f t e r s a t u r a t i o n with 
NH3 are s i m i l a r to those f o r Cu(II)(NH3)4 i n s o l u t i o n . 
We assign our spectra to t h i s species, i n agreement 
with the i n t e r p r e t a t i o n of the epr and i r data (6-8,13, 
15-17), but i n disagreement with Kuzmenko1s and 
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Kiselev's i n t e r p r e t a t i o n (10,11). The d i f f e r e n c e i n 
band frequency between samples with small and high 
Cu(II) loadings r e f l e c t s s l i g h t l y d i f f e r e n t c r y s t a l 
f i e l d parameters. The assymmetry of the band i s par
t i a l l y due to the presence of uncomplexed Cu(II), es
p e c i a l l y i n CuX4.5, and p a r t i a l l y to the assymmetric 
nature of the band of Cu(II)(NH3) 4 i t s e l f . The e f f e c 
t i v e s p i n - o r b i t coupling constants and the c o e f f i c i e n t s 
of the molecular o r b i t a l s of Cu(II) (1^3)4 i n z e o l i t e s 
are given i n Table I I . No s i g n i f i c a n t d i f f e r e n c e s were 
found f o r Cu(II)(NH3)4 at low and high loadings, except 
some increased π-bonding character i n the former case. 
With respect to s i n g l e c r y s t a l studies of Cu(II)(NH3)4 
the s p i n - o r b i t coupling constant λ c a l c u l a t e d from g 
i s s i g n i f i c a n t l y les
increased π-bonding
l i t e s with respect to the same species i n c r y s t a l s . 
The same trend was observed f o r C u ( I I ) ( ^ 0 ) 5 . 

TABLE I I . - E f f e c t i v e s p i n - o r b i t coupling constants 
and c o e f f i c i e n t s of M.O.'s of 
C u ( I I ) ( H 9 0 ) 6 and Cu(II)(NH^) Λ. 

Cu(II)(H 2 0 )6 Cu(II)(NH ) 4 

Y X low 
Cu(II) 

high 
Cu(II) 

g i s o (± o.oi) 2.18 2.18 - -
X e f f (± 31 cm"1) 513 525 - -
g 2.38 2.369 2.245 2.245 
A (cm"1) 0.0137 0.0139 0.0164 0.0164 
g 2.08 2.084 2.039 2.039 
λ (± 40 cm"1) 600 599 487 508 
λ (± 90 cm"1) 533 575 298 305 
a 2 (± 0.05) 0.84 0.83 0.77 0.77 
3 2 (± 0.05) 0.78 0.85 0.75 0.86 
32 (± 0.05) 0.71 0.76 

g too inaccurate to c a l c u l a t e a r e l i a b l e value. 

P a r t i a l s a t u r a t i o n of a dehydrated Cu(II) z e o l i t e 
or p a r t i a l desorption of a NH3-saturated sample leads 
to the formation of a 2 band spectrum, analogous to 
that assigned to (0)3-Cu-OH2« We ascribe i t to the 
complex (0) 3-Οα-ΝΗ3. This species has been characte-
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r i z e d by epr too , but only a f t e r p a r t i a l desorpt ion 
(7 ,8 ,13) . The values g = 2 · 2 4 and g = 2.012 conf irm 
our i n t e r p r e t a t i o n i n terms of a d i s t o r t e d t e t r a h e d r a l 
complex. The desorpt ion experiments i n d i c a t e t h a t , 
as f o r C u ( I I ) ( H 2 0 ) 6 , desorpt ion o f NH 3 i s somewhat 
f a s t e r i n z e o l i t e s Y than i n z e o l i t e s X. 

Acknowledgment 

W.D.W. i s indebted to the I . W . O . N . L . (Belgium) f o r 
a Ph .D . grant . R . A . S . acknowledges the N . F . W . 0 . f o r a 
grant as "Bevoegdverklaard Navorser". The authors are 
g r a t e f u l to J . Pelgrims f o r the chemical a n a l y s i s o f 
the samples. T h i s research was made p o s s i b l e by the 
B e l g i a n Government ( S t a a t s s e k r e t a r i a a t voor Wetenschaps-
b e l e i d ) . 

Literature C i t e d 

1. N i c u l a , A., S tamires , D., and T u r k e v i c h , J., J. 
Chem. Phys. (1965), 42, 3684 

2. T u r k e v i c h , J., Ono, Υ., and Soria, J., J. C a t a l y 
sis (1972), 25, 44. 

3. M i k h e i k i n , I .D . , Shvets , V.A., and Kazanskii, 
V.B., K i n . K a t . (1970), 11, 747. 

4. Trif, E., C o c i u , L., and Nicula, Α., Rev. Roum. 
Phys. (1973), 18, 451. 

5. S o r i a R u i z , J.A., and T u r k e v i c h , J., An . Fisica 
(1971), 67, 435. 

6. L e i t h , I.R., and Leach , H.F., P r o c . Royal Soc. 
London (1972), A330, 247. 

7. Naccache C., and Ben Taarit, Υ., Chem. Phys. 
Lett. (1971), 11, 11. 

8. Maksimov, N.G., Anufr i enko , V.F., and Ione, K.G., 
Dok l . Akad. Nauk. SSSR (1973), 212, 142. 

9. K i s e l e v , A.V., Kuzmenko, N.M., and L y g i n , V.I., 
Russian J. Phys. Chem. (1973), 47, 88. 

10. Kuzmenko, N.H., and L y g i n , V.I., Proceedings , 
Third I n t e r n a t i o n a l Conference on Molecu lar 
S i eves , ed . J.B. Uytterhoeven, Leuven University 
press (1973), 347. 

11. K i s e l e v , A.V., Kuzmenko, N.H., and L y g i n , V.I., 
Zh. Fiz. Khim. (1975), 49, 3043. 

12. Shinkarenko, V.G., Anufr i enko , V.F., Boreskov, 
G.K., Ione, K.G., and Y u r ' e v a , T.M., Dok l . Akad. 
Nauk. SSSR (1975), 223, 410. 

13. Vansant, E.F., and L u n s f o r d , J.H., J. Phys. Chem. 
(1972), 76, 2860. 

14. Huang, Y.-Y., and Vansant, E.F., J. Phys. Chem. 
(1973), 77, 663. 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



12. de wilde et al. Cu(II)-Exchanged Zeolite 143 

15. Vedr ine , J.C., Derouane, E.G., and Ben Taarit, 
Y., J. Phys. Chem. (1974), 78, 531. 

16. Derouane, E.G., Vedr ine , J.C., and Ben Taarit, Y., 
Bull. Soc. Chim. Belge (1974), 83, 189. 

17. F l e n t g e , D . R . , L u n s f o r d , J.H., Jacobs , P.Α., 
and Uytterhoeven, J.B., J. Phys. Chem. (1975), 
79, 354. 

18. Jacobs , P.Α., De W i l d e , W . , Schoonheydt, R.A., 
Uytterhoeven, J.B., and Beyer , H., J. Chem. Soc. 
Faraday I (1976), 72, 1221. 

19. Schoonheydt, R.A., Vandamme, L.J., Jacobs , P.Α., 
and Uytterhoeven, J.B., J. Catalysis, (1976), 43, 
292. 

20. Kortüm, G., Ref lectance Spectroscopy, Spr inger 
V e r l a g , Berlin (1969)

21. Klier, Κ., C a t a l y s i
22. Garbowski, Ε., , M.-V.,

P a r i s (1975), 280, 1125. 
23. Bleaney, B., Bowen, K.D., and Pryce M.H.L., P r o c . 

Royal Soc. (1955), A228, 166. 
24. K i v e l s o n , D., Neiman R., J. Chem. Phys. (1961), 

35, 149. 
25. Walker, F.A., Sigel, H., and McCormick, D.B., 

Inorg . Chem. (1972), 11, 2756. 
26. K a r i p i d e s , A.G., and Piper, T.S., Inorg . Chem. 

(1962), 1, 970. 
27. Tom Dieck , H., Inorg . Chim. Acta (1973), 7, 397. 
28. Harlow, R.L., Wel ls III, W.J., Watt, G . W . , and 

Simonsen, S.H., Inorg . Chem. (1975), 14, 1768. 
29. Costenoble , M.L., Mortier, W.J., and Uytterhoeven, 

J.B., J. Chem. Soc. Faraday I (1976), 72, 1877. 
30. Tomlinson, A.A.G., Hathaway, B.J., Billing, D.E., 

and N i c h o l s , P., J. Chem. Soc. (A) (1969), 65. 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



13 

Adsorption a n d D e c o m p o s i t i o n of M e t a l C a r b o n y l s 

L o a d e d in Y-Type Zeo l i t e 

P. GALLEZOT, G. COUDURIER, M. PRIMET, and B. IMELIK 

Institut de Recherches sur la Catalyse, 79, boulevard du 11 Novembre 1918, 
69626 Villeurbanne Cédex, France 

Mo(CO)6, Re2(CO)10, Ru3(CO)12, adsorbed on HY zeolite, were 
located by crystal structure analysis and their bonding with the 
framework has been investigated by IR spectroscopy. In i t ia l ly , 
they occupy positions near the supercage center (Re) or near the 
supercage aperture (Mo, Ru). On partial decomposition Mo and Re 
complexes are displaced and bonded to the framework. 

Introduction 

In recent years, considerable effort has been devoted to de
veloping a new class of heterogeneous catalysts whose preparation 
involves the linking of transition metal complexes to the surface 
atoms of a solid support (V). These catalysts are expected to com
bine the advantages of homogeneous and heterogeneous catalytic 
systems. One way of using zeolites is to introduce transition metal 
cations by ion-exchange. After dehydration, the coordinatively 
unsaturated cations not in hidden sites are available to form com
plexes with molecules entering the zeolite framework (2). Detailed 
structural informations on a number of complexes in A zeolites 
have been given by Seff (3, 4, 5). In this laboratory, the Cu£+ 

ions migration induced by reagents (6) and the activity of N i 2 + 

ions located in supercages towards tïïe cyclotrimerisation of ace
tylene {7J were studied. 

An alternative way of grafting metal complexes in zeolites 
has been tried in the present work. It consists in adsorbing un
charged coordination complexes on the zeolite which may be subse
quently treated in order to eliminate part of the ligands so that 
the metal atom might bond to the zeolite framework acting as a 
polydentate ligand. This process has been tried using metal carbo
nyls \ Mo(C0)6, Re2(C0)-|Q and Ru3(C0)12} as adsorbate and HY zeoli
te as adsorbent. 

144 
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Experimental 

Materials. The starting materials were a NaY zeolite supplied 
by the Linde Co (SK 40 Sieves) and Mo(C0)6, Re2(C0)i0 and Ru3(C0)12 

obtained from commercial sources. The ammonium form, NH4Y, was pre
pared by conventional ion-exchange procedure in NH4NO3 solutions. 
The unit cell composition derived from chemical analysis was 
(NH4)46Na10Y(Y = A l 5 6 S i 1 3 6 0 3 8 4 ) . 

Metal carbonyls loading. The metal carbonyls were sublimated 
under vacuum and their vapours were adsorbed on the activated zeo
lite. This was achieved in a cell having two branches connected 
through a grease-free stopcock. The NH4Y zeolite set in the first 
branch was heated for 15 hours in oxygen and for three hours in 
vacuo (10~5 Torr) at 350°C i  orde  t  obtai  th  activated HYform

For X-ray investigations
amount to get a given loading was set in the second branch and eva
cuated at 25°C. The branches were then connected and the cell was 
set into a thermostated oven and Mo(C0)6, Re2(C0)iQ and Ru3(C0)12 

were adsorbed at 60, 110 and 120°C respectively. It was gravime-
trically checked that the zeolite took up the whole amount of car
bonyl within 15 hours or less. In this way three samples contai
ning 8 Mo(C0)6, 4 Re2(C0)10 and 3 Ru3(C0)12 per unit cell were 
prepared. 

For volumetric measurements, the first branch of the cell was 
then a classical adsorption bulb. For the IR studies, the adsorp
tion of Mo(C0)c and Re2(CO)io were performed at room temperature 
by connecting the HY zeolite with a small bulb containing the 
carbonyl compound purified by repeated distillations under vacuum 
and dried on 4 A molecular sieves. 

Thermal decomposition. The metal carbonyls adsorbed on zeo-
lites were decomposed in a closed system by heating at various 
temperatures the cell used for metal carbonyl loading. The decom
position was monitored by measuring the pressure changes in the 
cell with a Texas Instruments pressure gauge. With proper cali
bration for dead space and correction for physically adsorbed CO, 
it was possible to determine the amount of CO evolved per mole of 
metal carbonyl. 

IR investigations. The NH4Y zeolite was compressed under a 
pressure of 1 Ton air* so as to give discs of 18 mm diameter and 
of weight comprised between 5 and 8 mg. The disc, placed in a 
quartz sample holder, was inserted into an infrared cell equiped 
with KBr windows and treated in flowing oxygen at 350°C, then in 
vacuo as described above. 

Infrared spectra were recorded at 25°C using a Digilab FTS -
14 Fourier transform interferometer, with a resolution of 4 cm"1 

and a number of scans equal to 200. For each set of spectra, a 
reference spectrum of the HY zeolite was obtained at the beginning 
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and stored in the 128 Κ disc incorporated in the FTS - 14 spectro
meter. Subsequent spectra containing additional bands from adsor
bed molecules were recorded in the same conditions. The ratio of 
the two stored spectra gave a spectrum from which the bands of the 
reference sample have been eliminated. 

Results 

Volumetric measurements. The number of moles of CO evolved 
per mole of metal carbonyl loaded in HY zeolite on heating the so
l id , is given in figure 1. 

Crystal structure determination. In order to locate the me
tal carbonyls, the crystal structures of four samples described in 
table I have been determined  The resolution methods were the same 
as those used in previou
of crystallographic parameter
of X-ray reflections up to h 2 + k2 + l 2 = 395 derived from powder 
data. Attempts to determine the precise location of the metal 
atoms have failed because any atom occupying a general position in 
space group Fd 3 m has a very low occupancy factor (1/192). Never
theless, the intensities of the reflections at low Bragg angles 
were considerably modified by the presence of the adsorbed comple
xes in the four samples investigated. This indicates that the com
plexes find "nests" of higher occupancy probability. The best 
way of handling this problem is to suppose that the unlocated atoms 
statistically occupy random positions within a sphere of given ra
dius and to refine the occupancy factor of the sphere. As first 
approximation, only the metal atom of the complex has to be taken 
into account. This was achieved by means of the liquid scattering 
functions introduced by Simpson and Steinfink (9). The method has 
already been successfully applied to account for unlocated mole
cules and cations (10, 11) and for reduced palladium and platinum 
atoms in Y zeolite J59 T?). 

Sample I. Without taking into account the adsorbed complexes, 
the least squares refinement resulted in R = 0. 114 for the whole 
set of structure factors. However, considerable discrepancies were 
noticed for the low indexes reflections : for the 27 first struc
ture factors (from 220 to 555) R-| -j = 0.147. The liquid scattering 
functions were introduced assuming that the Mo atoms were in sphe
res centered either at χ = y = ζ = 0.375 (center of the supercage) 
or at χ = y = ζ = 0.5 (center of the 12 membered ring aperture of 
the supercages). This last location gave by far the best R values. 
The influence of positions and radius of the sphere were then 
systematically studied. The lowest R values (R = 0.089 and 
R] -j = 0.090) were obtained by refining the Mo population assumed 
to'be distributed within a 1.5 A radius sphere at χ = y = ζ = 0.475 ; 
this yielded 10.5 Mo atoms. The excess of scattering matter with 
respect to the 8 Mo introduced, may be partly explained because 
the CO have not be taken into account. 
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Sample II. Structure refinement without taking into account 
the 4 Re2(C0)1Q per unit cell gave R = 0.138 and R-|,j = 0.265. 
Difference Fourier maps indicated that the unlocated scattering 
matter was probably concentrated near the center of the supercage. 
Considering that the Re atoms were distributed throughout a 2 A 
sphere centered at χ = y = ζ = 0.375, a considerable improvement 
of R values was obtained (R = 0.101 and R] Ί· = 0.150). The refine
ment gave a population of 7.5 Re per unit cell which is in good 
agreement with the number of Re atoms introduced, moreover it can 
be noted that the 2 A radius sphere just encompasses the Re - Re 
pair present in Re2(C0)1 0. 

Samples III and IV. The Re and Ru atoms were assumed to be 
distributed in a 3 A radius sphere centered at χ = y = ζ = 0.5. 
Sample III refinement produced a drop of R and R-| -j from 0.139 and 
0.140 to 0.125 and 0.108 respectively  Th  populatio f th  sphe
re was found to be 9 R
from 0.123 and 0.167 to 0.113 and 0.148 respectively. The results 
obtained from sample III and IV are less accurate than.for sample 
I and II. The use of liquid scattering functions results in a 
lower decrease of R indexes and the spheres are much larger. The 
locations of the Re and Ru atoms in samples III and IV are there
fore comparatively ill-defined. 

The crystallographic parameters of the four structures inves
tigated are given in table I. Listings of the observed and calcu
lated structure factors are available upon request to the authors. 

IR spectroscopy results. Adsorption of Mo(C0)g. At 25°C 
Mo(C0)6 introduced onto HY zeolite gave a spectrum in the ν(CO) 
range containing four bands at 2125 (weak), 2050 (medium), 1995 
(strong) and 1955 (strong) cm"1 (fig. 2a). The intensity of these 
bands increased with the amount of adsorbed Mo(C0)g and a 592 cm"1 

band developed (fig. 2b). The OH groups of the zeolite were also 
perturbed : the 3640 cm"' band decreased and a broad band develo
ped at about 3500 cm"1. For large amounts of Mo(C0}6, the 3540 cm"1 

band also decreased, the intensity of the 3500 cm"1 band became 
very important and two new bands at 925 and 840 cm"1 appeared. 

When the loaded sample was heated under vacuum between 60°C 
and 110°C, the band at 3500 cm"1 due to hydrogen bonded hydroxyl 
groups and the band at 592 cm"1 disappeared, while a band at 
920 cm"1 developed. The ν(CO) bands were strongly modified and ga
ve an intermediate spectrum with bands at 2045, 1965, 1905, 1835 
and 1670 cm"1 (fig. 2c). 

Upon heating at 150°C (fig. 2d), the sample gave an infrared 
spectrum with ν(CO) bands at 2070, 2020 and 1985 cm"1 whereas the 
920 cm"1 bands was shifted to 895 cm"1. The IR spectrum showed a 
decrease of the ν(OH) bands at 3640 and 3540 cm"' in comparison 
with the initial zeolite sample. At 220°C (fig. 2e), the ν(CO), 
bands were missing and the 895 cm"1 band was shifted to 875 cm"1. 

Adsorption of Re2(C0)-|Q. Re2(C0)iQ adsorbed onto HY zeolite 
at 25°C led to the appearance of 4 ν (CO) bands at 2130 (weak), 
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Table I 
Crystallographlc parameters 

Sample I Sample II Sample III Sample IV 
Preparation Mo(C0)6 adsorbed Re2(C0)jQ adsorbed Sample II heated Ru3(C0)12 adsorbed Preparation 

at 60°C at 110eC at 300°C at 120eC 
Composition Na10H46Y,8Mo(C0)6 Na1QH46Y,4Re(C0)10 Na10H46Y,4Re2(C0); Na10H46Y.3Ru3(C0)12 

T(S1,A1) χ 0.1241(2) 0.1246(2) 0.1253(2) 0.1248(2) 
y - 0.0532(2) - 0.0535(2) - 0.0524(2) - 0.0528(2) 2 0.0358(2) 0.0364(2) 0.0362(2) 0.0356(2) 

BD 1.5(2) 
0(D x-y 0.1061(4) 0.1096(4) 0.1065(5) 0.1067(5) 

ζ 0.0 0.0 0.0 0.0 
Β 3.3(5> 3.4(5) 3.4(5). 2.5(5) 

0(2) x-y - 0.0009(4) - 0.0004(5) - 0.0032(5) - 0.0013(4) 
ζ 0.1418(4) 0.1436(6) 0.1424(6) 0.1426(6) 
Β 2.3(3) 4.5(4) 2.3(4) 1.4(5) 

0(3) x-y 0.1770(4) 0.1750(4) 0.1767(5) 0.1748(5) 
ζ - 0.0341(5) - 0.0337(5) - 0.0342(6) - 0.0337(6) 
Β 3.2(4) 1.5(4) 2.4(4) 2.1(4) 

0(4) x-y 0.1742(4) 0.1769(4) 0.1769(5) 0.1751(5) 
ζ 0.3201(5) 0.3219(6) 0.3245(7) 0.3236(7) 
Β 3.0(3) 2.7(4) 3.1(4) 3.3(5) 

Ν·(Ι) x-y-z 0.0 0.0 0.0 0.0 
Β 3.0 3.0 3.0 3.0 

Γ* «<1) 5(1) 8(1) 5(1) 
Nt(I') x-y-z 0.059(2) 0.059(2) 0.056(2) 0.056(2) 

Β 3.0 3.0 3.0 3.0 
Ρ 4(1) 6(1) 7(D 8(1) 

Na(Il) x-y-z 0.239(3) 0.245(3) 
Β 3.0 3.0 
Ρ 3(1) 7(1) 

Κ* 10.S(1.0)No 7.5(1.0)Re 9(1.5)Re 10(2)Ru 
1.5 A sphere 2 A sphere 3 A sphere 3 A sphere 
x-y»z«0.475 x-y«2-0.375 x-y«2=0.5 Xiiy»2*0.5 

Re 0.069 0.101 0.114 0.113 
a(î)f 24.75(1) 24.75(1) 24.73(1) 24.70(1) 
(a) - From the decomposition curve : χ - 7. (b) - Temperature factor (Â2) 
(c) - Population per unit cell, (d) - Metal atom of the complex localized by liquid scattering 

function, (e) - R » Σ llFol -iFcll /ElFol (f) - Unit cell constant 
Estimated standard errors 1n parentheses. 
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— ι ι ι ι ι ι ι ι ι ι L--.J 1 1 1 1 1— 
3700 3500 2200 2000 1800 1600 900 700 500 

Figure 2. Infrared spectra of Mo(CO)6 adsorbed on HY zeolite, (a) HY zeolite con
tacted at R.T. with vapor of Mo(CO)6 for 15 sec; (b) HY zeolite contacted at R.T. 
with vapor of Mo(CO)6 for 30 sec; (c) sample (b) treated under vacuum at70°C for 
90 min; (d) sample (b) treated under vacuum at 150°C for 150 min; (e) sample (b) 

treated under vacuum at 220°C for 11 hrs. (- · base line spectrum. 
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2080 (strong), 2020 (strong) and 1940 (medium) cm"1 (fig. 3a). On 
increasing the amount of Re2(C0}10, the ν (OH) band at 3640 cm"1 

decreased, a band near 3500 cm"' appeared while a band at 585 cm"1 

developed. The spectrum was not modified by evacuation of the sam
ple at 25°C. 

On heating from 25°C to 150°C, a band at 915 cm"' appeared. 
Above 150°C, the band at 585 cm"1 disappeared, and the v(C0) bands 
were strongly modified (fig. 3b). Near 300°C, the IR spectrum 
showed 4 main bands at 2050 (strong), 1950 (strong), 1895 (strong) 
and 1810 (weak) cm"1. Above 490°C, the v(C0) bands and the peak 
at 915 cm"1 disappeared. The adsorption of CO on this sample pro
duced a new band at 2045 cm"1 but the spectrum of the initial car-
bonyl was restored. 

Discussion 

Adsorption and decompositio  Mo(C0k  Mo(C0)  adsorp
tion at Z5bC occurs without any loss of CO ligands since the de
composition curve in closed system (fig. 1) indicates that no CO 
evolved at room temperature. 

Since 8 Mo(C0)g have been introduced per unit cel l , there 
should be statistically 1 Mo(C0)5 per supercage. Crystal structure 
of sample I demonstrates that the Mo atoms are actually distribu
ted at random throughout a 1.5 A radius sphere centered at χ = y = 
ζ = 0.475 on the [ill] axis. Each Mo(C0)6 molecule is therefore 
situated in the vicinity of the 12 membered ring and it can be 
inferred that these positions are occupied because the CO groups 
interact with the atoms of the aperture. 

The spectrum of adsorbed Mo(C0)g can be interpreted by a lo
wering of the symmetry of the molecule from CL to C4V (]3) proba
bly due to the interaction of CO groups with {he framework. More
over the decrease, after Mo(C0)6 adsorption, of the 3640 cm"1 band 
attributed to 0i - Η groups and the simultaneous increase of a 
broad band at 3b00 cm"1 attributed to hydrogen bonded OH groups 
strongly suggest that the CO groups are in interaction with the 
0-| - Η species of the 12 membered oxygen rings. One may wonder why 
the Mo(C0)g molecule is not bonded to 3 0i atoms maintening a C3V 

symmetry (in this case, the Mo atom should be situated on the 
(111) axis). This does not occur probably because 3 equivalent 0-jH 
groups would be required on 8 rings which is unlikely, from the 
Dempsey's studies (14). 

The decomposition curve (fig. 1) shows that a continuous evo
lution of CO takes place on heating the Mo(C0)6 loaded zeolite. 
The characteristic low angles diffraction pattern observed for 
sample I progressively disappears ; thus at 180°C it is essential
ly similar to that of a dehydrated HY zeolite but with a more in
tense background on films. This indicates that the Mo atoms now 
occupy quite random positions and give incoherent scattering. 

Upon heating above 70°C,IR spectra show that the initial ad
sorption mode no longer holds. The broad band near to 3500 cm"1 
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Figure 3. Infrared spectra of Ret(CO)10 adsorbed on HY zeolite, (a) HY zeolite 
contacted at R.T. with vapor of Rex(CO)10 for 3 hrs then the sample is desorbed 
at 150°C for 2 hrs; (b) at 300°C for 1 hr 30 min, (c) at 400°C for 2 hrs. (· · -J , 

base line spectrum. 
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assigned to OH groups in interaction with CO groups and the band 
at 592 cm"' attributed to o(MCO) vibrations decrease and vanish 
while the band at 920 cm"1 develops. This last band which is shif
ted to lower frequencies at higher temperatures (895 cm"1 at 150°C) 
can be attributed to Mo-0 vibrations similar to those observed for 
the IR spectra of molybdenum oxides and molybdates (Jj5, Jji). The 
Mo-0 bond formation supposes that the Mo atoms are oxidized to a 
certain extent. The oxidation scheme could be : 

χ 0Z - Η + Mo(°) > Mox+ χ 0̂  + J H2 

where 0j is a framework oxygen. The rôle played by the protons as 
oxidizing agents is confirmed by, (i) the strong decrease of the 
v(0H) band intensity correlated with the amount of Mo(C0)c intro
duced, (ii) the formation of hydrogen in the gas phase detected by 
mass spectrometry. 

At 150°C, the spectru (CO) , 
2020 and 1985 cm"1. This is consistent with a complex Mo(C0)4 Q7) 
where the Mo atom is directly bonded to two framework oxygen atoms. 
This arrangement accounts for the disappearance of the Mo atoms 
from their initial position and corresponds well with the number 
of CO molecules evolved (fig. 1). 

For activation temperatures under vacuum above 220°C the com
plete loss of carbonyl ligands occurs and the observance of Mo-0 
bond shows that at least some of the molybdenum atoms are oxidized 
in agreement with UV spectroscopy results (J8, JJJ). 

curve (fig. 1) proves that Re2(C0)10 îs^àdsofKëd without apprecia
ble loss of CO at 110°C. The Re atoms of the molecules (statisti
cally 1 Re2(C0)10/2 supercages) have been located with a compara
tively good precision within a 2 Â radius sphere centered at χ = 
y = ζ = 0.375. This situation is in agreement with the stereoche
mistry of the molecule, the sphere just encompasses the Re-Re pair 
and the supercage is large enough to allow the molecule to stretch 
across the cage with the possibility to be hydrogen-bonded at each 
end with two framework oxygen atoms. 

The IR spectrum of the adsorbed Re2(C0)-|Q exhibits 3V(C0) 
bands at 2080, 2025 and 2014 cm"1 which are shifted with respect 
to the v(C0) of free Re2(C0) lQ (2070, 2014 and 1976 cm'1) plus a 
band at 2132 cm"1 which is normally inactive in IR but active in 
Raman spectroscopy (20). These features can be interpreted by assu
ming that the structure of the molecule is preserved but that it 
undergoes a weak distortion probably due to lateral interactions. 
The bonding of the complex with the framework involves the forma
tion of hydrogen bonds with the hydroxyl groups as described for 
Mo(CO)̂  adsorption. 

Tne decomposition curve of Re2(C0)-|Q exhibits a large plateau 
between 200 and 300°C which corresponds to 3 CO molecules evolved 
per molecule, but it is possible to ascertain whether this plateau 

The decomposition 
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corresponds to a definite intermediate complex orto several spe
cies. The X-ray investigation on a sample heated at 300°C (sample 
III) shows that the Re atoms no longer occupy the 2 A radius sphe
re at the center of the supercages but a rather imprecise region 
delimited by 3 A radius sphere at χ = y = ζ = 0.5. This result 
means that most of the Re atoms are in the vicinity of the 12 mem
bered oxygen ring much closer to the oxygen atoms than the Mo atoms 
were in sample I. Therefore the Re atoms of the partially decompo
sed complexes are likely to be bonded with the oxygen atoms of the 
ring. 

The main feature in IR, at the beginning of the thermal de
composition of adsorbed Re2(C0)jg is the appearance of a band at 
910 cm"1 which reaches its maximum at 300°C. This band can be at
tributed to Re-0 stretching vibration (15, J_6) indicating that the 
Re atoms are actually bonded to framework oxygen atoms  Also at 
300°C, except a weak 181
bridging CO, there are
Since they are very similar to those observed in Re(C0)oPy2 (21) 
(2041, 1934, 1891 cm"1) they can be tentatively assigned to 
^Re(C0)3 species. There is no direct proof that the Re-Re bond 
has been broken since the Re-Re vibrations occur at frequencies 
too low to be observed. However, the displacement of the complex 
from the center of the supercage to the vicinity of the supercage 
aperture, the formation of Re-0 bonds and the?Re(C0)3 structure 
are hardly compatible with the presence of Re-Re bonds. 

Above 300°C, a rapid decrease of the v(C0) bands corresponds 
to the departure of CO complete at 400°C. Moreover, the 910 cm"1 

band also vanishes indicating that no Re-0 bonds remain after the 
Re atoms have lost all the CO ligands. This suggests that an agglo
meration of Re atoms takes place, possibly yielding very small me
tal particles encaged in the zeolite. Indeed, the adsorption of CO 
on this solid produces a band at 2045 cm"1, which also appears when 
CO is adsorbed on Re/Al203 (22). Metal particles fitting into the 
supercages cannot be detectecTfrom line broadening or crystal struc
ture analysis as shown in a previous paper (22)* however on heating 
at 900°C, broad lines of hexagonal crystallites of rhenium metal 
have been detected. 

Adsorption and thermal decomposition of Ruq(C0)i?. The ad-
sorption occurs without evolution of CO (fig. 1). The location of 
Ru atoms is comparatively inaccurate ; this is probably due both 
to the irregular occupancy of the cages (since there are 3 Ru3(C0)|2 
per unit cel l , only 3 cages out of 8 are occupied) and to the fact 
that the bulky triangular molecule cannot be encompassed in a "pre
cise" sphere centered on the ternary axis. The results only mean that 
the Ruo(C0)i2 complexes are well adsorbed in the zeolite cages and 
that they are in the vicinity of the supercage apertures. 

The diffraction pattern of the sample heated at 300°C (plateau 
of the decomposition curve) is similar to that found for a HY zeo
lite with a strong additional background, the Ru atoms are thus 
completely at random in the cages. At 500°C, broad reflections cor-
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responding to ruthenium crystallites are detected. Therefore, the 
decomposition of Ru3(C0)-|2 ultimately gives the metal. This is cor
roborated by the IR study of CO adsorbed on these materials : v(C0) 
bands occur at frequencies similar to those found by Dalla Betta (23). 

Conclusion 
The crystal structure analysis using liquid scattering func

tions to locate the adsorbed metal carbonyls do not give the pre
cise position of the extra framework atoms nor the stereochemistry 
of the complexes. On the other hand, this method enables us to de
termine which regions of the zeolite cages are in i t i a l l y occupied 
by most of the adsorbed molecules. Moreover, volumetric and infra
red results provide essential data allowing to precise the bonding 
of the complex with the zeolite framework. 

This study shows that th  adsorptio f uncharged metal
plexes like the metal carbonyl
zeolite with transition , specially
not be easily ion-exchanged. Moreover, the complexes are too bulky 
to enter sodalite cage so that the whole loading occurs in the su
percages unlike ion-exchange procedures which introduce cations 
everywhere and specially on hidden sites. 

When the carbonyl complexes are partly decomposed, the metal 
atoms s t i l l retaining CO ligands are directly bonded to the frame
work oxygen anions. These grafted species are accessible to rea
gents and might have interesting catalytic properties in hetero-
homogeneous processes. On the other hand, the total decomposition 
of metal carbonyl on zeolites could also be a valuable method to 
obtain high metal dispersions. 
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ABSTRACT 

Rhodium (III) exchange
NaY and [Rh(NH 3) 5Cl] 2+ aqueous solution [Rh(II)(NH3)5]2+ was 
shown to form at the early stages of the thermal activation of the 
zeol i t e around 480 K. At higher temperatures, 770-600°K, Rh(II) 
species bound d i r e c t l y to the lattice were formed. Part of these 
species also resulted from the thermal treatment and appeared to 
form μ-peroxo-species upon oxygen addition ; the symmetry of these 
various paramagnetic species i s discussed. 

Introduction 

Recent studies of tr a n s i t i o n metal complexes formed i n zeolites 
(J_, _2, 2» 4) suggest that the zeolite framework could serve as a 
" s o l i d solvent". Furthermore tra n s i t i o n metal-ion-exchanged z e o l i 
tes have shown c a t a l y t i c properties very similar to those of solu
ble t r a n s i t i o n metal complexes Ç5, 6). More recently i t has been 
shown that ethylene was se l e c t i v e l y dimerized to n-butenes over 
rhodium exchanged Y zeolite and the authors suggested that zero-
valent well dispersed rhodium atoms within the z e o l i t e cages cons-
titued the source of active sites (5). The object of this paper 
i s to report on the esr measurements of rhodium exchanged Y zeolites 
to determine the oxidation state and the environment of rhodium 
ions i n z e o l i t e activated i n various conditions. 

Experimental 

The rhodium Y form was obtained by s t i r r i n g NaY ze o l i t e 
(SK 40) i n an aqueous solution of rhodium pentaammine chloride : 
|jlh(NH3)5Cl 32+Cl2 f ° r 6 h. The pentaammine complex was prepared 
by refluxing RhCl3 χ H2O i n concentrated ammonia at 80°C. Chemical 
analysis for both sodium and rhodium showed that 5 rhodium comple
xes were introduced per unit c e l l . 

The zeolite samples were heated i n flowing oxygen while the 
temperature was slowly raised up to 480 Κ or 770 K. The samples 
were then outgassed at either 480 Κ or 770 Κ and then transferred 
i n vacuo into esr quartz tubes. 

156 
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For adsorption experiments pure oxygen and carbon monoxide we
re dehydrated over 5 A molecular sieve. 1 70 enriched 0^ (58 % i n 
l 70) and 1 3C enriched CO (90 % i n 1 3C) were obtained from the 
French Atomic Energy Agency and used without further p u r i f i c a t i o n . 

The esr measurements were performed on a Varian E. l i n e spec
trometer equipped with a dual cavity and operating i n the X band 
mode, g-values were measured using D.P.P.H. as a standard (g = 
2.0036). A l l esr spectra were recorded at 77 Κ unless otherwise 
stated. 

Results 

The esr spectra of NaY form dehydrated up to 770 Κ and RhY 
heated up to 420 Κ revealed only a weak signal around g = 4 which 
i s attributed to Fe^ + impurities  paramagneti  specie
were formed when RhY zeolit
of this species (specie )  figur  spectru
characterized by gi = 2.09, g2 = 2.06, g3 = 1.97 was recorded also 
at 295 Κ without appreciable l i n e broadening. Hence i t appeared 
that s p i n - l a t t i c e relaxation time (Tj) did not control the l i n e 
width. The spectrum was reversibly broadened by oxygen. 

RhY samples activated at 770 Κ (02 - vacuo) revealed an axia l 
esr spectrum with g, = 2.68 and g n = 2.006, which could be obser
ved at 77 Κ and 295 K. The g^ component of this species Β was pro
gressively shifted to = 2.60 by addition of small amounts of wa
ter. Furthermore no dipolar l i n e broadening was observed i n the 
presence of oxygen. 

The temperature range over which ammonia evolved from decom
position of pentaammino-chlororhodium complexes was determined by 
testing the emerging oxygen stream with moist paper litmus. Up to 
480 Κ almost no ammonia was detected i n the exit stream which sug
gests that no appreciable release of the NH3 ligands has occurred. 
Above 480 Κ ammonia was detected in the emerging oxygen stream up 
to 620 K. Moreover the disappearance of the infrared bands due to 
NH3 ligands when the RhY zeolite was calcined at 770 Κ confirmed 
that|Rh(III)(NH3>5C13 +̂ complex was completely decomposed. 

Carbon monoxide adsorption. The addition of ^co at 295 Κ to 
RhY activated at 770 Κ resulted i n the formation of a new paramagne
t i c species (species C) ; i t s esr spectrum shown i n figure lb i s 
typical of a species of axial symmetry whose g components are 
gj^ = 2.191, g M = 1.991. The g^ component was further s p l i t into two 
hyperfine lines due to the interaction of the unpaired electron 
with Rh nucleus (I = 1/2). This signal was not altered by an evacua
tion at 77 Κ but disappeared following desorption at 295 Κ for 5 
minutes. When l^CO was used the resulting esr spectrum (figure lc) 
showed that the perpendicular component was s p l i t into a doublet 
while the p a r a l l e l component was s p l i t into a doublet of doublets 
while the same features observed when 12co was used also appeared 
due to unlabelled species. Hence a monocarbonyl species appears to 
be formed. The 13C0 anisotropic hyperfine s p l i t t i n g constants were 
A « = 105 Oe and A M = 115 Oe. This spectrum was not observed at 
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room temperature. ^ 
Oxygen adsorption. Upon O2 adsorption either at 77 Κ or at 

295 Κ on RhY activated at 770 Κ the esr signal shown i n figure 2a 
with gj| = 2.015, gj_ = 1.931 appeared (species D). This signal was 
unobservable at room temperature and reversibly broadened by increa
sing the oxygen pressure. Furthermore experiments carried out with 
17o enriched molecular oxygen at a pressure low enough to avoid 
dipolar l i n e broadening gave the esr spectrum shown i n figure 2b. 
Hyperfine lines resulting from the interaction of the unpaired e-
lectron with ^0 nuclei (I = 5/2) were not resolved ; however the 
17θ2 " adduct esr spectrum was considerably broader compared with 
that of the unlabelled oxygen - adduct. As for CO - adduct the 
oxygen adsorption was reversible at room temperature with the sub
sequent disappearance of the paramagnetic oxygen - adduct. 

Effect of water adsorption
formed i n the absence o
at g] = 2.11, g 2 • 2.016, g 3 = 1.98 (figure 2c) developed when 
RhY sample activated at 770 Κ was exposed to the atmosphere. Subse
quently a series of RhY samples activated at 770 Κ were exposed to 
water vapor alone or to water plus oxygen at room temperature. Wa
ter adsorption produced no effect while the simultaneous adsorption 
of water and oxygen resulted i n the appearance of the esr signal 
shown i n figure 2c (species E). Furthermore the adsorption of wa
ter on a sample which has previously been contacted with O2 to 
form the oxygen - adduct species D leads to the formation of spe
cies Ε with the subsequent disappearance of species D. Species Ε 
was stable and observable at room temperature but was destroyed by 
outgassing the sample at about 673 K. F i n a l l y , adsorption of CO 
at 295 Κ followed by adsorption of O2 at 77 Κ on the same RhY 
sample pretreated at 770 Κ resulted i n both species C and D thus 
suggesting that carbon monoxide and oxygen adducts involved d i f 
ferent s i t e s . 

Interpretation of the esr spectra 

A l l known stable Rh(III) species are diamagnetic with low spin 
d^ configurations. However thermal treatment of Rh(III) exchanged 
zeolites produced paramagnetic species as evidenced by the obser
ved esr signals. The large departure of the g values from g e i s a 
clear indication that the odd electron should be associated with a 
rhodium species since rhodium has a large spin-orbit coupling which 
may account for the observed large g s h i f t s from g e« ç 

Among the various oxidation states of rhodium only Rh(0) 4 d , 
Rh(II) 4 d7, Rh(IV) 4 d 5 are paramagnetic with s = 1/2. 

Species A : 

The powder esr spectrum of species A showed three p r i n c i p a l 
g-values which indicated that i t i s experiencing a rhombic c r y s t a l 
f i e l d . By ignoring the small deviation from axial symmetry^one 
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b 

Figure 1. Esr spectra of (a) rhodium 
zeolite activated at 480 K; (b) 12C0 
adsorbed on rhodium zeolite acti
vated at 770 Κ; (c) the 13CO-adduct 

,2.015 

Figure 2. Esr spectra of (a) oxygen 
adsorbed on RhY activated at 770 
K: the 1602-adduct; (b) the 1702-
adduct; (c) the 1602-adduct con-
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might consider g. • 1.97 and gj^ • 1/2 (gi + g2> • 2.07, then 
g^* ge- E s r spectrum of neutral rhodium i n (RhCl6)^~ has been 

reported (7) and interpreted i n terms of Rh(0) under tetragonal 
compression with g^ > gj^ τ» g e , i n contrast with the present re
s u l t s . Furthermore since the formation of Rh(0) atoms within the 
ze o l i t e cages would require a three-electron reduction per Rh(III), 
production of neutral rhodium i n the oxidizing atmosphere used du
ring thermal activation i n oxygen i s highly unlikely. On the other 
hand assignement of signal A to Rh(IV) can be equally ruled out on 
the following basis : the 4 d5 low-spin configuration ground state 
would be and regarded as a single hole i n the &2 s h e l l . In 
this configuration the g-values would be very anisotropic with gj| 
much less than g e ( 8 ) . The s p i n - l a t t i c e relaxation would be very 
short and the corresponding esr spectra observed only at very low 
temperature. Indeed Rh(IV
with g = 1.667 (9). Wit
A should be assigned to Rh(II) complex. For a d? system with g^> g e 

the odd electron i s localized i n the metal cl\(dz2) o r b i t a l . Assu
ming a rhodium (II) complex i n a square pyramidal configuration, 
the a.j o r b i t a l w i l l be destabilized with respect to the 62(dxy) and 
(dxz,dyz) o r b i t a l s . The electronic configuration for the metal com
plex i s therefore Z^këa^ with the unpaired electron i n the a\ o r b i 
t a l . T i l t i n g the f i f t h ligand away from the tetragonal axis results 
i n a s p l i t t i n g of the degenerate e o r b i t a l pair and the three p r i n 
c i p a l g-values given by the r e l a t i o n (10) : g z z=2N 2, gxx=2N2+6Naj 
g y y = 2N 2 + 6 Na2 where aj = \fedyz - E d z2), a 2 =X/(E d x v - E d z2). Ν 
i s a normalized c o e f f i c i e n t and λ the reduced spin-orbit coupling 
constant allowing covalency (λ = 0.6 λ 0 ) . Setting λ 0 = 1235 cm"1, 
the calculated E d y z - E d z2 and E d x y - E d z2 energy differences are 
respectively 33,000 and 43,000 cm~i. Hence species A i s assigned to 
Rh(II)L5 complex in a square pyramidal arrangement. 

Species Β : 

For the same reason stated above assignment to Rh(0) or Rh(IV) 
was ruled out. Since species Β showed esr spectrum with g^> g u ^ g e 

the unpaired electron i s i n a d z 2 o r b i t a l . The g-value expressions 
given for species A are also v a l i d i n this case with aj «• a2« Then 
E(dxz, dyz) - E(dz 2) = 11,000 cm"1 (RhClfc) 4" centres CM) gave esr 
spectrum at g^ = 2.48, gjj =2.00, very close to those found for 
species B. The results are then consistent with Rh(II) ions i n a 
tetragonally distorted octahedral c r y s t a l f i e l d . 

Species C : 

CO radical may be considered as a possible result of the reac
tion of CO with RhY z e o l i t e . However this suggestion was ruled out 
since CO radical showed g-values close to g e and very large hyper
fine constants when ^CO was used (19). Moreover i t i s unlikely that 
CO was formally reduced or oxidized i n i t s adduct. We f e e l the ad-
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duct i s best described as a CO-Rh(II) complex with the unpaired 
electron spin being mainly i n a rhodium o r b i t a l . Indeed the doublet 
with a s p l i t t i n g of about 18 Oe appearing at the gj| component i n d i 
cates that the odd electron i s associated with rhodium d- o r b i t a l . 
The esr spectrum can be analyzed i n terms of an a x i a l l y symmetric 
g-tensor with g^ > g^ and i s consistent with a (dxy, dyz, dxz) b 

( d z 2 ) 1 ground state. Again from the t h e o r i t i c a l g^ expression 
given above a value of 24,000 cm"1 for the dxz, dyz d z 2 t r a n s i 
tion was obtained. The gj and g^ components of the 1 3C0 adduct 
were each s p l i t into two lines indicating that this signal i s due 
to the Rh(II) complex i n which a rhodium ion i s coordinated to one 
carbon atom. The Aj^ and Aj| anisotropic 1 3C coupling constants pro
vide, using the r e l a t i o n a i s o = 1/3 (A j| + 2A^), a ^ S Q ( , 3 C ) = 108.3 
Oe then b^ip = 3.3 Oe. The molecular o r b i t a l c o e f f i c i e n t s C^ s and 
Cj7p which characterize th
2p carbon o r b i t a l s can the
czp = D d i p / 3 2 - 4 - T h e s P i n densities on 2s and 2p C o r b i t a l s are 
then 0.098 and 0.101 respectively. The carbon donor o r b i t a l that 
mixes with the rhodium dz 2 o r b i t a l has a carbon 2p/2s r a t i o close 
to 1 i n good agreement with the expected sp hybrid donor o r b i t a l 
for carbon monoxide. The t o t a l spin density delocalised on the CO 
molecule i s about 0.20 hence the spin density on the metal o r b i t a l 
i s 0.80 which confirms our former suggestion that the odd electron 
i s mainly localized on the rhodium metal o r b i t a l . From a molecular 
o r b i t a l standpoint the wave function of the unpaired electron may 
be described as a linear combination of d z 2 metal o r b i t a l and 3 σ 
sp carbon o r b i t a l . 

Species D : 

The anisotropic esr signal due to the oxygen-adduct showed 
8H > Se > % · The large departure of g^from g e(Ag = 0.07)and the 
absence of any resolved hyperfine s p l i t t i n g when "0 enriched mo
lecular oxygen was used suggest that the unpaired electron o r b i t a l 
i s essentially metal d o r b i t a l i n character. However the l i n e broa
dening observed when ^02 was used, resulted probably from unresol
ved hyperfine s p l i t t i n g due to ^ 0 nuclei and indicates that a small 
electron spin density i s present on the oxygen nuclei i n the rho
dium-oxygen complexes. The experimental order gy> g e >g^ corres
ponds to the d? configuration with the unpaired electron i n the 
4 dx 2 - v 2 o r b i t a l , the g values calculated from the ligand f i e l d 
theory being (12) : 

g „ - 2 + 8 λ/(Ε χ2 _ 2 -Ε ), % χ = 2-2λ/(Ε χ2 2 - Ε ) 
From experimental g^ value and *λ • 0.6 λο one ends'up witrr 
E x y - Εχ2 - y2 = 21,000 cm"1. The effective metal oxidation state 
i n rhodium-oxygen complex i s 2, resulting probably from electron 
transfer from metal ion to oxygen through the Π* antibonding oxy
gen o r b i t a l . 

Species Ε : 
Since this species was formed from the reaction of H2O on 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



162 M O L E C U L A R S I E V E S — I I 

Rh(II) - O2 species one could suggest that no change i n the formal 
oxidation state of Rh(II) has occurred, but rather a change i n the 
crys t a l f i e l d symmetry. We fi n d that this complex has g z z (gj) 

> 8yy (g2) > δχχ· These results are typical of square planar or 
bipyramidal trigonal d? low-spin systems where the unpaired elec
tron s i t s mainly i n dxy o r b i t a l (Π_, \2.9 20). Furthermore the or-
thorhombic g-tensor obtained for species Ε implies that a deviation 
from pure tetragonal or trigonal c r y s t a l f i e l d has occurred. Spe
cies Ε may be ascribed to Rh(II) coordinated to oxygen and to 1^0. 
The esr signal of rhodium (II) tetraphenyl-porphyrin complex with 
gl = 2.089, g2 - 2.029, g 3 = 1.99, very close to the g-values ob
tained for Ε species, has been reported (13) and tentatively a s s i 
gned to bivalent four coordinate rhodium. 

Discussion 

The experimental es  interpretation
shown that several bivalent rhodium species might be generated wi
thin the ze o l i t e cages starting from [Rh(III) ( N ^ ^ C l J 2 + complex. 
These results have proved the a b i l i t y of zeolites to s t a b i l i z e 
t r a n s i t i o n metal-ions i n unusual oxidation states. The thermal 
treatment at 473 Κ produced a reduction of Rh(III) into Rh(II) ions. 
Two possible ways of Rh(II) ions formation may be suggested : e i 
ther chlorine atom i s removed from the complex with the concomitant 
reduction of Rh(III) leading to [Rh(NH 3)5]^ + or a reductive disso
c i a t i o n of NH3, the resulting complex being [Rh(NH3)4Cl| + . In both 
cases the rhodium complex would have a square pyramidal symmetry 
and should be located i n the surpercages. Because of s t e r i c res
t r i c t i o n s imposed by the ammine groups this species appeared unrea-
ctive to other ligands such as CO, 02· The effect of the thermal 
treatment at 500°C was to completely decompose £Rh(II) (^3)5} com
plex. The bare Rh(II) ions hence migrate within the z e o l i t e cages 
and coordinate with l a t t i c e oxygen ions i n S j , S T . ' , S J J or S u » . 
It i s obvious from our results that, at least, part of the t o t a l 
amount of Rh(II) i s localized inside the hexagonal prisms. However 
quantitative measurements showed that only 10 % of the t o t a l rho
dium content was found i n the form of Rh(II) ions sited on Sj. 
Hence one could suggest that either a large amount of Rh(II) esca
pes esr detection or that a disproportionation reaction 2Rh(II) 
Rh(I) + Rh(III) has occurred. P a r t i a l oxidation of Rh(II) into 
Rh(III) by O2 at 770 Κ could also be achieved. The carbon monoxide 
and oxygen results prove that both suggestions are plausible. There 
are few mononuclear Rh(II) complexes. Magnetic properties of rho-
dium(II) acetate compounds indicated a diamagnetic dimer structure 
R1I2(0AC)A with a strong metal-metal interaction (14). Formation of 
rhodium ( I I - aquocomplex has been reported (15) the compound was 
found to be a binuclear (Rti2(H20)io) + complex. Considering the 
complex of (Rh(NH3)5) 2 + which arises from the chlorine atom removal, 
i t i s obvious that only one pentaammine complex i s present per 
supercage owing to the large size of the rhodium complex. However 
as NH3 ligands were removed from the rhodium coordination sphere, 
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the Rh(II) ions tend to bind with l a t t i c e oxygen ions either at 
the hexagonal windows or possibly inside the hexagonal prisms. When 
two Rh(II) ions were present either i n the supercage or i n the so-
d a l i t e cavity, for example, i n Sx», and S j j t , or i n S J J , then me
tal-metal bonding would produce diamagnetic binuclear Rh(II) com
plex ty p i c a l of rhodium (II) compounds (15. 16). 0n3 could repre
sent this species as £(02~)3Rh - Rh(02~)33~^+ with a C3 V or D 3 l l sym
metry. To allow a better metal-metal binding i t i s probable that 
the rhodium ions move away from the trigonal axis thus lowering the 
symmetry of the crystal f i e l d they are experiencing. In some phos-
phine complexes metal-metal interaction over long distances (4 Â ) 
has been suggested (17) ; such interaction would be rather small 
and would allow the insertion of a strong donor ligand such as CO. 
Hence the binuclear bivalent rhodium complex may pick up carbon 
monoxide with the subsequen
rhodium-carbon monoxid
CO could not enter the sodalite cage i t appears that the binuclear 
rhodium species reacting with CO was previously i n the supercage. 
The effect of CO was mainly to remove the metal-metal bond without 
changing the formal oxidation state of Rh(II). 

We have shown that oxygen was probably adsorbed on different 
sites as those for CO.Rh(II) aquocomplex exhibited reaction with 
oxygen similar to Co(II) ammine complex forming the c l a s s i c a l 
μ-peroxo compound J ^ ^ O ^ Q Rh · However Rh(I) species might 
also be oxidized into paramagnetic Rh(II) with the simultaneous 
formation of the superoxide ion O2. In par t i c u l a r , i t was claimed 
that the Rh(I) cyclooctene complex was oxidized into Rh(II) with 
the formation of Oj (18). By contrast i t was reported that Rh(II) 
compounds could be reduced by hydrogen and reoxidized by oxygen 
apparently without formation of O2 (13) . In the present study, we 
could see no evidence suggesting the formation of the superoxide 
ion as Rh(I) species were oxidized and therefore we favour the 
scheme where a single O2 molecule reacts with two close enough Rh(I) 
ions giving r i s e to the μ-peroxo species ̂ ^ ° ^ 0 ^ R h ( I I ) ^ u e t 0 

the transfer of two electrons into the antibonding IT molecular or
b i t a l of oxygen resulting i n the diamagnetic 0^~ ion bridging two 
Rh(II) ions. As the C0-adduct, the oxygen-adduct i s localized i n 
the supercage. The oxidation of rhodium from 1 to 2 oxidation sta
te upon oxygen adsorption which was reversible i n the absence of 
water i s i r r e v e r s i b l e i n the presence of H2O. The probable reac
tion which occurs might be the coordination of one H2O molecule per 
Rh atom to Rh(II)- OJ ~ Rh(II) in a trans position, hence the 
H2O molecule being localized i n the sodalite cage. This geometry 
would show a trigonal bipyramidal arrangement of the ligands around 
the Rh ion as proposed to interpret the esr results, the rhodium 
ion being i n the plane of three l a t t i c e oxygen ions and i n trans 
position one H2O and one oxygen atom s l i g h t l y away from the t r i g o 
nal axis. As a square planar Rh(II) complex could account for the 
esr results one could also suggest that the adsorption of 0~ and 
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on two Rh(I) ions likely forms mononuclear Rh(II) species from 

2 Rh(I) + 1/2 0 2 + H20 2 Rh(II) OK). 

In conclusion this work has provided information not only con
cerning the zeolite as a unique host matrix for unusual transition 
metal oxidation states but also showed the solvent behaviour of the 
zeolite framework. 

Concerning the chemistry of rhodium, apart from the characte
rization of paramagnetic rhodium species, the work emphasizes the 
abil i ty of rhodium complexes solvated in the zeolite framework to 
behave in similar fashion as in solution and particularly to act i 
vate two chief reagents in organometallic chemistry, CO and oxygen. 
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Sz i lard-Cha lmers Cation R e c o i l Studies in Zeo l i te L 

LOVAT V. C. REES and PAUL A. NEWELL 

Physical Chemistry Laboratories, Imperial College of Science and Technology, 
London SW7 2AY England 

ABSTRAC

Szilard-Chalmers recoil effects have been studied in 
zeolite L exchanged with the monovalent cations, Li+, Na+, K+, 
Rb+, Cs+, NH4

+ and Ag+. The percentage of the neutron capture 
products of these cations recoiling from the various sites in 
this zeolite into those sites exchangeable to NH4

+ ions at room 
temperature has been determined. From these recoil probabilities 
the sites occupied by the various cations as a function of tem
perature has been deduced. 

Introduction 

In a previous study [l] the Szilard-Chalmers recoil of Rb + , 
Cs + , B a 2 + , La5*, C o 2 + , Z n ^ , C u 2 + and Na+ cations from their 
sites in the sodalite cages (sites I 1 and II 1 ) and hexagonal 
prisms (site I) into the supercages of zeolites X and Y was 
ascertained. It was found that these cations recoiled with a 
probability of ^ 909έ from sites I 1 and II 1 and between kO and 
509ο from site I depending on the cation. It was thus possible 
to establish the preferences shown by these cations for these 
"locked" sites as a function of temperature of calcination, Τ , 
concentration and type of other cations contained in these si?es. 
This paper describes some further recoil studies of monovalent 
cations in zeolite L . 

Theory 

When a nucleus captures a neutron ~ 8 MeV of binding energy 
i s released in a prompt gamma cascade. The emitting nucleus 
receives an instantaneous momentum increment equal and opposite 
to the vector sum of the momenta, P, of the emitted gamma photons. 
If η photons are emitted isotropically and are equal in energy 
then the mean kinetic energy, K, of recoil in eV is given by 
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Κ ~ 537 ly /Μη (1) 

where Ιγ i s the sum of the gamma photon energies i n MeV and M i s 
the mass of the nucleus i n atomic mass units. Although equal 
gamma ray energies are seldom, i f ever, encountered the average 
r e c o i l energy associated with a (η,γ) reaction must be of the 
order of a few hundred electron volts and excitation of electrons 
of the medium traversed by the r e c o i l i n g species i s thus an 
unlikely event. The r e c o i l kinetic energy may be assumed, there
fore, to be dissipated only by e l a s t i c c o l l i s i o n s . 

Assuming that i t requires a minimum energy of 25eV to move 
an atom from i t s normal location into an i n t e r s t i t i a l position 
i t i s possible to calculate the mean free path, L s , of the re
c o i l i n g atom using a har
was made for i n N
L s i s thus equal to the a - axis unit c e l l length but greater 
than the c - axis value of 0.75nm of zeolite L [ 3 ] . 

Experimental 

The unit c e l l composition of the zeolite L as supplied by 
Union Carbide Corporation, U.S.A. (batch no. 12508-86) was 

K 8 . 5 5 N a 0 . 5 5 ( A 1 9 . 1 S i 2 6 . 9 V 2°'° H 2 ° 

The experimental techniques employed i n these studies are similar 
to those more f u l l y described previously [ l ] , [ 2 ] , M . On 
return from i r r a d i a t i o n i n a neutron flux the zeolite samples 
were divided into two unequal portions and weighed. The larger 
portion was eluted, at room temperature, with 100 cm^ of saturated 
ammonium chloride solution overnight. The zeolite was then 
f i l t e r e d , washed, dried at 110°C for an hour and counted along 
with the non-eluted smaller portion. The percentage elution,y, 
of a par t i c u l a r neutron-capture product i s given by 

C 
γ = (1 - ) h x # (2) 

non 
where C represents the count rate per g. of zeolite and subscripts 
"ext" and "non" represent the extracted and non-extracted zeolite 
respectively. 

In exploratory experiments i t was found that NH^ ions 
exchanged with the cations located i n both C and D si t e s (see 
l a t e r for a description of these sites) whereas Na + and Ba^+ ions 
only exchanged with cations located i n D sit e s when these ex
changes were carried out at room temperature. In the determin
ation of C e x t above, therefore, when NH^Cl was used as the eluent, 
the cations sited i n C and D sit e s have been removed leaving 
those cations which were sited i n A and Β s i t e s . 
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The samples which were c a l c i n e d to 650°C b e f o r e i r r a d i a t i o n 
were h e a t e d i n two s t a g e s (a) d e h y d r a t i o n o f the sample a t 110°C 
f o r a t l e a s t 8 h o u r s f o l l o w e d by (b) c a l c i n a t i o n a t 650°C f o r 
16 h o u r s . 

R e s u l t s and D i s c u s s i o n 

H y d r a t e d z e o l i t e L has f o u r d i f f e r e n t c a t i o n s i t e s [3]. 
S i t e A i s at the c e n t r e o f the h e x a g o n a l p r i s m ; s i t e Β i s a t the 
c e n t r e o f the c a n c r i n i t e c a g e ; s i t e C i s l o c a t e d midway between 
two a d j a c e n t c a n c r i n i t e cages and s i t e D i s n e a r the w a l l o f the 
main c h a n n e l . On d e h y d r a t i o n s m a l l c a t i o n s o c c u p y i n g D s i t e s may 
withdraw to s i t e Ε w h i c h i s l o c a t e d midway between two a d j a c e n t 
h e x a g o n a l p r i s m s . I n z e o l i t e L o f c o m p o s i t i o n KgNa-^Alo, S127 
O y g . 2IH2O the o c c u p a n c i e s o f the k s i t e s by the Na and Κ i o n s 
g i v e n i n T a b l e I have bee

T a b l e I S i t e O c c u p a n c i e s by C a t i o n s i n Z e o l i t e L . 

C a t i o n S i t e T y p e * 

N a + , K + 

K+ 
K+ 
N a + 

A 
Β 
C 
D 

L o c k e d 
L o c k e d 
Open 
Open 

N o . o f s i t e s p e r u . c . N o . o f C a t i o n s p e r 
+ u . c . 

2 l . V 
2 2 

3 2.7 
6 3-6 

s : n m 
t Assumes p a r t i a l occupancy by N a + ; i f o n l y K + i o n s occupy t h i s 
s i t e t h e n a v a l u e o f 0.8 i s o b t a i n e d which l e a d s to a t o t a l o f 
9.1 c a t i o n s p e r u . c . i n good agreement w i t h the f i g u r e o f 9 

found by c h e m i c a l a n a l y s i s . 

* C a t i o n s i n l o c k e d s i t e s c a n n o t , w h i l e c a t i o n s i n open s i t e s 
c a n , be exchanged by ΝΗξ i o n s a t room t e m p e r a t u r e . 

The v a r i o u s i o n exchanged samples o f z e o l i t e L w i l l be 
r e p r e s e n t e d by M ( T ^ ) - L ( T c ) N . M i s the t a r g e t c a t i o n and T ^ i s 
the t e m p e r a t u r e a t which the i o n M was exchanged i n t o the p a r e n t 
L z e o l i t e . I n these s t u d i e s Τ χ m 25 o r 9 5 ° C When Τ χ « 25°C 
the symbol w i l l be o m i t t e d . TQ i s the temperature a t which the 
sample was c a l c i n e d a f t e r the i n t r o d u c t i o n o f the c a t i o n M . When 
no c a l c i n a t i o n was c a r r i e d out t h i s symbol i s o m i t t e d . Ν i s the 
c a t i o n used to i o n exchange the sample subsequent to the i n t r o 
d u c t i o n o f i o n M o r on c o o l i n g to room temperature a f t e r the 
c a l c i n a t i o n s t e p . I n these e x p e r i m e n t s Ν i s e i t h e r Ν Η ^ + , N a + o r 
B a 2 + . I f Ν » N H ^ + t h e n a l l M i o n s i n s i t e s C and D a r e r e p l a c e d 
by NH^ i o n s i n t h i s e x c h a n g e . I f Ν » N a + o r B a 2 + t h e n o n l y the 
M i o n s i n s i t e D a r e r e p l a c e d i n t h i s exchange ( see e x p e r i m e n t a l 
s e c t i o n ) . I f no exchange w i t h c a t i o n Ν was c a r r i e d out t h i s 
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symbol i s omitted. Although K* ions are always present i n these 
samples they are not included i n the representation for the 
sake of c l a r i t y . 

Recoil Studies A number of neutron-capture products, M, 
were studied, namely; % (from 6 L i ) , 2 Z fNa, ^2K, 8 6Rb, 1 3 z * c s and 
1 1 0 m A g . The r e c o i l of these products was investigated i n the 
following three sets of samples. 
M-L Target cations, M, were ion exchanged into the parent 
zeolite L at room temperature. The target ions w i l l be mainly 
sited i n D s i t e s although exchange into C s i t e s i s found to occur 
i n certain cases. 
Following neutron i r r a d i a t i o n of these samples the r e c o i l pro
ducts sited i n C and D s i t e s were removed by elution with con
centrated NH/jCl solutio
mined (see experimenta
r e c o i l s from open to open s i t e s were studied. 
M(95)-L Target cations, M, were ion exchanged into the parent 
zeolite L at 95°C. Some target cations w i l l exchange with 
cations sited i n locked s i t e s at thi s elevated temperature. 
Following neutron i r r a d i a t i o n of these samples the r e c o i l pro
ducts sited i n C and D s i t e s were removed by elution at room 
temperature with concentrated NH^Cl solution and γ determined. 
In t h i s set of samples therefore, both open and locked to open 
r e c o i l s were studied. 
M-L(650)N The M-L zeolites were calcined at 650°C. On cooling, 
when Ν « ΝΗ^ +, the cations i n C and D sited were replaced with 
NHZ|.+ ions. When Ν χ Na + or B a 2 + only the cations i n D si t e s 
were replaced with Na + or B a 2 + respectively. Following neutron 
i r r a d i a t i o n of these samples the r e c o i l products i n C and D 
sit e s were removed by elution at room temperature with concen
trated NH^Cl solution and γ determined. In th i s set of samples, 
therefore, only locked to open r e c o i l s were studied. 

M-L Zeolites : Open to Open Recoils. The number of Κ and 
M ions per u.c. present i n zeolite L after introduction of the 
M* ions at room temperature are given i n columns 3 and Table 
II, respectively. The capacity at room temperature for a l k a l i 
metal cations i s found to be approximately l i n e a r l y dependent 
on the size of the entering cation, increasing from 2.35 L i + 

ions per u.c. to 5·50 Cs + ions per u.c. 
The percentage elution, γ, of ̂ 2Κ and M, found after 

i r r a d i a t i o n of the above samples, are given i n columns 5 and 6, 
Table II, respectively. The K* ions i n these samples were not 
sited only i n open s i t e s and these r e c o i l s are not, therefore, 
open to open s i t e r e c o i l s . The low γ (°°Rb) and γ (!3^Cs) 
values are probably due to incomplete removal by the NH^+ eluate 
of the °°Rb + and 13 z*Cs + ions, which have recoiled into s i t e C. 

The γ (^2Κ) values i n Table II are interesting. NH^-L 
(sample 7) has 2.86 K+ ions per u.c. inaccessible to exchange by 
ΝΗ^ + ions at room temperature. Table I suggests that these K* 
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ions are l i k e l y to be sited i n A and Β s i t e s , γ (^2K).» 77.Z/o i n 
NH^-L should represent, therefore, the probability of ̂ K4" ions 
r e c o i l i n g from s i t e s A and Β into s i t e s C and D and can be written 
as Ya+b (^2κ)· I n sample 3, Na-L, there are 5.75 K+ ions and i n 
Ba-L not l i s t e d , there was found to be 5.58 K+ ions per u.c. 
γ (^K) for these two samples was found to be 7 8 Λ and 78.5% 
respectively. From the figures given i n Table I i t would seem 
reasonable to place these K4" ions i n s i t e s A, Β and C. Making 
the reasonable assumption that 

γ » Γ n i Y i (3) 

where η. and γ. represent the number and percentage elution of 
M ions located^On the i ^ * 1 s i t e (where i m A,B,C or D) respectively 
and n^ and γ the to t a l
M ions i n the zeolite respectivel

(^2K) the percentage elution of K  ions located i n si t e C 
before i r r a d i a t i o n . Yq (^2Κ) i s so found to be 80%. Similarly, 
as zeolites L and K-L have K4" ions i n a l l four types of s i t e s i t 
i s now possible to obtain (**2K), the percentage elution of K + 

ions sited i n D si t e s before i r r a d i a t i o n . Assuming that the K4" 
ion occupancies of si t e s A, B, and C are unchanged and as given 
i n Table I- a value of 93.5% i s obtained for Y d (^ 2Κ). The 
accuracy of the experimentally determined percentage elutions 
depends on several factors and i s spread over the range 0.15% 
to y/o for γ values of 95 to 55% respectively. The Y Q and Y D 
values calculated above could be i n error by + 2%. 

In an attempt to ascertain the si t e s occupied by the Rb + and 
Cs + ions i n Rb-L and Cs-L (samples 5 and 6 respectively) these 
samples were exchanged at room temperature with NH^4" and B a 2 + 

or Na + ions to produce samples 9-12. 
Nearly a l l of the 5.5 Cs + ions per u.c. i n Cs-L were ex

changed by ΝΗ^ +. Cs-L NH^ (sample 11) had only 0.25 Cs + ions per 
u.c. remaining after exchange. Y ( ^ 3 ^CS) for these remaining Cs + 

ions i s shown i n Table II to be 85.9%. This figure i s very 
close to the value of 85.8% found for the parent Cs-L suggesting 
that the remaining Cs + ions i n Cs-L NH^ are sited on the same 
si t e s as a l l the Cs + ions i n Cs-L. As the Cs + ions i n Cs-L were 
introduced at 25°C the obvious s i t e for these Cs + ions i s s i t e D. 
The small amount of Cs + s t i l l remaining i n the D s i t e s of Cs-L 
NH^, after exchange with NĤ 4*, suggests that Cs + ions interact 
very strongly with the framework oxygens and are not readily 
exchanged by ΝΗ^ + ions. When Cs-L was exchanged with Na + to 
give Cs-L Na (sample 12) 29% of the o r i g i n a l Cs + content re
mained unexchanged, γ ( i ^ C s ) for these remaining 1.35 Cs + ions 
per u.c. was 85.5%, very close to the figure of 85.8% for the 
parent Cs-L, and consistent with the suggestion above that a l l 
Cs + ions i n Cs-L are sited i n si t e D. Na + i s le s s e f f i c i e n t 
than NH^4" i n removing these strongly bound Cs + ions from the 
open channel s i t e s . 
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γ (^ 6 Rb) f o r R b - L i s shown i n T a b l e I I to be 86 A%. When 
R b - L , c o n t a i n i n g 5-^5 R b + i o n s p e r u . c . , i s exchanged w i t h N H ^ + 

and B a 2 + the R b - L NH. and R b - L Ba ( samples 9 and 10 r e s p e c t i v e l y ) 
p r o d u c e d c o n t a i n 0.89 and 2.92 R b + i o n s p e r u . c . , r e s p e c t i v e l y , 
γ ( 8 6 R b ) f o r R b - L NH^ i s 82P/0 and f o r R b - L Ba i s 85.7%. The low 
p e r c e n t a g e e l u t i o n f o r ° °Rb i n R b - L NH^ s u g g e s t s t h a t some o f 
these Rb i o n s a r e l o c a t e d i n a s i t e o t h e r t h a n s i t e D w i t h s i t e 
C b e i n g the o b v i o u s c h o i c e . Assuming t h a t y c ( ^ R b ) i s 8θ9έ 

( i . e . the same as deduced f o r ^ 2 K r e c o i l s : i n r e f e r e n c e 1 i t 
was shown t h a t the p e r c e n t a g e e l u t i o n was not dependent on the 
type o f c a t i o n when these c a t i o n s were s i t e d i n the s u p e r c a g e s 
and s o d a l i t e cages o f z e o l i t e s X and Y) i t i s p o s s i b l e to c a l 
c u l a t e by e q u a t i o n (3) t h a t Ο.65 R b + i o n s p e r u . c . a r e l o c a t e d 
i n s i t e C i n R b - L and R b - L NH^ and t h a t y D ( 8 6 R b ) i s 87.^/0. 
I f these v a l u e s f o r and a r e t a k e n good agreement w i t h the 
e x p e r i m e n t a l v a l u e o f 85.7%

when Ο.65 R b + i o n s a r e p l a c e d i n s i t e C . 

T a b l e I I C a t i o n C o n t e n t s and P e r c e n t a g e E l u t i o n s o f M - L 
Z e o l i t e s . 

Sample N o , Sample K T / u . c . M"1"/ u . c . γ I 1 * * ) 

1 P a r e n t L 8.55 0.5(Na) 8k.0 95.5 
2 L i - L 6.82 2.35 78 Λ 95.7 

3 N a - L 5.75 3.32 78.if 95.9 
k K - L 9.1k - 8k.2 -
5 R b - L 3.63 81.2 86 Λ 
6 C s - L 3.60 5.50 ~ 7 7 85.8 

7 Ν Η Λ - L 2.86 6.26 77.2 -
8 A g - L ^.83 k.29 76.7 89.5 
9 R b - L NH^ 2.71 0.89 78.5 82.0 

10 R b - L Ba 3.25 2.92 79.5 85.7 
11 C s - L NH^ 2.82 0.25 78.1 85.9 
12 C s - L Na ?.65 1.35 - 85.5 

A s s u m i n g , f i r s t l y , t h a t 2.8K*" i o n s p e r u . c . c a n be accommo
d a t e d i n A+B s i t e s a n d , s e c o n d l y , t h a t a f u r t h e r 2.7 i o n s p e r u . c 
c a n be c o n t a i n e d i n C s i t e s i t i s now p o s s i b l e to produce the 
d i s t r i b u t i o n o f K+ and M* i o n s i n the C and D s i t e s g i v e n i n 
T a b l e I I I . 

The p e r c e n t a g e e l u t i o n f i g u r e s l i s t e d i n T a b l e I I a r e c o n 
s i s t e n t w i t h the d i s t r i b u t i o n s g i v e n i n T a b l e I I I e x c e p t f o r the 
low γ ( ^ 2 Κ ) v a l u e o f 7&.7°/ο i n A g - L . However the ^ 2 K a c t i v i t y 
was weak and was measured i n the p r e s e n c e o f a s t r o n g ^ - ^ m A g 
a c t i v i t y and t h i s low γ f i g u r e c o u l d have an e r r o r > 2P/0 a r i s i n g 
from s t a t i s t i c a l c o u n t i n g e r r o r s . 

M ( 9 5 ) - L Z e o l i t e s ; Open to Open and L o c k e d to Open R e c o i l s . 
The number o f K"1" and W i o n s p e r u . c . p r e s e n t i n these z e o l i t e s , 
a f t e r i n t r o d u c t i o n o f the M* i o n s by exchange a t 9 5 ° C , a r e g i v e n 
i n columns 3 and if r e s p e c t i v e l y o f T a b l e I V . The e x t e n t o f 
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Table III Cation Distributions i n M-L Zeolites 

Sample No. Sample C s i t e s D s i t e s Sample No. Sample 
Y+ 

1 Parent L 2.70 - 3.05 0.50(Na +) 
2 L i - L 2.70 - 1.32 2.35 
3 Na-L 2.70 - 0.25 3-32 
k K-L 2.70 - 3.6*f -
5 Rb-L 0 Λ 3 0.65 0 Λ k.So 
6 Cs-L 0.80 - - 5.50 
7 NHk-L 0.06 2.6k - 3.62 
8 Ag-L 2.03 0.67 - 3-62 

exchange at 95°C i s NĤ "1" > Cs + > Rb + > Ag + > Na + and follows the 
same order, therefore, as found for exchange at room temperature 
where only open s i t e s wer
change found with ΝΗ^ + (80.2%
determined by Barrer and Kanellopoulos L5J- They postulated 
that NH^+ ions had replaced the K* ionsTocated on a l l aites 
other than those on Β s i t e s . However, the following r e c o i l 
results suggest that ~ 1 K + per u.c. from the cancrinite cages 
i s exchanged. 

The Rb(95)-L NH. and Rb(95)-L Ba zeolites (samples 20 and 21) 
i n Table IV both contain 2.5 K + ions per u.c. Since ΝΗ^ + ex
change replaces ions i n s i t e s C and D while B a 2 + exchange only 
replaces ions i n s i t e D the constant K* concentration i n these 
two samples indicate that no K4" ions remain i n s i t e C after 
exchange with Rb + at 95°C. Simil a r l y Table IV indicates that 

Table IV. Cation Contents and Percentage Elutions of M(95)-L 
Zeo l i t e s . 

Sample No, ,Sample K + / U . C . MVu.c. 
13 Na(95)-L k.05 5.05 79.2 95.5 
Ik Na(95)-L NHi(. 2.82 - 77.8 -
15 Na(95)-L Ba k.09 0.11 78.5 93.0 
16 K(95)-L 9.10 - 85.0 -
17 K(95)-L mk 2.78 - 77.7 -
18 K(95)-L Ba k.85 - 8Ο.7 -
19 Rb(95)-L 3.13 5.98 83.3 85.8 
20 Rb(95)-L NH^ 2.53 1.61 79.2 81.5 
21 Rb(95)-L Ba 2.50 3-11 79.6 81.0 
22 Cs(95)-L 2.83 6.30 - 82.3 

23 Cs(95)-L NHi(. 2.26 1.65 80.8 7^.8 

2k Cs(95)-L Na 2.25 3.25 - 80.9 

25 1.80 7.30 72.0 -
26 NHi t(95)-L NH^ 1.72 7.3^ 72.1 -
27 NHr(95)-L Ba 1.90 3-85 72.5 -28 Ag(95)-L 3.86 5.25 8k.2 8k.5 
29 Ag(95)-L NH^ 2.21 0.55 83.2 55.0 

30 Ag(95)-L Na 3.85 0.65 82.0 58.5 
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no K+ ions remain i n s i t e C after exchange with Cs + at 95°C 
(see samples 23 and 2k). Secondly, the number of K* ions per u.c. 
i s < 2.8 i n these four samples indicating that K + ions have been 
removed from s i t e s A and/or B. This may mean that Rb + and Cs + 

ions have entered the hexagonal prisms and/or cancrinite cages. 
The number of K + ions i n K ( 9 5)-L NH^ i s 2.8 per u.c. suggest

ing that no re d i s t r i b u t i o n of K* ions from s i t e s A and Β have 
occurred at 9 5°C By comparing the Na + contents of samples 13,1^ 
and 15 i t may be deduced that Na + exhibits a strong preference 
for the main channel D s i t e s at 9 5°C. A similar comparison of 
samples 28, 29 and 3° shows that Ag + ions, however, enter the 
locked s i t e s at 9 5°C The 0 . 5 5 ions per u.c. that have 
entered the hexagonal prisms and/or cancrinite cages corresponds 
well with the 0.59 K+ ions per u.c. that have vacated these s i t e s . 

The percentage elutio
(sample 13, Table IV) agree
with Na-L (sample 3 ) . Since the r e c o i l s from locked to open 
si t e s usually occur with a lower e f f i c i e n c y these very similar 
γ results indicate that the Na + ions i n Na(95)-L are s t i l l a l l 
located i n the main channel confirming the ion exchange results 
above. 

The percentage elution figures for ^ 2K i n Na(95)-L NHJL and 
Na(95)-L Ba (samples l*f and 15) agree with the previously derived 
values of 77% for γ Α B and 80% for γ 0 confirming that no K+ ions 
are present i n D s i t e s . A very low γ figure of 53?£ i s found for 
l l U m A g i n Ag(95)-L NH^ (sample 29). The Ag + ions are s i t t i n g i n 
si t e A and/or s i t e B. Lai and Rees [ l ] found that γ was fre 
quently around 5090 for ions located i n the hexagonal prisms of 
zeolites X and Y. It i s l i k e l y , therefore, that the Ag + ions 
are a l l , or nearly a l l , sited i n A s i t e s . 

I f Υ Α ( ^ 2 Κ ) i s also assumed to be 55?é then, using equation 
( 3 ) to the results obtained with NH^-L, Υ Β ( ^ 2 Κ ) i s found to be 
86%. These two percentage elution figures now allow us to e s t i 
mate the contents of s i t e s A and Β i n other samples. A value 
of 2.0 per u.c. for K* i n s i t e Β i s found for Ag(95)-L NH^ 
confirming that s i t e A i s the location of the locked Ag + ions i n 
this sample. Similarly a value of 1.0 per u.c. for K+ i n s i t e Β 
i s obtained for NH^(95)-L. The K* contents of s i t e Β i n Rb and 
Cs(95)-L are found to be 2.0 and 1.9 per u.c. respectively imply
ing that only s i t e s A and C are available for the locked Rb* and 
Cs+ ions. I f Υ Λ ( 8 6Rb or ^ C s ) i s taken to be 5 5 % and Y c ( 8 6 R b 
or ^ C s ) i s 80$ [ i . e . same as Υο(^ 2Κ)] then i t i s calculated 
that 0.26 Rb + and 0.32 Cs + ione per u.c. are sited i n the hexa
gonal prisms and 1 . 3 5 Rb + and 1 . 3 3 Cs + ions per u.c. are i n s i t e 
C 

From these various deductions the d i s t r i b u t i o n of cations 
among the four s i t e s given i n Table V may be obtained. The t o t a l 
ion population of s i t e A i s ~ 0 . 8 per u.c., as found i n the parent 
zeolite L, and of s i t e Β i s ~ 2.0 per u.c. with NH^ being the 
only ion to replace K4" i n t h i s s i t e . 
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Table V. Cation Distributions i n M(95)-L Zeolites 
Sample No. Sample Site A Site Β Site C Site D 

K + M4" K+ M+ K+ M+ 
13 Na(95)-L 0.75 - 2.07 - 1.27 0.11 - k.9k 
16 K(95)-L 0.70 - 2.08 - 2.07 - k.25 -
19 Rb(95)-L 0.53 0.26 2.00 - - 1,35 0.63 *f.37 
22 Cs(95)-L 0.38 0.32 1.90 - - 1.33 0.58 Jf.65 
25 NE\(95)-L 0.77 - 0.95 1.05 0.18 2.80 - 3Λ5 
28 Ag(95)-L 0.20 0.55 2.01 - 1.6k 0.10 - J+.60 

M-L(650)N Zeolites : Locked to Open Recoils. The number 
of K + and M"1- ions remaining i n the M-L zeolites (described pre
viously) after calcination at 650°C and exchange with Ν ions on 
cooling to room temperatur  give  i  column d if f 
Table VI. This table [Μ
amount of cation locke
2.8 K4" ions per u.c. of the starting materials on calcination. 
M*" cations now, do not exchange with K4" ions i n these s i t e s i n a 
1:1 r a t i o . A marked preference for these locked s i t e s i s now 
apparent. ?, 

The Y ( 4Na) value i n column 6 of Table VI of 5^.2% for the 
Na-LC650)NH^ sample indicates that the Na + ions are sited i n 
the hexagonal prisms. The small amount of Na + locked outside 
the A and Β s i t e s i n Na-L(650)Ba i s probably located i n s i t e E. 

L i t t l e change i n the d i s t r i b u t i o n of K4* ions among the 
various s i t e s i s found on calcining K-L to 650°C. This finding 
confirms that the distribution of K4* ions i n zeolite L i s an 
energetically favourable one. The percentage elution of ^2χ i n 
the K-L(650)NH^ and K-L(650)Ba samples may be used to derive an
other estimation of Y Ç C ^ K ) . The value of 79% i s i n reasonable 

Table VI. Cation Contents and Percentage Elutions of M-L(650)N 
Zeoli t e s . 

Sample No Sample KVu.c. MVu.c. Y(^K) Y(*M) 
31 Li-L(650)NHzf 1.30 1.8 78.5 71.5 
32 Li-L(650)Na 3.20 2.25 82.0 -
33 Na-L(650)NHj, 2 Λ 5 0.85 78.5 5*f.2 

3k Na-L(650)Ba *f.65 0.95 75.1 58.1 
35 K-L(650)NHK 2.81 - 76.5 -
36 K-L(650)Ba 5.70 - 77.6 -
37 Rb-L(650)NRY 1 Λ 8 2 Λ 7 81.9 7^.1 
38 Rb-L(650)Ba 2.18 3 Λ 6 80.0 81.9 
39 Cs-L(650)NR\ 2.52 Ο .63 8Ο.5 55.5 
ko Cs-L(650)Na 3.6*f 1.75 - 71.5 
kl H-L(650)NH/, 1.25 k.23 72.0 -

k2 H-L(650)Ba 2.15 if.20 76.5 -k3 Ag-L(650)NHZf 

Ag-L(650)Na 
1.98 2.00 70.2 71.0 

kk 
Ag-L(650)NHZf 

Ag-L(650)Na 2.80 2.50 82.0 76.0 
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agreement with the previous value of 80% considering the small 
differences i n Y i n samples 35 and 36· 

The L i ions i n Li-L(650)NH Z f are found to divide themselves 
f a i r l y evenly between A and Β si t e s assuming Y A i s 55P/o and Yg i s 
8690 i n equation ( 3 ) . The value of Ο.85 L i + per u.c. i n sit e A 
agrees with the corresponding value found for Na + and K"1". Due to 
their small size the remaining 0 Λ 5 L i + per u.c. locked outside 
the A and Β s i t e s are assumed to occupy si t e E. 

Hydrogen ions, formed i n the calcination of NH^-L are pres
ent i n quantities more than s u f f i c i e n t to f i l l A and Β s i t e s . 
As no r e c o i l studies can be made with this ion two assumptions 
have to be made. F i r s t l y , Ο.85 per u.c. are allocated to 
si t e Α. ΝΗ^ + ions could migrate into the hexagonal prisms when 
the sample i s heated to 110°C prior to the calcination at 650°C. 
This figure i s taken i n order to agree with the similar figure 
found with L i + , Na +, an
assumed to be f u l l y occupied
cated to those Β si t e s which contain Ο.69 K* per u.c. from the 
r e c o i l r e s u l t . The remaining 2.09 H+ per u.c. are allocated to 
si t e C i n order to completely f i l l t h i s s i t e . I t would appear 
that NH^+ ions do not elute ions from si t e C and, l i k e B a 2 +, 
exchange only with the H+ ions i n D s i t e s . 

A complete f i l l i n g of the two A and two Β s i t e s i n each u.c. 
i s calculated from equation 3 for the Ag-L(650) sample. This 
marked preference for locked s i t e s i s probably the result of 
stronger covalent bonding between the Ag + ions and the oxygens 
of the framework. The 0.5 Ag + per u.c.locked to Na + exchange 
(compare samples kj> and kk) gave a calculated percentage elution 
of 96% and are allocated to s i t e E. The 1.79 Ag + ions per u.c. 
exchanged by Na + (compare sample 8 and Mf) are allocated to s i t e 
D i n the usual way. 

Only a small fraction of the Cs + ions migrate to locked 
s i t e s on calcination. The percentage elution of these ions i s 
55-5% indicating that s i t e A i s preferred to s i t e B. Presumably, 
due to the large size of the Cs + ion the locked s i t e with the 
greater cation-oxygen distance i s preferred. The smaller Rb ion 
shows a different behaviour. The percentage elution i s 7^.1 for 
Rb-L(650)NHZf and the Rb + content of 2 Λ 7 per u.c. i s much higher 
than found with Cs +. I f Ο.85 Rb + per u.c. are allocated to s i t e 
A to be consistent with the findings for L i + , Na + and K + and 
0.72 Rb + per u.c. located i n s i t e Β (1.28 K + per u.c. established 
from the r e c o i l measurements) to bring the loading of that s i t e 
to the expected 2 per u.c. the remaining 0.90 Rb + per u.c. have 
to be allocated to si t e C. Taking this d i s t r i b u t i o n and assuming 
the normal percentage elutions for these three s i t e s an overall 
percentage elution figure of 73-2 can be derived from equation (3· 
This figure, when compared with the experimental figure of 7k.1%, 
indicates that the postulated d i s t r i b u t i o n of Rb + ions i s a 
reasonable one. As i n the case of Cs +, and as assumed previously 
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for these two ions, the additional ions locked to Ba^+/Na+ ex
change are located in site D. 

A summary of the cation distributions which result on heat
ing the M-L zeolites to 650°C is given in Table VII. 

Table VII. Cation Distributions in M-L(650) Zeolites. 

Sample No. Sample Site A Site Β Site C Site D Site Ε 
K + M + K + M + K + M + K + M + M + 

2 Li-L(650) 0.27 0.85 1.03 0.95 1.90 - 3.62 0.10 0 Λ 5 
3 Na-L(650) 0.59 0.85 1.86 - 2.20 - 1.10 2.37 0.10 
k K-L(650) 0.86 - 1.95 - 2.89 - 3 . H -
5 Rb-L(650 ) 0.20 0.85 1.28 0.72 0.70 0.90 1 Λ 5 2.98 -
6 Cs-L(650 ) 0 Λ 5 0.63 2.07 - 1.12 - - if.87 

(7) H-L(650 ) 0.56 0.85 0.69 1.31 0.90 2.09 0.71 2.08
8 Ag-L(650) 1.00

Conclusion 

From these studies and others not reported in this paper 
i t has been shown that the cancrinite cage prefers K + , NH^ and 
B a 2 + ions. It appears, therefore, that this cage prefers ions 
of about O.I35 - O.lifO nm radius. There is a strong possibility 
that each cancrinite cage forms around a K4" ion as a precursor 
to crystallisation of the zeolite. Similarly, i t has been found 
that ions of radius ~0.115 nm are preferred by the hexagonal 
prisms. 

Szilard-Chalmers recoil studies have been shown to be a 
useful new technique for establishing the sites preferred by 
various cations. 

Literature Cited 

1. Lai P.P. and Rees L . V . C . J . C . S . Faraday I, (1976)72, 
1827 

2. Lai P.P. and Rees L . V . C . J .C .S . Faraday I, (1976)72, 1818 
3. Barrer R.M. and Vi l l iger H. Z. Kristal logr. , (1969)128, 

352 
4. Lai P.P. and Rees L . V . C . J .C .S . Faraday I, (1976)72, 1809 
5. Barrer R.M. and Kanellopoulos A.G. J.Chem.Soc. (1970) A765 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



16 

I o n E x c h a n g e in Zeolites 

ADRIEN CREMERS 

Centrum voor Oppervlaktescheikunde en Colloidale Scheikunde, 
Katholieke Universiteit Leuven, de Croylaan 42, B-3030 Heverlee, Belgium 

This paper reviews advances in zeolite ion exchange which have taken place 
since the Second International Conference and focuses attention on some remaining 
problem areas. Ion exchange in zeolites A, X, Y, mordenite and chabazite is 
covered. The review is in three sections: thermodynamic aspects, equilibria and 
kinetics. 

Introduction 

The changing of the nature of the cations in a zeolite structure is a relatively 
simple task and a variety of homoionic or mixed ionic forms can be prepared using 
alkali- and alkaline earth- or transition metal- and rare earth ions. In some cases, 
the exchange reaction may go to completion or fail to do so, depending on the 
nature of the ion, the zeolite and the temperature. The fact that such changes in 
ionic composition may produce some marked changes in properties such as thermal 
stability Q), sieving (2), sorptive (3) (4) and catalytic functions (5) is from the 
purely practical point of view, one of the most important aspects of zeolite 
chemistry. 

Thermodynamic Formalism For Ion Exchange Reactions 

In contrast to ion exchange materials such as clays and organic resins, it is a 
distinctive feature of many zeolites, as established by X-ray diffraction, that the 
exchangeable cations may take positions in widely different crystallographic 
environments. The number of possible sites generally exceeds the crystal charge 
deficit which in turn may lead to a pattern of charge neutralization which is charac
teristic for a given ion or group of ions and which is generally quite sensitive to the 
state of hydration of the sample. It is also known that differences between two 
cationic forms of the zeolite are not limited to characteristic site preferences of the 
ions; significant differences may also occur with regard to the total number of 
cations and solvent molecules which may be localized and in the distribution of the 
solvent over the various possible sites. 

Of course, one may rightfully ignore the foregoing complications in deriving 
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the overall free energy effect for some arbitrary ion exchange reaction and apply a 
standard thermodynamic procedure (7) to the equilibrium (bar refers to zeolite 
phase) 

- Z B Z A - Z A Z B 
Z a Β + Α Α + Ζ λ Β (1) 
Z A Z B Z B Z A 

The overall thermodynamic equilibrium constant K a is defined as 

Z B Z A Z B Z A 
A m B f A ?B 

K a = (2) 
Z A Z B f z A Z B 

Β m A B 7 A 

in which the zeolite phase composition is defined on the equivalent fraction scale 
(represented by the capitals
m A * m B ' o n t n e rnolal scale; f
ratios in the two phases and z A , ζβ refer to the ionic valences. 

Equation (2) implies the following expression for the free energy content of 
an adsorbed ion (omitting valence sign for simplicity) 

MA = " A RT 1n A f A ( 3 ) 

in which the excess free energy, resulting from changes in composition is specified 
a s f A = exp ( u ^ / R T ) . However, in applying such an overall approach to a 
heterogeneous material, one must be aware that the "overall" activity coefficients 
may have very limited bearing on non-ideality effects "per se", such as site-site 
interactions, but are carrying the heavy burden of the site heterogeneity of the 
material as well. These coefficients serve a very limited purpose in terms of gaining 
a better understanding of the effect of charge heterogeneity on the ion exchange 
behavior of zeolites. 

An attempt to relate the overall equilibrium constant to the properties of the 
individual site groups was made by Barrer and Klinowski who considered the 
exchanger to contain a number of site groups (8). The sites within each group are 
taken as equivalent but differing from the sites in the other groups. The exchange 
reaction in each particular group may therefore be specified in terms of a charac
teristic equilibrium constant Kj, i.e. the analog of equation (2) for the i t n group. 

Z B Z A , A, Z B Z A 
A i m B <fi> T B 

Kj = (4) 
Z A z B , Bv

 Z A Z B 
Bj m A (fj) 7 A 

Consequently, the overall standard free energy effect is related to the free energy 
terms for the η groups of sites through the equation 

η η Χ: 
AG° = Σ XjAGj or K a = π Kj (5) 
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in which Xj represents the equivalent fraction of all cations in group i. These rela
tions allow the overall selectivity coefficient K c , to be related to the selectivity 
coefficients within the various site groups according to the equation 

n z A / z B i 1 / 2 B Z B 
[ IXjBi (K c ) ] 

K c = — (6) 
η Z A 

[Σ X; Bj] 
1 

Using various combinations of Sj and Kj and simple composition dependences of 
the ion activity coefficient ratios within each group i.e. f ^ / f Ç (or synonymously 
taking K{* a simple function of the composition in the ith set) the authors were 
able to successfully predict Kielland plots which agreed closely with experimental 
data. 

One of the crucial point
characteristic non-ideality pattern to each site group. Implicit in such a choice is 
the existence of the analog of eqn(3) for each group of sites, i.e. 

>ή = + RT 1n Aj f^ (7) 

ir\ which f^ is some function of the composition in the i th set and for which 
f A "* 1asAj ~* 1. More specifically, the excess chemical potential of an ion in the 
i tn set is defined exclusively in terms of the composition within this set. It is 
however quite possible that the excess free energy function of a particular ion-site 
combination is very sensitive to composition changes in other sets and nearly inde
pendent of the composition of the sites belonging to its own group: for example, 
one may imagine the case of a given type of site surrounded by sites belonging to 
another group. It would therefore appear that the interaction of a given group of 
sites on the exchange phenomenon in another site group through this influence on 
the activity coefficients in this other group, as invoked by Barrer, Klinowski and 
Sherry (9), is hard to reconcile with the fact that such effects, however likely, are 
outside the scope of the definitions; in other words, the definition of the activity 
coefficient contains no provision for such interactions. Consequently, it would 
seem that the thermodynamic constants Kj for the various site groups are not to be 
considered as thermodynamic quantities "sensu stricto" but rather as a quantitative 
measure of the relative affinities of a pair of ions for a given site group. 

A characteristic feature of many ion exchange reactions in zeolites is the 
failure to proceed to completion. Barrer and co-workers (23), followed by Sherry 
(10), introduced a normalization procedure which amounts to expressing the com
position of the zeolite sites which are accessible to both exchanging ions with 
reference to the maximum exchange level for the ingoing cation. Thermodynamic 
quantities for this limited exchange process are then obtained by standard proce
dures. In some cases the maximum exchange level is temperature dependent. For 
this reason, and on the grounds that the Barrer method might fail to take into 
account a possible effect of unexchanged ions and also because redistributions may 
occur between small cages and supercages, Vansant and Uytterhoeven (12) presen
ted an alternative normalization procedure. This method however was criticized 
by Barrer, Klinowski and Sherry (9) and shown to contain some inaccuracies. In 
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the same paper, three possible cases of incomplete exchange were envisaged. The 
first case, in which no thermodynamic treatment is justified is a pseudo-equilibrium 
which shows a time dependent drift in the ion distribution. The second case corre
sponds to a temperature-independent maximum exchange level which is indepen
dent of the time scale used. The third case is identical to the second but the 
maximum exchange level changes reversibly with the temperature. Several practical 
cases were discussed and some doubt was expressed whether case 3 is actually ever 
encountered. 

When measuring ion exchange distributions between ions of different charge, 
it is well known that the ion of higher charge is more selectively adsorbed with 
increasing dilution of the liquid phase, i.e. the electrovalence effect. This is one of 
the main reasons for carrying out the exchange reaction at a constant total normal
ity, c Q . The quantitative calculation of an isotherm at some arbitrary value of co 
from a known isotherm at c Q , including the effect of solution concentration on 
activity coefficient ratios, wa  worked t b  Barre d Klinowski (13)  It
shown that, when working at
water activity effects (7) can generally  ignore  Perhaps,  appro
priate in this context to recall the thermodynamic relation between selectivity 
coefficient and water activity, as derived by Laudelout and Thomas (14,15): 

δ 1n Κ 
( ) = n£ . n B (8) 
δ 1n a w A 

in which A is the ingoing ion and nfi, n^ represent the water contents of the 
monoionic zeolites. This equation is based on the reasonable assumption that the 
water content of zeolites is independent of ionic strength. It was successfully 
tested in the case of clays (18) but no such tests were made in zeolites, for which 
pronounced differences in water content may occur, for example between NaX 
and CsX (1(>). An even better case would be the KY and alkylammonium Y zeo
lites (17) in which the water content decreases from 240 in KY to values ranging 
between 125 and 100 water molecules/u.c. for the , Cj, c 3 mixed K-alkyl 
ammonium forms. 

Ion Exchange Equilibria 

Alkali and Alkaline Earth Metal Ion Exchange in Zeolites X and Y. Rather 
few new data have appeared on the ion exchange behavior of X and Y zeolites since 
the earlier review by Sherry (6). The study by Wolf and co-workers (19) on the 
Na/Ca equilibrium in NaX is in essential agreement with the work of Sherry (20). In 
contrast to Ca, it was shown by Wolf (19) that the maximum exchange level for Mg 
ions was only 60%. More recently, Lai and Rees (21) reinvestigated the adsorption 
of alkali and alkaline earth metal ions. As expected, Rb and Cs failed to displace 
all the Na ions: in zeolite Y, 25 out of 68 ions/u.c. could not be displaced. This 
number is intermediate between the values found by Sherry (22) and Barrer, Davies 
and Rees (23), i.e. 16 ions in NaY and 32 in NaX could not be displaced. In view 
of the known occupancies of Na in hydrated NaX (24), the reasons for incomplete 
exchange are not merely a question of steric effects. In contrast the data on Ba 
(21) in X and Y fitted exactly with the exchange limit of 68 and 82% in NaY and 
NaX, corresponding to the 16 Na ions/u.c. in the small cages. Of course, the 
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exchange process can be activated at higher temperature, and complete exchange 
can be achieved for Ca and Ba-ions as shown by Sherry (20). 

One of the main difficulties in understanding the peculiar behavior of X and 
Y zeolites is to account for the fact that in both cases, 16-17 ions per u.c. are local
ized in the small cages (24) (25) and that all the remaining ions can sometimes not 
be displaced, either by bulky ions which, for steric reasons, cannot penetrate the 
small cages, or by ions such as calcium for which no steric reasons can be invoked. 
Usually, the strong hydration of divalent ions and the necessity of a partial dehy
dration is thought to be associated with difficulty of displacing the residual Na-ions. 

Another hypothesis to account for limited exchange to levels which are incon
sistent with cation localization studies is that the ingoing ions may lead to a 
rearrangement of the other ions in the zeolite (26), which may lead to a different 
type of charge neutralization. In the absence of appropriate structural data, none 
of the foregoing hypotheses could be submitted to a quantitative test. Some recent 
structural data on monoionic and biionic hydrated zeolites provide strong indica
tions that ion exchange reaction
in the zeolite. Table I show
X-ray diffraction in NaX, NaY, KX, KY and CaY (24) (26) (27). These data show 
that for NaX and KX, the pattern is fairly similar, i.e. about 9 ions per u.c. in Sj, 
7-8 ions/u.c. in S|' and 23-24 in S\\. In zeolite Y however, some very distinct 
differences occur: the total number of ions in the small cages is 15-17, nearly 
exclusively localized in Sj'; however, contrary to predictions made by Smith (28) 
on the basis of the absence of six-rings with 3 ΑΙ-atoms followed by Sherry (10) 
(11) on the absence of ion siting in the supercages in Y zeolite, a significant number 
of ions is found on Sj|, 20 in KY, and 10 in NaY, and 3 in CaY. Pronounced 
differences are seen in the localization of water molecules: in NaY, 13 water mole
cules are localized in S\\, whereas in KY, none were localized in this site; in CaY, 
31 water molecules were localized in S\\, »-e- a b o u t 3 P e r C a i o n localized in S|\ and 
were thought to be coordinated to the calcium ions. 

One of the common features in most ion exchange work in zeolites is that the 
selectivity is mostly referred to the Na ion, the Na form being generally used as 
starting material. Mortier, Costenoble and Uytterhoeven (27) have shown that the 
calcium exchange levels which may be reached, using room temperature conditions, 
are very much dependent upon the nature of the outgoing cation. Using the same 
treatment, .6M CaCI2 for 6 days at room temperature, the calcium saturations were 
68% in NaY and 90% in KY. These data show that properties of the ingoing cation 
are not the sole factor controlling the exchange levels at a given temperature. From 
these data one may attempt a rough estimate of the ion selectivity of Κ to Na ions, 
as expressed with reference to the calcium ion. It would appear that the Na ion is 
strongly preferred (Kn 3 _k — 20), which is in contrast with the equilibrium data by 
Sherry (10) and Barrer, Davies and Rees (23) which point to a very slight prefer
ence of K: K-Na — ̂  -5- This would indicate that, when using the Na form of the 
zeolite, a pseudo- or metastable equilibrium is reached. The comparison of ion 
localization in NaCaY and KCaY (27), also shown in Table I, is also revealing. The 
data show that, when using NaY, no calcium is detected in Sf, whereas the water 
occupancy in the NaCaY is roughly identical to NaY (about 1 H 2 0/Na ion in Sf|). 
In contrast, when using the KY, 10.6 Ca ions are found in S\ which is accompanied 
by a strong increase in water occupancy in S|'|, roughly identical to CaY, i.e. 3 H 2 0 
molecules per Ca ion. It would appear that partial dehydration to account for the 
difficulty could not be invoked as an important factor to account for the limited 
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exchange of ions such as calcium. The authors point out that, in addition to a 
partial dehydration, the calcium ion must displace a stable Na-hydrate structure 
which is non-existent in KY, forming a stable hydrate structure itself, i.e. being 
coordinated to three 0 3 oxygens and three water molecules in the sodalite cage. 

A further indication that ion redistributions may occur in the course of an ion 
exchange reaction is shown in an X-ray study on K-alkylammonium zeolite Y (29, 
30). It was shown that the exchange of Κ by alkylammonium ions leads to a pro
gressive decrease of the water content in KY, a process which was accompanied 
with a Κ occupancy increase in S| from 1.3 to 5.4 and from 13.3 to 16.5 in S\ in 
the case of propylammonium, which corresponds to a total occupancy of nearly 
22 ions/u.c. for the small cages. At the same time, the Κ occupancy in S| | de
creased from 20 ions/u.c. in KY to about 15 in K-propylammonium Y zeolite. The 
significant fact however is that such a distribution is nearly identical to the one 
found for dehydrated KY (30), an observation which lead the authors to interpret 
the shift of Κ ions to the small cages as resulting from a decrease in hydration level

The foregoing data indict
various sites are interdependen  hydratio y importan
factor in the pattern of charge neutralization. In the case of monoionic zeolites, 
the quantitative relations between the relative occupancies of the various sites and 
the energy differences between these sites were shown to be related quantitatively 
through a Maxwell-Boltzman expression for the case of Κ zeolites (31 ). 

Transition Metal Ion Exchange in Zeolite X, Y, A and Mordenite. In spite of 
the importance of transition metal ion exchanged zeolites as potential catalysts, 
the interest in the ion exchange thermodynamics of these ions in zeolites remains 
rather limited (19) (21 ) (32-40). Some of the well known features common to the 
behaviour of alkaline earth metal ions are also found in the case of transition metal 
ions: sigmoidal-shaped isotherm, incomplete exchange and temperature-dependent 
maximum exchange levels. Consequently, interpretations rely heavily on earlier 
views, especially since there are practically no data available on the localization of 
these ions in hydrated systems. 

The maximum exchange levels show some rather large variations which can, 
in part, be accounted for by differences in experimental conditons such as equili
brium time and concentration of the saturating solutions. It appears that only in 
rare cases (21) are maximum exchange levels obtained which are consistent with 
the number of sodium ions known to be localized in the large cages. In zeolite X, 
complete exchange seems possible with the ions Cu, Cd and Zn (19) (37) (40), 
although lower values have been reported for Cu (21) and Zn (21) (38). The values 
for other ions cover the range .75 - .85 for Co (37) (38), .70 - .80 for Ni (35) (37) 
(38) and .80 for Mn (35). The maximum limits in Y zeolite vary within even wider 
ranges: .85 -1 for Cu (37) (42), .75 - .95 for Zn (36) (37) (40), .6 for Cd (36), 
.70 - .75 for Ni (35) (36) (37), .65 - .80 for Co (35) (36) (37) and .78 for Mn (35). 
In the case of zeolite A complete exchange is possible for Cd and Zn and a maxi
mum of about .8 is obtained for Co and Ni (32) (33). In Mordenite, the maximum 
exchange levels range from .45 to .50. The diversity in these data is surprising in 
view of the nearly identical values of the Pauling radii (about .7 Â except for Cd 
for which the value is .97). Therefore, the reasons for incomplete exchange should 
not be ascribed exclusively to steric effects or partial dehydration, particularly in 
view of the fact that ions which are so closely similar in dimensions behave so 
drastically different, and that the Cd ion which has the largest radius seems to pene-
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trate relatively easy in the small cages. 
The shape of the ion exchange isotherms is similar to what is found for alka

line earth metal ions. Some typical examples are shown in figures 1 and 2. 
Judging from the foregoing data on maximum exchange levels, it appears that 
some of the ions do take positions in the small cages. It is tempting to adhere to 
the interpretation which is used for other bivalent ions (6): the sites in the small 
cages prefer Na ions to divalent ions and the inability of divalent cations do dis
place Na ions from the sodalite cages results from an unfavorable exchange 
equilibrium (23), particularly in the case of zeolite Y. The data on calcium 
exchange in KY and NaY (26) have shown that the ability to take positions in the 
small cages is not exclusively related to the properties of the divalent ion but is 
very much dependent on the nature of the outgoing cation. 

A rather different point of view was expressed by Maes and Cremers (34, 37, 
42) in ascribing a preference of bivalent ions for the small cage sites. Such a view 
is based on the finding that at  lo  overall loadin f th  zeolite  th  relativ
pancy of small cage sites exceed
for reasons which are probably  origin, complet  exchang y
achieved within reasonable time limits. Preference of (some) transition metal ions 
for small cage sites is likely to have a direct influence on the exchange phenomena 
in the supercages. That such interactions do occur has been demonstrated by 
Schoonheydt and De Wilde (43) and Schoonheydt and Velghe (44) for dehydrated 
zeolites. They showed that the filling of the small cages with divalent ions such as 
Ca or Cu, i.e. putting a high positive charge density in the small cages, increases the 
potential energy of the cations in*S|| and consequently leads to a decrease in the 
activation energy for migratior. This effect is more pronounced in the case of Cu, 
a finding which agrees with the fact that Ca prefers site I (45) and Cu site Γ (46). 
The oxygen atoms of the hexagonal prism provide a better shielding effect for S|| 
sites. 

Additional evidence may be found in hydrated systems. Maxwell and de Boer 
(42) have shown that in hydrated Cu faujasite 6.3 ions/u.c. were found in Sj; no 
other Cu ions were localized. In view of the theoretical argument by Mortier (31 ) 
connecting site occupancy numbers and site energy differences, it would follow 
that in hydrated faujasite, site Γ is by far the energetically most favorable site for 
copper ions. It is not unlikely that a similar interpretation may even hold for 
calcium ions. Relying on the calcium occupancies shown in Table I for CaY, it is 
seen from the ratio of S|/S|| occupancies, that Sj is energetically the most favored 
site. 

The selectivity values among the transition metal ions at low loading increases 
in the order Ni < Co < Zn < Cu < Cd in X, Y and A (32, 33, 37, 38). This is the 
sequence reported by Barrer and Townsend (39) for mordenite. In view of the 
fact that in zeolite X, Y and A, different normalization factors, i.e. different stan
dard states, were used, we are somewhat reluctant to compare Δ G° values since a 
more or less pronounced involvement of small cage sites may be implied, it is 
perhaps more important that this selectivity sequence coincides with the order 
found by Ahrland for the relative concentration of inner sphere complexes of these 
ions with sulfate anions (47). It is also relevant that Ni and Co ions, which seem 
most reluctant to penetrate the "small cages, have been shown to exist as fully 
hydrated octahedrally coordinated species in hydrated zeolite X, Y and A (48-50). 
Upon dehydration these ions pass through an intermediate near-tetrahedral stage 
and more finally to the hexagonal prisms (51) where they return to an octahedral 
coordination. 
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Figure 1. Ion exchange isotherm for Cu 
in NaX and NaY at 25°C (37) 
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Figure 2. Ion exchange isotherm for Zn 
in NaX and NaY at 45°C, 25°C, 5°C 
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The foregoing shows that the thermal history of transition metal exchanged 
zeolites determines the ion distribution in that high temperature conditions leave 
these ions in the small cages where they seem irreversibly locked upon rehydration 
(21). A similar process may occur when submitting fully hydrated zeolites to a 
higher temperature (34,41); upon returning to a lower temperature, part of the 
ions which moved to the sodalite cages, no longer participate in the ion exchange 
equilibrium. In studying ion exchange equilibria of the ions it is strictly necessary 
not to submit the hydrated samples to any higher temperature prior to equilibrium 
studies at a lower temperature. Only under these conditions can reversibility be 
ensured. 

An attempt to resolve ion exchange isotherms in terms of more than one 
group of sites was made by Gallei, Eisenbach and Ahmed (35). They showed that 
the isotherms for Na-Co, Na-Ni and Na-Mn in the supercages of X and Y zeolite 
could be described on the basis of a model of two groups of sites with a character
istic selectivity coefficient. A similar attempt was made by Costenoble and Maes 
(52) and Maes and Cremers (53
silver ions in zeolite Y. They  Ag-N  exchang
be described in four types of sites I, Γ, II and U (unlocalized) in which Ag showed 
the highest selectivity for site I. The Ag-Na exchange in the presence of a large 
excess of Cs ions was shown to be confined to the small cages and could be 
described in terms of two groups of site I and Γ. The important fact was that the 
presence of Cs ions in the supercages had a lowering effect on the silver selectivity 
for site I. More significantly, the occupancy of silver ions in S| was reduced by a 
factor of 2 which again demonstrates the possibility of interactions between site 
groups: These data show that, as already emphasized by Sherry, an entering ion 
does not necessarity take the leaving ion's place in the crystal. 

Ion Exchange Equilibria in Chabazite and Mordenite. Barrer and Klinowski 
(54) have studied the exchange of alkali- and alkaline earth metal ions in a high 
framework charge chabazite-type zeolite (55) and compared its behavior with that 
found earlier for natural chabazite (56). Except for Cs, the alkali metal ions 
exchange readily; the exchange for the divalent cations is slow although full ex
change is achieved. The incomplete exchange of Cs is explained in terms of electro
static repulsion due to its large size. The slow rate of exchange of the ions Ca, Sr, 
Ba is interpreted on the basis of the tightly held hydration sheath. The thermody
namic affinity sequence is Cs> K > Na> Li and the differences in affinity 
between a given pair of ions is larger in the zeolite of lower charge density, as is 
found in X and Y zeolite (23). The effect is explained in terms of a dielectric 
theory based on the consideration that the local dielectric constant in a given 
cationic form of the zeolite of higher charge density exceeds the value of the zeo
lite of lower charge. 

Perhaps some care should be taken in generalizing this result to other silicates. 
For example, the opposite effect is found in the case of a series of isostructural 
montmorillonites of different charge density (57) which had been prepared by a 
method based on the Hofmann Klemen effect (58). 

The ion exchange adsorption of alkali and alkaline earth metal ions was 
studied in synthetic mordenite by Barrer and Klinowski (59). The thermodynamic 
affinity sequence for monovalent cations is Cs > Na >Li, which is typical for some 
other zeolites, provided that normalization methods are used in case of incomplete 
exchange. The extent of exchange which could be achieved for divalent ions is 
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.60 for Ca, .62 for Sr and .84 for Ba and is thought to be associated with strong 
hydration and the corresponding difficulties in entering the side pockets in this 
zeolite. 

Complex Ions in Zeolites. It is well known that transition metal ions may 
form stable complexes in dehydrated zeolites such as X and Y (60) (§1) (62) and 
that the adsorption of ligands may lead to a shift of metal ions from the small cavi
ties to the supercages (63) (64) (65). Such cationic complexes may form in hydra
ted zeolites and may be introduced by simple ion exchange methods (60) (67). 
Although some studies have been carried out in other silicates (68), very limited 
attention was given to these phenomena in zeolites (66) (69). In general it is seen 
that the adsorption behavior of such complexes in aluminosilicates is quite differ
ent from the one found for the hydrated cations. The formation of adsorbed 
complexes may be characterized in quantitative thermodynamic terms, as is com
monly done in aqueous solution  A preliminar  treatment of the quantitative rela
tions between adsorption behavio
and Cremers (68). More recently  rigorou  thermodynami  approac
these interrelations was presented by Maes, Marynen and Cremers (70). 

A systematic study of the stability of the ethylenediamine complexes of Cu, 
Zn, Ni and Cd in hydrated X and Y was carried out by Peigneur (66). It was shown 
that the one-complexes were stabilized by some two to three orders of magnitude 
whereas the two complexes were strongly destabilized, as inferred from the shift 
of the metal ions into the liquid phase at high ethylenediamine concentrations. 

Ion Exchange Kinetics 

Isotopic exchange kinetics were studied for Zn ions in zeolite X and Y by 
Dyer and Townsend (71 ) and in zeolite A by Radak, Gal and Salai (72). Dyer and 
Townsend showed that the self-diffusion of Zn ions in X and Y could be described 
by a simple equation relating to the case of self diffusion out of a sphere into a well 
stirred fluid. Two Y zeolites, with Si/A1 ratio 1.87 and 2.62, and X zeolite were 
studied at low and high temperature. In all cases the resulting τ vs t plots were 
linear. Except in the case of ZnX at high temperature, the Arrhenius plots were 
linear for all cases. A summary of the kinetic data is shown in Table II. These 
results were discussed in terms of differences in the ordering of the zeolitic water 
by the diffusing Zn ion. 

The activation energies for Zn diffusion were similar to these reported by 
Radak, Gal and Salai (72), who analyzed the self-diffusion of Zn in zeolite A on 
the basis of the Brown-Sherry-Krambeck (73) model of a fast diffusion process 
coupled with a slow first order exchange between mobile and sited cations. This 
model has been found adequate for Na self-diffusion in zeolite X and A (74) but 
no tests were made as yet on transition metal ions. The kinetic data are shown in 
Table III. A comparison of the data for the two particle sizes shows that, as re
quired by the model, the diffusional frequency B, depends on the reciprocal of 
R 2 , i.e. Β = π 2 D/R 2 . The rate constants for the slow intracrystalline exchange 
step, which should be independent of particle size, are seen to be systematically 
lower in the large particle size by a factor of about 2. A comparison of the relative 
rates for the two processes in ZnA and NaA is relevant. In zeolite A, the two rates 
are of a similar magnitude whereas in ZnA, the diffusional frequency Β exceeds the 
rate constant for the slow process by an order of magnitude. Although the two 
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TABLE I. Ion Localization in hydrated zeolites NaX, KX, NaY, KY, CaY (26.8 ion/u.c.) 
CaNay (19.3 Ca ions/u.c) and CaKY (25 Ca ions/u.c.) 
Data are taken from references (24) (26) (27). 

Site NaX KX NaY KY CaY CaNaY CaKY 

1 9 Na 8.9 Κ 1.3 Κ 

1 8 Na 7.2 Κ 17.3 Na 13.3 Κ 9.7 Ca 17.3 Na 10.6 Ca 
12 H20 

II 26 H 20 13.4 Η 20 30.7 H 20 15.4 H 20 25.2 H 20 

II 24 Na 23.2 Κ 10.2 Na 20 Κ 3.1 Ca 6.0 Ca 6.5 Ca 
8 H 2 O 

TABLE II . Kinetic data for Zn isotopi

Zn-zeolite 
Temp, range 

(°C) 
m 2.sec*l (KJ/mole) 

A S * 

J /° /mole 

A G * 

KJ/mole 

Χ 54.5 - 94.5 4.35.10 ~ 4 89.6 35.6 76.6 

1.87 Y -36 " -12 2.88.106 119.8 224.0 50.2 

1,87 Y 64 - 108 3.04.10"10 59.8 -82.5 82.0 

2.62 Y -36 - -12 2.59.101 87.5 127.3 51.5 

2.62 Y 75 - 106.5 1.06.10"10 53.8 -91.3 78.3 

TABLE III. Diffusion coefficients and rate constants for the self-diffusion of Zn in zeolite 
A(72) on the basis of the Brown-Sherry-Krambeck model (73). 

Particle 
radius (Mm) 

Temp 
°K 

B ( T T 2 D / R 2 ) 

sec "1 
D 

m^ec 1 

Parameters 
for 

diffusion 
process 

Exchange 
rate 

k2(sec_1) 

Parameters 
for 

exchange 
rate 

B / k 2 

30 298 2 .05 .ΚΓ 6 1.87.10 •16 D - Ι Ο " 3 · 9 7 

0 
2.25 . IO - 7 kQ=10 3- 0 5 9.11 

313 8.11.10"6 7.39.10 •16 m2sec"l 6.92.10'7 sec'l 11.72 

333 3.39.10"5 3.09.10 -15 1.98.10"7 17.12 

45 298 

318 

333 

8.89.10"7 1.82.10'16 Ε =67.1 7.14.10"8 Ε.= 56.6 12.45 ο k 

5.19.10"6 1.05.10"15 KJ mol"13.44.10"7 KJ mol"1 15.09 

1.68.10-5 3.44.10"15 9.48.10 -7 17.72 
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processes remain coupled in ZnA, the diffusional movement is by far the faster 
process indicating the more pronounced siting in the case of Zn. The activation 
energy values for both processes are significantly higher than in NaA (ED=22.4 and 
Ek=42.5 KJ/mole). The activation energy for the slow exchange process is lower 
than for the diffusional process, although the expected order is found for the free 
energies of activation ( A G ° = 117 KJ/mole). This is related to the very large 
entropy loss for the exchange process (AS|< = -194 and A S Q = 27 J.K: 1 mol - 1 ). The 
authors suggest that in the activated state the derealization of the Zn ion from the 
sites is accompanied by considerable water dipole ordering around the strongly 
hydrated Zn ion. 

Tracer diffusion studies of Na and Κ ions were made in homoionic and biionic 
chabazite by Duffy and Rees (75) using the Carman Haul equation (76). It was 
shown that, in the homoionic zeolite, the self-diffusion coefficient of K, Dj<, 
exceeds the value of Djyja by a factor of 4 (D'N 3 = 1 0 ' 1 2 m 2 .sec"1 ). The activation 
energies are 52.8 and 28.4 KJ.mol"1 for Na and Κ respectively  The "activation 
entropies for the self-diffusio
depending on the value chose

The D* values in the mixed zeolite show a rather peculiar behavior: D « 
decreases by a factor of 10 in going from the pure K-chabazite to the Na form, i.e. 
the trace self diffusion coefficient of Κ in Na chabazite, as obtained by extrapola
tion, is about 4 .10 ' 1 3 m 2 .sec" 1 . D^ a increases from the value of 1 0 ' 1 2 to about 
2.2 1 0 " 1 2 m 2 .sec'1 in the K-chabazite. Such a change in D' values may qualitatively 
be understood on the basis of the selectivity behavior of this pair of ions (56): in 
the initial stages of replacement of K, Na ions may take those sites least favorable 
towards Κ and Dj< may be expected to decrease. The converse effect may arise 
on the other side of the composition scale. 

Whatever the exact quantitative reason for these effects, these data illustrate 
the complexity of the situation in that, even in equilibrium systems, self-diffusion 
coefficients may differ by an order of magnitude from those in the pure ionic 
forms. It is therefore not surprising that the Helfferich-Plesset equation, although 
reasonably satisfactory for resins (77), is not adequate for describing ion exchange 
kinetics in zeolites. Undoubtedly, such failure is related to the heterogeneous 
nature of zeolite exchangers. Brooke and Rees (78) attempted, with limited suc
cess, to improve the Helfferich-Plesset theory by including ion activity coefficients 
for the solid phase. However, the nature of such overall ion activity coefficients is 
rather complex and the way in shich the site heterogeneity is carried by such co
efficients cannot clearly be specified. 

One of the difficulties in the Helfferich-Plesset equation is that it predicts a 
higher exchange rate when the more mobile species is initially present in the solid. 
Inasmuch as the self-diffusion coefficients in chabazite (75) are directly relevant to 
the ion exchange kinetics, one would predict that the displacement of Κ by Na 
should proceed at a higher rate than the opposite reaction. Similar to what is 
found in the case of Sr/Ba in chabazite, the reverse effect is found. Kinshofer, 
Bunzl, Sansoni and Schwab (79) have shown in a study of differential ion exchange 
rates in chabazite that the rate in the direction of Κ uptake is faster than for Κ 
release at all compositions; however, the differences in rates become very small at 
high Κ saturation of the zeolite. The Na/Cs behavior, reported in the same paper, 
is different in that a change in differential rates occur which become identical at a 
Cs occupancy of about .65. The relevance of self-diffusion data, even in mixed 
systems, to ion exchange kinetics is not clear as yet; undoubtedly, water transport 
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may play an important role, as can qualitatively be expected from the significant 
changes in water content in going from the pure Na-chabazite to the K-chabazite 
(z5). 

No further tests have been made at describing ion exchange kinetics on the 
basis of the Brooke-Rees model. However, Wolf and coworkers at the Martin-
Luther University, Halle-Wittenberg, made a rather extensive experimental study 
on the ion exchange kinetics of divalent ions in NaA, NaY and NaX zeolites (80-
84). They attempted a description of the exchange rates in terms of the Paterson 
equation (85). Interdiffusion coefficients were found to depend strongly on ion 
composition, the effects amounting to two orders of magnitude in some cases. The 
data were interpreted in terms of a relatively fast diffusion process and a relaxation 
phenomenon, relating to the exchange between the more mobile and the sited ions. 
Qualitatively, such a picture corresponds with the model of Brown, Sherry and 
Krambeck (73) for the case of self-diffusion. 
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M e c h a n i s m of Zeo l i te A Synthesis 

C. L. ANGELL and W. H. FLANK 

Union Carbide Corp., Molecular Sieve Department, 
Tarrytown Technical Center, Tarrytown, N.Y. 10591 

Experiments uti l izing several different characterization 
techniques as a function of time, including chemical analyses, 
Raman spectra, x-ray diffraction, sorption and particle size 
measurements, have been performed to determine the mechanistic 
pathway in 4A synthesis. The evidence supports a mechanism in
volving formation and subsequent dissolution of an amorphous 
aluminosilicate intermediate, with solution transport from the 
gel to the growth surface of the crystall i te . 

Introduction 

Two different zeolite synthesis mechanisms have been dis
cussed in the recent literature. McNicol £ t à l « ( i > D argue in 
favor of a solid phase transformation mechanism and Flanigen(3) 
discusses surface diffusion in the absence of substantial liquid 
transport, while Sand fit a l . (4 ,5J , Kacirek and Lechert(6), and 
Zhdanov(7J present evidence in support of a solution transport 
mechanism. To aid in resolving this conflict, a variety of 
techniques were applied to the study of the 4A synthesis system 
as a function of time. 

Experimental 

Portions of a 4A gel synthesis formulation were placed in 
sample tubes which were withdrawn from constant temperature baths 
after aging at 25°C or crystallization at 96°C for various times, 
and centrifuged while hot in an insulated holder. The reaction 
rate in this series of unagitated experiments was relatively 
slow. The gel was formed by mixing solutions of sodium sil icate 
and sodium aluminate, and utilized ratios of Na20/Al2Û3, 
Si02/Al2Û3 and H2O/AI2O3 of 1.96, 1.98 and 83.0, respectively. 
The liquid and solid phases were promptly scanned in a Jarre l l -
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Ash Model 25-300 laser Raman spectrometer. Several of the samples 
were re-scanned after standing for some time and showed no marked 
changes. Band assignments were made on the basis of data reported 
in the literature for the aluminate ion(8,9), silica species 
(IQ,U) and zeolite A(ll). 

A similar 4A gel synthesis formulation master batch was pre
pared and samples were withdrawn as a function of time during the 
course of the reaction. The reaction rate in this series of 
agitated experiments was moderately fast. Solid and liquid phases 
were separated by hot centrifugation in an insulated holder, and 
the solids were washed with weighed portions of water. The 
various sample fractions were weighed and subjected to chemical 
analysis. Material balance closures, with one exception, were 
better than 96% and averaged 97.0%. 

Another 4A gel synthesi
pared, with samples als
during the course of the reaction. The gel was formed by mixing 
solutions of sodium silicate and sodium aluminate, and utilized 
ratios of Na20/Al2Û3, Si02/Al2Û3 and Η 2 Ο / Α Ι 2 Ο 3 of 1.97, 1.88 and 
63.2, respectively. In this case, the solid product samples were 
evaluated for degree of crystal unity by x-ray powder diffraction 
via comparison with a 4A standard, O2 adsorption capacity at 100 
torr and 90 K, water content removable by 350°C vacuum activation 
after humidity equilibration at 50% relative humidity, and mean 
equivalent spherical diameter as determined by a Sedigraph 5000 
Particle Size Analyzer. The reaction rate in this series of 
experiments was fairly rapid, reflecting the use of a lesser 
amount of water in the formulation. 

Results 

The data obtained from the Raman spectra are summarized in 
Table I and Figure 1. These results, particularly during the 
crystallization step, can be contrasted with those reported in the 
literature by McNicol and co-workers( 1_9Z), who observed no changes 
with time other than the appearance of zeolite A. The terms 
silica and silicon-containing species are used in a general sense. 
While the observed band positions correspond to reported values 
for oxygenated silicon species, it is recognized that the degree 
of ordering in these materials is variable. The spectra show that 
conversion to framework silica occurs from precursor material. 
This may consist of localized concentrations of silica gel formed 
in the initial mixing of reactants, or by precipitation from a 
supersaturated solution, or an aluminosilicate gel with a variable 
degree of cross-linking. 

Analysis of liquid and solid phases shows, as illustrated in 
Figure 2, that the ratio of alumina in the liquid phase to that 
in the solid phase is relatively high during aging, and decreases 
during crystallization at elevated temperature. The silica to 
alumina ratio in the liquid phase is seen to increase sharply 
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T A B L E I 

LASER RAMAN SPECTROSCOPY DATA AS A FUNCTION 
OF TIME DURING ZEOLITE A SYNTHESIS 

AGING CRYST. BAND BAND INTENSITY 

TIME, HRS. TIME, HRS. POSITION, CM" 1 AND SHAPE SPECIES 

LIQUID PHASE 

0 0 STRONG  SHARP ALUMINATE 

1 0 
2 0 
3 0 
4 0 - " 

0.5 1 620 MEDIUM. SHARP ALUMINATE 

450,880 WEAK SILICA (?) 

0.5 2 620 WEAK ALUMINATE 

400-500.700-800 WEAK SILICA (?) 

0.5 3 UNCHANGED UNCHANGED UNCHANGED 

0.5 4 620 VERY WEAK ALUMINATE 

400-500,700400 WEAK, BROAD SILICA (?) 

SOLID PHASE 

0 0 405 WEAK SILICA 

450 STRONG, BROAD SILICA 

800 WEAK. BROAD SILICA 

1 0 UNCHANGED UNCHANGED UNCHANGED 

2 0 
3 0 " 
4 0 " 

0.5 1 450 STRONG, BROAD SILICA 

800 WEAK, BROAD SILICA 

0.5 2 UNCHANGED UNCHANGED UNCHANGED 

0.5 3 490 NEW SHOULDER ZEOLITE A 

0.5 4 450,800 WEAK, BROAD SILICA 

490 STRONG, SHARP ZEOLITE A 

340. 700,1040 WEAK ZEOLITE A 
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ι ι I ι ι ι ι I ι ι I ι ι I ι ι ι ι I ι ι — I 
1000 cm 1 500 200 1000 c m 1 500 200 

Figure 1. Raman spectra of solid and liquid phases in zeolite A 
synthesis 

A G I N G HEAT-UP CRYSTALLIZATION I 

0 1 2 3 4 5 Figure 2. Composition of Gel 4A 
TIME, Hours synthesis system as a function of time 
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after aging, with the increase continuing during the crystalliza
tion period. This is indicative of the increase in liquid phase 
silica concentration at higher temperature as well as the deple
tion of alumina in the liquid phase as crystallization proceeds. 
The silica to alumina ratio in the solid phase is seen to drop 
sharply during heat-up, and more gradually thereafter, approaching 
the ideal value of two as the reaction proceeds toward completion. 
Significant compositional changes as a function of time are thus 
clearly established. 

The fractions of the synthesis composition found in the sep
arated solid phase, as a function of time during the synthesis 
reaction, are shown in Figure 3. The plotted data are normalized 
and are derived from material balance data which had closures 
averaging 97.0%. The changes with time that are seen in the plot 
indicate significant mass transport between the solid and liquid 
phases during the reaction

A ternary mole fractio  compositio  diagra
phase, shown in Figure 4, can be used to illustrate the distinc
tive compositional changes occurring along the reaction trajec
tory, as the reaction proceeds through the several synthesis 
stages. Total initial solids are shown at Point (1). The 
initially formed amorphous sodium aluminosilicate, shown at Point 
(2), briefly becomes depleted in soda and enriched in silica 
content, then steadily is depleted in silica and enriched in soda 
and alumina content as the zeolite forms. 

The mean equivalent spherical diameter is plotted in Figure 5 
as a function of time through the heat-up and crystallization 
periods(12). All of the samples were ultrasonically dispersed. 
The amount of agitation required to achieve a stable size distri
bution decreased significantly as crystallization approached com
pletion. During the aging period, however, the mean particle 
size is both small and unstable with respect to degree of agita
tion. Beyond this point, the amorphous particles are more firmly 
cross-linked and are relatively large, but the minimum mean dia
meter in the series is found after 30 minutes at 96°C. This 
corresponds to about 35% conversion to zeolite, as indicated in 
Figures 6 and 7, and shows that some dissolution of the amorphous 
gel particles takes place prior to crystal growth. The increase 
with time of x-ray diffraction intensity and oxygen adsorption 
capacity for the product, indicative of the degree of crystal1-
inity, parallel each other very closely, as shown in Figures 6 and 
7, and quickly reach maximum values(12). Figure 7 also shows that 
the amorphous solid is indeed hydrous and is undergoing change 
prior to the appearance of detectable crystal unity. 

Discussion 

Several papers in recent years have attempted to distinguish 
between direct solid phase transformation of gel to crystalline 
material(1*2), or re-ordering of gel to an ordered crystalline 
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Figure 4. Synthesis reaction trajectory 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



200 M O L E C U L A R S I E V E S — I I 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



A N G E L L A N D F L A N K Mechanism of Zeolite A Synthesis 

0 1 2 3 4 5 6 

TIME, Hours 

Figure 7. Wt % equilibrium H20 content and 02 

sorption capacity as a function of time during 
synthesis 
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state via surface diffusion(3), and crystallization via liquid 
phase mass transport^, 5,6^7j as the operative mechanism in 
zeolite synthesis. We Fave employed a number of different tech
niques to characterize the liquid and solid phases of the react
ing zeolite A synthesis system as a function of time along the 
reaction coordinate. An attempt has been made to adequately 
sample the system at a number of points, covering the several 
stages of the synthesis process, to help identify the mechanistic 
route involved. 

The Raman data establish that, during the aging step conduc
ted at ambient temperature, the liquid phase is rich in aluminate 
ion and the solid phase is rich in silica gel. The observed 
band intensities remain relatively unchanged during this period, 
as noted in Table I. The analytical data shown in Figure 2 are 
in good general agreement with this, but it can be noted that a 
more detailed examinatio
that small changes are
as evidenced by the data in Figure 4. Also indicative of a change 
in the system during aging are the data in Figure 3, which suggest 
that an ambient temperature quasi-equilibrium solubility limit for 
the amorphous sodium aluminosilicate gel is being approached. 
Such a compositional plateau is common to a number of alumino
silicate systems(7,13). 

During the period in which the reaction mixture is being 
heated from ambient temperature to 96°C, a number of very signifi
cant changes are observed to occur. It can be noted, however, 
that the x-ray diffraction intensity and oxygen sorption capacity 
characteristic of zeolite A are absent during this period, as 
shown in Figures 6 and 7. The hydrous nature of the solids 
present during heat-up is apparent in Figure 7. Alumina is trans
ferred from the liquid phase to the solid phase and silica goes 
into the liquid phase, as can be seen in Figures 2 and 4. This 
findinq is analogous to that reported earlier by Schwochow and 
Heinze(14). There is a net increase in the solid to liquid ratio 
in the system (see Figure 3), and at the same time the average 
size of the gel particles is seen in Figure 5 to decrease. This 
indicates that material is being transferred between the liquid 
and solid as new solubility product relationships are established 
as a function of temperature. There is the further indication, 
supported by the data of Zhdanov(̂ ) and of Aiello and co
workers (15_, 16), that the initially formed sodium aluminosilicate 
gel is converted via solution transport to an apparently amorphous 
aluminosilicate intermediate. It is this latter material which is 
converted to crystalline zeolite via dissolution by the basic 
medium. 

The conditions to which a gel or aluminosilicate intermediate 
are exposed must be controlled to provide the necessary liquid 
phase composition for formation of the desired crystalline 
phase(17). Zhdanov has recently demonstrated this point very 
well(18)". He showed the influence of gel aging on crystallization 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



17. A N G E L L A N D F L A N K Mechanism of Zeolite A Synthesis 203 

time for the reaction and on crystallite size, as well as evidence 
for solution transport and participation of the liquid phase in 
directing the course of the reaction, supporting the conclusion 
that liquid and solid phases are in dynamic equilibrium. The 
existence of a complex set of liquid-solid dynamic equilibria 
during both the aging and crystallization periods, and the 
influence of these on the rate and direction of the reaction are 
thus apparent. Concentration of silica and alumina species in 
the liquid phase is constrained by a solubility product limit for 
sodium aluminosilicate solids, which changes as a function of 
temperature. It appears likely that primary nucleation is pre
ceded by the formation of a hydrous aluminosilicate intermediate 
which contributes to both crystal growth and secondary nucleation 
(i .e., that which occurs during crystal growth), while the 
initially formed gel continue  t  furnish "dissolved" specie  fo
crystal growth and furthe
mediate. 

In the elevated-temperature crystallization stage of the 
synthesis process, the Raman and chemical analysis data confirm 
that aluminate disappears from the liquid phase, while the 
concentration of silica species increases modestly. The fraction 
of the synthesis composition found in the solid phase, which 
dropped slightly during aging and then increased sharply upon 
heating the system to 96°C,*continues to increase slowly as a 
function of crystallization time. The silica to alumina ratio in 
the liquid phase, which rose sharply during heat-up, continues to 
increase as crystallization proceeds. 

The silica to alumina ratio in the solid phase, which was at 
a high level during aging and dropped sharply upon heating the 
system to crystallization temperature, continues to drop slowly 
during crystallization toward the ideal value of two for zeolite 
A. The solid phase soda to alumina ratio, derivable from Figure 
4, is constant during crystallization, showing that, as aluminum 
is incorporated into the solid, a corresponding amount of sodium 
is associated with i t , apparently as an ordered moiety (possibly 
a hydrated ion pair), transported from the intermediate to the 
crystal growth surface. 

The mean particle size of the solids in the system drops as 
the system goes through heat-up and the initial portion of the 
crystallization period, at the same time that the solids to liquid 
ratio is increasing. The subsequent increase in mean particle 
size is not accompanied by a concomitant change in the solids to 
liquid ratio. It can be concluded from these observations that 
a hydrous sodium aluminosilicate intermediate, differing in 
composition from the initially formed gel, is formed during the 
heat-up period and that mass transport from this intermediate 
occurs through the liquid phase to the growth surface. 

The Raman data show that the concentration of non-framework 
silicon-containing species in the solid decreases with time and 
zeolite A, after an induction period, appears and increases with 
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time. There is a definite time lag between the beginning of 
aluminum disappearance from the liquid and the appearance of 
zeolite A in the solid phase. This is also borne out by the data 
in Figures 3 and 4. 

Wet chemical analysis indicates that si l ica, the dominant 
phase in the solid, is relatively unchanged in concentration 
during both aging and crystallization. However, unlike Raman 
spectroscopy, it cannot distinguish between amorphous silica gel 
and silica present in the zeolite framework. It is apparent, 
nonetheless, that a small steady-state concentration of a liquid 
phase silicon-containing species is present, and that it increases 
with temperature. Since the temperature coefficients for the 
solubility of the various species in the system are not equal, 
dynamic equilibria must be re-established during heat-up and the 
initial portion of the crystallization period  giving rise to the 
various changes observed

The evidence discussed in this work supports a synthesis 
reaction mechanism involving formation and subsequent dissolution 
of an amorphous sodium aluminosilicate intermediate, with solution 
transport from the gel to the growth surface of the nucleated 
zeolite crystallite. It is not clear whether ordered moieties 
formed in the system represent nucleation centers, or building 
blocks for crystal growth as proposed by Barrer(19) and by 
Breck(20). This may be difficult to determine because of overlap 
of the several reaction steps involved. However, these building 
blocks would not have to be in the form of discrete cage units, 
as assumed by McNicol and co-workers(2). Ciric concluded that the 
most likely building-block units were dimer or cyclic tetramer 
species with dinegative charge(21). It might be speculated that 
the weak bands observed in the Raman spectra for the liquid phase 
could be attributable to such species. 

It is apparent that dissolution of gel intermediate occurs 
during the course of crystallization, in agreement with the earlier 
results of Kerr(22) and Ciric(21), and that a direct gel trans
formation does not take place in the system. It might be argued 
that these differing views are not totally irreconcilable, since 
in most synthesis processes of practical interest, rather short 
transport distances obtain in the porous hydrogel network. It 
must be remembered, however, that depletion of local concentration 
zones in a diffusion-controlled process would require some longer-
range mass transfer, as shown mathematically by Ciric(21). It has 
also been pointed out that the colloidal nature of some of the 
species involved may obscure the mechanistic picture to some 
degree(_3), but this would not obviate the need for liquid phase 
participation in the process, as noted by Kerr(22). 

While the mechanistic discussion originally presented a 
number of years ago(23) has been often mi s-interpreted(4,22), it 
was noted therein that "formation of zeolite nuclei requires the 
solubilization of silicate anions from the colloidal silica 
particles and a resulting interaction with the aluminate ion 
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present in the solution". "After the in i t ia l gel formation", i t 
was further noted, "the room temperature aging equilibrates the 
heterogeneous gel with the solution"(24). A concise discussion 
of this can be found in the monograph on molecular sieves by 
Breck(25). It is clear that the "solid" gel phase contains a 
considerable amount of aqueous solution in which liquid transport 
can occur. 

Additional support for liquid phase involvement in zeolite 
crystal growth can be found upon examination of the zeolite A 
micrographs in Breck's monograph showing multiple layered growth 
steps on crystal faces(26_). This type of surface structure would 
be expected in growth from solution, both on theoretical grounds 
and as a result of observational experience(27_). Counter
parts to a number of other observations of zeolite crystal habit 
can be found in crystal
Annealed metals seem t
formed via solid-state crystallization. 

It can be further noted that earlier Raman work(l_) was 
apparently not continued far enough into the crystallization 
period to observe the changes which are reported here. Although 
the later work(2) pursued the search for "cage-like building 
blocks" into the crystallization period without success, i t is not 
clear why the changes reported here were not observed, although 
i t is true that a highly dilute system was employed, compared to 
that employed here, and that no aging step was used. 

Finally, the possibility of crystallization occurring by an 
Ostwald ripening mechanism and surface diffusion is not supported 
by recent work on the ripening process by Kahlweit(28), who 
demonstrated that particle growth rate as a function of time 
approaches zero after going through a maximum, rather than 
approaching a constant rate. The lack of constancy found in the 
present work in solids to liquid ratio, and distribution of 
chemical species in the solid and liquid as a function of time, 
are not consistent with a ripening process as the dominant 
crystallization pathway. 

In summary, based on sampling of the synthesis system at a 
number of points covering the several stages of the process, and 
using a variety of characterization techniques, i t can be con
cluded that the trajectories of the observed physical and chemical 
parameters in the system are incompatible with a solid phase 
transformation mechanism, but agree quite well with solution 
transport considerations. 
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M e c h a n i s m s of Synthes iz ing P s e u d o m o r p h i c Zeol i te 

Particulates Using High C o n c e n t r a t i o n Grad ien t s 

ANIL K. PATEL and L. B. SAND 

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

A hypothesis is proposed for the mechanisms of gelation and 
crystallization which occur during the reaction between activated 
alumina or sodium aluminate particles and sodium sil icate solu
tions to produce pseudomorphic zeolite A, zeolite Β and zeolite 
HS particulates containing up to 100% zeolite with rapid sorption 
rates. 

Introduction 

The objective of this work was to make a systematic study on 
direct syntheses of zeolite A, B, and HS (hydroxysodalite) par
ticulates pseudomorphic after a suitable reactant particle using 
high concentration gradients in the synthesis system. This had 
been accomplished using sodium aluminate particles as precursors 
in a previous study on faujasite-type zeolites (1), in which i t 
was found that sodium salt additions were effective in promoting 
the mechanism. The f irs t phase of this study, therefore, was to 
determine the effect of salt additions on the kinetics of crys
tall ization. If successful syntheses were achieved, an examina
tion of the mechanisms involved in the process of pseudomorphic 
transformations was to be made. A review of the patent l i tera
ture on reacting preformed shapes in-situ to zeolites is given 
by Breck (2), and a summary of the work in the U.S.S.R. is given 
by Mirsk i i_£t . à j . (3). These were also pseudomorphic transforma
tions, starting generally with a silica-alumina particle. This 
study reports on the use of sodium aluminate or activated alumina 
as the particle precursor and the effects of synthesis parameters 
on the pseudomorphic conversion. 

The term pseudomorphic conversion is used in the broad sense, 
as with petrified wood, to describe the process of in-situ re
placement of one species by another while retaining the size and 
shape of the original. 
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Zeolites A, B, and HS were selected for the study, as they 
are closely related phases in the soda-alumina-silica-water sys
tem to the faujasite-type zeolites on which similar successful 
studies had been made in our laboratories. 

Experimental 

The materials used were sodium aluminate particles (Nalco, 
l.lNa20-Al203-3H20), activated alumina (ALCOA F-l , Αΐ2θ3·0.4Η2θ), 
sodium silicate solution (Phila. Quartz, 0.3Na20-Si02-7.3H20), 
distilled water, and reagent grade NaOH, NaCl, NaF, NaBr, andNal. 

Syntheses were made in 15ml capacity low carbon stainless 
steel vessels placed in controlled drying ovens with pressure de
veloped autogenously. 

Using synthesis informatio
conditions for zeolite
techniques to obtain 100% yield of each phase as polycrystalline 
powder prior to the particulation study. The effects of anion 
additions on the kinetics of zeolite A crystallization then were 
determined. The order of mixing of reactants was found to be 
critical to achieve pseudomorphic conversion of the precursor 
particles: 1) the solution of distilled water, sodium hydroxide 
and sodium silicate, 2) sized sodium aluminate or alumina par
ticles, and 3) salt. After reaction, the product was washed with 
distilled water on a suction-filtered Buchner funnel to near pH7 
and then dried at 40-60°C. The samples were analyzed quantita
tively by X-ray powder diffraction using a Philips model 3000 
diffractometer with monochromatic Cu radiation. 

Morphology was determined with the use of a Jeolco U-3 scan
ning electron microscope for which the samples first received a 
Au-Pd coating. Rates of adsorption were obtained with a sorption 
balance designed and constructed in our laboratories (5). Rates 
of gelation of the sodium aluminate particles were determined by 
leaching out the unreacted aluminate and of the activated alumina 
particles by following the decrease in boehmite content by XRD 
analysis. Induction period was defined as the time required for 
zeolite crystals to be detected by XRD analysis. 

Results 

The starting batch composition used to study the effect of 
salt additions on zeolite A crystallization was 1.6Na20-Al203-
1.4Si02-96H20 reacted at 100°C. Examples of the effect of sodium 
salt additions to this batch composition on the reaction rates 
are given in Figure 1: without salt addition and with addition 
of 2 moles of NaF, Nal, NaCl or NaBr per mole of AI2O3 at 100°C. 
Additional data on this effect are given by Patel (6.). It was 
found that for the reaction condition selected, sodium salt addi
tions inhibited the rate of crystallization for zeolite A. 
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Assuming that the formation of stable nuclei is an energeti
cally activated process, and as the nucleation process is rate-
determining during the induction period, the apparent activation 
energy for nucleation, E n , was determined by the relation 

d ] " Ο Λ Ο = Ε /R d (1/t) L n ' K 

where θ is the induction time (7). Table I lists the apparent 
activation energies for nucleation in the system without salt 
addition and with salt additions. 

Table I. Apparent activation energies for nucleation of Zeolite 
A from batch composition 1.6Na?0-Al?03-l.4Si0?-96H?0 
with and without salt additions 

Salt addition to Temp
batch composition °C kcal/gmole 

10-100 10.5 
2NaF 80-120 13.7 
2NaCl 60-100 11.1 
2NaBr 60-100 11.1 
2NaI 80-100 17.3 

Pseudomorphic conversions were made with salt additions, 
which previously had been found effective in promoting faujasite-
type particulation by this mechanism, but in the systems chosen 
for zeolites A, B, and HS, the best results were obtained with no 
salt additions. Figure 2 is a scanning electron micrograph of 
zeolite A particulates crystallized from a batch composition 
3.2Na20-Al203-l.05St02~60.5H20 at 65°C using activated alumina as 
the precursor particle. As can be seen in Figure 2 (top), zeo
lite A particulates are formed in the 500ym to lOOOym size range. 
Figure 2 (bottom) shows the surface of one of these particulates 
in which the individual crystals can be seen. The crystals are 
twinned cubes and in the 5ym and 6ym size range. 

Figure 3 (top) is a scanning electron micrograph of zeolite 
Β particulates in the 200ym to 1000ym size range synthesized 
using sodium aluminate particles as precursors. Figure 3 (bottom) 
shows the surface of these particulates in which small spheroid 
crystals of zeolite Β in the 2ym to 3ym size range are visible. 

Figure 4 (top) is a scanning electron micrograph of zeolite 
HS particulates in the 400-500ym size range synthesized from 
batch composition 4.5Na20-Al203-3.6Si02-60.8H20 at 105°C. 
Figure 4 (bottom) shows the individual crystals in the 0.1-0.3ym 
size range. 

Figure 5 gives the crystallization curves resulting in the 
particulates of zeolites A, B, and HS shown in Figures 2, 3 and 
4, respectively. Table II summarizes the batch composition and 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



210 M O L E C U L A R S I E V E S — I I 

Figure 1. Crystallization curves for 
zeolite A from overall batch composi
tion 1.6 NagO-Al2Os-1.4 Si02-96 
H20-X salt at 100°C. Δ, no salt; •, 
X = 2 NaF; •, X = 2 Nal; A, X = 2 

NaBr; ·, X — 2 NaCl 
0 2 4 6 8 

T i m e ( H o u r s ) 

Figure 2. (left) Scanning electron micrograph of pseudomorphic zeolite A particulates 
from the overall batch composition 3.21 Na2O-AUOs-1.05 SiO2-60.5 H20 at 65°C. 
(right) Scanning electron micrograph of surface of the zeolite A particulate of Figure 2. 
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Figure 3. (left) Scanning electron micrograph of pseudomorphic zeolite Β particulates 
from the overall batch composition 12.33 Na2O-Al2Os-20 SiO2-223.05 H20 at 105°C. 

(right) Scanning electron micrograph of surface of the zeolite Β particulates. 

Figure 4. (left) Scanning electron micrograph of pseudomorphic zeolite H S particulates 
from the overall batch composition 4.45 NatO-Al2Os-3.64 SiO2-60.83 H20 at 105°C. 

(right) Scanning electron micrograph of surface of the zeolite HS particules. 
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the size range of the particulates and individual crystals ob
tained. Table III lists the induction periods and crystalliza
tion rates. 

Table II. Size range of particulates and individual crystals 
in the particulates of zeolites Α. Β and HS formed 
from certain batch compositions. 

Batch Composition Zeolite Particulates Crystals 
(Na20/Al203/Si02/H20 type (μΐϋ) (um) 

Π . 4/1/3.00/169.8 A 100-500 1-3 
3.2/1/1.05/35 A 500-1000 4-6 

12.3/1/ 20 /22
4.5/1/3.6/60.

Table III. Typical induction periods and crystallization 
rates for zeolites A, Β and HS particulates 

Batch Composition Temp. Zeolite Induction Cryst. 
(Na?0/Al20o/Si09/H90) Particle °C type Period, Rate 

ό ά ά hrs. %/hr 

3.21/1/1.05/60.5 a.a. 100 A 1.5 13.0 
12.3/1/ 20 /223 s.a. 105 Β 1 40.0 
4.45/1/3.64/60.6 s.a. 105 HS 1.5 14.7 

a.a. = activated alumina 
s.a. = sodium aluminate 

Depending on the system, the rates of gelation varied con
siderably. For example, the overall rate of gelation for zeo
lite A was 10%/hr as compared to 10%/min for zeolite B. Figure 6 
shows a typical rate curve obtained during gelation of sodium 
aluminate particles in a system producing zeolite A particulates. 

Figure 7 shows two results of a scanning electron micro
scopic study of the gel particles as they crystallize into zeo
lite A from the overall batch composition 1.6Na20-Al203-l.4Si02-
96H20-NaCl at 100°C. After about 1 hour at 100°C, the gel par
ticles degrade, and holes develop on the surface of the particles 
as can be seen in Figure 7 (top). This differential dissolution 
and breaking down of the particle can lead to the unusual tubular 
configuration of the gel as is shown in Figure 7 (bottom). This 
phenomenon is noted when the system does not produce strong par
ticulate pseudomorphs but produces either weak particulates or 
dispersed polycrystalline powder. 

Figure 8 gives a plot of grams of S02 adsorbed per 100 grams 
of adsorbent against time at 25°C and 80mmHg pressure. The rate 
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Figure 5. Crystallization curves re
sulting in pseudomorphic zeolite A, 
B, and HS particulates. Batch com
positions and temperatures are listed 
in Table 3; · , zeolite HS; O, zeolite 

Β; Δ, zeolite A. 
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Figure 6. Gel formation rate for the 
overall batch composition 3.21 Na20-
Al2O3-1.05 SiO2-60.50 H20, at room 
temperature using sodium aluminate 

as the precursor particle 
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Figure 7. (left) Scanning electron micrograph of a gel particle from the batch composi
tion 1.6 Na20-Al20s-1A Si02-96 H20-2 NaCl after 1 hr at 100°C. (right) Scanning 
electron micrograph of a gel particle from the same batch composition after 2V2 hr at 

100°C. 

16 

Figure 8. Rates of SOg adsorption on 
pseudomorphic zeolite A particulates 
(O) and on zeolite A extrudates (A) 

at 25°C and 80 mmHg pressure 
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of S02 adsorption on zeolite A particulates was 6 wt%/min. as com
pared with 4 wt%/min. for commercial extrudates averaged over the 
first 2 min. The adsorption capacity after ten minutes for zeo
lite A particulates was 14 wt% as compared to 10 wt% for the ex
trudates, due to the higher zeolite content in the particulates. 

Results on the flat plate crushing strength of these particu
lates showed that large particulates of zeolite A had a 0.5% de
crease in flat-plate crushing strength after a solution life test 
as compared to a 13% decrease for the commercial zeolite A extru
dates. This is significant in that ion exchanges can be performed 
without physical deterioration. 

Discussion 

Pseudomorphic zeolit
can be obtained over a
sis using reactant particles which have a high concentration gra
dient relative to the solution. 

It was found that to obtain particulates by this method with 
the desired properties of size distribution, dry and wet strength, 
and rapid sorption rates, much experimentation is required for 
each zeolite type and for each different condition for crystalli
zation of a given zeolite^ The complex dynamic systems are dif f i 
cult to delineate, but they are reproducible once the conditions 
are determined. Although further research is needed to fully 
understand the process mechanisms, the initial studies indicate 
that the batch composition must be sufficiently viscous to inhibit 
nutrient transfer among particles to control rates of gelation, 
nucleation, and crystallization. Conditions which did not produce 
the desired pseudomorphic conversions showed a phenomenon that 
provides an insight into the mechanism. The gel particles devel
oped vent holes on the surface; and in some cases in an intermed
iate stage of crystallization, a tubular configuration of the gel 
developed on the surface as is shown in Figure 7 (bottom). The 
5ym particles are zeolite A crystals. It is proposed that when 
the gel particles in these non-optimum systems were exposed to the 
temperature of crystallization, the contained fluid phase vented 
at the surface. The venting fluids developed the cylindrical gel 
structure. This breaking down of the particle is prevented if 
viscosity of the surrounding solution is high enough to contain 
the vapors and the precursor particle is strong enough to allow 
the reaction to proceed to completion. 

Salt added to increase the solution viscosity did not promote 
the mechanism in these synthesis systems, but the study did demon
strate that the synthesis of pseudomorphic zeolite particulates 
by this method is not necessarily dependent on salt additions. 
This raises the possibility that better pseudomorphic faujasite-
type particulates might be achieved in a system without salt 
additions than had been obtained in the previous study. 
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G e l a t i o n 

R e a c t a n t P a r t i c l e Gel P a r t i c l e 

Q \ 
S o l u t i o n / 

N u c l e a t i o n 

: Cry sta II izat ion 

Z e o l i t e P a r t i c l e N u c l e i Of Z e o l i t e 

Figure 9. Schematic sequence of proposed mechanism of 
forming pseudomorphic zeolite particulates 
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The proposed sequence of gelation and crystallization that a 
reactant particle undergoes is diagrammed in Figure 9. In start
ing with a high concentration gradient between the reactant par
t ic le and an alkali s i l icate solution, a gel forms on the surface 
of the particle and progresses to the center to result in the 
formation of an intermediate gel particle pseudomorphic after the 
original particle. In other words, because of the high concentra
tion gradient between the solution and the surface of the reactant 
particle, the si l icate solution diffuses into the reactant par
t ic le and forms the gel phase. When the reaction front reaches 
the center of the particle, the reactant particle is replaced com
pletely by an intermediate gel particle pseudomorphic after the 
precursor. This contrasts with the usual synthesis method in 
which a solution of sodium aluminate is mixed simultaneously with 
a solution of sodium si l icat
ticles. Those individua
uid phase which react to form dispersed zeolite crystals. How
ever, with the technique of this study a coprecipitated gel is 
not formed instantaneously; and with a high concentration gradi
ent between the aluminum and silicon sources, the particulation 
process can proceed. 

After exposing these pseudomorphic gel particles to the tem
perature required for crystallization, i t is proposed that a very 
large number of nuclei form simultaneously. Because of this 
simultaneous nucleation and with uniform crystal growth, the re
sulting small intergrown crystals form aggregates which retain 
the same size and shape of the gel particles. It is these small, 
intergrown crystals which give strength to the final pseudomor
phic zeolite particulates. 

The more rapid rate of adsorption on these zeolite A particu
lates observed in a comparative test with extrudates indicates 
an additional advantage of this method to form particulates in 
either the fluidized or fixed bed size ranges. 

As the particulates could be formed by this technique on the 
f irs t four zeolites chosen, i t appears l ikely that other alkali 
zeolite particulates can be produced by this method. 
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ABSTRACT 

Crystallization kinetic
potassium phil l ipsites, Pure phil l ipsite was synthesized in the 
temperature range of 25-175°C under autogenous pressure and with 
K/(Na+K) ratios in the starting batch composition of 0.05 to 0.35. 
Reaction rate expressions developed for nucleation and crysta l l i 
zation were determined to be second order in hydroxide concentra
tion. The kinetic diameter of the synthesized phillipsites was 
determined to be 2.60 to 2.65Å. 

Introduction 

This paper reports the synthesis conditions, crystallization 
kinetics and some sorptive properties on Na, K-phillipsites 
formed in a portion of the soda-potash-silica-alumina-water 
system with and without chloride additions. Phil l ipsite is one 
of the most abundant natural zeolites, forming in both sedimen
tary rocks of marine and continental deposits and in fissures and 
cavities of extrusive flows, mainly basalts. The name phi l l ip
site was proposed in 1825 by Levy in honor of the British miner
alogist W. Phil l ips , who discovered the f irs t crystals of this 
mineral in Aci Castello, Sici ly (.1)· Phil l ipsite predominates in 
low-silica, alkali-rich rock, whife the zeolite cl inopti lol ite 
is dominant in high-silica rock (2j. Together, phil l ipsite and 
cl inopti lol ite form the largest quantity of al l zeolite deposits. 

Phil l ipsite contains the 4-ring (Al, S i ) ^ unit as the 
smallest structural unit and is classified as a Group I zeolite 
by Meier {3). The phil l ipsite framework consists of layers of 
tetrahedra composed of 4- and 8-membered rings lying approximately 
in the (100) plane. The layers are linked vertically by 4-rings 
which form crankshafts with the horizontal 4-rings (4,5). Some 
confusion has arisen in the literature among the structure types. 
The same letter has been used to name different synthetic species. 

*Present address: Cleveland State University, Department of 
Chemical Engineering, Cleveland, Ohio 44115 
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Thus, zeolite Na-B refers to a synthetic analcime-type zeolite 
(6); zeolite Β refers to a synthetic phase originally reported 
by Barrer et al . (7) who called the same synthetic phase zeolite 
P c. The term zeolite Pc was used to indicate a "phillipsite-
type" structure. However, the framework structure of zeolite Pc 

and of zeolite Β is actually that of gismondine (8). The 
phillipsite reported in this work has an X-ray diTfractogram 
identical with that reported by Steinfink (9) for natural 
phillipsite. 

Although a large amount of work has been done on zeolite 
synthesis in the last thirty years, the conditions of synthesis 
for phillipsite had not been clearly established even though 
it is one of the most common zeolite minerals. There are only 
two reported syntheses of phillipsite analogues in the literature. 
Sersale et al . (10) reports the preparation of a synthetic 
phillipsite from a high-potassium
treatment with sodium o  potassiu  hydroxid
peratures above 240°C for 30 hours. KOhl (JJQ also reports the 
formation of a synthetic phillipsite, designated ZK-19, whose 
X-ray powder pattern was found to agree very closely with that 
of a phillipsite obtained from a marine environment. Pure zeo
lite ZK-19 crystallized from mixtures having molar sil ica/ 
alumina ratios in the range of 4 to 16 and Na20/(K20+Na20) molar 
ratios in the range of about 0.3 to 0.85. 

EXPERIMENTAL 

The reactants used for phillipsite synthesis were an amor
phous silica-alumina gel (Al203-10.38Si02-5.18ΗοΟ, Davison Chemi
cal), sodium aluminate (1.lNa20-Al203-2.98H20-Nalco Co.), 
sodium silicate solution (N-type, Na20-3.326Si02-24.12H?0, 
Philadelphia Quartz Co.), microfine precipitated silica{Quso 
G20, Philadelphia Quartz Co.), and reagent grade sodium and 
potassium hydroxide and sodium and potassium chloride. 

Syntheses were made in modified Morey-type autoclaves of 3 
and 15 ml capacity at autogenous pressures. For some runs below 
100°C, runs were made in a mechanically stirred triple-neck 
distilling flask under reflux. For the quiescent runs, the 
reactants were mixed with a mortar and pestle into a homogeneous 
mix and loaded into the autoclaves. Crystallization kinetics at 
100°C in a stirred flask were determined by first mixing the 
soluble salts with water and heating the solution to temperature. 
When at temperature, the gels were added and this was considered 
time zero. Crystallization was followed by analyzing the solid 
product quantitatively by X-ray powder diffraction. Prepared 
mixtures of a well-character!zed sample of phillipsite and the 
amorphous substrate of near-phillipsite composition were used to 
establish a calibration curve for quantitative phase identifica
tion based on a summation of X-ray peak intensities. Crystalli
zation curves were obtained by analyzing the solid product from 
either a number of identically charged autoclaves kept at the 
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crystallization temperature for different times or from aliquots 
taken from the stirred flask at various times. 

Adsorption tests were conducted with a constant-pressure, 
constant-volume adsorption balance in which the weight change of 
the adsorbent was measured. Samples typically were activated 
overnight by heating to 300°C under 3 χ 10-3 torr vacuum. 
The activated zeolite then was cooled to the temperature at which 
the adsorption determination was made. 

RESULTS AND DISCUSSION 

Synthesis. Na, K-phil1ipsites were synthesized using a 
variety of starting batch compositions in the Na2-0-K20-Al203-
S i O o - r ^ O system over a temperature range of 25°C 
to 175°C, with sodium and potassium chloride added in some 
cases. Typical batch compositions
starting materials tha  produce  phillipsit  pur  phas
listed in Table 1. A ternary diagram of the batch compositions 
used in the synthesis of phillipsite is shown in Figure 1. 
Phillipsite formed as the stable phase from the less siliceous 
starting batch compositions. As the amount of silica was in
creased in the batch, phillipsite was more metastable, with 
other zeolitic phases forming with or completely replacing it. 
These other phases were mordenite, erionite and zeolite L. 
Clinoptilolite was indicated in some of the high-silica runs in 
which calcium, usually in the form of salt, was added to the 
system. 

In order to determine the critical parameters in phillipsite 
synthesis, batch compositions were varied with respect to sodium-
potassium ratios, and chloride addition. The sodium-potassium 
ratio was varied from the pure sodium to the pure potassium end-
members while maintaining constant all other system parameters 
such as temperature and silica-alumina ratios. The K/(Na+K) 
ratios used were 1.00, 0.75, 0.50, 0.45, 0.40, etc. to 0. The 
metastable phase transformations were studied in the system with 
a starting batch composition of 3.2 (Na20, K20)-Al203-10.38Si02-
150H20-6(NaCl,KC1) and reaction temperature of 120°C. This 
diagram is shown in Figure 2. Approximately 200 experimental 
runs were used to establish the phase boundaries. 

The phases that were found to coexist with phillipsite were 
zeolite L, mordenite, gismondine and analcime. Phillipsite 
formed stably (or persisted metastably for 1000 hours) in a 
K/(Na+K) range of 0.10 to 0.20, although it formed metastably 
over the K/(Na+K) range of 0.05 to 0.40. As the amount of 
potassium was increased, nhillipsite was replaced by mordenite 
and subsequently by zeolite L. At the high potassium contents, 
phillipsite did not form and zeolite L was the only crystalline 
phase observed. From the high sodium compositions, sodium 
gismondine formed, which was replaced in time by analcime. 
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Table I.-Typical Synthesis Runs Producing Pure Phillipsite 

Run 
No. 

Batch Composition 
Na20/K20/Al203/Si02/H20/NaCl/KCl 

Starting 
Materials 

Temp 
°C 

Time 
(Hours) 

N-3 2.4/0.8/1.0/10.38/150/4.5/1.5 Davison 
Gel, NaOH, 
KOH 120 36 

N-6 6.4/0/ 1.0/10.38/150/6/ 6 Davison 
Gel, NaOH 120 48 

N-7 6.95/3.50/1.0/20/325/0/ 0 Na-silicate 
Na-aluminate 
KOH 100 68 

N-10 10.0/0/ 1.0 20.0/300/5/

NaOH 175 2.2 
N-10 II II II II 125 4.5 
N-10 II II II II 100 3.3 
N-10 II II II II 60 96 
N-10 II II II II 25 744 

The effect of the addition of chloride was evaluated by 
developing a metastable phase transformation diagram for the 
system 3.2(Na20,K20)-Al203-10.38Si02-150Hp0-0.20(NaCl,KC1) 
using the same reaction temperature of 120°C. The composition 
was essentially the same as that used in Figure 2, except the 
amount of chloride was substantially reduced. This diagram is 
shown in Figure 3. In this low-chloride case, the phases that 
were found to coexist with phillipsite were erionite, zeolite L, 
gismondine and analcime. As found in the high-chloride system, 
phillipsite persisted as a phase over the K/(Na+K) range of 0.10 
to 0.20. However, phillipsite formed with co-existing phases 
over the much wider range of K/(Na+K) of 0.05 to 0.80. Zeolite L 
formed as a single phase only at the K/(Na+K) ratios greater than 
0.80. In the high-sodium region, gismondine persisted as a phase 
for a greater time, again being replaced by analcime. It is in
teresting to note that in the low-chloride system erionite formed 
with phillipsite, vhile in the higher-chloride system mordenite 
replaced phillipsite. 

The phillipsites that were synthesized had silica-alumina 
ratios from 4.51 to 5.24, and these are summarized in Table II. 
It was found that during synthesis, phillipsite selectively took 
up potassium from the reacting solution. Λ plot of this selec
tive uptake is given in Figure 4. 
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Table II.-Silica-Alumina Ratios of Synthetic Phillipsites 

Run Number Silica/A1umina 
N-7 5.24 
N-6 5.01 
N-10 4.51 

Activation energies for nucleation and crystallization were 
calculated for Run Number N-10 using an Arrhenius relationship 
at three temperatures. The data are plotted in Figure 5 where 
0 is the induction time. Results are summarized in Table III. 

Table III.-Apparent Activation Energies 

Nucleation
(Kcal/gmole) (Kcal/gmole) 

Stirred 13.46 15.25 
Non-Stirred 14.30 14.76 

Crystal 1ization Kinetics. The functional dependence of the 
zeolite crystal1ization kinetics on alkalinity was developed for 
phillipsite synthesis. In Figure 6, crystallization curves for 
phillipsite are shown in which the same starting batch composi
tion is reacted, but the alkalinity of the system is varied. 
This was accomplished by replacing hydroxide with chloride and 
assuming that for this range of concentrations, the chlorides do 
not affect the alkalinity significantly and therefore also do not 
significantly affect the nucleation or crystallization reactions. 
The mixture was reacted at 100°C under reflux while maintaining 
temperature and stirring rate constant. The batch compositions 
used are listed in Table IV. 

Table IV.-Batch Compositions Used in the Kinetic Studies 

Batch Compositions Hydroxide Concentration 
(Na20/Al203/Si02/H20/NaCl/KCl) (gmoles/1iter) 

9.0/1.0/20.0/300/7/5 3.50 

10.0/1.0/20.0/300/5/5 3.89 

11.0/1.0/20.0/300/3/5 4.30 

As can be seen in Figure 6, the rates of nucleation and 
crystallization increased as the alkalinity of the system was 
increased; therfore, a functional dependence of nucleation and 
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crystallization rates on alkalinity could be derived. To inves
tigate the kinetics, crystal growth was considered to be indepen
dent of nucleation, as suggested by the uniform particle size 
(3.1 to 3.5 ym) of the synthetic phillipsite crystals. Therefore, 
the rate of nucleation can be expressed by the equation 

where Ν is the number of nuclei (a critical number of nuclei are 
required for crystal growth to begin), Κη is a reaction rate 
constant, Cn was taken to be the hydroxide concentration and a 
is the reaction order. The induction period is taken to be 
equivalent to the nucleation rate. The order of the reaction 
was evaluated by plotting log (dN/dt)y versus log (OH"). The 
nucleation reaction wa
concentration as show
tion time (when crystal growth commences). 

In a similar manner, an expression was developed for the 
rate of crystallization as a function of alkalinity. The crystal 
growth rate can be expressed by the equation 

dW 
<-a!>T " Kcc a c <2> 

where Wc is the crystal growth, Κς is a reaction rate constant, 
CQ is trie concentration of the hydroxide and a is the reaction 
order. The quantity (dWç/dtW is the rate of crystallization 
and was taken to be equal to the maximum slope of the crystalli
zation curve which was found to occur at 50% crystallization. 

The reaction order for crystallization was evaluated in the 
same manner as that for nucleation, and from Figure 7 the order 
was found to be 1.75 or approximately second order. The values 
of the reaction rate constants and orders are summarized in 
Table V. 

Table V.-Reaction Rate Orders and Rate Constants for 
FRTllipsite Nucleation and Crystal!izatTon 

Reaction Order Rate Constant 
a K100°Ç ? 

Nucleation TM 0.013 1 /̂hr mole*1 

Crystallization 1.75 6.748 %xM 2/hr mole2 

From these experimental data for phillipsite crystallization, 
it was concluded that (1) the nucleation and growth rates in
creased with hydroxide concentration, (2) the rates of nuclea
tion and crystallization were proportional to the hydroxide con
centration according to second-order kinetics and (3) as the 
phillipsite crystals were not found to be pseudomorphic with the 
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reacting alumina-silica gel, nhillipsite probably was formed by 
a condensation-polymerization reaction with some dissolved 
aluminosilicate species. These data are consistent with those 
of Ciric (12) for zeolite A crystallization, in which at 
relativelyTow alkalinities, the growth rate of zeolite A was 
found to be second order in hydroxide concentration. Ciric 
concluded from this second order relationship that dimers or 
cyclic tetramers possibly are the building blocks for the 
zeolite. 

The experimentally determined order for crystallization was 
1.75. As crystal growth takes place very rapidly, the differ
ence between the expected reaction order of 2.00 and the observed 
1.75 may reflect mass transfer limitations in the availability 
of nutrients for the crystal growth. 

Properties. The
with respect to therma
some comparisons were made with natural K, Na-phi11ipsite from 
Rome, Oregon. The thermal stabilities of the phillipsites 
were determined by heating a sample to a set temperature, main
taining it at this temperature for eighteen hours, cooling, and 
measuring the crystallinity of the activated sample by X-ray 
techniques. Samples were heated to progressively higher tempera
tures and the results of this thermal treatment are shown in 
Figure 8. The synthetic phillipsites are stable to 300°C, with 
the one having the higher silica-alumina ratio being somewhat 
more stable. The natural phillipsite from Rome, Oregon, demon
strated a high thermal stability due to its high silica-alumina 
ratio of 6 to 7. 

The phillipsites were characterized further by determining 
their effective port diameters by adsorbing molecules of various 
dimensions into the activated zeolite. At the low gas pressures 
(less than one atmosphere), it was found that the only gases that 
any of the phillipsites tested would adsorb were water and 
ammonia. From this, i t can be concluded that the effective port 
diameter of phillipsite is 2.60 to 2.65 j(, which is consistent 
with the crystal structure of phillipsite. 

The effect of activation temperature on adsorption capacity 
was determined on a synthetic phillipsite (Run Number N-7) using 
ammonia as the sorbate gas. The phillipsite was activated by 
heating to a set temperature while under a vacuum of less than 
0.003 mmHg and maintained at that temperature and pressure for 12 
hours. The sample was allowed to cool to 25°C and the adsorption 
capacity was determined at 100 mmHg. As also can be seen in 
Figure 8, the adsorption capacity for phillipsite was found to be 
sensitive to activation temperature, with a maximum capacity 
achieved with a 300°C to 350°C activation. This sensitivity 
indicates the high degree of coordination of water to the cations. 

Equilibrium adsorption isotherm data were developed for 
synthetic N-7 phillipsite at 25°C using ammonia as the sorbate. 
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The material was activated to 325°C under vacuum for 12 hours and 
the results are plotted in Figure 9. Adsorption rate data were 
developed for both ammonia and water sorbed into the synthetic 
phillipsite. These rate data were essentially identical to those 
reported for the Rome, Oregon phillipsite (13,14). At 65°C, 
phillipsite rapidly adsorbed both water and ammonia with capaci
ties of 9.55 wt.% (22 mmHg) and 5.25 wt.% (80 mmHg), respectively. 
At 25°C, however, phillipsite rapidly adsorbed ammonia, but the 
rate of adsorption of water was slow. The rate curve was almost 
linear, with a slope of 0.033 wt.% per minute, suggesting that 
phillipsite might be of use in removing ammonia in a water-con
taining system as has been reported in another paper (13). 

CONCLUSIONS 

The general objective
the conditions of synthesi
determine the nucleation and crystallization kinetics for phillip
site formation and (3) characterize some of the properties of this 
zeolite. 

Phillipsite was found to form most readily from the less 
siliceous batch compositions; and as the amount of silica in the 
batch was increased, phillipsite became less stable and other 
zeolitic phases were found to form with or replace it . It has 
been reported that phillipsite is the dominant phase in natural 
zeolite deposits where the activity of silica is low; and phillip
site is less common, if not totally absent, in deposits with high 
silica activity (15). Clinoptilolite formation was indicated in 
the siliceous batcïï compositions in which some calcium was added. 

The ratio of sodium to potassium in the starting reaction 
mixture was also a critical parameter in the synthesis of phillip
site as a single phase. The range of sodium-potassium ratios in 
the batch mixture, in which phillipsite formed stably as a pure 
phase, was narrow (between K/(Na+K) of 0.10 to 0.20). 

In the reacting systems where chloride was added, the anion 
addition had a strong effect on the metastable zeolitic phases 
found to occur with phillipsite. In the high-chloride synthesis 
system studied (Figure 2), mordenite was found to replace phillip
site; whereas in using the same batch composition with much less 
chloride added (Figure 3), phillipsite formed with erionite. In 
both the high-and low-chloride systems, analcime was found to be 
a transformation product of the phillipsite. An analogy was 
found between this synthesis system and the natural occurrence of 
phillipsite in the sedimentary deposits of Owens and Searles Lakes, 
California. These lakes were connected during the Pleistocene 
Period, and received detrital sediments and rhyolitic ash from the 
same source (2). Water progressively passed from Owens to Searles 
Lake where saTinities were consistently high. There is, however, 
an absence of saline minerals in Owens Lake. In the saline, al
kaline environment, phillipsite was the primary zeolite found 
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along with analcime. In non-saline Owens Lake, phillipsite was 
found to occur with erionite, clinoptilolite and analcime. The 
absence of clinoptilolite from the synthetic runs in the system 
studied may reflect a lack of calcium or a lack of silica activity. 

For the kinetics of phillipsite formation, the rates of nu
cleation and crystallization increased with alkalinity as a 
second order function of the hydroxide concentration. These data 
are consistent with that of Ciric (JO) for zeolite A crystalliza
tion and would indicate that dimers or cyclic tetramers are the 
building blocks for phillipsite. 

Property data confirmed phillipsite to be a small-port 
molecular sieve zeolite with an effective port diameter of 2.60 
to 2.65 J{. Phillipsite might be of particular interest in an 
adsorption process in which it is desired to remove either 
ammonia or water from a gas stream  or in removing ammonia from a 
water-containing system

References 

1. Levy, Α., Ann. Phil. New Ser., London, 10:361 (1825). 
2. Hay, R.L., Zeolites and Zeolitic Reactions in Sedimentary 

Rocks, GSA Special Paper, No.85 (1967). 
3. Meier, H.M., Molecular Sieves, Society of Chemical 

Industries, London (1968). 
4. Smith, J.V., Mineral. Soc. America, Spec. Paper No.1 

(1963). 
5. Rinaldi, R., Pluth, J.J. and Smith, J.V., Molecular 

Sieves, Recent Progress Reports, Leuven University 
Press (1973). 

6. Barrer, R.M., and White, E.A.D., J. Chem. Soc., 1561 
(1952). 

7. Barrer, R.M., Baynham, J.W., Bultitude, F.W., and Meier, 
W.M., J. Chem. Soc. 195 (1959). 

8. Beard, W.C., Molecular Sieve Zeolites, ADV. Chem. Ser. 
101, A.C.S., Washington, D.C. (1971). 

9. Steinfink, H., Acta Crystallogr., 15:644 (1962). 
10. Sersale, R., Aiello, R. and Vero, E., Periodico di 

Mineralogie, Anno. XXXIV, N.2-3 (1965). 
11. Kühl, G.H., Amer. Mineral., 54:1607 (1969). 
12. Ciric, J., J. Colloid Interface Sci., 28:315 (1968). 
13. Hayhurst, D.T., Zeolite '76, An International Conference 

on the Occurrence, Properties and Utilization of Natural 
Zeolites, Pergamon Press (1976) in press. 

14. Hayhurst, D.T., Ph.D. Thesis, Worcester Polytechnic 
Institute, Worcester, Mass. (1976). 

15. Hay, R.L., Amer. Mineral., 49:1366 (1964). 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



20 

Synthesis of Faujasite by Recrystallization of H i g h -
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Hector clinoptilolite was observed to recrystallize to 
faujasite by a treatment in 30% NaOH at 100°C. Other clinopti-
lolites and other high SiO2/AI2O3 zeolites did not show this 
reaction. The differences were traced to chloride content of 
the source material and to the Na+ and K+ contents of the 
minerals. Silica/alumina ratio of the faujasite phase was 4.2. 
This could be, increased to 4.7 by partial neutralization of the 
NaOH at an intermediate point in the recrystallization process. 

Introduction 

Natural faujasite i s so rare a mineral that i t would 
hardly rate a footnote i n geology l i t e r a t u r e were i t not the 
prototype for Molecular Sieve Types X and Y. Indeed the condi
tions for i t s formation seem so pa r t i c u l a r and peculiar that i t s 
occurrence outside the laboratory i s most unlikely. S t i l l X and 
Y are tonnage commodities and the search for low cost materials 
for t h e i r synthesis continues. It i s predictable that this 
search should turn to natural materials and that synthesis 
conditions should converge on what we believe were the conditions 
which produced natural faujasite. 

Sudo and MatsuokaÇL) treated volcanic glass with NaOH/NaCl 
and obtained sodalite + faujasite (1959). More recently Miyata 
and 0kazaki(2) reported conversion of mordenite and c l i n o p t i l o 
l i t e to a faujasite-type and P-type zeolites. Negishi and 
NakamuraÇy treated c l i n o p t i l o l i t e with NaOH-NaCl solutions at 
100°C and observed the conversion sequence c l i n o p t i l o l i t e + 
amorphous material •> X-type zeolite + sodalite. 

We observed the r e c r y s t a l l i z a t i o n of mordenite to faujasite 
as an accidental side effect of attempts to prepare s i l i c a -
d e ficient mordenite by caustic extraction.(4) Similar 
treatments of other high SÎ02/A1203 materials revealed several 
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which are r e c r y s t a l l i z e d to faujasite by simple NaOH treatment. 
Best results were obtained on c l i n o p t i l o l i t e from Hector, 
C a l i f o r n i a . Other c l i n o p t i l o l i t e s from Western USA were inactive. 
The difference has been attributed to s p e c i f i c composition 
differences between the Hector sample and the other minerals. 
The results of thi s study appear relevant to the conditions which 
are supposed to have produced natural faujasite. 

Experimental 

C l i n o p t i l o l i t e samples i n this work are a l l from Western 
U.S.A. The sample from Hector, C a l i f , was purchased from Ward's 
Natural Science Establishment. Nevada c l i n o p t i l o l i t e s were sup
p l i e d by K. S. Deffeyes; t h e i r proximate locations are given i n 
Tables II and III and more completely described in the 
li t e r a t u r e . Natura
and wash purchased fro
Huber Corp., the other from Norton and was designated by them as 
"u l t r a pure1'. Sources of other h i g h - s i l i c a materials which were 
tested are given i n Table I. 

Natural materials were ground to about 100 mesh in a mortar 
for e a r l i e r experiments or with a Braun Pulverizer for later 
samples. Synthetic materials and pumice were received i n powder 
form and tested as received. 

The standard recipe used for the conversion reaction was 
(by weight) one part h i g h - s i l i c a z e o l i t e , for example, clinop
t i l o l i t e , 1 part water, and 0.3 parts NaOH. In a ty p i c a l run 
10 grams of h i g h - s i l i c a zeolite was s l u r r i e d with 7 m i l l i l i t e r s 
of deionized water, followed by the addition of 6 grams of a 
standard 50% by weight NaOH solution. This mixture was well 
s t i r r e d , poured into a 2 ounce square sample bottle* and capped 
(including a polyethylene f i l m seal). The vessel was immersed 
in an o i l bath maintained at 100°C and removed the next day (16 
hours was the usual reaction time). After air-cooling, the 
sample was washed with deionized water u n t i l the pH of the wash 
was 10.5 or below. The s o l i d portion was dried overnight at 
130°C and analyzed by x-ray d i f f r a c t i o n . 

In most cases different slurry compositions were achieved 
by changing the r a t i o of the three components: c l i n o p t i l o l i t e , 
50% NaOH solution, water. Multiple samples of the slurry were 
bottled and heated for progressively longer times i n the o i l 
bath before washing. Samples treated above 100°C were contained 
in 200 ml. monel autoclaves at autogenous pressure. 

Water soluble promoters were added to the formula by 
substituting an aqueous solution of the promoter for the 
deionized water. When the dissolution of the promoter could 

*To check for a container effect, selected experiments were 
repeated i n polyethylene lined containers; results were sub
s t a n t i a l l y equivalent. 
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not be effected at the desired l e v e l , the s o l i d was premixed 
with the high s i l i c a zeolite followed by the standard sequence. 
The promoters were a l l of Β § A reagent grade quality as were 
other chemicals u t i l i z e d i n the conversion and i n normal 
laboratory procedures. When the in h i b i t i n g effect of certain 
cations on the r e c r y s t a l l i z a t i o n became apparent, the c l i n o p t i 
l o l i t e was pretreated (4 hr. at reflux) with 2N HC1. In some 
cases sodium aluminate was added to the formula to replace 
alumina extracted by pretreatment; these r e c r y s t a l l i z a t i o n 
experiments are described i n Table VI. 

Later i n the project, we observed higher S1O2/AI2O3 i n the 
faujasite product by p a r t i a l neutralization of the NaOH after 
the i n i t i a l digestion period. This was accomplished by removing 
the sample from the o i l bath, adding a calculated amount of 
12N HC1, agitating, and returning the bottle to the o i l bath 
to complete the r e c r y s t a l l i z a t i o n
described i n Table VII

C r y s t a l l i z a t i o n was followed by analysis of the s o l i d 
product quantitatively by x-ray powder d i f f r a c t i o n . Prepared 
mixtures of Hector c l i n o p t i l o l i t e and Linde Na-Y were used to 
establish a cal i b r a t i o n curve for the fraction faujasite 
present in the mixture based on sum of int e n s i t i e s of the ten 
strongest faujasite l i n e s . Unit c e l l size of the faujasite 
phase was calculated from the observed 2Θ value of the 664 l i n e ; 
S1O2/AI2O3 was estimated from unit c e l l size. Surface area 
was calculated from N2 sorption by Langmuir method. Par t i c l e 
size was estimated from the transmission electron micrograph. 

Results and Discussion 

Mild caustic treatment of mordenite i s known to extract 
s i l i c a ; vigorous caustic extractions produce r e c r y s t a l l i z a t i o n 
to "lower z e o l i t e s " such as p h i l l i p s i t e or non-zeolites such 
as sodalite. By a simple caustic treatment, Huber mordenite was 
re c r y s t a l l i z e d to a "lower z e o l i t e " , faujasite. Since this 
result was unexpected,* other mordenite samples and a variety 
of high s i l i c a materials were tested under these conditions 
as shown i n Table I. Natural mordenite and ultra-pure synthetic 
mordenite (Norton) showed only a trace of faujasite after similar 
treatment. F e r r i e r i t e and erionite were unconverted; pumice and 
equilibrium silica/alumina cracking catalyst showed sig n i f i c a n t 
amounts of faujasite along with gmelinite or p h i l l i p s i t e . By 
far the best result was obtained on c l i n o p t i l o l i t e from Hector, 
C a l i f , which gave faujasite as the only c r y s t a l l i n e product and 
54% of the c r y s t a l l i n i t y of Linde's Na-Y. 

Optimum conditions for r e c r y s t a l l i z a t i o n of Hector c l i n o p t i 
l o l i t e to faujasite were 0.22 NaOH/mineral and 0.5 H20/mineral 
(weight basis) treating 16 hours at 100°C. None of these optima 

*This work predated publication of references 2 § 3. 
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TABLE I.- Caustic treatment of mordenite and other h i g h - s i l i c a 
materials 
(1.0 H 20/Mineral, 0.30 NaOH/mineral, 100°C, 16 hr.) 

Exp. Source Material Product* 
1 Mordenite (Huber) faujasite 

2 Mordenite (Norton) mordenite + faujasite 

3 Mordenite (Nova Scotia) unidentified + 
faujasite (trace) 

4 F e r r i e r i t e (Br. Columbia) f e r r i e r i t e 

5 Erionite (Jerse

6 Pumice (J. T. Baker) faujasite (13) 

7 S1O2/AI2O3 Catalyst (Davison) faujasite (09) 
+ gmelinite 

8 C l i n o p t i l o l i t e (Hector, C a l i f . ) faujasite (54) 

*numbers i n parenthesis following " f a u j a s i t e " indicate 
c r y s t a l u n i t y compared to Linde Na-Y from intensity of 
x-ray d i f f r a c t i o n pattern. 

were sharp; there seems to be a reasonable operating range which 
i s not d i f f i c u l t to find. However, the optimized process gives 
a faujasite product only s l i g h t l y better than the i n i t i a l 
experiments (63% of the c r y s t a l l i n i t y of Na-Y). At 150°C, anal-
cime was the p r i n c i p a l product although some faujasite was 
observed at that temperature. Excessive NaOH (0.5 NaOH/mineral) 
produced sodalite instead of faujasite. At the preferred 
composition, some conversion to faujasite was observed at 25°C 
after 21 days exposure. 0 

Unit c e l l sizes for these products are 24.78 to 24.80 A 
indicating a S1O2/AI2O3 of 4.0 to 4.3 for the faujasite phase 
which places them intermediate between Type Y and Type X. 
Par t i c l e size i s about 0.1 um as observed by electron micro
scope; this i s s i g n i f i c a n t l y less than either Χ or Y. Surface 
areas were 650-700 m2/g. calculated by the Langmuir method; this 
i s nearly proportional to observed faujasite c r y s t a l l i n i t y by 
X-ray d i f f r a c t i o n . 

At t h i s point, the study was expanded to include a number 
of other natural c l i n o p t i l o l i t e s from western U.S.A. as shown 
in Table II, the resulting products showed no faujasite except 
i n the case of Hector. 
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TABLE I I . - Recrystallization* of C l i n o p t i l o l i t e s From Western USA 

Exp 
9 Hector, C a l i f . 

Red Canyon, Nev. 
Elko, Nev. 
Eastgate, Nev. 
Fish Creek Mtns. 

Source of Mineral 
Faujasite (63) 
C l i n o p t i l o l i t e 

Product 

10 

14 

11 
12 
13 

Rome, Ore. 

P h i l l i p s i t e 
Unidentified 
P h i l l i p s i t e 
P h i l l i p s i t e 

*treated 24 hr. at 100°C with 1.0 H20/mineral and 0.3 NaOH/ 
minerai. 

This posed the question: what i s the peculiar property of the 
Hector source which makes i t more suitable for r e c r y s t a l l i z a 
tion to faujasite than other natural c l i n o p t i l o l i t e s ? Or the 
p a r a l l e l question: why does the mordenite supplied by Huber 
readily r e c r y s t a l l i z e to faujasite whereas other synthetic 
mordenites and natural mordenite do not? 

Conversion of the source materials to the hydrogen form was 
instructive. Acid pretreatment and washing destroyed the 
capacity to r e c r y s t a l l i z e to faujasite for both Huber mordenite 
and Hector c l i n o p t i l o l i t e . Further when the HC1 extract was 
concentrated by evaporation and added to an inert mordenite 
(Norton), i t greatly enhanced the faujasite y i e l d by NaOH treat
ment. It appeared that some metallic cation i n Huber mordenite 
and Hector c l i n o p t i l o l i t e was promoting r e c r y s t a l l i z a t i o n to 
faujasite. This proved to be in error; the actual promoter was 
chloride ion present i n the source materials but removed by acid 
treatment. 

The Hector c l i n o p t i l o l i t e contained s i g n i f i c a n t levels of 
chloride, (2.9 wt. % chloride), while i n general the chloride 
contents of the inactive Nevada c l i n o p t i l o l i t e s were low (less 
than 1% chloride). However, the lower Jersey Valley sample 
possessing an intermediate level of chloride showed zero a c t i v i t y 
for the conversion. Although the chloride content i s important, 
other factors were found to exert considerable influence on the 
formation of faujasite from c l i n o p t i l o l i t e . 

The c l i n o p t i l o l i t e sample from Fish Creek Mtns. was selected 
as a reference material for this study because the x-ray d i f f r a c 
tion pattern was quite similar to Hector c l i n o p t i l o l i t e . Samples 
were treated with increasing concentrations of NaCl to promote 
conversion to faujasite. The results are shown i n Figure 1. 
Chloride concentration has a pronounced effect up to about 8 wt. 
percent, beyond this point, more chloride has r e l a t i v e l y small 
influence on conversion. 
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TABLE III.- Analyses on Natural C l i n o p t i l o l i t e s (Wt. %-dry basis) 

Sample Hector, C a l i f . Fish Creek Mtns, Nev. 
S i 0 2 70.3 74.0 
A1 20 3 12.3 12.9 
Na 7.86 1.83 
Κ 1.02 2.44 
Fe 0.80 0.88 
CaO 2.20 2.81 
MgO 0.53 0.63 
CI 

C l i n o p t i l o l i t e from Hector contained 2.9 wt. % chloride as 
received; additional chloride gave no improvement i n i t s conver
sion to faujasite. By sequential washing, the chloride content 
of Hector c l i n o p t i l o l i t e was reduced to 0.8 and 0.2 wt. %. As 
shown in Figure 1, this washing substantially reduced faujasite 
content after standard r e c r y s t a l l i z a t i o n treatment. However, at 
a l l chloride levels, the Hector sample gave more faujasite than 
Fish Creek Mountains c l i n o p t i l o l i t e . 

Other anions were tested for promotion of faujasite recrys
t a l l i z a t i o n by adding th e i r sodium salts to Fish Creek Mountains 
c l i n o p t i l o l i t e ; concentration was equivalent to 3 wt. % chloride. 
Of the anions tested, cyanide and n i t r a t e were nearly as effec
ti v e as chloride; bromide was active but at a much lower l e v e l . 
Other anions were substantially i n e f f e c t i v e . The promoting 
effect of chloride ion has been observed previously (2,3) but 
not explained. Chloride has long been recognized as a 
"mineralizer" or c r y s t a l l i z a t i o n aid i n geochemical systems. 

Other Nevada c l i n o p t i l o l i t e s were tested for r e c r y s t a l l i z a 
t ion to faujasite after including s u f f i c i e n t NaCl i n the standard 
formula to give 3 wt. % chloride on mineral. Table IV shows 
the response to the treatment together with sodium and potassium 
ion contents of the mineral as received. The combination of 
high i n i t i a l Na + and low K + content seems to be necessary for 
conversion to faujasite. There remain unexplained differences 
in these samples 1 capacity to make faujasite after chloride 
content has been equalized and the Na + and K + contents considered. 
For example Red Canyon, North should be a better source material 
than Red Canyon, Shoshone R. whereas the results i n Table IV 
indicate the opposite. The most probable reason i s K + ions 
i n non-exchangeable positions which are not equilibrated with 
excess Na + i n the l i q u i d at 100°C. The Fish Creek Mountains 
sample was again chosen for further study because i t showed the 
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TABLE IV.- Recrystallization of Nevada C l i n o p t i l o l i t e s with 
Chloride Promotion (3 wt. % Chloride) 

Experiment Sample 
Wt. % 
K* 

Wt. % 
Na* 

% 
Faujasite 

15 Fish Creek Mtns. 2.44 1.83 25 
16 Lower Jersey Valley 2.46 2.46 17 
17 Red Canyon, Shoshone R. 3.39 0.26 8 
18 Elko O i l Shale Plant 2.48 0.66 Trace 
19 Red Canyon, North 1.61 0.81 0 
20 Hector (reference

*as received 

most improvement i n conversion a c t i v i t y when promoted with NaCl. 
Various metal chloride salts were added as promoters i n the 
standard r e c r y s t a l l i z a t i o n treatment; a l l experiments contained 
3 wt. % chloride ion. Results are given i n Table V. 

TABLE V.- Cation Effect i n Recrystallization* of Fish Creek 
Mtns. C l i n o p t i l o l i t e s 

Experiment Additive % Faujasite 
21 L i C l 21 
15 NaCl 25 
22 KC1 5 
23 RbCl 0 
24 CsCl 0 
25 MgCl2 18 
26 CaCl 2 8 
27 SrCl2 4 
28 BaCl 2 1 
29 NH4C1 10 
30 FeCl2 16 
31 F e C l 3 12 
32 ZnCl 2 0 
33 CdCl 2 17 
34 AICI3 10 

*treated 16 hrs. at 100°C with 1.0 H 20/mineral and 0.3 NaOH/ 
mineral; 3 wt. % chloride on mineral. 
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Since sodium ion i s the major cation present due to NaOH in the 
formula, NaCl addition should be neutral regarding the cation. 
A l l other cations appear to be inhibitors to some degree, but 
with some interesting differences i n t h e i r effectiveness. 

The i n h i b i t i n g effect of potassium ion i s quite understand
able in view of the synthesis literature.(7) It seems l o g i c a l 
that s t i l l larger Rb + and Cs + should be s t i l l more potent i n h i 
b i t o r s . Likewise Ca +2, Sr + ^ , and Ba+2 are progressively more 
poisonous while Mg + 2 i s comparatively innocuous. Zinc appears 
unique as an i n h i b i t o r ; i t s near neighbors i n the periodic chart 
are much less potent. 

In order to remove i n h i b i t i n g cations ( p a r t i c u l a r l y potas
sium) from the Nevada c l i n o p t i l o l i t e s , samples were refluxed 4 
hrs. i n 2 Ν HC1. After washing and drying, they were tested i n 
the standard r e c r y s t a l l i z a t i o n treatment and found to be inert
However addition of sodiu
extracted by HC1 restore
faujasite. Results are shown i n Table VI. 

TABLE VI.- Recrystallization* of Nevada C l i n o p t i l o l i t e s After 
HC1 Pretreatment 

Wt. % NaA102/ 
Exp. Sample Chloride Mineral Faujasite 
35 Fish Creek Mtns. 3 - - 0 
36 Fish Creek Mtns. 3 0.08 33 
37 Fish Creek Mtns. 3 0.18 58 
38 Fish Creek Mtns. 6 0.18 66 
39 Jersey Valley, lower 6 0.17 46 
40 Red Canyon, Shoshone R. 6 0.53 33 
41 Elko O i l Shale Plant 6 0.33 42 
42 Red Canyon, north 6 0.40 55 

*treated at 100°C with 1.0 H20/mineral and 0.3 NaOH/mineral 

With this treatment and increasing chloride level to 6 wt. %, a l l 
the Nevada c l i n o p t i l o l i t e s were active. 

Kinetics of the r e c r y s t a l l i z a t i o n reaction were studied 
using the Hector sample under standard conditions with multiple 
samples; one sample was withdrawn from the 100°C. batch at 30 
minute intervals, cooled and washed. Results are shown in Figure 
2. Three regions were i d e n t i f i e d : (1) induction, c r y s t a l l i n i t y 
of source material disappears; (2) faujasite c r y s t a l l i z a t i o n , 
rapid faujasite formation building to maximum c r y s t a l l i n i t y ; 
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Figure 1. Effect of chloride on recrystallization. Δ, Hector; O, 
Fish Creek mountains. 
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Figure 2. Effect of digestion time on recrystallization of 
Hector clinoptilolite 
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(3) aging, constant or decreasing c r y s t a l l i n i t y . Nucleation of 
the faujasite occurs i n the f i r s t or induction period at high 
pH. However, once nucleated, faujasite crystal growth can pro
ceed at milder conditions. Reducing the a l k a l i n i t y at the end 
of the induction period substantially increases the s i l i c a 
content of the faujasite phase. 

Multiple samples of Hector c l i n o p t i l o l i t e were prepared 
with the standard r e c r y s t a l l i z a t i o n formula. After selected 
induction periods (100°C), samples were removed from the o i l 
batch, selected amounts of 12 Ν HCl added, the contents mixed, 
and the bottles resealed and returned to the batch for 16 hours. 
Results are given i n Table VII. 

TABLE VII.- P a r t i a l Neutralization After Induction Period 
(Hector sample  standard r e c r y s t a l l i z a t i o n ) 

Exp. 

Time at 100°C 
Before HCl 

Addition (hr.) 

NaOH/mineral 
After HCl 
Addition 

% 
Faujasite 

Unit C g l l 
Size (A) 

20 no HCl added 0.30 45 24.80 
43 1.5 0.24 44 24.77 
44 1.5 0.19 40 24.70 

45 1.0 0.19 22 24.71 

46 2.0 0.19 17 24.68 
47 2.5 0.19 12 too weak to 

measure 

For Hector source, neutralization to 0.19 NaOH/mineral at 
1.5 hours i s near optimum. This causes only a small loss i n 
faujasite content but reduces unit c e l l size of the faujasite 
phase to 24.70 A which i s equivalent to S1O2/AI2O3 = 4.7. This 
compares to 24.80 A and S1O2/AI2O3 =4.2 for the standard 
r e c r y s t a l l i z a t i o n without p a r t i a l neutralization. 

Conclusions 

A l l zeolites are thermodynamically unstable and should be 
expected to r e c r y s t a l l i z e toward sodalite given favorable condi
tions; a highly alkaline l i q u i d medium and s u f f i c i e n t time near 
100°C often produces r e c r y s t a l l i z a t i o n . It i s surprising that 
there i s a considerable area of metastability which permits 
r e c r y s t a l l i z a t i o n to faujasite instead of sodalite or p h i l l i p -
s i t e . This study shows that the temperature range extends at 
least from 25° to 150°C. 

Hector c l i n o p t i l o l i t e appears uniquely suited for re c r y s t a l 
l i z a t i o n to faujasite because of i t s high soda and low potassa 
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content and because of i t s natural chloride content. However 
these conditions probably exist i n a great many natural materials 
such as pumice or volcanic ash. If minerals are used as source 
materials for faujasite synthesis, addition of NaCl or NaA102 
seems quite feasible; acid treatment to reduce potassa i s less 
attractive. It i s improbable that p r e c r y s t a l l i z a t i o n to morde-
nite or c l i n o p t i l o l i t e i s a necessary step in faujasite 
synthesis. 

High s i l i c a faujasite by nucleation at high pH followed by 
crystal growth at more moderate a l k a l i n i t y as reported here 
could have occurred i n ground water action or volcanic deposits. 
If the lava were also low in potassium and i f chloride were 
present i n the lava or ground water, conditions would be favora
ble for c r y s t a l l i z a t i o n of natural faujasite. Nucleation at 
high pH plus crystal growth and lower pH i s i n p r i n c i p a l similar 
to the seeding technique
Zeolite type Y. 
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The results of kinetic studies of faujasite 
growth are compared with those of the growth of the 
zeolite N-A in a TMA/Na-system. A model of crystal l i 
zation is developed from the experimental results. 
From this, methods of preparation of N-A zeolites 
can be deducted. 

Introduction 
E a r l i e r studies of f a u j a s i t e growth i n the hydro-

thermal system Na 20/Alp0^/Si02/H20 resulted i n methods 
of preparation of f a u j a s i t e s of compositions varying 
i n a wide range, using small amounts of seed c r y s t a l s 
of z e o l i t e X with small average r a d i i . Under c e r t a i n 
conditions the growth can be described by a simple 
k i n e t i c equation of the form 

dx/dt = 3 k . x 2 / 3 . x Q
1 / 3 - ? o " 1 (1) 

where χ and χ are the amounts of f a u j a s i t e at times 
t and t , r i s the average radius of the seeds and 
k the rate constant, describing the l i n e a r rate of the 
growth. Further i t was shown that c r y s t a l growth takes 
place at the i n t e r f a c e between c r y s t a l s and so l u t i o n . 
A d i r e c t s o l i d - s o l i d conversion from amorphous mate
r i a l to c r y s t a l l i n e products could be excluded. 

For f i n a l products of equal S i / A l r a t i o s , the 
rate constant k proves to be proportional to the s i l i 
cate concentration i n the l i q u i d phase. For S i / A l 
r a t i o s between that of z e o l i t e X and a s i l i c a - r i c h 
Y type, rate constants vary over three orders of mag
nitude. Simultaneously, the a c t i v a t i o n energy i n -
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creases considerably. A model f o r the f a u j a s i t e crys
t a l l i z a t i o n was developed i n v/hich the rate-deter
mining step of growth seems to be given by the con
densation of s i l i c a t e species, s p e c i f i c f o r the spe
c i a l structure. A r e l a t i o n of the s i l i c a t e species, 
which might be present i n s o l u t i o n during the crys
t a l l i z a t i o n process, to k, was discussed(2). 

Undoubtedly, the TMA/Na system i s more compli
cated than the Na system because of a d d i t i o n a l para
meters given by d i f f e r e n t TMA concentrations, the 
TMA/Na r a t i o and the p o s s i b i l i t y of a d d i t i o n a l s i l i c a 
species. 

Since the studies of Barrer and Denny(3) many 
z e o l i t e s have been synthesized i n systems with organic 
bases, especia, l l  a l k y l ammoniu  hydroxide
papers published o
by Breck(4). In agreement with A i e l l o and Barrer(5), 
i n the TM/Na system w i t h i n the ranges of concentra
t i o n we studied, the f o l l o w i n g z e o l i t e s were found by 
x-ray d i f f r a c t i o n : Na-,TMA-gismondine (N-P), only 
from batches with low TMA concentrations; Na-,TMA-
f a u j a s i t e s (N-X, N-Y); Na-,TMA-erionite (N-E); Na-, 
TMA-sodalite (N-T); Na-,TMA- A type zeolite(N-A). In 
the f o l l o w i n g t e x t , we w i l l use the notation N-A 
instead of ZK-4 ore* . 

Despite the complexity of the TMA/Na system, re
s u l t s obtained by ¥ieker(6) on the d i s t r i b u t i o n of 
anions i n s i l i c a t e solutions containing TMA ions make 
studies on t h i s system highly i n t e r e s t i n g i n the l i g h t 
of our model on f a u j a s i t e growth. In 1.8 m solutions 
with TMA/SiOp = 1, Wieker found as the only s i l i c a t e 
species an ion with the structure of a double-four-
membered-ring (DFR). With increasing d i l u t i o n , mono-, 
d i - , c y c l o t e t r a - , cyclohexa-, and double-three-ring 
s i l i c a t e could be detected. 

Following our c r y s t a l l i s a t i o n model f o r f a u j a s i t e 
growth, i t can be asked whether these DFR-species can 
be used as b u i l d i n g u n i t s of the N-A structure. 
Experimental 

Analysis of the C r y s t a l l i n e Products. For the 
k i n e t i c measurements, mixtures of pure N-A and amor
phous a l u m i n o s i l i c a t e ( S i / A l = 1) were prepared, and 
the i n t e n s i t y of some c h a r a c t e r i s t i c peaks, obtained 
by d i f f r a c t i o n measurements with the Guinier method 
with Cu-Koc r a d i a t i o n , were compared with the noise 
l e v e l of the measurements. The measured r e l a t i v e i n 
t e n s i t i e s have been p l o t t e d against the compositions. 
The l i m i t of error of the quantitative analysis of 
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the N-A amount was about f i v e percent. 
The S i / A l r a t i o was determined by x-ray f l u o r e s 

cence analysis w i t h i n a l i m i t of error of about one 
percent. 

Sample Preparation. A l l reactant mixtures were 
c r y s t a l l i z e d i n polyethylene, or, preferably, i n 
t e f l o n vessels. At c e r t a i n time i n t e r v a l s samples 
were taken, f i l t e r e d and washed to near-neutrality. 

The a l u m i n o s i l i c a t e gels v/ere prepared by mixing 
a l k a l i n e aluminate solutions or TMA-aluminate solu
t i o n s with water glass solutions or TMA-silicate 
solutions. In some cases TMA-C1 or NaCl was added and 
small amounts of NaA seeds with an average radius of 
about 0.25/urn were suspended i  th  reactio  mixtur
a f t e r g e l l i n g . 

TMA-aluminate solutions v/ere prepared by d i s
s o l v ing A1(0H) 3 i n exess TMA-OH. 

TMA-silicate solutions v/ere prepared by d i s s o l 
ving f r e s h l y p r e c i p i t a t e d s i l i c i c a c i d i n TMA-OH 
(TMA/Si0 2 = 1;. These solutions were 1.1 to 1.4 nor
mal. 

TMA-OH so l u t i o n was prepared from TMA-C1 by 
using a strongly basic ion-exchanger packed i n a 
column. The exchange was c a r r i e d out u n t i l at l e a s t 
ninety percent of the chloride was exchanged. 
Results and Discussion 

Preliminary experiments show that, s i m i l a r to 
the growth of Y-type z e o l i t e s , formation! of z e o l i t e 
N-A can be accelerated by adding seeds of z e o l i t e A, 
and the y i e l d of N-A can be increased considerably. 

For the study of the c r y s t a l l i s a t i o n curves gels 
with d i f f e r e n t concentrations of TMA and the f o l l o 
wing compositions have been prepared by mixing sodium 
aluminate s o l u t i o n and water glass s o l u t i o n . The mix
tures correspond to z e o l i t e N-A of a f i n a l product 
with an S i / A l r a t i o of 2 . 5 . The composition of the 
reactant mixtures v/as 

NaA10 2 -5(Na Q 7 4 3 ^ g^SiO^^OO HgO-nTMA-Cl. 
TMA-chloride and 5 % seeds of A-type v/ith respect to 
the expected quantity have been added a f t e r the f o r 
mation of the g e l . I t can be seen that the growth 
of z e o l i t e N-A occurs, even i f the TMA ion i s added 
subsequently as the chloride (table I ) . The comple
t e l y c r y s t a l l i z e d product contains a mixture of N-A 
and Y z e o l i t e . 
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TABLE I . - Influence of TMA-concentration on the 
l i n e a r growth rates k (equ.3) and k ! (equ. 5) 

[TMA] / [NaWTMA] S i / A l k k 1 samples 
Mm/h /um/h* moles 

0.333 2.32 6.9-10"3 1.1-10"2 412 
0.5 2.40 6.1 " 1.0 " 413 
0.6 2.44 4.9 11 1.0 11 414 
0.667 2.58 3.2 " 1.0 " 415 

As can be see
zati o n of N-A i s increase
t i o n of TMA ions, i f the Na concentration i s kept 
constant. The c r y s t a l l i z a t i o n curves f o r the growth 
of z e o l i t e N-A and z e o l i t e Y have, i n p r i n c i p l e , a 
s i m i l a r course. 

Applying an expression, which has been developed 
f o r the growth of Y - z e o l i t e i n an e a r l i e r paper(1_)> 
one gets ~~ 
χ = (X 0

1 / 3+ k . x o
1 / 3 / ? 0 - t ) 3 (2) or 

k = ( x 1 / 3 / x o
1 / 3 - 1 ) r 0 / t (3) 

where the values of k can be taken from the experi
mental curves. For the growth of f a u j a s i t e s i t has 
been shown that the rate constant k should be propor
t i o n a l to the concentration of s i l i c a t e i n the solu
t i o n phase i n a wide range of concentrations f o r the 
same S i / A l r a t i o i n the f i n a l product; 

k = k' . c S i 0 2 ( 4 ) . 

According to the model developed f o r the growth 
of f a u j a s i t e ( 2 ) , only the concentration and the rate 
of reformation of those s i l i c a t e species which are 
needed to b u i l d up the respective z e o l i t e structure 
should be taken i n t o account. 

The rate of c r y s t a l l i z a t i o n of z e o l i t e N-A 
vanishes i n a system containing only Na ions, and 
reaches a f i n i t e v a l u e i f the hydrothermal system also 
contains TMA ions. This leads to the assumption that 
the presence of TMA favors the formation of a s i l i c a t e 
species which i s e s s e n t i a l f o r the c r y s t a l l i z a t i o n of 
desired N-A z e o l i t e . Following t h i s the concentration 
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of such a species should be proportional to the con
centration of TMA with respect to the en t i r e concen
t r a t i o n of the a l k a l i n e ions given by [TMA] +[Na]. 
The good agreement of the values of 

k f = k· [TMA]/([TMA] + [Na] ) (5) 
taken from the curves of Fig.1 seems to be a proof 
f o r t h i s idea. Fig.2 shows ra s t e r scan micrographs of 
the used A-type seeds and the mixture of z e o l i t e s N-A 
and N-Y of sample 414. 

The aim of the f o l l o w i n g experiments was to de
velop procedures f o r the synthesis of pure z e o l i t e 
N-A i n a wide range of S i / A l r a t i o s . Futher, the v a r i 
a t i o n of d i f f e r e n t parameter  should giv  clue  t
possible mechanism

The experiments, which sometimes gave only poor 
information, are summarized below. 

Influence of the Ratio TMA/Na on the Amount of 
Zeolite" N-A i n the F i n a l Product. The Batches v/ere 
prepared from TÎIA aluminate v/ith a high excess of 
TMA-OH, SiOp as f r e s h l y p r e c i p i t a t e d s i l i c i c a c i d , 
d i f f e r e n t amounts of NaCl, and 2.5-3$ gf A-type seeds. 
The c r y s t a l l i z a t i o n temperature was 88 C. The compo
s i t i o n s of the reactant mixtures were 
ΤΜΑ-Α102·5 TI-ïA-silicate-400 Η 20·η NaCl. 

TABLE I I . - Formation of z e o l i t e N-A from batches 
with d i f f e r e n t amounts of sodium ions 

Sample [TMA]/[Na] time h 
1 Ν 92 
1 N2/1 2 92 
1 N4/1 4 92 
1 N6/1 6 92 
1 N8/1 8 92 

%N-A by-products 
trace amorphous 

11 N-Y, N-E, N-T 
70 N-Y,(N-E),(N-T) 
90 N-Y 
90 N-Y 

As mentioned above, no c r y s t a l l i z a t i o n occurs i f 
Na ions are absent. I f TMA/Na exceeds 4, good y i e l d s 
of z e o l i t e N-A can be obtained, but no pure products. 

Preparation of Products with D i f f e r e n t S i A l Ratio 
by V a r i a t i o n of LOHV [Si0 o] ,and [H o0]/[A10 o~] . The 
batches were prepared frofti Na aluminate, s i l i c i c a c i d 
and TMA-C1 v/ith 2.5$ A-type seeds, and c r y s t a l l i z e d 
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(N-Y) 

10 20 30 CO 50 60 80 90 100 hours 

Figure 1. Crystallization curves for zeolite N-A (and Ν-Ύ) from 
batches with different concentrations of TMA 

Figure 2. Raster scan micrographs of the used A-type seeds and of sample 414, which 
contains zeolite N-A (cubic form) and zeolite Ν-Ύ (octahedra) 
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at 88°C. 
TABLE I I I . - Formation of z e o l i t e N-A with d i f f e r e n t 
S i / A l r a t i o s 

Sample ISiOp] [ΤΙΙΑ] [0H~] [ H O O ] %N-A by-products S i / A l 
[ ATU2~] [~Ha ] [Si02 ] [I1Ô2] 

428 1.5 5 0.533 200 100 —_ 1.46 
429 1.75 5 0.457 200 100 1.61 
430 2.00 5 0.400 200 55 Κ-Ξ,Ν-Τ,Ν-

N-E, N-T ( N-
-Y 1.80 

431 2.25 5 0.356 200 50 
Κ-Ξ,Ν-Τ,Ν-
N-E, N-T ( N--Y)1.91 

432 1.3 5 0.192 100 Ιί-Ε  N-T 1.10 
433 1.6 5 
434 1.9 5 0.132 100 N-T 1.64 
435 2.2 5 0.114 100 — N-T 1.98 

The r e s u l t s show that z e o l i t e N-A with low S i / A l 
r a t i o can be prepared with high p u r i t y i n t h i s system. 
At higher S i / A l , however, nucleation and growth of 
z e o l i t e s N-E and N-T are dominant. As has been ob
served already f o r the syntheses of f a u j a s i t e i n the 
hydrothermal system containing only Na ions, at 
higher concentrations of s i l i c a t e i n the s o l u t i o n , 
corresponding with a lower r a t i o [ E^Ol/fAlO;?] , nucle
at i o n of z e o l i t e s i s favored i n comparison with crys
t a l growth. 

Batches from Na Aluminate and TMA S i l i c a t e 
Solutions. The purpose of these batches was to favor 
the c r y s t a l l i s a t i o n of N-A by adding the s i l i c a t e as 
DFR-silicate to the reaction mixture at the very be
ginning. The batches had the f o l l o w i n g compositions: 
NaA102-0.25 NaOII-3,5,7,10 TMA-silicate-240,362,486, 
670 HpO. A f t e r three days at room temperature and 
even a f t e r heating to 50° f o r one day no formation 
of a gel could be observed. Af t e r adding to the 
batches 1 mole of SiO;? (as a sodium s i l i c a t e solution) 
f o r each mole of aluminate, g e l l i n g was f i n i s h e d a f t e r 
one day. Following t h i s , 3% of A-type seeds were sus
pended and the mixture heated to 88 C. The c r y s t a l l i 
z a t i o n of the above-noted batches leads to the pro
ducts summarized i n table IV. 

The r e s u l t s seem to be good, even f o r products 
with higher S i / A l r a t i o s . 

Altogether, the r e s u l t s remain u n s a t i s f a c t o r y , 
however, which needs fu r t h e r r e f l e c t i o n and examination. 
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Table IV.- Formation of zeolite N-A from TMA-silicate, 
sodium aluminate. and additional sodium silicate 

Sample [ S i O o f [ H o0] [ TMA] #N-A by-products Si/Al [STu£1 [lfe21[Na]T[TMA] 
438 4 260 0.621 
439 6 382 0.73 
440 8 506 0.793 
441 11 690 0.845 

40 Ν-Ε,Ν-Υ(Ν-Τ) 2.07 
85 N-Y 2.21 
80 N-Y 2.25 
90 N-Y 2.65 

Looking at a model
sidering that intac
the TMA-silicate are built into the structure, i t can 
be seen that this structure can be constructed ex
clusively from the DFR-silicate ions and monomeric 
aluminate and silicate. These relations are demon
strated in the Fig. 3 a and b which show "pressed" 
graphs of the N-A structure. This kind of graphs are 
useful to represent arrangements of a large number of 
AlO^ and SiO^ tetrahedra. 

Of the zeolites crystallizing from our reaction 
mixtures, only N-A contains double-four-membered 
rings. Using the model developed for the growth of 
faujasites, four monomers of silicate should conden
sate with the DFR-silicate, giving the silicate 
species demonstrated in the following schematic 
drawing: 

or, for 
higher 

Si/Al ratios 

Otherwise, this model contains only Si-O-Al bonds. 
Referring to our model the rate of crystallization i s 
determined by linking these s i l i c a species and cry
stal surface. These considerations, at f i r s t glance, 
seem to oversimplify the processes taking place dur
ing crystal growth. 

In the following experiments, we w i l l try, however, to choose conditions in the course of the syntheses which guarantee that mainly DFR-silicate and 
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monomeric silicate and aluminate are present in the 
solution phase of the reaction mixture. As already-
mentioned, we know from our studies in the Na-system 
that the growth of the crystals takes place from the 
silicate and aluminate components in the solution. 

The experiments f u l f i l l i n g the described condi
tions were carried out as follows. 

An aluminosilicate gel was prepared from a 
strongly alkaline silicate solution, where the s i l i 
cate is present as a monomer, and a sodium aluminate 
solution. Such gels are usually used in the syntheses 
of A-type zeolites. The gel was washed to near-neu
trality. Further procedures are carried out with the 
wet gel. 

The Si/Al ratio  determined b  fluores
cence analysis, wa

By hydrolysis of this gel a mixture of monomeric 
silicate and aluminate should result. 

Appropriate quantities of the amorphous product 
were then treated with a TMA silicate solution and 
mixed with 2-3% of A-type seeds. Finally the mixture 
was brought to 88 C. 

The results of these experiments are given in 
the following table. 
TABLE V.- Formation of zeolite N-A from TMA-silicate 
and sodium aluminosilicate gel (Si/Al=1) 

Sample compositions product Si/Al time 
454 NaA102*Si02*0.5TMASi» 53H20 pure N-A 1.50 7 [d] 
455 m 1 · OTMASi · 70H20 11 1.80 7 
456 » 1.5TMASi* 86H20 » 2.10 8 
457 " 2.OTMASi·103Η90 » 2.26 8 
458 » 3.0TMASi*119HoO » 2.33 8 
442 » 4.OTMASi·200Η20 » 2.58 8 

It can be seen that from a l l mixtures pure N-A 
zeolite can be obtained. Leaving the crystals three 
additional days in contact with the reaction mixture 
did not produce even traces of by-products which 
could be detected by x-ray diffraction. No nuclea-
tion of other zeolite species had occurred. 

Beside the fact that the described procedure is 
a simple and reproducible method to get zeolites N-A 
in a wide range of Si/Al ratios, i t represents a 
strong argument for our model of crystallization. 
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Following the suggestions of this model the 
single steps for the crystallization of N-A are the 
same for a l l Si/Al ratios, in contrast to the fauja
site growth, where the formation of the needed diffe
rent silicate species on the surface of the crystals 
seems to be the rate-determining step of the crystal
lization process. 
Therefore, the rates of crystallization should, in 
the case of N-A, vary only slightly with the Si/Al 
ratio of the final product, which is also in con
trast to the faujasite growth. 

The Arrhenius activation energies should also 
be independent of the Si/Al ratio. 

Suggestions of these peculiarities of the N-A 
growth can be seen fro  th  crystallizatio  time f 
batches 454 to 458

In the following experiments the temperature de
pendence of the crystallization rate was studied for 
batches with two different Si/Al ratios in the final 
product at temperatures of 98,88,78 and 68 C 
(I,II,III,IV). 

Fig. 4a and 4b demonstrate the crystallization 
curves at the above temperatures for mixtures with 
the composition NaA102»Si02*0.5 TMA-silicate 60·Η20 
(4.8 % seeds), 

NaA10o Si0 o 4.0 TMA-silicate·210 H90 (4.3 % seeds). ^ ά * 
The following Si/Al ratios in the final product 

were observed. 
Si/Al Si/Al 

462 I 1.48 463 I 2.47 
II 1.45 II 2.41 
III 1.48 III 2.45 
IV 1.48 IV 2.43 

The course of the crystallization shows that 
the growth of the crystals cannot be described by a 
simple kinetic equation as in the case of faujasite-
type zeolites. Before the period of rapid c r y s t a l l i 
zation, a period of 20 - 50 hours is observed where 
the system obviously changes into the state in which 
the crystallization is possible. It can be assumed 
that in this period a partial dissolution of the gel 
occurs, until a sufficient concentration of monomeric 
silicate and aluminate is present in the solution 
with the DFR-silicate. The processes taking place in 
this period are less temperature dependent than the 
crystallization i t s e l f . As can be seen from Fig. 5, 
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Figure 4. Crystallization curves for zeolite N-A with Si/Al ratios of 
about 1.5 (a) and 2.5 (b) at 98?88?78?and 68°C 
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Figure 5. Si/Al ratio as a function of the crystallinity of zeolite 
N-A for two different Si/Al ratios in the final product 
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the crystallinity is not proportional to the Si/Al 
ratio. As can be expected, the s i l i c a content of the 
samples increases with increasing crystallinity. In 
addition, i t seems that the amorphous material 
takes up some DFR-silicate in the period before the 
actual crystallization, as can be seen from x-ray 
fluorescence measurements on the gel. 

The crystallization rate and its temperature 
dependence for products of type N-A with different 
Si/Al ratios vary only slightly as expected from the 
model considerations described above. The data for 
the faujasites show in the observed range of Si/Al 
ratios, variations of these rates over two orders of 
magnitude· 

It can be see  that  activatio t 
be derived from thes

Further experiments to determine activation 
energy are in progress. However, i t can be seen 
from the curves given in Figures 4a, b, that the 
crystallization curves of different Si/Al ratios are 
quite similar for a given temperature. 

The authors-thank the "Deutsche Forschungs-
gemeinschaft" and the "Fonds der Chemischen Indu
strie" for financial support of their work. 
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Silanation of Zeolites 

R. M. BARRER, R. G. JENKINS, and G. PEETERS 

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

Na-Y, its ~31%, ~54% and 73% Η-exchanged forms, Na- and Η
mordenites and partially dealuminated H-mordenite have been sil-
anated with SiH4. From 30 to 210°C chemisorption involves ex
posed -OH groups: 

At temperatures of 300° and 360°C further reactions occur. If 
silanated zeolites are treated with water ratios of total H2 

evolved to SiH4, consumed approach 4. New -OH groups so intro
duced also react with SiH4. 

I n t r o d u c t i o n 

There has been much i n t e r e s t i n the hydrogen z e o l i t e s and 
t h e i r p r o p e r t i e s (1 ) . Two r e p o r t s concern r e a c t i o n s between H-
z e o l i t e s and organosi lanes . I n one (2) SiCCHj )̂  was reacted w i t h 
H-Y i n the range 250° to 650°C. Two steps were p o s t u l a t e d : 

Grey products r e s u l t e d which became white when heated i n a i r . I n 
the second i t was reported that ( C H 3 ) 3 S i H reacted r a p i d l y witt 
H-Y at an u n s p e c i f i e d temperature. No p r i o r study of the m o d i f i 
c a t i o n of Η-zeol i tes by S±Rk has been reported and an account of 
chemisorption of s i l a n e by Η-zeo l i tes i s a c c o r d i n g l y presented. 
S i l a n e i s made on an i n d u s t r i a l scale by the r e a c t i o n ( 4 ) : 

Experimental 

The s i l a n e was freed of of hydrogen by f reez ing out a t 
77K and pumping o f f hydrogen. Pure 0? and N2 were used as sor-
bates and NH3 to t i t r a t e Si-OH A l -7] groupings. 
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The zeolites studied were Na-mordenite, H-mordenite, H-morden-
i t e p a r t i a l l y dealuminated, Na-Y (Si/Al=2.51) and (Na,H)-Y forms 
with ~31%, ~5*$ and 7J/o replacement of Na by Η (derived by heating 
(Na,NĤ  )- forms at 360 C). About l g was supported on a sintered 
glass membrane through which gas could be circulated continually, 
using a mercury piston pump with two pistons and a reciprocating 
action which minimized pressure fluctuations during pumping. The 
circulating system contained a U-tube with glass beads for freez
ing out condensable gases (e.g. SiH, ). The zeolite was outgassed 
at 360 C. Oxygen, nitrogen or water could be supplied to the 
circulation system, after pumping out unreacted silane, to react 
with chemisorbed SiH, , or to measure sorption isotherms of or 
N2 i n si t u . Also the silanated zeolite could be transferred to a 
volumetric sorption unit (sorption of 0 2 and N2 ) or a gravimetric 
unit (sorption of NHj)

Amounts of Hg evolved
sorbed were monitored as follows: 
1. The circulating pump was stopped at time t and the total non-
sorbed gas (SiH^+I^ ) determined from the pressure and the known 
volumes and temperatures of the parts of the system. 
2. Gaseous and physically sorbed SiH^ were condensed i n the U-tube 
at 77K. The residual pressure gave the amount of , and hence 
the gaseous SiH^ of step 1. 
3. The doser volume containing the trap was isolated, the trap 
brought to room temperature and the condensed SiH, evaporated. The 
amount of 1̂  i n the doser volume was calculated (from the total 
and the known volumes and temperatures of the relevant parts of 
the apparatus) and hence the total gaseous and physically sorbed 
SiH,. The amount of SiH, of step 3 less that of step 1 gave the 
physically sorbed SiH^ . 

Finally, subtracting the SiH, of step 3 from the SiH, available 
at t=0 before any reaction occurred gave the quantity chemisorbed. 

When t i t r a t i n g [^Si-OH Al$] with N H 5 , excess ammonia was f i r s t 
sorbed and then the physically sorbed ammonia was pumped off, u n t i l 
the weight of the crystals i n the gravimetric unit became constant. 
The increase i n weight gave the extent of the reaction 

[>Si-OH A3~] + NH3 -* ̂ S i ^ ^ A l ^ , Nl£ (1) 

Infra-red absorption measurements were made, and also X-ray 
powder photographs of silanated products and the parent zeolites 
gave changes of intensity and shifts i n the d-spacings. Sorption 
by the parent and the silanated products was compared using N2 and 

Silanation of Mordenite and Zeolite Y 

Some of the original H-mordenite was dealuminated by treatment 
with 6N HNO3. The X-ray diffraction pattern was l i t t l e changed 
so that l a t t i c e alteration was slight. Compositions are given i n 
Table I . Both these zeolites and also a Na-mordenite were treated 
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with silane as summarized i n Table I I . Na-Y and several (Na,H)-Y 
forms with 73, ~J1 and ~5*$ exchange of Na by H were also silanat
ed, as summarized i n Table I I I . In Table I I I the results are re
ferred to l g outgassed (dry) weight of zeolite; i n Table II dry 
weights of the samples to which the results refer are given i n 
column 1. The kinetics of chemisorption of silane and release of 
hydrogen are i l l u s t r a t e d for typical experiments i n Figure 1 a to 
d. Chemi sorption i s i n i t i a l l y rapid at the higher temperatures 
but then tends to reach a plateau. Chemi sorption also occurs at 
temperatures as low as 30°C. Hydrogen evolution exceeds chemi-
sorption, but follows a similar course. Each temperature rise 
liberated a fresh burst of hydrogen. Each dose of water vapour 
introduced at a fixed temperature also liberated a burst of hydro
gen, being i t s e l f consumed i n the process, u n t i l the supply of 
chemisorbed -£ΐΗχ and -SiH^

Table I Analyses of mordenites 
(a) Parent H-mordenite 

w/w % moles/100 g SiOj> :Al 2 0j 
SiOfc 74.06 1.233 
AlgOj 10.35 0.102 12.09 
HgO 15.59 0.866 

(b) Dealuminated mordenite 
Si0 2 

AlgOj 
140 14.68 0.816 

Si0 2 80.53 1.3̂ +0 
AlgOj 4.79 0.047 28.51 

Discussion of Results 

Na-zeolites The small amount of reaction of SiH^ with Na-Y 
and Na-mordenite (Tables I I I and IB compared with the much larger 
chemi sorption by the hydrogen forms showed that the chemi sorption 
process at low and intermediate temperatures (30 C to 210 C) i n 
volved the silanol groups of the hydrogen forms. Few hydroxyls 
are expected i n the Na-forms and indeed the chemi sorption repre
sents about 7% of the Na replaced by Η i n Na-mordenite and 3·3# i n 
the Na-Y. The -OH groups could be largely terminal hydroxyls at 
the external surfaces of the crystals, produced by local hydroly
sis. The primary reaction was considered to be 

7 Si-OH + SiH, - ^ Si-O-SiH, + It (2) 

which gives a ratio of 1% produced to SiH^ consumed of unity. 
Within error this could be true of Na-mordenite, but not of Na-Y 
where this ratio was I . 8 9 (Table I I I ) . This implies secondary 
reactions, one of which could be 

^ Si-O-SiHj + HO-Si ̂  - 3 Si-O-SiHg -O-Si ^ + Ife (3) 

and which could raise the ratio Efe :SiH^ to 2 i f a l l the pendant 
-O-SiHj groups reacted according to eqn 3· This reaction implies 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



T
a

b
le

 
II

 
R

e
a

c
ti

o
n

s 
o

f 
S

iH
^

 
w

it
h

 
m

o
r

d
e

n
it

e
s 

S
a

m
p

le
 

(D
ry
 
wt

) 
Id

e
a

l 
s

il
a

n
o

l 
c

o
n

te
n

ts
 

o
f 

R
e

a
c

ti
o

n
 

c
o

n
d

it
io

n
s 

Si
H

 
co

n
su

m
ed

 
(m

m
o

l)
 

H
2 

p
r

o
d

u
c

e
d

 
R

a
ti

o
 

H
a/

S
iH

,,
 

W
t 

%
 

o
f 

S
i 

S
a

m
p

le
 

(D
ry
 
wt

) 
sa

m
p

le
 

(m
mo
l)
 

In
 

th
e 

s
ta

g
e

s 
In

 
to

ta
l 

In
 

th
e 

s
ta

g
e

s 
In

 
to

ta
l 

R
a

ti
o

 

H
a/

S
iH

,,
 

a
d

d
e

d
 

Na
-m

or
de

ni
te

 
(1

.0
2

) 
H

-m
o

rd
e

n
it

e 
(1

.0
0

) 
2

.0
4 

10
0

°C
 f

or
 

39
 h
rs

 

Ro
om

 t
em

p.
.f

or
 1

76
 h

rs
 

+ 
un

re
ac

te
d 

Si
H^
 
pu
mp
ed

 o
ff

 
+

 
16

0
°C

 f
or

 
4

9 h
rs

 
+

 
21

0
°C

 f
or

 
25

6 
hr

s 

0
.5

6 

0
.1

4 

0
.5

6 
0

.6
9 

+
0

.3
5 

+
0

.2
2

 

0
.1

27
 

0
.6

9 

1.
04

 
1.

2
6 

0
.9

1 

1.
2

3 

1.
86

 
2.

25
 

0
.3

9 
· 

1.
57

 

H-
mo
rd
en
it
e 

(0
.9

55
) 

1.
9

5 
10

0
°C

 f
or

 
8

8
.2

5 
hr

s 
+

 
15

0
°C
 f

or
 6

5.
2

5 
hr

s 
+ 

un
re

ac
te

d 
Si

H,
 p

um
pe
d 

of
f 

+
 

20
0

°C
 f

or
 4

7.
5 
hr

s 

0
.9

72
 

+
0

.1
8

 
0

.9
72

 
1.

15
 

1.
41

2 
+

0
.4

88
 

+
0

.2
89

 

1.
41

2 
1.

9
0

 

2.
19

 

1
Λ

5 
1.

6
5 

1.
90

 

3
. k

o 

H-
mo
rd
en
it
e 

(0
.6

3
) 

1.
2

9 
Fi

rs
t 
do
se

 S
iH

^,
 

3C
C

°C
 f

or
 

11
3 
hr

s 
+ 

se
co

nd
 d

os
e,

 
30

0
 C
 f

or
 

I9
0 
hr

s 
+·
 un

re
ac

te
d 

Si
H^
 
pu
mp
ed

 o
fi

 
+ 

re
ac

ti
on

 w
it

h 
0

2 a
t 

2
1.

7°
C
 c

on
su
mi
ng

 
0

.6
37

 
mm
ol

 0
2 

0
.9

1 

+
0

.6
8

 

0
.9

1 

1.
59

 
-

3
.0

2 
1.

90
 

7.
0

6 

De
al

um
in

at
ed

 
mo

rd
en

it
e 

(0
.6

15
5

) 

3
.1

5 
(a

n 
ne

st
s 
of

 f
ou

r)
 

-r 
0

.5
8

 
(a

s 
si

ng
le

 
si

la
no

ls
) 

-3
00

°C
 f

or
 

75
 h
rs

 
0

.4
6

5 
0

.4
6

5 
1.

0
6 

1.
0

6 
2.

28
 

2.
48

 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



Tf
lfr

l 
ft

 T
TT

 
Rfi

flf
lti

nnf
i 
wi

th
, a

fit
fli

tfi
 Y

 
Sa
mp
le
 

(I
g 
dr

y 
wt
) 

*a
-Y
 

(N
a,
H)
-Y
 

(7
3)

 

(N
a,
H)
-Y
 

(7
3)

 

CO
 

0)
 Cr

-j 
S 

3,
17
 

3-
17
 

(N
a,
H)
-Y
 

(7
3)

 
fi

rs
t 

tr
ea

tm
en

t 

3-
17
 

S
'a

 

2.
10

 

2.
10

 

2.
10

 

Re
ac

ti
on

 c
on

di
ti

on
s 

Si
H 4 

co
ns
um
ed
 

(m
mo
l)
" 

60
 h

rs
 a
t 

16
0
°C
 

+ 
un

re
ac

te
d 

$±
R

k 
ev

ac
. 

-r 
11

0
 h

rs
 a
t 

16
0
°C
 

+
 

50
 h

rs
 a
t 

21
0
°C
 

+
 9

6 
hr

s 
at

 3
00
°C
 

15
0
 h

rs
 a
b 

30
°0

 
4 

15
0
 h

rs
 a
t 

90
°G
 

+ 
un

re
ac

te
d 
Si
£L

 e
va

c.
 

20
 l

irs
 a

t 
QO"

C 
+·

 1
22
 h

rs
 a
t 

16
0
 C

 
Fi

rs
t 

d
o

se
 

a
o

°
c 

Si
H^

, 
;+3
 h

rs
 a
t 

86
 h

rs
 a
t 

In
 t
he

 
st

ag
es

 

+
 

2n
d

0do
se

 Si
H^

, 
21

0
 C

 
Un

re
ac

te
d 
Si

H^
 e
va
c,
 

+
 

2
7 
hr

s 
at

 2
10
 C

 
+

 
4 
do

se
s 

o
f 
Hg
O 

va
p.

at
 2

10
(3

 
+ 

te
mp
, 

ra
is

ed
 t
o 

3
0

0
 C 

at
 

la
st
 d

os
e 

I5
0 

hr
s 
at

 2
10
°C
, 

la
rg

e 
XS
 

Si
H^

 

0
.1

5 

0.
16

 
0.

24
 

0
.8

9 

G.
12

 

un
re

ac
te

d 
Si

H if
Qev

ac
. 

11
6 

hr
s a

t 
17

0
 h

rs
 a
t 

2 
do

se
s 
Hg
O 

va
p.
 a
t 

an
d 

1 
do
se
 a
t 

21
0°
 a

nd
 

3O
O

ÏC
 
an
d 

36
0°
C 

a
o

°
c 

1.
23

 

I 
th

en
 3

00
°C
 

In
 

to
ta

l 
0

.1
5 

0
.1

6 
O.
kO
 

0
.8

9 

1.
0

1 

Hg
 p
ro

du
ce

d 
(m
mo
l)
 

In
 t

he
 

st
ag

es
 In

 
to

ta
l 

1.
23

 

0.
2

8 

+
0

.1
1 

+
0

.0
4 

+
0

.0
8 

0.
25

 
0

.3
5 

0
.0

4 
0.

24
 

1.
3

3 

0.
20

 

O.5
O

 

2.
3Ο

 

2.
10

 

1.
0

2 

1.
6

2 

Ο
.2

8 

0.
39

 
0

.4
3 

0
.5

1 

0.
25

 

1.
8

9 

2.
62

 
2.

96
 

3.
44

 

1.
52

 
0

.6
0

 
1.

50
 

0
.6

41
 

1.
58

 
0

.8
8»

 
2.

19
 

1.
33

 

1.
5

3 

1.
58

 

3.
88

 

2.
10

 

3
.1

2 

4.
7*

* 

+>
 

• 

S
^

T
o

 Ή
 

1.
50

 

1.
50

 

1.
55

 

3.
82

 

1.
71

 

2
.5

^
 

3.
86

 

2.
02

 

1.
60

 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



Ta
bl

e 
I

I
I R

ea
ct

io
ns

 w
it

h 
ze

ol
it

e 
Y
 f

 co
nt

in
ue

dJ
 

Sa
mp
le
 

(l
g d

ry
 

wt
) 

TT 
«Ρ

 
KN
 

Ο 0. 
«

H
 
OH

 
ΐ 

°§
§ 

Ο 
ti
HE
 

Ρ 
Ή
 
Μ

α
· 

to
 

ο 
Η

 

bO
'O

 
H 

£»
s 

Re
ac

ti
on

 c
on

di
ti

on
s 

Si
H 4 

co
ns
um
ed
 

(m
mo
l)
 

In
 t
he

 
st

ag
es

 In
 

to
ta

l 

Hg
 p

ro
du

ce
d 

(m
mo
l)
 

/S
iH

4 

In
 t
he

 
st

ag
es

 In
 

to
ta

l)
 

ι β
*
" 

CO
 

Λ 
Ο 

·Η
 '
 

Se
co
nd
 

tr
ea

tm
en

t 
sa
me
 

sa
mp
le
 

(N
a,
H)
-Y
 

(3
1)
 

;N
a fH

)-
Y 

(5
*0
 

1.
3

3 

2.
3^

 

1.
15

 

1.
84

 

+ 
17

3 
hr

s 
at

 a
o 

G 
wi

th
 S

iE
, 

+ 
un

re
ac

te
d 

Si
H^
 e

va
c.

 
1 

+ 
14
4 

hr
s 
at

 J
OG
 C
 

+ 
re

ac
ti

on
 w

it
h 

1̂
0
 v

ap
. 
at

 
50

0
°c

 
12

2 
hr

s 
at

 2
L0
 C
 

un
re

ac
te

d 
Si

H 4 
wi

th
 S

iH
A 

ev
ac

. 
Hg
O 

va
p.
 
24

 h
rs
 a

t 
30
 C
 

3 
do

se
s 
Hg
O 

va
p.
 a

t 
aO

°C
 

1 
do
se
 E

>0
 v
ap

. 
at

 2
10
°C
 

an
d 

th
en
 a
t 

30
0°
C 

0.
37
 

1.
0

1 

10
7 
hr

s a
t 
2L
0 
C 

wi
th

 S
iH

* 
un

re
ac

te
d 

Si
H % 

ev
ac

. 
12

2 
hr

s 
at

 3
00
°C
 

26
 h

rs
 a

t 
36

0°
C 

Hg
O 

va
p.
 a

t 
2L
0°
C 

2n
d 

do
se
 B̂

O 
va
p.
 

3r
d 

do
se
 H
gO
 v
ap
. 

an
d 

th
en
 a
t 

30
0
 C
, 

66
 h

rs
 )

 I 

1.
51

 

at
 

21
0
 C
 

at
 

a
o

°c
) 

2.
10

 

1.
0

1 

1.
51

 

1.
70

 

0
.6

3 

1.
3

2 

1.
14

 

0
.2

7 
2

.3
7 

1.
8

3 

0
.6

6 
0.

40
 

1.
01

 
0.

80
 

0.
 4

3 

6.
44

 
7.

07
 

8.
39

 
1.

14
 

1.
41

 
3.

78
 

3.
0

7 

3.
3S

 

3.
9

9 

1.
12

 

1.
39

 
3.

74
 

l.
a 

1.
6

5 
1.

9
1 

2.
58

 
3

.1
2 

5.
13

 
3·

 4
0 

I.
83

 

2.
49

 
2.

8
9 

3·
! 

4
.7

0
 

1.
10

 

1.
3

6 

on
 m

od
if

ie
d 

ze
ol

it
e 

eq
ua

l 
to

 l
g 

or
ig

in
al
 s

am
pl
e.
 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



264 M O L E C U L A R S I E V E S — I I 

pairs of silanol -OH groups near enough to react, as would be the 
case i n the Na-zeolites i f they were concentrated as terminal hy
droxyls on external surfaces. A further reaction which with re
action 1 gives an upper l i m i t for H2 :SiH, of 2 i s 

7 Si-0-SiH> + H3 Si-O-Si ̂  - ̂  Si-O-Si^ -SiHg -O-Si ^ +H (4) 

although at low temperatures this seems less l i k e l y than reaction 
3. I t i s seen that reaction 2 introduces permanent new ̂ Si-O-Si— 
bonds. 

Η-zeolites Although much more chemi sorption occurs with the 
Η-zeolites the uptake i n the primary process does not equal the 
total hydroxyl content. In H-mordenite this content was estimat
ed from the analysis assuming the ideal number of silanols expect
ed from the composition  In the (Na,H)-Y zeolites i t was deter
mined according to reactio
yls to react with SiH^
f i c i e n t l y exposed to react. In zeolite Y two infrared absorption 
bands correspond with hydroxyls i n two kinds of location. The 
exposed ones have the higher frequency, and i n going from Na-Y 
through (Na,H)-Y to H-Y the relative numbers of high and low fre
quency hydroxyls for each (Na,H)-Y composition have been determin
ed (J5). The exposed high frequency -OHfs are preferentially 
generated up to a l i m i t expected from the number of possible sites 
Table I I I column 3 gives the numbers of exposed hydroxyls expected 
i n each (Na,H)-Y studied. Even so, the primary chemisorption of 
SiH^ does not equal the number of exposed hydroxyls. The primary 
reaction increases i n rate and extent with temperature, as seen 
from the experiments with (Na,H)-Y (73) i n Table I I I , and can ap
proach the number of high frequency, most exposed OH groups for 
(Na,H)-Y (31) and (Na,H)-Y (54) of the table. 

The extent of reaction with exposed hydroxyls must be consid
ered i n relation to the Hg evolved. Since 1̂  sSiH\ exceeds unity, 
(Figure 1 a to d), secondary reactions proceed simultaneously with 
the primary process. I f only exposed hydroxyls react with SiH^ 
and the secondary reaction i s eqn 3, also involving only exposed 
-OH groups, then the primary process must always be less than 
corresponds with the exposed -OH groups. Moreover, i f one con
siders the f i r s t stages at 210°C of the last three experiments of 
Table I I I the produced i n primary plus secondary reactions i s 
equal to the number of the exposed -OH groups. This i s expected 
i f H2 evolved i s the sum of reactions 2 and 3, the amount of re
action 2 being metered by the SiH^ chemisorbed, and reaction 3 
accounting for the remainder. 

When temperatures of 300 C and 360°C were involved more com
plex results were noted i n two instances. In the fourth experi
ment i n Table I I the silane consumed exceeded the total -OH content 
so that reactions of silane other than reaction 2 are involved. 
The zeolite and part of the glass wall of the reaction vessel were 
stained brown and a condensation-polymerisation process was sus-
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pected, occurring simultaneously with reactions 2 and 3, to give a 
somewhat volatile poly silane, Si Η , with evolution of some additi
onal hydrogen. The brown modified mordenite slowly sorbed oxygen 
at room temperature and became somewhat lighter i n colour. When 
heated i n a i r at 850 C the mordenite again became white. A simi
la r result was obtained with (Na,H)-Y (54) i n the f i n a l experiment 
recorded i n Table I I I . A brown stain appeared on part of the 
glass wall of the reaction c e l l after the chemisorbed SiH\ was 
heated to ^00 C, though the zeolite was s t i l l white. After heat
ing at 360 C the zeolite had also become brown. Treatment with 
water vapour, as described i n Table I I I , restored the white colour 
of the zeolite Y but did not remove the colour on the glass wall. 

As noted, the primary reaction 2 and the secondary reaction 3i 
do not together give H rSiH, ratios above two. Up to 210 C this 
i s correct, but heatin t 300°C  360°C  H2 :SiH\ ratio
above two, so that tertiar
tures. Since only tw  experiment  gav  30  36
brown colours referred to i n the previous paragraphs, other higher 
temperature processes are possible, such as 

7 Si-O-SiHj, -O-Si ^ + HO-Si ̂  -(-7 S i - 0 ) 3 t E s i H + % (5) 
or 

Si-O-SiHj, -SiHg -O-Si ^ + Si-O-Si ^ - £ Si-0-SiH-SiH-O-Si^ + ^ 
^Si - o-SiH (6) 

These, with reactions 3 or 4 could give Hg :SiH^ ratios up to threa 
I f a l l chemisorbed silane i s made to react with -OH groups 

the l i m i t to the ratio of formed to SiH, consumed i s four, 
unless - Si-Si - bonds such as those introduced by reactions 4 and 
6 remain unattacked, i n which case ultimate H iSiH, ratios less 
than four would result. This aspect was investigated by treating 
the chemisorbed silane with doses of water vapour and measuring 
the evolution of hydrogen. Final ratios Hg :SiH^ were 3·82, 3·86, 
3.99 and 3.74 (Table I I I ) . The ratio 3.4o i n the last experiment 
of Table I I I i s probably low because of unreactive material form
ing the brown stain on the glass. Since s t i l l more prolonged 
treatment with water vapour could possibly have produced a l i t t l e 
more hydrogen the results suggest v i r t u a l l y complete hydroxylation 
of pendant -O-SiH^, and of other forms of chemisorbed -SiH and 
-SiH -. x 

y 
" That treatment of - βίΗ χ or -SiH - with water vapour yields 

hydroxylated products was supported &y infrared measurements of 
such water-treated and then outgassed materials. These showed a 
broad hydroxyl band somewhat l i k e that i n s i l i c a gel engulfing the 
separate bands characterizing the non-exposed and exposed OH groups 
of H-Y. That the new -OH groups would then chemisorb fresh 
amounts of SiH, was confirmed i n the second treatment of (Na,H)-Y 
(73) recorded i n Table I I I , 4th experiment. In some of the ex
periments i n Table I I I the chemisorption of ammonia was measured, 
to find how many groups of the type 
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> 1 H O v S i ^ 
remained. The figures i n the second to last column indicate con
siderable numbers of these. In the examples studied the ammonia 
t i t r e normally exceeded the number of non-exposed -OH groups i n 
the zeolites Y, which i s 1.07 mmol/g i n (Na,H)-Y (73) and O.l8mmo3/ 
g i n (Na,H)-Y (31). Therefore reactions such as 
(H0 ) 3 - s i + e γ>* 

χ ^ U s S i - 4- NHj- NH\ , ^ Al-0 - S i - O - S i ^ (7) 

possibly occur i n the modified zeolites. 
Dealuminated Mordenite. Nests of hydroxyls should be the p r i 

mary result of the de-alumination reaction 
HO $ Si-O i

£Si -0) 3Al S S i ζ + 3HN0

I f any of these nests of hydroxyls survive outgassing, the reaction 
4(£ SiOH) + SiH; - Si=(0Si + 4% (9) 
i s possible with original Al isomorphously replaced by S i . This 
would give crystalline s i l i c a s with no exchange ions and the open 
topology of the parent zeolite framework. o 

Dealuminated mordenite after outgassing overnight at 36Ο C 
was treated at 300 G with SiH,. The result i s shown i n the last 
experiment i n Table I I . Chemisorption of silane i s a l i t t l e less 
than the ideal amount of 7 SiOH available as single silanols. How
ever the yie l d of Hg exceeds that possible for 0.465 mmol of silane 
chemisorbed according to reaction 2 followed by reaction 3 u n t i l 
a l l single silanols were used up. This would give Ο.56 mmol of 
Hg as against 1.06 mmol actually observed. Tertiary reactions 
therefore also occur, which may include a small amount of reaction 
9· However reaction 9 certainly i s not important and the tempera
tures employed have probably resulted i n loss of water from the 
nests of hydroxyls: 
4[$ Si-OH] - 2[£ Si-O-Si Q + 2^0 

The Modified Zeolites. X-ray powder diffraction of the modi
fied mordenites gave clear mordenite patterns although that of the 
most heavily silanated product of Table II was somewhat weakened. 
Na-Y treated with SiH, gave a powder pattern unchanged from that 
of the parent Na-Y. The parent (Na,H)-Y (73) gave weaker inten
s i t i e s than Na-Y. The modified (Na,H)-Y (31) gave the same li n e 
intensities as the parent material, and the modified (Na,H)-Y (54) 
gave slightly diminished intensities relative to i t s parent zeolita 

N2 was sorbed i n the parent mordenite and the samples with 
1.57, 3.40 and 7.06 weight % of added Si (Table I I , last column). 
Isotherms at 77K are shown i n Figure 2a and the rate of uptake i n 
the mordenite with J>.tyo added Si i n Figure 2b. After silanation 
sorption capacities were i n the sequence 
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Parent H-mordenite > 1.37% > 3-zK# > 7.0&/o. 

For the most heavily silanated product uptake of N2 i s minimal, 
and for the mordenite with J>mkO>/o added Si sorption at 77K i s slow. 
Silanation can therefore change sorption drastically. 

Measurements of the uptake of and N2 at 77K are given i n 
Figure 3a for (Na,H)-Y (73} and this zeolite with 2 . 8 ^ and 5.99^ 
Si added. The sorption capacities decrease rapidly with increas
ed silanation. Figure 3 a n^y be compared with Figure 3b where 
(Na,H)-Y (31) and i t s modification with 2.8*$ added Si are the 
sorbents. Despite the identical extent of silanation with that 
of one of the modified zeolites i n Figure 3a the saturation cap
acity for and N2 i s well maintained as i s the uptake and the 
selectivity for N2 over 0̂  at 0°C. The same i s true of (Na,H)-Y 
(5*0 with Si (Figure 3c). Also nitrogen isotherms, measur
ed at each stage of treatmen
changes i n capacity at
stants at 273.2K. 

Concluding Remarks 

Silanation i s a versatile method for permanent modification 
of hydrogen zeolites. I t can be made progressive to almost any 
degree allowed by the intracrystalline free volume, by converting 
-SiH and -SiH - groups to Si(OH) and -Si(OH) - and then cherni-
sorbmg more sïlane by reaction 2Î I t can be^controlled i n ex
tent by varying the amount of silane chemisorbed i n this primary 
reaction, or by varying the Na:H ratio i n the parent zeolite. 
Further modification can be effected by varying the amount of 
secondary reactions such as those represented by eqns 3 or k com
pared with the extent of the primary process of eqn 2. Silanation 
would appear to be possible for any zeolite able to y i e l d at least 
a p a r t i a l hydrogen form and open enough to admit SiK^ . 
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Zeolite Chemistry Π. The Role of Aluminum in the 

Hydrothermal Treatment of Ammonium-Exchanged 

Zeolite Y, Stabilization 

D. W. BRECK and G. W. SKEELS 

Union Carbide Corp., Tarrytown Technical Center, Tarrytown, N.Y. 10591 

Ammonium exchanged zeolite Y was steam calcined at 573 to 1043K. 
Treatment with Κ F or NaCI solution removed 24 of the 56 original framework AI 
atoms per unit cell, which probably formed μ-trioxotrialuminum cations in the 
β cages. These complex cations contribute to the increased stability of the 
structure. 

Introduction 

Hydrothermal treatment at elevated temperature of highly ammonium ex
changed zeolite Y (NH 4 Y) produces a zeolite product that is different from a dry 
air- or vacuum-calcined NH 4 Y. A high degree of crystal unity following hydro-
thermal treatment is maintained even at temperatures as high as 1300 K; dry-air 
fired NH 4 Y loses X-ray crystallinity at temperatures near 825 K. The preparation 
of "stabilized Y", the reaction stoichiometry and the physical properties of the 
stable and unstable products that are formed as a result of various chemical, 
thermal and hydrothermal treatments have been extensively studied (1,2). Kerr 
(3,4) proposed that hydrothermal treatment of IMH4 Y at elevated temperatures 
promotes hydrolysis of framework aluminum to form hydroxo-aluminum cations, 
leaving vacant tetrahedral sites in the zeolite framework (defect sites). Kerr (2) 
and others (5,(3) have further suggested that silicon substitution in the hydrother-
mally created defect sites, increasing the framework Si/ΑΙ ratio, may be the cause 
of the increased stability. Despite these extensive studies, the source of the 
increased stability has not been conclusively demonstrated. It is the purpose of 
this study to establish a mechanism for stabilization and to propose a model for 
the structure of stabilized zeolite Y. 

Part I of this series (7) described the use of potentiometric titrations to 
verify the formation of hydroxoaluminum cations, and to determine the reaction 
stoichiometry when NH 4 Y is air-calcined. In the current work we have relied on 
the same principles, namely: 

1 ) The ion exchange of hydroxoaluminum cations with aqueous NaCI will 
yield an acidic solution containing aluminum cations. 

271 
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eq. 1) Al (0H)*_+

X + xNa+q = AI(OH)* +

x + Na + 

zeolite zeolite 
eq.2) ΑΙ (ΟΗ)£χ + x H 2 0 = A I (0H) 3 a m + x H + 

2) Treatment of hydroxoaluminum cations with KF should produce free OH. 
eq.3) AI(OH) x.+

x + 3 K F a q . = A I F 3 a q + xK e

+

o | j + O - x l K O ^ 
3) Treatment of polynuclear oxoaluminum cations with NaCI will not 

exchange the aluminum cations, but treatment with KF should produce a basic 
solution. For example: 

eq.4) [AI-0-AI] 4 + + 6KF + H 2 Ο — • 4&olite + 2 A | p 3 a q + 2 K ? H 

We have carried out potentiometric titrations with HCI on the fluoride-
treated samples and NaOH titrations of the samples treated with NaCI solution 
following the steaming of N H 4 Y zeolite at temperatures from 573 to 1043 K. 

Experimental 

The composition of th 4 8 (NH 4 ) 4 8 [(AI0 2) 5 6 

(Si0 2 ) 1 3 6 ] · η H 2 0 . One gram samples in shallow dishes (30 mm X 40 mm X 
4 mm) were placed under a thermocouple in a preheated oven (3300 cm 3 volume). 
Three samples were steamed at each temperature; T/K = 573, 673, 773,873, 973 
and 1043. The steaming rate was 40 dm 3 h r 1 flowing directly over the samples. 
The samples were removed from the oven after two hours and cooled in a desic
cator. 

One of the steamed samples was slurried in 50 cm 3 of 3.4 mol dm"3 NaCI 
solution, stirred at room temperature for two hours, filtered and washed with 
25 cm 3 of the NaCI solution, and finally washed with 25 cm 3 distilled water. 
The combined filtrates were titrated with 0.1 mol dm' 3 NaOH in one cm 3 incre
ments to a pH of about 11. A second sample was slurried in 50 cm 3 of 3.4 mol 
dm' 3 KF solution, similarly equilibrated for two hours, and the slurry titrated 
with 0.1 mol dm' 3 HCI in one cm 3 increments. The third sample was used to de
termine the extent of NHJ removal at each calcination temperature by chemical 
analysis. 

The samples treated with NaCI solution were further analyzed by X-ray 
powder diffraction and infrared spectroscopy; the chemical composition (Si0 2 , 
A l 2 0 3 , M 2 0) was determined by standard wet chemical methods. The filtrate 
was also analyzed for Si0 2 and A l 2 0 3 following the titration. 

Results 

The potentiometric titration curves for the NaCI-treated samples showed 
that very little acidity was produced. The titration endpoints, calculated as 
HVunit cell in the NaCI treatment, or OH/unit cell in the KF treatment, together 
with partial unit cell compositions calculated from the chemical analyses, are 
shown in Table I. Chemical analyses of the titrated filtrates showed that a negli
gible amount of silica was removed from the zeolites and that only a small amount 
of hydroxoaluminum cations were ion-exchanged during NaCI treatment. Chemi
cal analyses of the zeolite phase showed the absence of fluoride ion. There was 
extensive cation deficiency, even after steaming at 573 K, with the deficiency 
increasing as the steaming temperature was increased. Coincident with the cation 
deficiency observed in the NaCI-treated samples, a substantial amount of base 
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was produced by the K F treatment, which decreased with steaming temperatures 
above 873 K. 

The hydroxyl region of the infrared spectra of the NaCI-treated samples is 
shown in Figure 1. The infrared sample wafers were vacuum-activated at 473 Κ 
to remove only physically adsorbed H 2 0 . All samples show a very broad OH 
band (3745-3000 cm' 1 ) assigned to (OH)4 nests in tetrahedral coordination situa
ted in vacant framework sites (g). The broad OH band is found in the sample 
steamed at 573 K, and remains uniform in size until steaming temperatures above 
873 Κ are achieved, whereupon it is reduced in size. 

Superimposed upon the broad OH band are two additional OH bands 
normally observed with steamed or "deep bed"-treated N H 4 Y (9,10,!!). The lar
gest OH band is initially found at 3587 cm"1 following steam treatment at 573 K, 
shifting to higher wave numbers with increasing steam temperature. The smaller 
OH band is initially found as a shoulder on the larger OH band at about 3670 cm" 1, 
becoming more distinct with possibl  doublet t about 3685 cm" 1  th  steam
ing temperature is increased
1043 K. The infrared wafe  sampl
at 773 Κ and subsequently exposed to 60 torr benzene vapor at ambient tempera
ture, re-activated at 473 K, then exposed to 200 torr of ammonia gas at ambient 
temperature. The spectra are shown in Figure 2. Following activation at 773 K, 
the 3685 cm' 1 OH band has shifted to 3695 cm" 1 , the 3600 cm"1 band is sub
stantially reduced and the broad OH band is eliminated. With both benzene and 
ammonia, the 3695 cm"1 band is completely eliminated. Vacuum activation at 
473 Κ following adsorption restores the 3695 cm"1 band. 

In a subsequent experiment, a sample of N H 4 Y was steamed at 873 K, sus
pended in 3.4 mol dm' 3 NaCI solution and the slurry titrated to pH 11 with 0.1 
mol dm' 3 NaOH. The infrared hydroxyl region of the washed product was 
examined and both the 3685 cm"1 and the 3600 cm' 1 OH bands were found to 
be unaffected by the additional NaOH treatment. 

Discussion 

In Part I of this series (J) it was shown that during dry air calcination of 
N H 4 Y in a shallow bed, 16 hydroxoaluminum cations (in a unit cell containing 
56 aluminum atoms) are formed. The stepwise reaction first produces 16 AI(OH)3 

and 16 defect sites in the zeolite framework. As deammination progresses, the 
AI(OH)3 subsequently reacts to produce AMOH)^ and water, then AI(OH) 2 + and 
water, and finally at ~823 K, [AI-O-AI] 4 +, or μ-oxodialuminum cations. The 
formation of these species was confirmed by the substantial acidity produced in 
the NaCI titrations, and the moderate amount of base produced in the KF titra
tions. 

In the current work, very little acid is produced and very few hydroxoalumi
num cations are exchanged when steamed N H 4 Y is treated with NaCI solution. 
On the other hand, treatment with KF solution produces a quantity of base nearly 
three times that produced by the 16 hydroxoaluminum cations found in dry air-
calcined N H 4 Y. The hydroxyl region infrared spectra do not show the presence of 
substantial OH groups to account for it. Interpretation of the data for dry air-
fired N H 4 Y ascribed the cation deficiency in the NaCI-treated samples to either 
hydrolyzed hydroxoaluminum cations trapped in the sodalite cage, or to μ-oxodi-
aluminum cations. With the steamed samples this interpretation no longer holds, 
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STEAMING 
TEMP., T/K 

3587 cm" 

WAVELENGTH IN cm"1 

Figure 1. Hydroxyl infrared spectra of steamed 
NHiY following treatment with 3.4 mol dm'3 

NaCI; wafers activated in vacuum at 473 K. 
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since nearly three times the requisite amount of base is produced for 8 [ A I - 0 - A I ] 4 + 

cations, and not nearly enough base is produced for 30-45 A I ( O H ) 3 species. Ex
tensive dealumination should also have other effects on the zeolite properties, 
such as a very large O H band due to ( O H ) 4 nests and even extensive crystal degra
dation (12). 

The presence of steam during stabilization should inhibit the reaction of 
A I ( O H ) 2

+ to form A I ( O H ) 2 + and H 2 0 . Stabilization of A I ( O H ) 2

+ would permit 
further hydrolysis of framework aluminum to occur, increasing the quantity of 
A I ( O H ) 2

+ formed. The charge due to 24 framework aluminum atoms is balanced 
by 24 A I ( O H ) 2

 + . The 16 A I ( O H ) 2 + cations in dry air-fired N H 4 Y condensed to 
8 [ A I - 0 - A I ] 4 + during dehydroxylation (one in each sodalite cage), and the 24 
A I ( O H ) 2

+ formed in the steam-calcined Y condense to q [AI-O-AI- 0 Ô-AO 3 + ' 
or μ-trioxotrialuminum cations, with one cation located in each sodalite cage. 

This cationic cluster would not be ion-exchangeable in NaCI solution and, hence, 
acid could not be produced. A considerable amount of base would be produced 
in the K F treatment. 

p— Ο Π 3 + 
eq.5) [ A I - O - A I - O - A I J +3H 2 0 + 9 K F • 

zeolite soin. 
3 K + +3A IF 3 +6KOH (OH/AI=2) 

zeolite soin. soin. 
Each cluster would consist of three aluminum atoms in Site Γ bridged 

through three oxygen atoms located in Site II '. If one of the 0 4 oxygen atoms 
at a framework defect site were to move slightly, into a Site IΓ position, each of 
the aluminum atoms in the cluster would be in octahedral coordination. This 
would be achieved as shown in Figure 3, using three oxygen atoms of the 6-ring 
opening into the hexagonal prism, as well as sharing the four oxygen atoms in 
Site ΙΓ. This model is consistant with the structure suggested by Maher et al. for 
their Structure I, a self-steamed N H 4 Y (5), and with the structure of Bennett and 
Smith suggested for ultrastable Y (13), as well as with the x-ray fluorescence data 
of KUhl (14) for stabilized Y. 

When this model was applied to the actual titration data derived from N H 4 Y 
steamed up to 873 K, very close agreement was found between the expected and 
the measured free OH produced in the KF titrations, as shown in Table II. Above 
873 K, the measured free OH decreases while the cation deficiency remains high. 
At the same time the unit cell size increases by 0.05A before decreasing again at 
the higher steaming temperature. This increase in unit cell is accompanied by a 
shift of framework infrared frequencies to lower wavenumbers, indicating a lower 
Si/ΑΙ framework ratio. The broad OH band due to (OH) 4 in framework tetra-
hedral vacancies also decreases in size. 

With temperatures at and above 873 K, the mobility of framework oxygen 
atoms has been shown to be appreciable (15,16). One can envision movement of 
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Figure 2. Effect of C6H6 and NH3 on the 
3600 cm1 and 3695 cm1 OH infrared 
bands found in steamed NH^Y fououHng 
treatment in 3.4 mol dm3 NaCI. (1) NH+Y 
steamed at 873 K, vacuum activated at 
773 K; (2) 60 torr C6H6 at RT; (3) vacuum 

I activated at 473 K; (4) 200 torr NH3; (5) 
3618 cm" vacuum activated at 773 K. 

A - FRAMEWORK 0 4 IN NORMAL POSITION Β - FRAMEWORK 0 4 MOVED INTO SITE II 

Figure 3. Illustration of [Al-0-Al-0-Al]3+ of stabilized Y in the sodalite unit. Small 
circles, Al; large circles, oxygen. 
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oxygen atoms along the framework, and framework silicon atoms flipping through 
one position in a chain reaction (17). This could be described as migration of the 
tetrahedral vacancies, as proposed by Peri (6). However, the data of the present 
experiments indicate some of the non-framework aluminum is also reinserted into 
the framework, causing an increase in unit cell size and resulting in less base being 
produced in the KF titrations. The base produced in KF solution following 
steaming at 1043 Κ corresponds to 8[AI-0-AI] 4 + species. This model is consis
tant with the X-ray structure data of Bennett and Smith (13), who found density 
equivalent to 16 AI atoms in Site Γ and at least 5 oxygen atoms in Site U when 
ultrastable Y was heated at 973 K. 

The infrared spectra of steamed NH 4 Y show that very few hydroxyl groups 
are present in the zeolite, particularly when the optical densities of the spectral 
bands are compared to the OH bands in air- or vacuum-activated NH 4 Y. In addi
tion to the broad OH band assigned to hydroxyl nests, there are two relatively 
small hydroxyl bands observe
or vacuum-activated NH 4 Y
of the infrared bands are near 3600 and 3700 cm" , but they have disagreed on 
structural assignments and relative acidity (S,9,1Q,1J). 

Based on the current study and the proposed model for stabilized Y, it seems 
reasonable to conclude that the OH groups responsible for the 3600 cm' 1 band 
are in relatively inaccessible positions, possibly associated with the μ-trioxotri-
aluminum cations inside the sodalite cage. The 3600 cm"1 band is affected 
slightly by benzene and N H 3 , and not all by NaCI or dilute NaOH solution and is, 
therefore, not strongly acidic. Steaming above 873 K, where framework annealing 
takes place, nearly eliminates this hydroxyl group. The OH groups responsible for 
the 3695 cm' 1 band are definitely accessible and are completely eliminated by 
both benzene and N H 3 . They are not strongly acidic, since both NaCI and dilute 
NaOH solution do not affect the size of the OH band. This hydroxyl group may 
be associated with the defect centers in the zeolite framework, since steaming at 
1043 Κ completely eliminates the infrared band. 

Literature Cited 

1) Breck, D. W., "Zeolite Molecular Sieves: Structure, Chemistry and Use", 
(Wiley-lnterscience, New York, 1974), p. 474-483, 507-518. 

2) Kerr, G. T., Adv. Chem. Ser., Amer. Chem. Soc. (1973) 121, Mol. Sieves, 
Internat. Conf. 3rd, 219. 

3) Kerr, G. T., J. Phys. Chem. (1967) 71, 4155. 
4) Kerr, G.T., J. Catal. (1969) 15, 200. 
5) Maher, P. K., Hunter, F. D., and Scherzer, J., Adv. Chem. Ser., Amer. Chem. 

Soc. (1971) 101, Mol. Sieves, Internat. Conf. 2nd, 266. 
6) Peri, J. B., Proc. 5th Internat. Congress on Catalysis (1972), 329. 
7) Breck, D. W., and Skeels, G. W., Proc. 6th Internat. Congress on Catalysis 

(1976). 
8) Bennett, J. M., Breck, D. W., and Skeels, G. W., to be published. 
9) Scherzer, J., and Bass, J. L., J. Catal. (1973) 28, 101. 

10) Ward, J. W., J. Catal. (1970) 19, 348. 
11) Jacobs, P. Α., and Uytterhoeven, J. B., J. Catal. (1971) 22, 193. 
12) Kerr, G. T., J. Phys. Chem. (1968) 72, 2594. 
13) Bennett, J. M., and Smith, J. V., Private communication. 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



280 MOLECULAR SIEVES—II 

14) KUhl, G. H., Mol. Sieves, Internat. Conf. 3rd, Recent Progress Reports 
(Leuven University Press, 1973), 227 

15) Antoshin, G. V., Minachev, Kh.M., Sevastjanov, Ε. N., and Kondratjev, D. Α., 
Russ. J. Phys. Chem. (1970) 44, 1491. 

16) Peri, J. B., J. Phys. Chem. (1975) 79,1582. 
17) Lacy, E. D., Acta Cryst. (1964) 18, 149. 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



24 
Formation of Nickel (I) Ions by Hydrogen Reduction of 

Nickel (II)-Loaded Y Zeolite 

EDOUARD GARBOWSKI,* MICHEL PRIMET, and MICHEL-VITAL MATHIEU 

Institut de Recherches sur la Catalyse, 79, boulevard du 11 Novembre 
1918, 69626, Villeurbanne Cédex, France 

Hydrogen reduction o  NiCaNa  zeolite s bee  studied by 
U.V. Reflectance, E.P.R. and I.R. spectroscopies. The formation 
of Ni ions as well as of finely divided metal is observed at the 
expense of accessible Ni(II) ions. Both species are reoxidized into 
Ni(II) ions by reaction with oxygen or nitric oxide. 

Introduction 
Zeolites containing transition metal ions are very interesting 

catalysts because of their high activity and selectivity. It has 
been demonstrated that the cations play an important role and are 
in many cases responsible for the modifications of the catalytic 
activity (J_) . Transition metal ions are usually introduced into the 
framework by exchange methods using aquo or ammino complexes. Du
ring the thermal activation of the loaded zeolites, i t was observed 
that ligands removal induced cations migration to specific zeolite 
sites (2, 3). Conditions of the activation treatment are determi
ning factors for the location of cations in the framework. These 
zeolite sites possess their own geometry so that the located ca
tion acquires rather special coordination. Moreover, unusual oxi
dation states can be stabilized in the zeolite framework, as obser
ved in the case of Cu(I) ions (4). 

Some transition metal ions can be easily reduced under speci
f i c conditions and lead to finely dispersed metal within the zeoli
te cavities (5, 6). High and homogeneous dispersions have been ob
tained for platinum zeolite systems (7). Interactions of the metal 
particles with the zeolite support can modify the catalytic proper
ties of the supported metal (8). 

The present work deals with the modifications of the properties 
of Ni(II)-loaded faujasites caused by hydrogen reduction. Electronic 
changes are studied by E.P.R. andU.V. spectroscopies ; the varia-

* U.E.R. de chimie-biochimie, Université Claude Bernard LYON I. 
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tions in the chemisorption properties are investigated using I.R. 
spectroscopy. 

Experimental 
The starting material was a NaY zeolite with S1O2/AI2O3 = 4.8 

supplied by the Linde Co. (SK-40). Two successive exchanges were 
performed : (i) part of the sodium ions were f i r s t exchanged by 
stirring a suspension of the NaY form with a solution of 0.03 M cal
cium nitrate, (ii) nickel ions were then introduced in the obtained 
sample using a 0.01 M nickel nitrate solution. The exchanged zeoli
te was then washed until free of nitrate ions, and dried at 100°C 
in air. Analysis by flame photometry and colorimetric methods let 
to the following formula : N19.5 Ca12.2 NajoY. 

The diffuse reflectance spectra were recorded at room tempera
ture using an Optica Milan
de as reference. Infrare
temperature on a Perkin Elmer grating spectrometer (model 125). 
Zeolite powder was pressed into pellets (15 mg cm~2) under a pres
sure of about 1 Ton cm"̂ . The E.P.R. spectra were recorded at 
77 Κ on a VARIAN Ε 9 spectrometer operating in the mode X-band. 

The sample resulting from the exchange procedure was treated 
under oxygen up to 500 or 600°C for 10 hours, then evacuated at 
the same temperature for 2 - 4 hours. In the following parts, 
such samples will be referred to as oxidized samples. Oxidized 
samples were reduced at 200°C by hydrogen for 3 hours, then evacua
ted at the same temperature for 2 hours ; such samples will be re
ferred to as reduced samples. 

The gases used in the present work (CO, H2, O2) were pure. 
Water was removed by using preactivated 4A molecular sieves. Nitric 
oxide was purified by the freeze-pump-thaw technique in order to 
eliminate traces of N2 and NO2. 

Results 
Oxidized samples : After dehydration, a l l the samples showed a 

pink color characteristic of dehydrated nickel (II) zeolites (9). 
The U.V. spectrum showed two main bands at 21800 and 10000 cm"1", 
a shoulder at 17000 cm~l and a very weak band at ca. 5500 cm~l ( f i 
gure 1 a). Carbon monoxide or oxygen adsorption did not modify the 
U.V. spectrum. The infrared spectrum presented only a weak \J(0H) 
band at 3635 cm~l. Carbon monoxide adsorption gave two I.R. absorp
tion bands at 2215 and 2195 cm~l ; desorption at room temperature 
led to the disappearance of the latter, whereas the former was 
weakened (figure 2 A). Nitric oxide adsorption led to the formation 
of an intense band at 1900 αη~1 which disappeared when the sample 
was heated under vacuum above 200°C. No paramagnetic signal a t t r i 
butable to nickel species could be detected. 

Reduced samples : After hydrogen reduction, the solid exhibi
ted abriLliant malachite green color and drastic changes were obser
ved in the U.V. spectrum (figure 1 b). Two strong bands appeared at 
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Absorption 

Figure 1. Uv reflectance
oxidized sample
(b), reduced sample (oxidized sample reduced by hydrogen at 

200°C, then evacuated at 200°C). 

1 ' * I I à » I 1 1 . I 
2200 2000 1800 2200 2000 1800 2200 2 0 0 0 ' 8 0 0 

5cm"1 

Figure 2. Infrared spectra of NiCaNaY zeolite. 
A, CO adsorption on oxidized sample, (a), oxidized sample contacted with a 20-torr CO pres
sure at 25°C; (b), sample (a) evacuated at 25°C. B, CO adsorption on reduced sample, (a), 
reduced sample contacted with a 20-torr CO pressure at 25°C; (b), sample (a) treated under 
vacuum at 25°C. C, NO adsorption on reduced sample, (a), background of the reduced sam

ple; (b), introduction of a 10-torr NO pressure at 25°C. 
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13500 and 29500 cm"1, a weak one at 4700 cm"1 and a shoulder near 
25000 cm"1. Oxygen adsorption at room temperature caused a strong 
decrease of the previous bands. On heating under oxygen between 
100 and 200°C for several hours, these bands completely vanished and 
the spectrum observed for oxidized samples was restored. NO adsor
bed onto the reduced sample caused, at room temperature, the disap
pearance of the U.V. spectrum observed for the reduced sample. 

The reduction caused only a small increase of the intensity of 
the^(OH) bands. CO adsorption gave a more complicated spectrum 
than for the oxidized sample : four bands at 1930, 2095, 2140 and 
2195 cm"1 were observed (figure 2 B). By evacuation at 25°C, the 
bands at 1930, 2140 and 2195 cm"1 disappeared, whereas the 2095cm" 
band is split into two components at 2085 and 2105 cm"1. These last 
two bands vanished when the sample was contacted with oxygen at 
25°C. Upon heating the obtained sample under oxygen at 200°C follo
wed by an evacuation a
only two bands at 2215 an
reduced sample produced an intense band at 1900 cm"1 and a small 
doublet near 2200 cm"1 due to gaseous or weakly adsorbed N2O 
(figure 2 C). 

Reduced samples exhibited paramagnetic species giving an 
E.P.R. signal attributed to d^ species in axial symmetry 
(gj.. = 2.095 and g//= 2.48 and 2.80) (figure 3a). Oxygen adsorption 
between 25 and 100 C caused the disappearance of the previous signal 
and the formation of one triplet (gj = 2.0015, g£ = 2.008 and 
g3 = 2.045) (figure 3b). NO adsorbed at 25°C onto the reduced sam
ple gave a new E.P.R. signal which presented two values of 
(2.16 and 2.19) and two values of g^ (2.36 and 2.42 (figure 3c). 

Discussion 

Oxidized samples : on oxidized and dehydrated NiCaNaY samples, 
U.V. bands at 21800 and 10000 cm"1 must be attributed to transitions 
between 3p a n d 3p states of 3 d^ electronic configuration of Ni(II) 
ions in octahedral field (9). In hexaaquo complexes, these transi
tions produce bands at 25000 and 13500 cm"1 ; the intense batho-
chromic shift encountered for nickel-loaded zeolites is mainly due 
to the weak crystal field of the zeolite sites. We have previously 
studied the modifications of the U.V. spectra of Ni(II) ions loa
ded in different zeolites (A, X and Y forms) (10). In every case, 
the bathochromic effect was observed ; the weaker the crystal 
field, the stronger the bathochromic effect. X-ray studies perfor
med on NiNaY zeolite showed that Ni(II) cations were mainly located 
in Sj sites (3). In these sites, the cation to oxygen distances 
were anomalously long ; the shorter the cation-ligand distance, the 
stronger the crystal fiel d . Since similar U.V. spectra were obser
ved both on NiNaY and NiCaNaY forms, the majority of the Ni(II) 
ions must be located in Si sites (11). 

On the other hand, Ca(II) ions show also a great tendency to 
occupy the same Sj sites (12) ; i t seems that in NiCaNaY zeolite 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



G A R B O W S K I E T A L . Formation of Nickel(I) Ions 

Figure 3. E.P.R. spectra of NiCaNaY zeolite, (a), reduced sample; (b), 
reduced sample contacted with oxygen at 100°C; (c), reduced sample 

contacted with NO at room temperature. 
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a competition occurs between Ca(II) and Ni(II) to occupy sites. 
Some discrepancies appeared in the literature about the preferen
t i a l occupation of the sites by Ca(II) or other divalent cations 
(12, 13, 14). Carbon monoxide adsorption onto oxidized samples g i 
ves two ^ CO bands. These bands are weak and correspond to small 
amounts of accessible ions, i.e., in the supercages ; i t must be 
recalled that CO does not enter the sodalite unit or the hexagonal 
prism. The 2195 cm"1 band must be attributed to CO bonded to Ca(II) 
ions, whereas the 2215 cm"1 band is correlated with the presence 
of Ni(II) ions (15). This last band is not observed for Ni9 Na3gY 
sample although the nickel content is similar to that of NiCaNaY. 
For NiigNaçY, the 2215 cm"1 band has about the same intensity (for 
same CO pressures) as for NiCaNaY. These results show that in 
NiCaNaY samples, some Ni(II) are not in hidden positions (Sj sites 
for example), but do occupy sites accessible to CO  In the super-
cage sites, Ni(II) ion
OH groups or molecular wate
dination. The failure to detect sufficient amounts of hydroxyl 
groups or water in dehydrated samples allows us to rule out this 
hypothesis. Since no additional bands appear in the U.V. spectra 
the concentration of Ni(II) ions present in the supercages (and 
tetrahedrally coordinated) must be low. 

Finally, Ni(II) ions in NigCa^ NaY zeolite are mainly located 
in Si sites ; however, some Ca(II) and Ni(II) ions occupy accessi
ble positions, probably in supercages, but their number must be 
small in comparison with that of ions in hidden sites. 

Reduced samples : After hydrogen reduction, the U.V. spectrum 
shows two strong bands at 13500 and 29500 cm"1 which cannot be at
tributed to Ni(II) ions in any symmetry. The experimental results 
can be explained by the formation of Ni(I) ions ; the U.V. spectra 
are due to transitions between the ground state (3 d^) and excited 
states (3 d8 4s 1). 

This 3 d^ ion (Ni 1) is isoelectronic with Cu(II) ion and is l i 
kely to behave similarly in the zeolite lattice, with respect to 
pref ernetial occupancy of trigonal sites (Si1 or Su) . In these 
sites, the crystal field is weak, and weaker for Ni(I) than for 
Cu(II), since the charge of Ni(I) is smaller. Then, the low frequen
cy band (4700 cm"1) is assigned to a d-d transition of Ni(I) ions, 
whereas the same transition occurs at 5800 cm"1 for Cu(II) in 
tetrahedral coordination (16). 

The two other strong bands (13500 and 29500 cm"1) are due to 
(d - s) transitions from ground state to upper excited states be
longing to the 3 d*$ - 4 s 1 configuration. Some states ( 2F 2D and 
2p) have the same spin as the ground state, and mixing of odd pa
rity ρ orbitals both in ground state and excited states allows 
transitions which become partially Laporte-allowed with increase 
in intensity. As the crystal field effect will be small, the tran
sitions should have the same energy as the 2F (13600 cm"1) and 
2P (29500 cm"1) states of the 3 d8 - 4 s 1 configuration (17). For 
the 2D state, the transition should occur at ca. 23000 cmT1" ; only 
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a shoulder is observed near this value in the left side of the 
transition at 29500 cm"1. Recently, Me. Clure et a l . (18, 19) 
have studied transitions of the M(II) f i r s t transition row beyond 
the inner shell region. They observed (d - s) transitions with 
oscillator strength about two orders of magnitude greater than 
those of (d - d) transitions. A similar band close to 13500 cm"1 

was also reported (20) for reduction studies of Ni(II) ions by 
sodium vapors. On the other hand, Jacobs et a l . (21) observed a 
(d - d) transitions for Cu(II) (d9) in Y zeolite at 10700 cm"1. In 
view of this result, (d - d) transitions for Ni(I) also d 9 ion) 
should occur at lower frequencies since the charge of the cation is 
smaller, therefore we believe that we are actually observing a 
(d - s) transition. More recently, Minachev et a l . (22), studying 
the reduction of Ni(II)-loaded zeolite, have obtained evidence for 
the presence of Ni(I) ions

Infrared spectra o
tic changes by comparison with the oxidized state. The band at 
2215 cm"1 attributed to CO bonded to Ni(II) ions does not appear ; 
i t seems that Ni(II) ions in accessible positions have been elimi
nated by hydrogen reduction. The small band at 2195 cm"1 is assi
gned to CO interacting with Ca(II) ions. The band at 2140 cm"1 pos
sesses a ^C0 frequency which is intermediate between those of 
CO adsorbed on Ni(II) ions and nickel in metallic state. Some years 
ago, Peri (23) reported a similar frequency for a Ni0/Si02 sample 
reduced under mild conditions ; he concluded i t was due to the 
formation of Ni(I) state. The conditions of formation of this band 
and its frequency, as well our U.V. results, lead us to identify 
the adsorption center as a Ni(I) ion in accessible positions. 

The attribution of the 2095 and 1930 cm-1 bands is more am
biguous. I.R. studies of CO adsorption onto Ni/Si02 catalysts in
dicate the formation of bands attributed to CO adsorbed in a linear 
form (γ CO = 2058 cm"1) and in a bridged form (v* CO = 1940 cm"1) 
(24, 25). The band at 2095 cm"1 must be assigned to CO adsorbed 
on metallic nickel in a linear for since this band disappears by 
room temperature oxygen treatment. The 1930 cm"1 band could be 
attributed to CO bonded to Ni(0) atoms in the bridged form, but 
usually this band is not removed by a room temperature evacuation. 
Assignment of the band at 1930 cm"1 to CO bridged between two 
Ni(I) ions seems unlikely for stability and frequency range reasons 
We prefer to assign this band to Ni CO *—Ni species ; the poor 
stability towards vacuum treatment could be tentatively explained 
by the small size of the nickel particles occluded into the cavi
ties. The failure to observe a ferromagnetic resonance signal is 
in agreement with the formation of small metal clusters. 

The formation of Ni(I) ions is also in agreement with the 
E.P.R. measurements. On the oxidized sample, no paramagnetic spe
cies can be detected, except Mn(II) impurities introduced during 
the exchange procedure. After heating at 200°C in hydrogen, a s i 
gnal characterized by an axially symmetric g tensor was recorded. 
The fact that two values for g ̂  are observed may mean that two 
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types of Ni(I) ions are present in zeolite in two slightly diffe
rent environments. The observed g values are very close to those 
reported for Cu(II) ions in dehydrated zeolites : 

1 8 x 1 8 * 

Cu(II) Y zeolite (26) 2.065 2.32 

NiCaNaY (present work) 2.095 2.48 and 2.80 

The similarity of both spectra (disregarding the hyperfine inter
action) indicates that in both cases the 3 d9 ions are in similar 
sites. However, for nickel samples, two types of Ni(I) ions can be 
postulated since two values are observed for . From quantitative 
E.P.R. measurements, Ni(I) form represents ca. 4 % of the overall 
nickel content ; the reductio
milar results have bee
but the reactivity of the obtained species (gx= 2,09) seems dif
ferent. These differences may be explained by the use of another 
exchanged zeolite (without Ca) and by a different reduction pro
cess (Na vapor at 580°C) 

Reactivity of Ni(I) species : This reactivity was checked 
towards oxygen and nitric oxide. 

With oxygen, Ni(I) ions react almost completely at room tem
perature : U.V. and E.P.R. bands are strongly weakened ; they 
disappear by oxygen treatment at 100°C and the U.V. spectrum of 
Ni(II) ions is restored. E.P.R. results can be interpreted by the 
formation of 0̂  species (gj = 2.0015, g2 = 2.008 and g 3 = 2.045) 
adsorbed on divalent cations. On the other hand, CO adsorbed on 
reduced samples treated by 0 2 at 100 - 200°C gives only bands due 
to Ni(II) and Ca(II) ions ; no absorptions caused by Ni(I) or 
Ni(0) species are observed. Ni(I) ion oxidation could be represen
ted by the scheme : 

Ni + + 0 2 * N i 2 + + 0~ 

This oxidation-reduction process is reversible at around 
200°C. The interaction with oxygen molecules concerns mainly one 
of the two Ni(I) types, probably the species which are in accessi
ble positions. 

Infrared spectra of NO adsorbed at room temperature on reduced 
samples are quite similar to those observed on oxidized samples, 
e.g., a single ^ (NO) band (1900 cm~̂ ) is observed in both cases. 
Upon NO adeorption, U.V. spectroscopy shows also the disappearance 
of the Ni(I) signal and the formation of a new signal. This last 
one vas f i r s t reported by Ben Taarit et a l . (27) during the NO 
adsorption on Ni(II)-loaded zeolites. It seems unlikely that Ni , 
N0+ pairs are formed in this process because of the observation 
of a ^(NO) band at too low a frequency to be due to N0+ ion. N0+ 

ion has been observed when NO adsorption occurs onto Pd3+ ions 
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( 2 8 ) a c c o r d i n g t o t h e scheme : P d 3 + + NO 2 = £ P d 2 + , N 0 + , w h e r e t h e 
d i s a p p e a r a n c e o f t h e E.P.R. s i g n a l d u e t o P d 3 + i o n s i s c o r r e l a t e d 
w i t h t h e f o r m a t i o n o f >) (NO) b a n d s a t 2175 a n d 2025 c m " l . T h e E.P.R. 
s i g n a l o b s e r v e d b y NO a d s o r p t i o n o n N i ( I I ) o r N i ( I ) i o n s may b e e x 
p l a i n e d b y a d e r e a l i z a t i o n o f t h e o d d e l e c t r o n o f NO i n t o a m o l e 
c u l a r o r b i t a l w i t h a l a r g e d c h a r a c t e r . 

B o t h d i s a p p e a r a n c e o f E.P.R. s i g n a l a n d U.V. s p e c t r a a t t r i b u 
t e d t o N i ( I ) i o n s b y NO a d s o r p t i o n show t h a t a l l t h e N i ( I ) i o n s 
h a v e b e e n r e a c h a n d o x i d i z e d t o t h e d i v a l e n t s t a t e . T h e p r e s e n c e o f 
^ 0 c o n f i r m s t h e o x i d i z i n g r o l e o f n i t r i c o x i d e , a s p r e v i o u s l y men
t i o n e d ( 2 8 ) . 

T h e s e r e s u l t s c l e a r l y show t h a t b y h y d r o g e n r e d u c t i o n o f a 
N i ( I I ) Y z e o l i t e a new s p e c i e s i s f o r m e d : t h i s s p e c i e s b e h a v e s 
a s a r e d u c i n g a g e n t w h i c h i s s t r o n g l y o x y g e n a n d n i t r i c o x i d e - s e n 
s i t i v e . T h e r e s p o n s i b l
m o n o m e r i c f o r m b e c a u s e
s i g n a l . T h i s u n u s u a l o x i d a t i o n s t a t e f o r n i c k e l i s c e r t a i n l y s t a b i
l i z e d b y t h e z e o l i t e f r a m e w o r k . 

C o n c l u s i o n 

I n t h i s p a p e r , i t h a s b e e n shown t h a t u n d e r m i l d c o n d i t i o n s o f 
r e d u c t i o n , N i ( I I ) - l o a d e d z e o l i t e s do n o t l e a d t o b u l k m e t a l . M o r e 
o v e r , u n i v a l e n t c a t i o n s a r e f o r m e d a n d s t a b i l i z e d b y t h e z e o l i t e 
f r a m e w o r k . U.V. a n d E.P.R. s p e c t r o s c o p i e s showed new r e s u l t s i n t e r 
p r e t e d i n t e r m s o f m o n o m e r i c N i ( I ) c o m p l e x e s . N i ( I ) c a t i o n s a r e l o 
c a t e d i n two d i f f é r e n t s t y p e s o f s i t e s . A d s o r p t i o n o f o x y g e n o r n i 
t r i c o x i d e l e a d s t o t h e r a p i d d i s a p p e a r a n c e o f N i ( I ) b y o x i d a t i o n 
i n t o t h e d i v a l e n t s t a t e . T h i s r e d u c i b i l i t y o f N i ( I I ) i s t h o u g h t 
t o b e d u e t o some a c c e s s i b l e N i ( I I ) i o n s l o c a t e d i n s i t e s i n w h i c h 
t h e y a r e s t a b i l i z e d w i t h a l o w e n e r g y . A l l t h e s e r e s u l t s e m p h a s i z e 
t h e s p e c i a l c o o r d i n a t i n g r o l e o f t h e z e o l i t e l a t t i c e a n d t h e s t a b i 
l i z a t i o n o f c a t i o n s i n u n u s u a l v a l e n c e s t a t e s . 
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Formation of Iron Clusters in Zeolites with Different 

Supercage Sizes 
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Laufgraben 24, D-2000 Hamburg 13, West Germany 

Mössbauer spectroscopy, electron microscopy and 
magnetic measurements of Na reduced Fe2+-X, Fe2+-Y, 
and Fe2+-A zeolites show formation of iron particles 
outside the zeolite cavities with mean diameter of 
60 Å, but preferably formation of iron clusters with 
extremely narrow particle size distribution and dia
meters less than 13 Å. 

Introduction 
Transition metal ion-exchanged zeolites have 

been used to obtain well dispersed metal catalysts. 
Some cationic forms of dehydrated zeolites can be re
duced by heating the zeolite i n a reducing atmosphere 
lik e hydrogen. This leads either to highly dispersed 
metal atoms i n the channels and cavities of the zeo
l i t e or to external deposition of small metal cry
s t a l l i t e s . 

Some methods of reduction of transition metal 
ion-exchanged zeolites are l i s t e d i n Table I. Some 
transition metal ions may be stabilized i n unusual 
oxidation states - i . e . N i ( l ) , Pd(l). 

Table I 
Me-Zeol + 1/2 H2 H-Zeol + Me0 

Me = Pb,Ni,Cu,Ag,Pt,Pd 
LewisQ) ,Rabo et a l . (2) .Yates(^) ,Bredikhina et a l . (4) 
Romanowski(5) .RiekertTo) ,Richardson(7),Reman et al . T § 
Kudo et al.T^J,Dalla Betta et a l . (107«Minchev et al."" 
(11),Beyer et al.(12). 
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Table I(continued) 
Ni(ll)-Zeol + Na -> Na(l)-Zeol + Ni(l) 
Rabo et al.(1j5) 
2 Cu(II)-Zeol + CO-* 2 Cu(l)-Zeol + C0p Naccache et al.(14)· 

As reported by Kuspert (15) f hydrogen reduction of ferrous ion-exchanged zeolites is possible only at 
and above 1023 K. But these conditions lead to 
lattice destruction. Furthermore, X- and A-type zeo
lites in the hydrogen forms are not known to be 
stable. So we reduced our samples by sodium vapour at 
673 and 573 K. Thus the i n i t i a l sodium form of zeo
l i t e was prepared,
metal. 

In the present study we were especially inter
ested in the magnetic properties of small metallic 
iron clusters. These particles should be formed with
in the zeolite cavities and their diameters should be 
limited by the supercage sizes. 
Experimental Methods 

Sodium A,X, and Y-zeolites were obtained from 
the Linde Division of Union Carbide. A l l steps of 
preparation were made in a nitrogen atmosphere. Only 
oxygen free distilled water was used. The iron X and 
Y zeolites were prepared by treating the sodium form 
of Linde zeolite with an aqueous solution of ferrous 
sulphate in a nitrogen atmosphere at p H 5 for 3 hours as described by Delgass (16). 

For preparing the ferrous exchanged form of A-
type zeolite the ferrous salt solution was obtained 
by dissolving 1,88 g ferrous sulphate hepta hydrate 
in 45 cm* water thus reaching a p H of 4. A few grains of ascorbic acid were added to refiuce any ferric ions 
present. The exchange was allowed to proceed for 2 
and 20 hours respectively at 293 Κ and at p H 8 as described by Dickson et al . (17)· 

Because of the poor crysÎallinity thus obtained 
we chose another method for ferrous sulphate prepara
tion. By dissolving between 5 and 200 mg iron in a 
calculated volume of 2N sulphuric acid diluted in 
approximately 6 cm3 water we got a ferrous sulphate 
solution of p H 5· The ferrous ion-exchanged form of A-type zeolite was prepared by treating 0,5 g oxygen 
free zeolite with the sulphate solution at 293 Κ for 
3 h and at 343 Κ for 0,1 and 0,3 h respectively. 
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This method was changed to prevent formation of 
i r o n g e l completely. The suspension of 0,5 g oxygen 
free Α-zeolite i n about 2 cnP water was i n i t i a l l y ad
justed to PH 5 with about 6 ml of standard acetic 
a c i d buffer s o l u t i o n . Then the z e o l i t e was ion-ex
changed several times. A f t e r being washed ten times, 
the exchanged ferrous Α-zeolite was dehydrated at 
673 Κ f o r 24 h. 

Aft e r dehydration under high vacuum at 673 Κ f o r 
24 h the samples were reduced with a cal c u l a t e d 
amount of sodium. Sodium was placed at the bottom of 
a glass tube. The dehydrated z e o l i t e sample was 
supported 3 cm above i t on a small glass f r i t . The 
top of the tube was formed as a Mossbauer c e l l . A 
f u l l - l e n g t h heatin  mantl  brough  673 K.Afte
a heating period o
l y the heating mantle was removed and the tube was 
allowed to c o o l . Then the z e o l i t e was brought i n t o 
the Mossbauer c e l l . This c e l l was sealed and then 
mounted i n a Mossbauer spectrometer. 

Analysis f o r i r o n was made of a l l samples by X-
ray fluorescent spectroscopy. The c r y s t a l l i n i t y of 
the ferrous A,X and Y z e o l i t e a f t e r ion-exchange, 
a f t e r dehydration and a f t e r reduction was examined 
by X-ray powder d i f f r a c t i o n without exposure to a i r . 
Sharp l i n e s i n the powder patterns indicated that no 
s t r u c t u r a l breakdown had occurred with X- and Y-type 
z e o l i t e s and with A-type z e o l i t e s using the second 
and t h i r d method of preparation. 

The Mossbauer spectra were taken on a Frieseke & 
Hoepfner constant a c c e l e r a t i o n spectrometer i n Con
junction with a multi-channel analyser using a 57co i n 
Cu source. A l l isomer s h i f t s are reported with r e 
spect to standard oc-Fe. Spectra taken at 300 Κ were 
made with the glass c e l l s . Spectra from 4 Κ to 300 Κ 
were made with a beryllium sample holder mounted i n a 
Leybold cryostat. The z e o l i t e was placed i n the be
r y l l i u m holder without exposure to a i r . The data 
from each spectrum were analysed by a le a s t squares 
f i t t i n g program. 

Magnetic s u s c e p t i b i l i t y data were obtained by 
the Felddifferenzen-method at temperatures between 
77 Κ and 650 Κ and va r i a b l e f i e l d s up to 1,25 T. We 
also used a Foner magnetometer at. temperatures be
tween 4 Κ and 500 K. 
Results and Discussion 

The X-ray d i f f r a c t i o n pattern shows that the Fe 
ion-exchanged A-type z e o l i t e was p a r t l y amorphous 
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i f prepared according to the f i r s t method. This was 
expected because of the arguments reported by lone 
(18) in the last conference. The second method using 
exchange times of 3 h (at 293 Κ), 0,1 and 0,3 h 
(at 343 K) and the third method using exchange times 
shorter than 0,3 h (at 293 K) lead to complete cry
stalline samples. 

Figure 1a shows the characteristic room tempe
rature spectrum of crystalline, dehydrated Fe 2 +-A 
zeolite obtained by using the second method of pre
paration for 0,3 hours. We attributed the doublet 
with i. s . = 0,19 mm/s ± 6% and q.s. = 0,91 mm/s ± 2% 
to iron gel. This is in agreement with the arguments 
of lone Γΐ8). Therefore,we chose the third method of 
ion-exchange : a buffe  solutio d t t 
iron gel formation
ed. The spectra of these samples show only two 
doublets (Figure 1b). Therefore,our supposition of 
iron gel formation was confirmed. In the resulting 
spectrum the doublet with i.s. = 0,61 mm/s ± 0,3%?+ 
and q.s. = 0,47 mm/s ± 0,8% is associated with Fe -
ions on the sodalite window sites with 3-fold co
ordination to lattice oxygens as reported by Dickson 
(17)· We cannot yet render a distinct explanation of 
the doublet with i.s. = 0,87 mm/s db 1,2% and q.s. = 
2,26 mm/s ± 1%, but we suppose that a second site for 
iron ions exists in A-type zeolites detectable only 
at small degrees of ion-exchange and using 57Fe. 

So i t seems to us that the best method preparing 
ferrous ion-exchanged A-type zeolite is using the 
buffer solution, low temperatures and short exchange 
times. The spectra of Fe 2 +-X and Fe 2 +-Y zeolite are 
similar to those reported by Garten et a l . (19) and 
by Morice et a l . ( 2 0 ) . Detailed discussions of these 
spectra are given 13y those authors. 

A l l the reduced samples show the ferrous oxi
dation state spectra and the superparamagnetic spec
tra of small iron clusters. The ratio of area of 
these groups depends on the rate of reduction. 

In an assembly of noninteracting particles, the 
relaxation time for a spontaneous change of the 
direction of the magnetization vector is given by 
the Nêel equation 

(1) 
2 Κ ν 

7 - 1 _ kT 
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in which a is a geometrical factor, ν the volume, Κ 
the anisotropy constant of the particle. The frequen
cy factor f is the Larmor frequency of the magnetiza
tion vector in an effective field; f=(KA)/(9N.jh) · A 
is the atomic weight. If the relaxation time is 
greater than the time required for the measurement, 
one can see a snapshot; i.e. i f Τ $> Ι/νγ* Zeeman 
splitting is observed - V L is the Larmor frequency 
of the nuclear spin around the effective fi e l d . For 
iron 1 /V,—10- Qsec. For £" ^ 1/VL only the time 
mean value is observed - i . e. the Zeeman splitting 
w i l l disappear. 

For the fraction of the particles in a sample 
which are superparamagnetic, the observed spectrum 
wil l give a pure quadrupole-split center line i f any 
electric f i e l d gradien
Mossbauer spectrum  partially
ion-exchanged Y-zeolite is shown. The central doublet 
is due to superparamagnetic iron clusters. Besides 
the Fe 2 +-doublet the usual magnetically split six-
peak spectral component of the larger iron particles 
is to be seen. Taking the ratio of the area corres
ponding to the quadrupole doublet to the total 
spectral area, the fraction of the small iron clusters 
can be estimated (assuming the f-values for the two 
states are similar). Using the Néel equation and 
taking the values for iron reported by Arnold (21), 
the maximum size of the small iron clusters canTe 
calculated from Mossbauer data: V'/3 < 15,6 A. 

In order to make sure that the central doublet 
is not due to atomically dispersed iron and to study 
the small iron particles in greater detail, electron 
micrographs of ultramicrotom cut reduced samples 
were taken at several magnifications from 40 000 to 
200 000 times. These micrographs show a small number 
of larger particles with diameters up to about 500 A, 
but preferably they show a formation of iron 
clusters with extremely narrow particle size d i s t r i 
bution. The maximum of the particle size distribu
tion function was found to be 20 A. But the corres
ponding real particles could be 15 A or less because 
of a diffraction zone of approximately 2 A on each 
side of the particle diameter. Furthermore, the 
electron micrographs do not show particles of this 
sizeneither between the zeolite crystalsnor on the 
outer surface of the zeolites,except a greater number 
of them in the middle of the cut zeolite crystallites. 
So we can conclude that a l l detectable particles are 
only inside the cavities. The distribution of par-
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ticle sizes could be due to lattice imperfections 
like local derivations of the Si/Al ratio from the 
mean value resulting in a distribution of supercage 
sizes. This matter is s t i l l under investigation by 
STEM EDAX technique. 

The magnetic susceptibilities of the dehydrated 
ferrous ion-exchanged zeolites were measured as a 
function of temperature. Measured susceptibilities 
were corrected for the diamagnetism of the alumosili-
cate framework and of the sample holder and for the 
effects of a small amount of ferromagnetic impurity. 
The temperature dependence of the Fe2+-ion suscepti
b i l i t y of a Y-zeolite could be represented by the 
Curie-Weiss-law with p e f f = 5,54 /iu and θ = 105· Because of the two type f Fe2+-io  site d θ 
are only mean values
flects the magnetic exchange interaction within the 
system, is consistent with the model of the ion sites 
reported by Garten et al . (19)· 

Typical results of magnetization versus magnetic 
field of a reduced sample are given in Figure 3. 
Measured magnetizations were corrected for the dia
magnetism. Taking the fraction of the unreduced iron 
from Mossbauer data, the field dependence of the 
magnetization of the reduced iron was calculated. The 
susceptibility of the small iron clusters which are 
paramagnetic from 150 Κ to 650 Κ and up to a fie l d 
of 1 Τ waspcalculated by plotting the Δ C /λ Η values 
versus 1/H and extrapolating to 1/H 2—»0 according 
to the formula 

Corrections of the paramagnetism of the small iron 
clusters thus obtained were made, and by plotting the 
resulting magnetization curves versus H/T superposi
tion was obtained from approximately 150 Κ to 650 K. 
Furthermore, no remanence could be detected in this 
temperature range. Analysing these curves, particle 
diameters of the large iron particles were obtained. 

To estimate the volume ν of the small clusters 
by means of the paramagnetic susceptibility the tem
perature dependence of the spontaneous magnetization 
^D^FeZeo 1 1 1 1 1 8* b e determined by equation (3)· These 
values were plotted versus Τ/Τ , with Τ the Curie 
temperature of bulk iron. The Weiss curves l i e dis
tinctly below those of bulk iron, calculated accord

ing to the mean fie l d theory. 

(2) χ > 4 
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• 

K Q E * K * x - l «1CT1 

0.24 Q.3Z 0.4 0.48 0. S6 0.64 0.7Z 

Figure 3. Magnetization (Gauss cm3/g) vs. H/T curves of Fe°-Y/Fe2*-Y. Τ = 
178 Κ; Q,T = 214K; Δ , Τ = 273 Κ; +, Τ = 295 Κ; χ , Τ = 316 Κ; 0 , Γ = 343Κ. 
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ι„Λ(τ) (2 Φ . τ) 1/2 
( 3 > = (ΧΤ^) 1 7 2 

Ο 

Taking the new Curie temperatures, new Weiss curves 
were calculated, from which the spontaneous magneti
zation I Sp -cluster can be taken* Thus the particle 
size can be derived from susceptibility data» 
vV3 FeNaY = 9 A, v^/3 FeNaA = 8 X. 

(4> ^sp-clust) 2 V/(3fkT) 
The i.s. value f th  Fe° doublet f th  Moss

bayer spectra (i.s
Fe A = 0,41 mm/s) are due to electron transfer from 
the surface shells of the iron clusters to the zeo
li t e framework, but the values indicate that this 
electronic interaction is not very strong. 

The large q.s. values of Fe Y of 0,o9 mm/s show 
that not only the next nearest iron ions contribute 
to the electronic field gradient at the iron nuclei, 
but the zeolite framework also has an important in
fluence on the q.s. values of the iron clusters. The 
q.s. as well as the i . s . values indicate, that the 
small iron clusters must be inside the zeolite holes. 
Conclusion 

Iron(lI)-zeolites have been prepared by ion-ex
change of faujasite-type zeolites with different 
Si/Al ratios under conditions preserving the zeolite 
structure and preventing iron gel formation. After 
dehydration the zeolites have been reduced with alkali 
metal vapour at 573 and at 673 K. Mossbauer spectro
scopy of the reduced samples shows formation of some 
iron particles with diameters greater than 20 A, but a 
prefered formation of iron clusters with extremely 
narrow particle size distribution and diameters less 
than 13 A. The greater iron particles are outside_the 
cavities. Their diameters are between 20 and 500 A as 
was shown by electron microscopy and magnetic measure
ments. The iron clusters within the zeolite holes are 
superparamagnetic and their Mossbauer spectra show no 
HFS, even at 4 K. The iron particles outside the zeo
li t e framework show the usual magnetically split six-
eak spectral component at a l l temperatures between 
and 300 K. By taking the ratio of the area corres

ponding to the quadrupole doublet to the total spec-
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t r a l area, the fraction of the iron clusters inside 
the zeolite cavities has been estimated. The sponta
neous magnetization of the small iron clusters has 
been measured from 4 to 650 K. The Weiss-curves l i e 
distinctly below those of bulk material. Particle 
sizes of both fractions have been calculated from the 
separated magnetization curves. 
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Thermodynamics of Adsorption on Zeolites 
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Comprehensive experimental data on adsorption in 
zeolites show an influence of structure. Statistical— 
thermodynamic approaches consider this, the constants 
of equations are determined by adaption, according to 
their physical meaning. Empirical correlations within 
homologous series of chemical compounds represent im
portant characteristics of zeolitic adsorption. All 
observed phenomena can be explained quantitatively. 

Introduction 
Although s c i e n t i f i c and tec h n i c a l a p p l i c a t i o n of 

adsorption has supplied us, during the l a s t ten 
years, with comprehensive experimental data, we, at 
present, are f a r from being able to formulate a 
generally v a l i d theory of adsorption on microporous 
s o l i d bodies. Such a theory e s p e c i a l l y , when i t i s 
applied to z e o l i t e s , must take into account the 
foll o w i n g s t r u c t u r a l c h a r a c t e r i s t i c s : 
- separate sorption c a v i t i e s , accessible to adsorbed 

molecules only by crossing an a c t i v a t i o n b a r r i e r 
- small size of the c a v i t i e s , l i m i t i n g the number of 

adsorbed molecules to a few and f o r long-chain 
para f f i n s ) to one per c a v i t y , so that the idea of a 
spe c i a l adsorbed phase can only be used to a very 
l i m i t e d extent 

- heterogeneity of the f i e l d of adsorption i n the ca
v i t y , causing the existence of sp e c i a l molecular 
arrangements f o r both non-polar molecules ( p a r a f f i 
ns) and polar molecules (H 20, ΜΗ3)· 

An examination of the fundamentals of the a c t u a l l y 
p r e v a i l i n g t h e o r e t i c a l approaches, 
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- the equation of Langmuir [ ] J , 
- the potential theory of adsorption [2], 
- the theory of volume f i l l i n g L3], 
- v i r i a l equations [4,5,6] 
shows, particularly wifti^regard to molecular sieves, 
that obviously none of them meets the above-mentioned 
conditions exactly, A comprehensive theoretical 
approach could be based in our opinion, on s t a t i s t i 
cal thermodynamics. Here we present the first 
results of our attempts to derive such an approach* 
By applying the equations in a semi-empirical manner 
we avoid the need for a quantummechanical treatment 
which is in principle possible but too difficult for 
the moment. We present comprehensive experimental 
material, which we obtained durin h
the adsorption on zeolite
using different classical and modern methods 
[7,8,9,10]· On the basis of our experiments and the 
sÎaîistical-thermodynamic approach v/e are able to 
draw a number of conclusions of a theoretical nature. 
Experimental Results 

We investigated the adsorption equilibria of 
nonpolar, easily polarizable, and polar molecules on 
zeolites of the types A, X, and Y, which, usually, 
were not pelletized. Normal-paraffins were chosen 
as adsorbates because they show the following charac
teristic properties: 
1) Carbon-chains of various length permitting us to 

vary the maximal occupation of one zeolite cavity 
from ten molecules down to one molecule. 

2) Possibilities of various conformations leading to 
new, adapted structures of the adsorbed molecule 
in the cavity. 

We further investigated the adsorption of normal-
olefins, benzene, water, and ammonia [7,1_2]. 

Figure 1 represents our experimental results 
on isotherms and isosteres in a special manner, which 
in our case represents the data clearly, but may not 
be appropriate to a l l adsorption systems [13] : the 
adsorbed quantity a is plotted against a value ξ , 
equal to 

S T / T 0 RT 
Eq. (1) is based on the following known equations 
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A S ( a , T ) = A H ( a - T > ( 2 ) 

Τ 

(3) 

C4) 

A S ^ a . T ) + l n P 'P 0 _ ΔΗ(α,Τ) 
R + T / T 0 " RT 

A R ( a J ) - E 0 AS~(a,T) r 
RT ~* R " ζ ' 

E Q representing a
Solving equation (4) y i e l d s the function 

α = ί ( ξ , Τ ) , (5) 

from which we derive with the help of the permutation 
entropy -R l n a and the decomposition ΔΤ°<> =-ft in α+Δ$5ό* 

e A~H-E 0 AS 
a = e * T * (6) 

Eq. (5) has the foll o w i n g advantages: 
I f Δ Η « Ε 0 and AS** * (<χ,Τ) » AS00* ( a ) [1J], then 

the coverage a i s nearly independent of temperature: 

Q * f (ξ ) (7) 

In t h i s case, a l l isotherms of the system adsorbate/ 
z e o l i t e are approximately represented i n figure 1 by 
a single curve· The c h a r a c t e r i s t i c behaviour of the 
entropy AS00 i s expressed by a unique form of the 
curve a=f(Ç)# 
For an i d e a l gas with a volume of adsorption WQ and 
a p o t e n t i a l E 0 we derive 

W W e 
A S ^ = - R Ç , A H = E 0 , A S o o * = R l n - ^ , a = - 2 - e ç (8) 

For a r e a l gas, we have to replace WQ by the free 
volume of configuration: 
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α - wf(°> e* (9) 

which f o r small values of a leads to 

α = 
Wf(0) 

d o ) 

Wf (0) depending only on the size of the molecule. 
Equation (5) permits us to correlate the various 
r e s u l t s of many authors concerning the adsorption of 
η-paraffins i n a unifor  L I 4 , 1 5 , 1 6 ]

Figure 1 show
η-paraffins and the rare gases krypton and xenon on 
z e o l i t e TTaCaA i n the coordinates a = ί(ξ)· F o r every 
ri-paraffin, the value of E Q was calculated by a 
procedure, explained below, determining the 
state of coverage of 1 molecule per c a v i t y (energy 
of adsorption E^ ). The isotherms of the l i g h t 
n-alkanes are f a i r l y w e l l represented by a single 
curve, while longer-chain η-paraffins show some 
sc a t t e r i n g f o r higher coverages. For £-hexane and 
η-heptane r e s u l t s obtained at higher temperatures 
are used. 

Methane corresponds w e l l to the exponential 
character of equation (10). The curve f o r krypton i s 
the same as f o r methane, proving that the size and 
the symmetric character of the p a r t i c l e s are compa
rab l e , see also Ruthven [17]· A l l curves of the 
Q-paraffines show an exponential range, diminishing 
with increasing chain-length. For longer-chain n-
- p a r a f f i n s , the curves have steps corresponding to 
an adsorbed quantity of approximately one molecule 
per c a v i t y , \Ve observe c o r r e l a t i o n s between the 
value of Ç and the number of CH?-groups per c a v i t y 
which v/e discussed elsewhere [18j# 

The i s o s t e r e s i n the system n-heptane/zeolite 
are curved [ 1 9 ] , a fact which can~"be explained by 
the assumption of two d i f f e r e n t groups of states of 
energy f o r the heptane molecules. We observed curved 
iso s t e r e s f o r the adsorption of n-hexane, n - c l e c a n e f 
N H 3 , a n c* benzene on A- or X-zeolïtes. We draw the 
conclusion that deviations from the l i n e a r character 
of adsorption i s o s t e r e s may be rather a common 
phenomenon, the i n v e s t i g a t i o n of which demands a high 
accuracy of measurements. 
We i n t e r p r e t the two groups of states of energy as 
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1) a group of states of low energy with l o c a l i s e d 
positions near the w a l l of the c a v i t y 

2) a group of states of high energy, non-localised, 
situated i n the centre. 

Between these two groups of states, a temperature-
-dependent t r a n s i t i o n of molecule i s observed, 
which i s of high order and may be regarded as quasi-
-Schottky t r a n s i t i o n . The curves c p = f(T) must therefore go through a maximum, which we indeed 
detected by ca l o r i m e t r i c measurements. 

As a r e s u l t of our experimental work on the 
adsorption of water (together with Η· P f e i f e r et a l , 
[ 9 ] ) we observed that, e s p e c i a l l y at low coverage, 
high values of enthalpy correspond to low values 
of entropy, thus pointin
adsorption. By the
mentioned physical methods we found that water-mole
cules can be adsorbed i n f a u j a s i t e - c a v i t i e s i n f i v e 
d i f f e r e n t s t a t e s , strongly distinguished by t h e i r 
c o r r e l a t i o n time t c (measured by NMR-pulse--technique). For d e t a i l s see [ 9 ] · 

Statistical-Thermodynamic Approach 
A t h e o r e t i c a l treatment of the z e o l i t i c 

adsorption must be able to describe complicated 
functions of coverage, temperature-dependent molecu
l a r t r a n s i t i o n s , and sp e c i a l structures of the 
adsorbate. The s t a t i s t i c a l thermodynamic treatment 
developed by H i l l and f i r s t applied to z e o l i t i c 
systems by Bakaev [ 2 0 ] and independently by Ruthven 
[15] and also by Fiedl e r [21] offers the most pro
mising approach. 

On the base of s t a t i s t i c a l thermodynamics and 
owing to the separate sorption c a v i t i e s of the 
z e o l i t e s , p a r t i c u l a r l y c h a r a c t e r i s t i c f o r type A, 
the grand p a r t i t i o n function Ξ of the z e o l i t e 
can be represented as the product of the grand 
p a r t i t i o n functions 2 1 of the single c a v i t i e s (totaj. 
number = N r) 

Under the condition, that the canonical p a r t i t i o n 
function contains the same r e s i d u a l c o n t r i 
butions of moments, r o t a t i o n s , and i n t e r n a l motions 
as the gas we derive the equation 

(11) 
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Q, λ'= (p/RT)' 0 i c o n f (12) 

In the range of temperature i n which we measured 
the adsorption values we replace the i n t e g r a l 
expressions of Q; c o n f [6] by f i n i t e sums, whose 
1 summations correspond to d i f f e r e n t energy l e v e l s . 
In t h i s way i t i s possible to describe d i f f e r e n t 
states of energy and t h e i r t r a n s i t i o n s . We put 
1 = 1 f o r a c a v i t y which, f o r a given coverage, i s 
e n e r g e t i c a l l y homogeneous, while i n other cases 1 = 2 
d i f f e r e n t states may be regarded as s u f f i c i e n t . 

The sums are represented by 
l i_L_ L L 

ο,χ'.,ΙίΕΐ.,
T/T n 4—-Ό J7^ 

Sjj° are constants f o r the (T,VQ )-standard-differen-
ces of entropy, Ejj = energy constants of the 
corresponding l e v e l s . I f the c a v i t y contains only 
one molecule, we get the value , already used i n 
figu r e 1 ( E . = ). 
The isotherm equation α = 3In £/3tnλ transforms i n t o 

ΣΖΐΟ:λ' -EL, 
0 s N c r _ i r 7 = N 2 l i 9 i = N ce ( H ) 

i = 1 
where i = 1 

Q λ1 m 

θ. = — \ Γ- , θ » Y " i θ ; (15) 

are v a l i d , considering the structure ( 1 3 ) · B\ ex
presses the p r o b a b i l i t y f o r the existence of a 
c a v i t y of an i - f o l d occupation. 

Equation (14) s u f f i c e s , i n connection with ( 1 3 ) f 

to describe t r a n s i t i o n s of molecules i n the c a v i t y , 
f o r a given degree of coverage. By a change of Θ*, 
with temperature i t i s possible to describe another 
kind of molecular t r a n s i t i o n , that between d i f f e 
rent c a v i t i e s . The d i f f e r e n t i a l s p e c i f i c heat of 
the state of coverage i of a c a v i t y , therefore, 
contains two summations 

Acj + i (ΔΕ. - Δ Ε )2 / RT 2 (16) 
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the f i r s t one representing transitions within a 
cavity, the second one between the cavities. 

Application of the Approaches 
Equation (14) depends on the constants Nr, S-J , 

and Ejj , which are superior to v i r i a l coefficients 
in that the form of their dependence on pressure 
and temperature i s known. The dependence of the 
coverage a on pressure arid temperature i s expressed 
e x p l i c i t l y by the substitution of equation (13) in 
(14). The values of Nc, S™ . and Ejj are determined 
i n the following two ways! 
Ό As they have a concrete physical meaning, they 
may be calculated fro
bents. T i l l now we
cular data for only a few systems [ 2 2 ] . We do not know 
the deviations from ideal values for most real 
systems, so that this way may not frequently be used. 
We shall not follow up i t here. 
2) Equation (14) i s adapted to the characteristic 
properties of the zeolites. It i s possible to deter
mine the values of the constants by means of a 
method of parameter determination using the measured 
equilibrium data a(p,T). 

By this procedure, we f i n a l l y can calculate 
the thermodynamic functions and other characteristic 
quantities such as the distribution functions θ·, 
Studies about the relations of the constants within 
homologous series of chemical compounds and for 
different types of zeolites w i l l give us insight 
into the mechanism of adsorption. 

Ruthven et al_. considered the free volume 
under van-der^Waals-conditions introducing an 
additional correlation between the constants . 
This i s advantageous for small molecules, for example 
for short-chain n-alkanes. In using a general form 
of a relations whose constants are independent on 
one another, we are able to treat more complicated 
z e o l i t i c systems. It i s . however, more d i f f i c u l t to 
obtain the necessary information data. 

Results 

1) Equation (14) f i t s well the experimental 
data of the e q u i l i b r i a measured for n_-paraffin s of 
1 - 1 8 C-atoms in zeolite T̂aCaA, over the whole range 
of investigation. The value for the quantity of 
cavities, Νς, amounts constantly, within a homolo
gous series, to approximately 0.80 of the theoretical 
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value corresponding to an ideal structure of the 
zeolite* The Nc-values of different types of zeolites differ in the same proportion as the theoretical 
values. The maximal quantity m of molecules, adsor
bed in one cavity, decreases with increasing length 
of chain. For ja-alkanes above n-C-jQ * the value for 
m is 2, the second molecule only enters the cavity 
at low temperatures and high pressures. Figure 1 
shows distinctly that the adsorption range for one 
molecule per cavity is well separated from the 
two-molecules range. For one molecule in a cavity 
equation (14) reduces to the Langmuir equation. This 
is the reason why, in this range, the Langmuir 
equation can be successfully applied to technical 
processes. For n -Cc to S - C 7 : m  4; we found m  6 
for the representatio
propane. 

The number of values 1 necessary to describe 
the levels of energy is equal to one for each 
coverage of the cavity except in the case of 
û-hexane and η-heptane, where we found 1 = 2. We 
observed, especially for these two hydrocarbons, 
curved isosteres, referring to temperature-dependent 
heats of adsorption. 

The energy constants E N display, as figure 2 
shows, a nearly linear dependence on the number of 
the C-atoms of the η-paraffins. This enables us to 
extrapolate to long-chain η-paraffins for v/hich 
adsorption data are not available. A linear depen
dence could also be found for E^ -values with i > 1. 
The curve Ej-j = f ( i ) decreases from an i-value, 
v/hich corresponds to a total number of 12 C-atoms 
in the paraffin molecule adsorbed in one cavity. 

The curve of the entropy constants S°° begins 
to decrease beyond η-paraffins with more than 12 
C-atoms. This tendency becomes very clear for the 
adsorption of n-octadecane. In these cases, 
obviously, strong restrictions in the possibility 
of display of various conformations are dominating. 
At high temperatures Τ ( R T » / E J : / ) , the influence of 
the energy constants Ε,.· on equation (14) and that 
of Ep on ξ disappear. Nc and S~ , therefore, alone 
permit calculation of the temperature-independent 
curve a=f(Ç) in figure 1. This shows once more that 
this curve especially represents the entropie factor 
of the zeolitic adsorption. The values of S°° deter
mine the character of a=f(Ç), especially in the 
range of low coverages a. They, therefore, are 
directly responsible for the shift of the exponential 
part of the curve in figure 1 to the right with 
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α /Cmmol /gD 

a = f(f),NaCaA 

5 10 15 20 ξ / c i n 25 

Figure 1. Experimental data of the adsorption equilibria of rare gases (Kr, Xe) and 
η-paraffins on zeolite NaCaA in the plot a vs. $ 

ο E ^ / C k J / m o n ; • S ^ / C J / K / m o l U 

-50 

- 1 0 0 

NaCaA 

ο 

\ 

10 15 20 
C - n u m b e r / C 1 • 

Figure 2. Dependence of the isotherm constants En and 
S ι / ° ° on the number of C-atoms of the n-paraffins 
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increasing chain-length of η-paraffins or with 
increasing atom size f o r the rare gases. 

2) In fi g u r e 3 we represent r e s u l t s obtained f o r 
the system n-decane/zeolite NaMgA using equations 
(13) and (14)· They d i s t i n c t l y show the changes of 
the thermodynamic functions a f t e r the adsorption 
of the second molecule i n the c a v i t y . We demonstrate 
the effectiveness of the equations by extrapolation 
to low temperatures. 

3) The idea of the s e p a r a b i l i t y of the z e o l i t e 
i s no longer v a l i d when the adsorbate molecules 
are l a r g e r than the c a v i t i e s of the 5 A-zeolites. 
In such cases, adsorbed molecules f o r instance of 
Jl-tetradecane or n-octadecane, occupy two c a v i t i e s 
at the same time,"thu  reducin  th  separatio f 
two cages. We considere
thermodynamic systems c o n s i s t i n g of c e l l s of two 
or four c a v i t i e s . This treatment favours the i n t e r 
actions going on i n the i n t e r i o r of the system and 
neglects, to a c e r t a i n extent, the processes on the 
inner surface. This method proved to be valuable 
f o r z e o l i t e ITaX, f o r which the e q u i l i b r i a of many 
adsorbates only could be described by l a r g e r c e l l s . 
We were able to demonstrate states f o r n-hexane and 
benzene i n z e o l i t e NaX. 

4) The adsorption of o l e f i n e s was included i n 
the evaluation of equation (14)· Figure 3 represents 
some thermodynamic functions of the system trans-
-butene-2/NaX. We see that the heat of adsorption 
reaches a maximum at high coverages. 

5) For the adsorption of polar molecules, we 
transform equation (14) i n t o the fol l o w i n g sum: 

By means of t h i s equation we could describe the 
adsorption of ammonia and water i n the z e o l i t e s 
NaCaA and NaMgA. Figure 4 shows some thermodynamic 
functions f o r the system NH3/NaMgA. A l l values of 
m and 1 were placed = 1, so that each summation of 
equation (17) was equal to the right-hand side of 
a Langmuir equation. The energy constants, h i g h l y 
d i f f e r e n t f o r various values of k, are responsible 
f o r the s t e p - l i k e decrease of the heat of 
adsorption. 

Summarizing our r e s u l t s we state that the 
comprehensive experimental material can be 

q 

(17) 
k=1 
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Figure 4. Thermodynamic functions of the adsorption of NHS on 
zeolite NaMgA 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



26. scHiRMER E T A L . Thermodynamics of Adsorption on Zeolites 317 

represented in a form which allows us to notice the 
influence of the adsorbent structure. The basic 
approaches of the statistical thermodynamics, con
sidering the principal features of zeolitic sorption, 
are developed in a simplified form so that their 
application becomes possible. The physically 
established constants are determined by application 
to experimental data. States of different energy 
level, molecular transitions, processes of reorgani
zation of adsorbed molecules and maxima in the curves 
of heats of adsorption are explained. A l l observed 
phenomena can be treated quantitatively. A further 
development of these approaches seems possible. 

Nomenclature 
a, a(p,T) adsorbate concentration [mmol/g] 
E 0 estimated or calculated suitable 

constant for heat of adsorption [kj/mol] 
E n constant for high-energy (j s1) for 

1 molecule/cavity (i=1 ) [kj/mol] 
Ejj molar constant for energy (j-th level) 

for i molecules/cavity [kj/mol] 
f(Ç fT), f(Ç) empirically reduced isotherms [mmol/g] 
f ( i ) · empirical function from i [kj/mol] 
i number of molecules/cavity [1] 
ί integer for energy level [1] 
k integer for type of cavity [1] 
1 number of energy levels [1] 
m maximum number of molecules/cavity [1] 
Nc, N c, k number of cavities, type k [1]or[mmol/g] 
ρ equilibrium adsorbate pressure [Pa] 
P 0 standard pressure=1 [atm] = 101 325 [Pa] 
q number of types of cavities [1] 
Qi canonical partition function for i [1] 
Q j c o n f contribution of configuration to [1] 
R gas constant = 8.31434 [J/K/mol] 
S differential entropy adsorbate [J/K/mol] 
S g Q S(T,V 0) molar entropy of ideal gas [J/K/mol] 
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S ° ? m o l a r c o n s t a n t f o r ( T , V Q ) - s t a n d a r d -

- d i f f e r e n c e o f e n t r o p y [ J / K / m o l ] 

Τ t e m p e r a t u r e [ K ] 

T 0 s t a n d a r d t e m p e r a t u r e « 2 7 3 · 1 5 [ K ] 

V 0 s t a n d a r d v o l u m e « R T 0 / p 0 [ m 3 / m o l ] 

W 0 v o l u m e o f a d s o r p t i o n [ m 3 / k g ] 

W f ( a ) f W f ( 0 ) f r e e v o l u m e o f c o n f i g u r a t i o n [ m 3 / k g ] 

Ac-, m o l a r i n t e g r a l d i f f e r e n c e o f h e a t 

c a p a c i t y f o r i m o l e c u l e s / c a v i t y [ J / K / m o l ] 

Δ I d i f f e r e n t i a l d i f f  o f e n e r g y [ k j / m o l ] 

ΔΕ-, m o l a r i n t e g r a

f o r i m o l e c u l e s / c a v i t y [ k j / m o l ] 

A H ( a f T ) d i f f e r e n t i a l d i f f . o f e n t h a l p y [ k J / m o l ] 

A S ( a , T ) d i f f e r e n t i a l d i f f . o f e n t r o p y [ J / K / m o l ] 

AS™ ( a , T ) d i f f e r e n t i a l ( T , V Q ) - s t a n d a r d - d i f f e r e n c e 

o f e n t r o p y = S - S g Q s ( T , V Q ) [ J / K / m o l ] 

A S ° ° * n o t p e r m u t a t i o n r e d u c e d ( T , V Q ) - s t a n d a r d -

- d i f f e r e n c e o f e n t r o p y [ J / K / m o l ] 

θ 9 l k ' a v e r a g e n u m b e r o f m o l e c u l e s / c a v i t y , 

o f t y p e k o f c a v i t i e s [ 1 ] 

9 j p r o b a b i l i t y f o r i m o l e c u l e s / c a v i t y [ 1 ] 

λ a b s o l u t e a c t i v i t y [ 1 ] 

ξ v a r i a b l e f o r r e p r e s e n t a t i o n [ 1 ] 

^ g r a n d p a r t i t i o n f u n c t i o n s f o r t h e w h o l e 

z e o l i t e , f o r t h e s i n g l e c a v i t y t y p e 1 [ 1 ] 
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27 
Diffusion in Molecular Sieves: A Review of Recent 

Developments 

DOUGLAS M. RUTHVEN 

Department of Chemical Engineering, University of New Brunswick, 
Fredericton, N.B., Canada 

Recent information concerning the diffusion of a range of 
non-polar molecules in representative types of molecular sieve is 
reviewed. The general relationships between the pore structure of 
the sieve, the dimensions of the sorbate molecule and the diffusion 
behaviour are emphasized. Results of sorption and NMR diffusion 
measurements are compared. 

Introduction 

The structural regularity of zeolite frameworks makes possible 
detailed studies of the relationship between pore geometry and 
transport properties and this feature has attracted much research. 
A general review of the information available to 1970 was pre
sented at the Worcester Conference by Barrer(lj and i t is the pur
pose of the present paper to summarize only the more recent 
developments. The systems selected for discussion are mainly 
those which we have studied at the University of New Brunswick but 
these systems are in a general way representative of the systems 
of industrial interest. 

The bidisperse nature of commercial molecular sieve pellets 
is considered in some detail elsewhere in this conference!2>3). 
The present paper deals only with intracrystalline (micropore) 
diffusion since this is where the relationships between structure 
and transport properties are observed. Nevertheless i t must be 
emphasized that the rate of sorption in a molecular sieve is not 
always controlled by intracrystalline diffusion. 

Sorption and Chromatographic Measurements 

Refinements of the standard gravimetric method(_l) for deter
mining diffusivities from transient sorption measurements include 
the introduction of a correction factor to account for crystal 
size distribution and the use of small differential steps 
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to study systems i n which the d i f f u s i v i t y i s concentration de
pendent (JO. Of the precautions necessary to obtain r e l i a b l e r e 
s u l t s the most important i s v a r i a t i o n of the sample size or bed 
configuration, since t h i s provides a diagnostic t e s t both f o r 
macro d i f f u s i o n a l resistance of the bed and thermal effects(.5). 

Chromatographic methods have also been applied to z e o l i t i c 
systems. The spread of the response peak i s determined by the com
bined e f f e c t s of mass transfer resistance and a x i a l dispersion. 
In order to determine micropore d i f f u s i v i t i e s the e f f e c t s of macro-
pore and f i l m resistance as w e l l as a x i a l dispersion must either 
be eliminated or allowed f o r i n the analysis. The method of 
Eberly(_6.) depends on the van Deemter equation (χ) r e l a t i n g plate 
height (HETP) to gas v e l o c i t y : 

HETP = A + B/u + Cu (1) 
The constant C which ma
a p l o t of HETP vs u, i  macropor  micropor
d i f f u s i o n a l time constants. The i n d i v i d u a l time constants may be 
separated by using either p a r t i c l e s of d i f f e r e n t s i z e or different 
c a r r i e r eases The method of moments has also been widely 

When i n t r a c r y s t a l l i n e d i f f u s i o n a l resistance i s s i g 
n i f i c a n t the peaks show pronounced t a i l i n g making accurate e v a l 
uation of the second moment d i f f i c u l t . This d i f f i c u l t y may be 
avoided by c a l c u l a t i n g the model parameters ( i n p a r t i c u l a r the 
time constant f o r i n t r a c r y s t a l l i n e d i f f u s i o n r 2/D) by matching 
either the Laplace or Fourier transforms (12-15). 

I t i s generally assumed that the basic assumptions of the 
chromatographic method ( l i n e a r isotherm, constant d i f f u s i v i t y ) 
w i l l be f u l f i l l e d provided that the sorbate pulse i s s u f f i c i e n t l y 
small. However, f o r c e r t a i n systems, including those studied 
chromatographically by Eberly(jO (Ar-5A, Kr-5A, SFg-13X), g r a v i 
metric studies have shown that even w i t h i n the Henry 1s Law region 
the d i f f u s i v i t y i s strongly dependent on connentration(l6>17): 

D 0 = D ?
0/c ; D O = D f*e- E / R T ( 2) 

Within the Henry 1 s Law region c = Kp and Κ varies with temperature 
according to a vant Hoff equation (K = KQ exp(q 0/RT)) so that: 

D = ( D V K Q P ) exp[ -(E+qQ)/RT] (3) 
The precise value of the i n t e g r a l d i f f u s i v i t y determined i n a 
chromatographic experiment w i l l depend on the pulse size but i t i s 
cl e a r from eqn. 3 that i f the pulse s i z e i s kept constant and 
the temperature varied the apparent energy of a c t i v a t i o n (E a) w i l l 
be given by E a = E+q0. As may be seen from Table 1, Eberley fs 
chromatographic values of Ea agree w e l l with the values of Ε + q Q 

from the gravimetric studies, i n d i c a t i n g that the discrepancy 
ar i s e s from the assumption of a constant d i f f u s i v i t y i n the 
analysis of the chromatographic data. 

The d i f f u s i o n of Ar i n kA sieve was studied chromatograph
i c a l l y by Sarma and Haynes For t h i s system the assumptions 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



322 M O L E C U L A R S I E V E S — I I 

of a l i n e a r isotherm and constant d i f f u s i v i t y are v a l i d and the 
chromatographic data agree w e l l with the extrapolated sorption 
data of Eagan and Anderson(l8) and Ruthven and Derrah(l6). These 
conditions should also "be f u l f i l l e d f o r the d i f f u s i o n of n-butane 
i n 5A sieve at low concentrations but the chromatographic d i f 
fus i v i t i es of Hashimoto and S m i t h ( l l ) are several orders of 
magnitude larger than the gravimetric values (19). The discrepancy 
may be r e l a t e d to the d i f f i c u l t y of evaluating the second moments 
of the chromatographic peaks. This problem i s compounded by the 
need to extrapolate the second moment values i n order to eliminate 
the large contributions from macropore resistance. 

TABLE I - Comparison of Values of Ε + q^ with Apparent A c t i v a t i o n 
Energies from Chromatographic Data 

(kcal) (kcal) (kcal) 
« 1 3.h 3.5 
2.0 5.6 5.9 
2.8 7.8 7.5 

* Values of q Q from E b e r l y ^ at high temperatures. 
t Value of Ε c a l c u l a t e d according to eqn. 2 from gravimetric data. 
t Apparent a c t i v a t i o n energy from chromatographic measurements (6). 

The advantage of the chromatographic method l i e s i n the 
s i m p l i c i t y of the apparatus and the r a p i d i t y with which measure
ments can be made. Macropore d i f f u s i v i t i e s can be determined with 
accuracy since v a r i a t i o n of p a r t i c l e s i z e and c a r r i e r gas provide 
a simple means of varying macropore resistance but the determina
t i o n of i n t r a c r y s t a l l i n e d i f f u s i v i t i e s i s more d i f f i c u l t . 

Corrected D i f f u s i v i t i e s and Tracer D i f f u s i v i t i e s 

From simple thermodynamic considerations i t may be shown that 
the r e l a t i o n s h i p between the F i c k i a n d i f f u s i v i t y (D) and the cor
rected d i f f u s i v i t y (D 0) defined i n terms of a chemical p o t e n t i a l 
gradient d r i v i n g force, i s given by: 

D = D 0(dlna/dlnc) = D 0(dlnp/dlnc) (U) 
The second of these equations involves the a d d i t i o n a l assumption 
of an i d e a l vapour phase. For l i q u i d phase systems i t has been 
c l e a r l y shown that the chemical p o t e n t i a l gradient, rather than 
the concentration gradient, i s the true d r i v i n g force for d i f f u s 
ive transport(20,21). p o r z e o l i t i c systems the equilibrium i s o 
therms are, i n general, highly non-linear so that the correction 
factor dlna/dlnc i s often large. When considering the v a r i a t i o n 
of d i f f u s i v i t y with the physical properties of the sorbate or 
sieve i t i s therefore e s s e n t i a l to examine the behaviour of D0. 
Although D 0 i s i n p r i n c i p l e a function of concentration, the 

q* o 

S y S t e m (kcal) 
Ar-5A 3.3 
Kr-5A 3.6 
SFg-13X 5.0 
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concentration dependence w i l l generally be less pronounced than 
that of D. 

From the p r i n c i p l e s of i r r e v e r s i b l e thermodynamics i t has been 
shown by Ash and Barrer(22) that the d i f f e r e n t i a l d i f f u s i v i t y 
measured i n a sorption experiment (D) i s r e l a t e d to the t r a c e r 
s e l f d i f f u s i v i t y {V) by the expression: 

D = 2 . d l n a ( ) 

( 1 - C A L A * A / C A * L A A ) 

The expression derived by Karger (23) i s s l i g h t l y d i f f e r e n t due to 
a difference i n the d e f i n i t i o n of D. In the low concentration 
l i m i t dlna/dine 1, ο and the tracer d i f f u s i v i t y approaches 
the l i m i t i n g d i f f u s i v i t y DQ. For many z e o l i t i c systems the cross 
c o e f f i c i e n t L A ^ A appear
so that eqn. 5 reduces

There are only a few systems for which both tracer and s e l f 
d i f f u s i v i t i e s have been determined under comparable conditions. 
For the d i f f u s i o n of water i n several natural z e o l i t e s Barrer and 
Fender (25) showed that the concentration dependence of D could be 
l a r g e l y accounted for by the a c t i v i t y c o r r e c t i o n term and D Q % V. 
Barrer l a t e r (1) showed that there i s evidence of a small additional 
concentration dependence a r i s i n g from the term ΟΑ^ Α Κ Α ^ Α Κ ^ΑΑ ^ N 

the denominator of eqn. 5. Tracer d i f f u s i v i t i e s {Ό) f o r CO2 i n UA 
and 5A sieves(26,27) are i n order of magnitude agreement with 
values of D 0 determined i n t h i s laboratory. However, fo r t h i s 
system the corrected d i f f u s i v i t y i s strongly concentration de
pendent so de t a i l e d comparisons are not possible without more 
extensive data. The recent tracer data of Quig and Rees 

(28) f o r 
C5-C9 alkanes i n p a r t i a l l y C a + + exchanged kA sieve are discussed 
below. 
D i f f u s i o n i n Small Port Z e o l i t e s 

Two d i s t i n c t patterns of d i f f u s i o n a l behaviour have been ob
served depending on the r e l a t i v e sizes of the d i f f u s i n g molecule 
and sieve window. When the c r i t i c a l molecular diameter i s com
parable with (or greater than) the free aperture of the sieve 
window the F i c k i a n d i f f u s i v i t i e s show a monotonie increase with 
sorbate concentration, i n accordance with equation 1+ and the cor
rected d i f f u s i v i t i e s are e s s e n t i a l l y independent of concentration. 
The temperature dependence of D Q follows the usual Eyring 
equation: 

D Q = D* exp(-E/RT) (6) 

The a c t i v a t i o n energies, f o r a given sieve, show a d i r e c t corre
l a t i o n with the c r i t i c a l diameters of the sorbates and the orders 
of magnitude of the pre-exponential factors are consistent with 
the predictions of t r a n s i t i o n state theory. Such behaviour i s ob
served f o r the d i f f u s i o n of monatomic and diatomic gases i n kA 
z e o l i t e (16) and f o r l i g h t hydrocarbons and CF1+ i n hA and 5A sieves 
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Table I I 
Systems i n which C r i t i c a l Molecular Diameter i s Greater than 

or Equal to Window Aperture: Parameters Ε and D* giv i n g 
Temperature Dependence of L i m i t i n g D i f f u s i v i t y D n 

σ 
(1) 

Ε 
(kcal) 

Experimental 
χ 1 0 8 

(cmS.sec-''" ) 

Theoretical 
r o t a t i n g 
D * x l 0 8 -

Values 
non-rot. 
(cm^. secT^i 

3 . U 8 122 103 
3 . 5 
3 . 6 9 . 7 - 3 
3 . 7 6 . 1 96 266 7 . 0 
It.08 8 . 5 61 3550 5 . 0 
h.08 2.75 0 . 1 9 8 132 0.2k 
k.08 2 . 3 ^ 0 . 3 6 830 1 .26 
k.08 7 . U 5 . 8 (172) ( 6 . 2 2 ) 
k.08 2 . 9 8 7 . 2 172 6 . 2 2 
h.36 6.2k 5 . 6 6 - -k.36 1 .28 3 . 0 2 332 1 . 0 1 
h.36 U . 3 6 . 6 1100 3 . 1 
k.95 3.U6 0 . 2 5 96 0 . 0 0 8 
h.95 3.kh 0.18 1660 0 . 0 6 2 

3Λ6 0 . 2 6 750 0 . 0 2 8 
5 . 1 8 . 7 1 .2U (90) ( 0 . 0 1 U ) 
5 . 1 3 . 5 0 . 8 2 90 0.01U 
5 . 1 U . O U - - -
5 . 1 8 . 5 0 . U 2 (57) ( 0 . 0 0 2 1 ) 
5 . 1 k.O 0 . 7 3 57 0 . 0 0 2 1 
5 .1 k.l6 - - -
5.1 U . 6 0 . 6 3 - -
5.1 5 . 0 0 . 0 9 - -
5 . 1 k.95 - - -5 . 1 7 . 5 1 5 . 0 1000 0 . 0 0 2 5 
5 . 2 h.3h 1 . 0 6 25 0 .015 
5M 9.15 250 192 0.03k 
5 . 5 8 9 . 2 151 - -

System 

Ar-UA 
02-UA 
Kr-UA 
N 2 - U A 

C2K^-kA 
C2H^-5A 
02Η^-ΕΓΪοη. 
CH^-UA 

C2H6-1+A 
C 2H 6 - 5 A 
C 2Hg-Erion. 
C 3H 6 - 5 A 
1-CUH8-5A 
tr - 2-C^ H 8 - 5 A 
C3H8-UA 
C 3H 8 - 5 A 
*C3H8-Chab. 
nĈ H-LQ-UA 
nC i +H 1 0 - 5 A 
nC^H10-Chab. 
n C 5 H 1 2 ~ 5 A 

n C 5 H 1 2 ~ E r i o n * 
nC^H 1 2-Chabz. 
nC TH l 6-5A 
C V C I 0 - C 3 H 6 - 5 A 

CFU-5A 
cis - 2-Ci l H 8-5A 
The data are cor r e l a t e d according to equation k and 6 (D Q inde
pendent of c ) . The c r i t i c a l diameter σ i s defined as the radius 
of the smallest cylinder which can circumscribe the molecule i n 
i t s most favourable equilibrium conformation. Window aperatures 
are about 3.kl for kA sieve and k.3A for 5A. Values f o r hA9 5A 
and e r i o n i t e are from data obtained i n these laboratories 
( 1 6 , 2 9 - 3 3 ) Values f o r H-chabazite are from Barrer and Davies(.2-Oe 

The c a l c u l a t i o n of the t h e o r e t i c a l values of D̂  for City and CF^ i s 
discussed i n d e t a i l by Ruthven and Derrah ( 2 9 ) . 
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(29-32) ̂  erionite(33) and chabazite(3M. Data for some repre
sentative systems are summarized in table II and figure 2. Data 
for the lighter molecules are consistent with the assumption of a 
non-rotating transition state while for the larger molecules, 
which have high moments of inertia, the contribution from rotation 
or rocking vibrations to the partition function of the transition 
state becomes increasingly important. The large difference in 
activation energies between h A and 5A sieves and the smaller dif
ferences between the activation energies for C2H6 and C2HI4. in 5A 
and erionite are consistent with the differences in the shapes of 
the windows and the geometry of the sorbate molecules. However 
the increase in activation energy for the series ΟβΗβ, nC]|Hj_0, 
n 5̂H12> n C 7 H l 6 i n 5A shows that c r i t i c a l molecular diameter is 
not the only important factor. 

Diffusion in partiall  Ca + + exchanged UA-5A sieve  ha  als
been investigated(28,35
diffusivity is essentially  pur
(hA). There is a rapid increase in diffusivity at about 30% Ca + + 

exchange corresponding to the composition at which the obstructing 
Na+ ions are removed from one third of the windows so that each 
ce l l has, on average, two unobstructed windows. When more than 
two thirds of the Na+ ions are replaced a l l windows are open and 
the diffusional properties become essentially the same as for the 
Ca + + form (5A). The change in molecular sieve properties thus 
occurs almost entirely over the range 26-67$ exchange. A simple 
theoretical model, based on a random distribution of 'open1 and 
1 closed 1 windows, has been found to provide a very satisfactory 
correlation of the experimental datai36). This is illustrated in 
figure 1. The theoretical curve for nC^Ri^ is calculated on the 
assumption that DQ = Ό using approximate (extrapolated) values of 
D0 for the extreme hA and 5A forms (lO" 1^ and 10~12 cm2.sec"1). 
It is evident that the theory f i t s the tracer diffusivity data of 
Quig and Rees(j^) well suggesting that the assumption D0 % Ρ is 
at least approximately correct. This is contrary to the con
clusions of Quig and Rees but they used values of DQ estimated 
from integral diffusivity measurements by the method of Barrer 
and Clarke (37). When the differential diffusivity is strongly 
concentration dependent, as with these systems, the method of 
Barrer and Clarke can lead to large errors in the calculated dif
ferential diffusivities. A more detailed analysis requires 
accurate values of DQ» determined from differential measurements 
at low concentration, as well as tracer data for the extreme hA 
and 5A forms. 

Diffusion in Large Port Zeolites 

For systems in which the c r i t i c a l molecular diameter is sig
nificantly smaller than the window aperture the pattern of dif
fusional behaviour is entirely different. At low concentrations 
within the Henry*s Law region, the diffusivity decreases rapidly 
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-

-
CH4-143K(D) 

n C H - 3 7 3 K (Do) ^ ο 

-

V y ^ n C 4 H w - 323Κ ( Do) 

-

1 - J — I I I I 
oi 0 3 0 4 

% CcT 
Figure 1. Variation of corrected diffusivities, tracer self 
diffusivities, and NMR self diffusivities with degree of Ca** 
exchange in the Na-Ca A zeolites. Theoretical lines are 
calculated according to the model described in Kef. 36. 
D 0 values for nCkU10 are from Ruthven (36), D values for 
CHk are from Car ο et al. (47), D values for nC6H1!t are 

from Quig and Rees (28). 
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with increasing sorbate concentration, passing through a minimum 
and increasing again as the saturation l i m i t i s approached. Cor
rected d i f f u s i v i t i e s c a l c u l a t e d according to equation h show an 
inverse dependence on concentration which may be approximately 
represented by eqn. 2. Such behaviour i s shown by small monatomic 
and diatomic molecules i n the 5A sieve (16) and also by larger 
hydrocarbon molecules i n 13x(38). 

TABLE I I I - Parameters Ε and Df* (eqn. 2) for Systems i n which 
C r i t i c a l Molecular Diameters i s Smaller than Window 
Aperture 

System 
Ar-5A 
Kr-5A 
Xe-5A 
02-5A 
N 2-5A 
SF6-13X 
nC TH!6-13X 
C 6 H 1 2 - 1 3 X 
C6H6-13X 
C6H5CH3 - I3X 

(1) 
3Λ 
3.6 
U.O 
3.5 
3.7 
6.1 
5.1 
6.5 
6.5 
6.5 

Ε 
(kcal) 

3.0 
1.0 
1.5 
2.77 
6.2 
U.96 
h.9 
6.6 

D\ x 10' 

(molecule. cm^/cavity. sec. ) 

0.15 
0.026 
0.052 
2.98 
22 

10.2 
h.9 
6.6 

The data are correlated according to equations 2 and h. 
Free aperature of 5A sieve = h.3A and of 13X sieve = 7·^Α. 
Data f o r 5A are from Ruthven and Derrah ( l6) a na. f o r 13X from 
Ruthven and 

Representative data are shown i n f i g u r e 2 and 3 and the parameters 
for several systems are given i n table I I I . 

When the sieve window i s large r e l a t i v e to the d i f f u s i n g 
molecule the energy b a r r i e r between cages i s small. Most of the 
molecules s t r i k i n g a window w i l l pass through and the basic 
assumption of t r a n s i t i o n state theory (equilibrium between 
'reactants' and t r a n s i t i o n state) w i l l not be f u l f i l l e d . The i n 
verse concentration dependence suggests t h a t , even at low con
centrations, the d i f f u s i o n path i s l i m i t e d by c o l l i s i o n s between 
sorbate molecules. A simple quantitative treatment based on the 
assumption that the p r i n c i p a l contribution to the f l u x a r i s e s 
from the small f r a c t i o n of molecules t r a v e l l i n g on paths pre
c i s e l y aligned through the centres of successive windows and 
which can therefore traverse several cages i n each f l i g h t , can 
account f o r the order of magnitude of the experimental d i f f u s i v 
i t i e s f o r monatomic and diatomic gases i n 5A sieve (16) and for SFg 
i n 1 3 x ( i l ) -

The behaviour of the larger molecules such as benzene and 
toluene i n 13X i s intermediate between the constant D Q pattern 
observed for the small port z e o l i t e s and the r e c i p r o c a l concen
t r a t i o n dependence which i s observed when the sieve aperture 
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AlChE Journal 
Figure 3. Concentration 
dependence of corrected 
diffusivity for hydrocar
bons in 13X zeolite. 
Comparative data for 
nC7H16 in 5A are also 

shown. 
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i s large. Such "behaviour suggests that even lar g e r molecules i n 
13X may show the constant D 0 pattern. 

Comparison of NMR and Sorption Data 

Several systems have recently been studied by both NMR and 
sorption methods and comparative data are presented i n table IV. 
The NMR techniques are of two kinds(39>k0). The r e l a x a t i o n method 
depends on the determination of the c o r r e l a t i o n time for molecular 
motion (τ) and the s e l f d i f f u s i v i t y i s then ca l c u l a t e d using an 
assumed mean jump distance (λ): 

V = λ 2 /6τ = x 2 e-E/RT / 6 x o ( T) 
In the more recent pulsed f i e l d gradient spin-echo 

method(^2-U7) 
the s e l f d i f f u s i v i t y i
ments y i e l d the mean squar
i n t e r v a l . For those systems which have been studied by both 
methods (nCl^H-j^i η0γΗ^, CgH^ i n 13X) there i s good agreement 
when λ i s taken as the l a t t i c e parameter, suggesting that diffusion 
occurs by jumps between neighbouring cages. The NMR s e l f -
d i f f u s i v i t i e s are however much larger than values of D 0 from sorp
t i o n measurements and the a c t i v a t i o n energies are lower but, 
despite the large difference i n numerical values, both NMR and 
sorption data show s i m i l a r trends. The r e l a t i v e values of d i f 
f u s i v i t i e s f o r the Cl| hydrocarbons i n 5A z e o l i t e f a l l i n the same 
sequence and, for the 13X systems, Ρ(NMR) and D 0 (sorption) both 
show a s i m i l a r inverse dependence on concentration. As i l l u s t r a t e d 
i n f i g u r e 1 the pattern of v a r i a t i o n of both Ρ(or τ) and D Q with 
C a + + exchange i n NaCaA z e o l i t e s can also be q u a n t i t a t i v e l y ac
counted for i n terms of the same t h e o r e t i c a l model. 

I f the adsorbed phase behaves as a set of l o c a l i z e d E i n s t e i n 
o s c i l l a t o r s with complete r o t a t i o n a l freedom, as i s suggested by 
heat capacity measurements (50). the v i b r a t i o n frequency (v) may be 
estimated from the Henry constant: 

Κ = K 0 exp(q 0/RT); K Q / C S = (kT/e ) ΐ / 2 ( 2 τ π η ν 2 ) - 3 / 2 (8) 
For the 13X systems the v i b r a t i o n frequencies are close to the 
r e c i p r o c a l NMR c o r r e l a t i o n times whereas for the 5A systems the 
r e c i p r o c a l c o r r e l a t i o n times are much smaller. This suggests 
that i n the 13X sieve molecular jumps occur predominantly between 
neighbouring cages whereas i n the 5A sieve jumps w i t h i n a c a v i t y 
are much more frequent as i s to be expected from s t r u c t u r a l con
s i d e r a t i o n . 

S i m i l a r l y large discrepancies between d i f f u s i v i t i e s measured 
by NMR and other methods have been observed f o r molecular 
solids (51?52) but the explanation i s uncertain. The pulsed f i e l d 
gradient spin-echo method i s free from the obvious object that 
t r a n s l a t i o n a l motion may be too slow to dominate the r e l a x a t i o n 
process and since the r.m.s. distances measured i n an experiment 
are much la r g e r than the l a t t i c e parameter, the conclusion that 
the technique measures molecular motion between c a v i t i e s seems to 
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be j u s t i f i e d . Nevertheless, neutron sc a t t e r i n g studies of CH3CN 
and CH3OH i n 3A sieve, systems i n which the sorbate molecules are 
almost c e r t a i n l y trapped w i t h i n p a r t i c u l a r cages, y i e l d jump times 
VLO" 1 1 sec and i n t r a c a v i t y d i f f u s i v i t i e s ^10"5 cm^.sec" 1 at room 
temperature These values are close to the NMR d i f f u s i v i t i e s 
of Karger and Car ο f o r CHI* i n 5A sieve The NMR d i f f u s i v i t i e s 
for 13X z e o l i t e are s i m i l a r to the values for the pure l i q u i d sor-
bates whereas the sorption values are of the same order as the 
d i f f u s i v i t i e s of molecular s o l i d s near the melting point. The 
l a t t e r state seems more consistent with heat capacity evidence(50). 
Both NMR and sorption data are s e l f - c o n s i s t e n t and show the ex
pected trends with changes i n sorbate and sieve. The suggestion 
that sorption rates are c o n t r o l l e d by surface resistance rather 
than by i n t r a c r y s t a l l i n e d i f f u s i o n , even under properly selected 
conditions, i s inconsisten
which show the w e l l know
the l i n e a r time dependence c h a r a c t e r i s t i c of a surface c o n t r o l l e d 
process. The l i m i t e d d i f f u s i v i t y data obtained from c a t a l y t i c 
k i n e t i c s under d i f f u s i o n l i m i t e d conditions (5U.55) are also con
s i s t e n t with the d i f f u s i v i t i e s from sorption rather than NMR(33) 
and the recent thermodynamic study of Stroud et a l . 

(56) 
provides 

further i n d i r e c t evidence tha t , f o r CHI4. i n 5A at low temperatures, 
the i n t r a c r y s t a l l i n e d i f f u s i v i t y i s much smaller than the NMR 
measurements suggest. 
Counter D i f f u s i o n Studies 

The data discussed above r e f e r e x c l u s i v e l y to the d i f f u s i o n 
of single molecular species either with a net f l u x , as i n a sorp
t i o n experiment, or with no net f l u x as i n a tracer measurement. 
Many i n d u s t r i a l processes involve a counter-diffusion s i t u a t i o n 
i n which one component i s d i f f u s i n g i n t o a c r y s t a l while another 
component i s simultaneously d i f f u s i n g out. I t has been shown that 
i n t h i s s i t u a t i o n d i f f u s i v i t i e s may be very much smaller than the 
d i f f u s i v i t i e s of the i n d i v i d u a l components(57-59) t ) U t i t i s not 
yet c e r t a i n to what extent such e f f e c t s a r i s e from the change i n 
the a c t i v i t y c o r rection term (31np/31nc) and to what extent they 
r e f l e c t actual changes i n the magnitude of the i n t r i n s i c 
d i f f u s i v i t y (D Q or Ό). From t h e o r e t i c a l considerations one would 
expect that i n systems i n which the d i f f u s i v i t y i s determined 
p r i m a r i l y by the c r y s t a l l a t t i c e ( i . e . when the molecular diameter 
i s l a r g e r i n r e l a t i o n to the window aperture) D Q should not be 
s i g n i f i c a n t l y d i f f e r e n t under counter d i f f u s i o n conditions. How
ever, when the c o l l i s i o n a l d i f f u s i o n mechanism i s dominant a 
s i g n i f i c a n t difference between the i n t r i n s i c d i f f u s i v i t y i n a 
counter d i f f u s i o n s i t u a t i o n , as compared with a single component 
system, i s possible. These hypotheses have not so f a r been tested 
experimentally. 
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Conclusions 

The topics covered by this review include only some of the 
more recent work in this area. The kinetic data in the literature 
show many apparent anomalies and contradiction but in many cases 
this seems to be because the pronounced concentration dependence 
of zeolitic diffusivities and the consequent necessity of making 
differential rather than integral measurements were not appreciated 
in much of the earlier work. The more recent data show much great
er regularity with a clear correlation between the diffusional 
behaviour and the relative sizes of sorbate molecule and zeolite 
window. 

Notation 

A,B,C constants
a sorbate activity 
c sorbate concentration 
c s saturation concentration 
D zeolitic diffusivity 
D0 corrected diffusivity (equation 5) 

pre-exponential factor for DQ (equation 7) 
D !

0 defined by equation 2 
D1^ pre-exponential factor for D !

0 (equation 3) 
V self diffusivity 
Ε diffusional activation energy 
Κ Henry constant (defined by c = Kp) 
K0 pre-exponential factor for K(K = Î eQ-o/RT) 
L-AA'L-A*A straight and cross coefficients in the irreversible 

thermodynamic formulation of diffusion 
m mass of sorbate molecule 
ρ equilibrium sorbate pressure 
qQ limiting heat of sorption 
R gas constant 
r crystal radius 
u gas velocity 
Θ fractional saturation (c/c s) 
τ NMR correlation time for molecular jumps 
τ 0 pre-exponential factor in equation 7 
λ jump distance 
ν vibration frequency 
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28 
NMR Studies of Water inside the Sodalite Units of 

Faujasites with Different Cations 

W. D. BASLER 

Institute of Physical Chemistry, University of Hamburg, 
Laufgraben 24, 2000 Hamburg 13, West Germany 

Using pulsed NMR, water molecules inside the 
sodalite units of faujasites could be detected and 
studied separately from those in the large cavities. 
The rate of passing into the sodalite units is 
f i rs t order with respect to water activity. The mole
cules are fixed or rotating, depending on temperature 
and cation exchange. 

Introduction 
Some z e o l i t e structures contain d i f f e r e n t syst

ems of i n t r a c r y s t a l l i n e voids and channels, and the 
a c c e s s i b i l i t y to guest molecules, t h e i r behaviour 
t h e r e i n and the exchange k i n e t i c s between these d i f 
ferent s i t e s of sorption may be of i n t e r e s t . 

•7e want to report studies of water sorbed i n 
f a u j a s i t e s . The structure of f a u j a s i t e s i s b u i l t up 
by cubooctahedral u n i t s ( s o d a l i t e cages), v/hich are 
li n k e d by hexagonal prisms, and contains two kinds 
of i n t r a c r y s t a l l i n e voids: The f i r s t system are large 
c a v i t i e s of 13 A diameter, interconnected by windows 
of 8 A diameter, thus forming a three-dimensional 
system of channels. The second system consists of the 
i n t e r i o r s of the so d a l i t e u n i t s , more i s o l a t e d from 
each other than joined by the hexagonal prisms. The 
passage from four adjacent large c a v i t i e s i n t o a so
d a l i t e cage i s possible through oxygen s i x - r i n g s of 
2.5 A free diameter, permitting access only of small 
molecules. The cations which are necessary to compen
sate the smaller charge of the A l - i o n s , are p a r t l y 
l o c a l i z e d before or i n these s i x - r i n g s . At room tem
perature a large c a v i t y can take up 28, a sod a l i t e 
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unit 4 water molecules(Jl—5). 
In previous NMR-studies(6-12) only water in the 

large cavities was studied, but recently a second 
NMR-signal was discovered and attributed to the water 
inside the sodalite units, independently by two other 
groups and us(13-15). Further we could show that the 
water in the large and the small cavities of other 
zeolites (A-type, ZK 4) can be studied separately by 
NMR, and that water is sorbed only in the large cavi
ties, i f any heating is avoided during sorption, 
which allowed us to study the kinetics of the water 
molecules passing through the oxygen six-rings into 
the sodalite cages (^6). 

After shortly reviewing the main results of that 
earlier report(16) t additional NMR-studie
concerning the ïïTnetics
behaviour of the water inside the sodalite cages (in
fluence of cation exchange). 
Experimental 

The zeolites studied were Linde 13X of Union 
Carbide and faujasites prepared by Kacirek, using 
newly developed methods of crystallization(17118;* 
Exchange of cations was performed at 80 C, using a 
column and 1 η solution of the corresponding chloride. 
The amount of exchange was determined by chemical 
analysis of the remaining sodium. The pulsed proton-
NMR was done at 60 MHz, using a Bruker B-KR 322s 
spectrometer, the wide-line-NMR of proton and sodium 
at 16 and 12 MHz with a Varian DP 60. 

Before loading, the zeolite powder was outgassed 
at 400 C, until the pressure was less 10 Torr. 
Checked by pulsed NMR, the outgassed zeolites showed 
no proton signal after the dead-time of 9 Jis at a 
detection limit of 1-2 mg water/g zeolite. Sorption 
was performed using water vapor, the amount was de
termined by weight. 
Results and Discussion 

The observation of two-phase-behaviour in pulsed 
proton-NMR of water in fau.iasites ( 13-15) provided a 
convenient method to detect and to investigate sepa
rately the fraction of more mobile water molecules in 
the large cavities and the fraction in the interior 
of the sodalite units, more fixed and restricted in 
translational motion. By this technique, we did some 
further investigations(16), the main results can be 
summarized as follows: 
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1) At low f i l l i n g the sodalite cages are f i l l e d 
up predominantly and contain half of the water. At 
higher temperature this equilibrium of sorption is 
shifted in favour of the large cavities, indicating 
that the heat of sorption inside the sodalite cages 
is greater (1 kcal/mol) than in the large cavities. 

2) In Na-faujasites the motion of the water mo
lecules in the sodalite units contains at least rota
tion about one axis and additional tumbling. 

3) If any heating is avoided during the process 
of sorption, water is exclusively sorbed in the 
large cavities. In Na-faujasites, where a l l oxygen 
six-rings are occupied by cations in sites 2, the 
rate of passing into the sodalite units is slow 
(several months at 295 Κ d 100  water/  zeolite)
The activation energ
In zeolites with sites 2 not fully occupied the water 
passes into the sodalite units in less than one hour. 

4) Water sorbed in other zeolites containing 
sodalite cages (NaA, ZK 4) shows the same two-phase-
behaviour. The results for water in the sodalite 
cages are in close agreement with those of water in 
zeolite sodalite. 

5) Studies of another small molecule, ammonia, 
show essentially the same results. 

To get further insight into the mechanism, by 
which the water molecules pass from the large cavity 
through the oxygen six-rings into the sodalite cages 
we looked for the sodium ions, which control the 
access to the sodalite cages by occupying sites 2. 
For this we studied the sodium 23-resonance by wide-
line-NMR at 12 MHz before and after the water had 
passed into the sodalite units. The zeolite was 
Linde 13X with 200 mg water/g and T=295 K. In spite 
of the difficulties of the interpretation of the 
whole spectrumQg) a change in the number of mobile 
sodium ions should be easily detected by the inten
sity of the sharp central line. As can be seen in 
Figure 1, no difference is observed. Thus when a 
sodium ion leaves its site 2 to open the oxygen six-
ring for the water molecules to pass, after the 
passage the site 2 is occupied again. 

On the other hand, this can be concluded from 
the observed slow passage, that means that a l l sites 
2 are occupied, when no water is in the sodalite 
units, and X-ray-studies, which show fully occupied 
sites 2, when water is in the sodalite units(20). 
Therefor we might formulate: 
η H o0(large cavity)+Na(S2)-> η H o0(sodalite unit) 

ά * +Na(S2) 
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where η is the number of water molecules passing in 
one step of reaction into the sodalite cage. 

To obtain η we determined the rate of this reac
tion with respect to the activity of the water. We 
measured the time t1/2 needed to f i l l the sodalite 
units to half of the equilibrium value. Clearly, 
a more precise knowledge of the concentration-time-
function would give more detailed information, but 
the limited accuracy (the corresponding signal is 
only a small part of the total signal) did not a l low 
this. Nevertheless, the approach to equilibrium seem
ed to be exponential, and the data were analysed 
using this assumption. 

The zeolite was Linde 13X, the temperature 295K 
and the activity of th  wate  calculated fro  th
amount of loading
ref.(14). 
T a b l e T T . Half-time t1/2 of water passing into the 
sodalite cages of Linde 13X for different loading 
Loading(mg/g) Activity half-time(hours) 

105 0.0004 800 
194 0.002 200 
255 0.01 100 
284 0.04 25 
355 ÇU3 <1 

If η water molecules were involved in an elementary 
step of reaction, i t would be expected that 

rate = const · (activity) 1 1 

As the half time t1/2 i n invergeuy proportional to the 
rate, the plotting of log t1/2 against log activity 
should give a straight line with the slope -n. Fig.2 
shows that the experimental values are in agreement 
with n=1, the reaction is f i r s t order with respect 
to water. 

The results presented above did only give infor
mation the rate, by which the water passes into 
the sodalite cage. The rate of the backward reaction 
(water leaves the sodalite cage) should be accessible 
by studying the equilibrium, when exchanges in for
ward and backward direction are equal. As this can be 
done by NMR (the two-phase-behaviour vanishes, when 
the exchange rate is faster than the relaxation rate) 
we studied a l l faujasites used before at temperatures 
up to 475 K. In no case did we observe rapid exchange on 
the time scale of NMR, approx. 10-100 ms, even in 
faujasites with open six-rings and f u l l loading. We 
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when (A) water is only in the large cavi
ties and (B) the sodalite cages are filled, 
too. Zeolite Linde 13 X with 200 mg H20/ 

g,T = 295K,12 MHz. 
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Figure 2. Log-log plot of the half time t1/2 to fill the 
sodalite cages with water against the activity of the 
sorbed water. Straight line has slope —1. Zeolite 

Linde 13 Χ, Τ = 295 Κ. 
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conclude that the water molecules pass more or less 
rapidly depending on cations i n si t e s 2, into the soda
l i t e cages, but then are strongly bound and fixed 
there. 

To prove this, we more closely examined the free 
induction decay of the water protons in the sodalite 
cages of faujasites with different cations. In Fig.3 
are shown the results for NaX (Si/Al=1.18), NaY (Si/ 
Al=2.36), CaY (Si/Al=2.93, 91% exchange), LaY (Si/Al= 
2.93, 80% exchange) and, to compare, for the immobile 
water in gypsum. 

There is a clear influence of the cations: In 
Na-faujasites we find rotating and perhaps tumbling 
water molecules. There is no influence of the Si/Al-
ratio, as there are enough sodium ions for the sites 
inside the sodalit

In CaY the wate  gypsum y 
interaction with the Ca-ions in sites 11 the water 
molecules are fixed. Passing back into the large cavi
ty is thereby inhibited, and this explains why we 
do not observe rapid exchange. 

In LaY the water molecules make some reorienta
tion with a jump frequency of 10~^s. This weaker 
sorption, compared with CaY, suggests that the La-
ions are in the hexagonal prisms (site 1). 

The behaviour at higher temperatures is shown in 
Fig. 4 and 5: The water molecules in the sodalite 
cages of LaY and CaY achieve at approx. 400 Κ the same 
mobility as those in Na-faujasites have at room tem
perature. 

The influence of washing (11 distilled water/g 
zeolite for 24 hours at 295 K) was investigated using 
Linde 13X. This treatment introduces OH-groups and 
the NMR-relaxation of the water in the large cavities 
is strongly influenced by this(l4). Whereas we found 
a ten-fold increase of the transverse relaxation at 
375 K, no change of the relaxation or the intensity 
of the water in the sodalite cages could be observed, 
in agreement with (13). Thus the integrity of the 
sodalite units is not affected by washing. 

At least we tested the possibility to distinguish 
the two kinds of water in faujasites by wide-line-NMR. 
While in pulsed NMR the different parts of the free 
induction decay are proportional to the different 
numbers of protons in the sample, in wide-line-NMR 
the intensity of the signal is additionally roughly 
inversely proportional to the square of the line-
width. Therefore, i t is di f f i c u l t to measure a broad 
line in the presence of a narrow line, even i f the 
number of protons are comparable. Fig. 6 shows the 
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Figure 5. Temperature dependence of 
the free induction decay of water pro
tons in the sodalite cages of LaY (Si/Al 0 50 100 150 200 με 

= 2.93,80% exchange) time after 90°-pulse 

10 Gauss 
I 1 

Figure 6. Wide-line NMR of water protons in 
Linde 13 X. 100 mg H20/g, Τ = 295 Κ, 16 MHz, 

145 scans a 10 min. 
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result of 145 scans of 10 minutes for a sample of 
100 mg water/g Linde 13X at 295 Κ and 16 MHz. Under 
the very intense narrow line of the water in the 
large cavities the broad line of the water in the 
sodalite cages can be seen with poor signal-noise-
ratio: Wide-line-NMR is not suited to distinguish 
water inside and outside the sodalite cages of fauja
sites. 
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Characterization of the Mordenite Sorption Sites by 

Carbon-13 NMR 

M. D. SEFCIK, JACOB SCHAEFER, and Ε. O. STEJSKAL 

Corporate Research Department, Monsanto Co., St. Louis, Mo. 63166 

Carbon-13 NMR spectra of CO, CO2, CS2 and OCS sorbed on a 
variety of mordenites have been obtained. In the Na+-mordenite, 
lineshape analysis demonstrates the presence of nonrotating 
molecules sorbed in the side pockets and anisotropically rotating 
molecules in the main channel. Side-pocket sorption was not ob
served in the Η+

-, K+

-, Cs+

- and NH4

+

- exchanged mordenites. Results 
are presented which suggest that the reduced free aperture in 
the small-port sieve is not due to occasional stacking faults. 

Introduction 

The aluminosilicate structure of the Na+-mordenite consists 
of 12-membered rings, opening in the codirection and forming 
slightly e l l i p t i c a l channels with free apertures of 
6.5 x 7·0 A (I). The e l l i p t i c a l large channels are intersected 
in the b-direction by smaller channels consisting of 8-membered 
rings with free apertures of 3.3 χ X. Rather than inter
connecting the large channels, these small channels branch 
through twisted 8-membered rings, having an aperture of only 
2.8 A: which effectively isolate the large channels and leaves^ 
them lined with two rows of side pockets. In the hydrated Na -
mordenite, four of the 8 sodium ions per unit c e l l occupy 
positions in the center of the twisted 8-membered ring, while 
the other four are believed to reside near the side pocket 
entrance and in the large channel ( 2 ) . Although the large 
channel is formed by 12-membered rings, only some varieties of 
mordenite (called large port) have sorption properties consist
ent with this ring size. A small-port variety sorbs only 
molecules less than k A in diameter, consistent with a 
8-membered ring structure. 

It has been suggested that cations, stacking faults or 
intercalated matter could be responsible for the apparent size 
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reduction. Sand QJ has shown that mordenites could be converted 
from one form to the other by chemical treatment. 

Many diverse analytical procedures have been applied to the 
characterization of this sorbent-sorbate system. These tech
niques, which vary from steady-state x-ray measurements of static 
properties of the system, to spectrophotometric measurements of 
the high-frequency properties of the system, do l i t t l e to enhance 
an understanding of the dynamic properties of the sorbate under 
the influence of the sorbent. In many cases, these measurements 
are sensitive only to gross or average properties of the system 
which may be misleading in systems which are comprised of a dis
tribution of properties. 

We present here results which demonstrate the u t i l i t y of 
carbon-13 nuclear magnetic resonance ( 1ÎC-NMR) in characterizing 
the motion of molecule
nique offers the advantag
amine a relatively narrow range of sorption sites which are 
specific for the sorbed species. Since the affinity for a par
ticular molecule for the sorption sites in porous crystals is 
predictably dependent on the size of the molecule, judicious 
choice of the probing molecule allows one to examine various 
sorption sites independently. The probing molecule will be 
excluded from a l l sites which are smaller than the molecule i t 
self, and will be only weakly sorbed in sites which are much 
larger than the molecular dimensions of the sorbate. The 
greatest concentration of the sorbate w i l l be in sites whose 
dimensions most nearly match its own. This feature, together 
with the ability to observe the rotational behavior of sorbed 
molecules (which is more or less restricted by the size of the 
sorption site),has enabled us to gain new insight on the sorption 
properties of mordenite molecular sieves. 

Lineshape Analysis 

There are three sources of line broadening in the NMR ex
periment which limit the applicability of this technique in 
studying sorbent-sorbate interactions. Two of these are dipolar 
interactions, either between nuclear dipoles or between a 
nuclear dipole and an electron dipole. The latter is frequently 
encountered in natural zeolite samples where paramagnetic im
purities may be large. The effect of paramagnetic impurities 
in zeolites on molecular relaxation has been discussed in detail 
by Resing (k). Paramagnetic broadening was avoided in this 
study by the use of specially prepared mordenites with low im
purity concentrations. Nuclear dipolar interactions may be 
reduced by using rare-spin NMR and double resonance techniques 

While both nuclear and paramagnetic dipolar interactions 
usually give rise to symmetric broadening of the nuclear mag
netic resonance, molecular motions which are slower than about 
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10 4 Hertz allow a third major source of line broadening, a dis
persion of resonance frequencies. The chemical shift or resonant 
Larmor frequency of a particular nucleus is proportional to the 
local magnetic field at that nucleus. The local magnetic field 
i s , in the absence of dipolar interactions, dependent on the 
strength of the applied magnetic field, H Q , and the very small 
fields generated by electrons moving about the nucleus. Mole
cules frequently have an anisotropic distribution of electrons 
about the nucleus causing a directional dependence in the 
chemical shift. Theoretical resonance dispersions arising from 
chemical shift anisotropics (CSA) for nuclei in randomly oriented 
molecules,such as encountered here,may be calculated for various 
nuclear site symmetries (6J. A cubic or higher nuclear site 
symmetry results in only one value for the chemical shift, a 
delta function shown in Figure 1 at σ^  (The high frequency 
molecular motions encountere
increase the nuclear sit
resulting in the narrow lines characteristic of high resolution 
NMR.) It is worthwhile to note at this point that any inter
action between the sorbate and the sorbent which changes the 
electron density near the observed nucleus w i l l result in a change 
in the chemical shift, thus providing a mechanism for distinguish
ing chemi- from physisorption. 

Molecules with axial symmetry have two principal values of 
the chemical shift tensor, one perpendicular to the symmetry axis 
and one parallel to i t (̂ χχ and <?2Z in Figure 1). Figure 1 
represents some possible chemical shift dispersions of C(fe 
molecules. The linear COfe molecule has three possible orienta
tions with respect to the applied magnetic field , two of which 
have identical chemical shifts. The spectral dispersion which 
arises from a collection of randomly oriented CO2 molecules, as 
in a frozen solid, is a broad line with the doubly degenerate 
chemical shifts and hence greater intensity on the down-field 
(7) side, as illustrated by the dashed curve in Figure 1. 

If, instead of in a frozen solid, the CO2 molecules find 
themselves in an environment where they can execute anisotropic 
rotation, a very different chemical shift dispersion is observed. 
As shown by the drawing in Figure 1, rotation about one of the 
C2 axes perpendicular to the molecular axis leaves the chemical 
shift for one orientation unchanged, but averages the other two, 
producing a narrower spectral dispersion with the degenerate 
chemical shifts on the up-field solid curve . With rotation 
about the other C2 symmetry axis, the CQ2 molecule assumes iso
tropic or "free" rotation and the chemical shift dispersion 
collapses to the delta function, as mentioned earlier. 

The fourth characteristic CSA lineshape which can be en
countered in the NMR of solids is one in which a l l three 
orientations of a molecule with respect to the applied magnetic 
field have unique chemical shifts. This arises from molecules 
which have lower than axial symmetry frion-syrametric in the 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



29. S E F C I K E T A L . Mordenite Sorption Sites 347 

molecular coordinate system) or from an axially symmetric mole
cule whose anisotropic rotation is not sufficient to average the 
principal values of the chemical shift tensor. These spectral 
dispersions are characterized by their "tent11 shape having the 
greatest intensity between the two chemical shift extremes. 

Since determination of the molecular motions depends on the 
careful analysis of the broad spectral dispersions arising from 
molecular chemical shift anisotropy, every effort should be made 
to eliminate unwanted sources of line broadening and spectral 
over-lap from molecules which have more than one resonance. Rare-
spin NMR has the advantage of minimizing homonuclear dipolar 
interactions, and the use of isotopically enriched samples may 
simplify the spectra to that of only one nuclear resonance. As 
in the work presented here, the carbon-13 NMR of carbon-containing 
inorganic gases actuall  provid  th t straightforward d 
accessible experiment sinc
need be performed. 

Experimental Procedure 

A variety of mordenite molecular sieves were compared in 
this study. Small-port Na+-mordenite was prepared from high 
purity reagents by Leonard B. Sand of Worcester Polytechnic 
Institute. The X-ray diffraction patterns indicated the samples 
to be 90-95% mordenite with the remainder as analcime. Para
magnetic impurities ranged from 10 to 170 ppm and had no effect 
on the lineshape. Hydrogen, K+-, Cs +- and ΝΗΙψ*-mordenites were 
prepared by cation exchange from excess 1 M chloride solutions 
at 70°C, repeated three times and washed free of chloride ion. 
Exchange with HC1 was limited to 15 minutes and elemental 
analysis of the H+-form gave a Na:Al:Si ratio of 0.1:1:5.1. 
Large-port Na+- and IT4"-mordenites were obtained from Norton Co., 
Worcester, Mass. (Lots DZ-23-1 and HB-6E-H, respectively.) A 
large-port sample was dealuminated by refluxing in HCl until the 
S1Q2/AI2O3 = 70. The small-port samples sorbed less than 
2 weight percent neo-pentane while the large-port varieties 
sorbed 7-9 weight percent neo-pentane at room temperature and 
one atmosphere. 

Approximately 1/2 gram samples of the molecular sieve were 
placed in 10 mm O.D. NMR tubes and dried in vacuo under a pro
grammed temperature rise to 300°C. The ammonium exchanged sieve 
was shown to lose ammonia only above Ul5°C by DTA. After cool
ing, the sieves were allowed to sorb 90% isotopically enriched 

gases to the desired level. The loading level was defined as 
a weight percent of the capacity of the sieve at room temperature 
and 1 atm (500 mm Hg for CS2) · The tubes were sealed with a 
Teflon plug and Viton 0-ring without exposure to the atmosphere 
and were used reproducibly over several months. 

The Fourier transform ̂ c-NMR spectra were obtained on a 
Bruker spectrometer operating at 22.6 MHz, equipped with a broad-
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band receiver and quadrature detector (9),with field 
stabilization provided by an external time-share 1 9 F 
lock (8). The experiments described here can be performed 
on any commercial instrument, which is equipped with an exter
nal field lock, and which is free from baseline artifacts (£). 

Results and Discussion 
13 13 The C-NMR spectra of isotopically enriched *̂ C(fe sorbed 

in varying amounts on the Na+-mordenite has been presented in 
a preliminary report of this investigation (10 ) and are shown 
in Figure 2. Qualitative analysis of those resonance line-
shapes suggested the presence of sorbed C0& in at least three 
distinct states (or a distribution of states), presumably differ
ing in their rotational freedom. The presence of nonrotating, 
anisotropically rotatin
sorbed on the small-por
terms of the thermodynamic interactions between the COg and the 
sieve and the adsorption site structure. 

The energetics of sorption have been discussed in detail by 
Barrer (11). The major interactions between the zeolite and a 
sorbed molecule are the dispersion (φ D), short-range repulsion 
^R)> polarization (Φρ), field-dipole (φρ·-μ) , and the field 
gradient-quadrupole energies (<J>F-Q). The characteristic i n i t i a l 
heat of sorption is then given by 

ΔΗ = Φ Β + Φ κ + Φ Ρ + φ ρ - μ + Φ . 

The dispersion and repulsion energies are universal but may vary 
with the sorbent, while φρ, Φρ-y» and φρ-q depend on both the 
heteropolarity of the sorbent and the nature of the sorbate. The 
dispersion energy dictates that sorbed molecules w i l l have the 
greatest affinity for sites which offer the highest coordination 
number (12) or best f i t , while short-range repulsions will pre
vent sorption in sites which are smaller than the van der Waals 
diameter of the sorbate. The polarization and electrostatic 
energy components are largest when the sorbate is near the cation 
centers, decrease with increasing ionic radii, and increase with 
cation charge. Both the field-dipole and the field gradient-
quadrupole interactions are directionally dependent [varying 
with the cos Θ in the former and (3 cos20-l) in the latter, 
where Θ is the angle between the dipole or quadrupole axis and 
the local field direction], thereby providing an orientational 
preference of sorbed molecules with permanent dipole or electric 
quadrupole moments. 

The results in Figure 2 can be explained as foJLlows: 
the fi r s t C0£ molecules sorbed on the small-port Na -mordenite 
are attracted to side pockets which line the large channel. Not 
only are the dispersion energies most favorable here, but, by 
entering oxygen f i r s t , the interaction between the CCfe quadrupole 
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Figure 1. Some theoretical spectra ob
served in the NMR of sorbed carbon di
oxide. A random array of nonrotating 
molecules ( ), anisotropicallu rotating 
molecules ( ), and isotropically rotating 
molecules (delta function, broken line). 
The areas beneath the curves are not shown 

to scale. 

ΙΟΟρρηι 

Figure 2. Carbon-13 NMR spectra 
of CO2 sorbed on small-port Na+-
mordenite as a function of loading 
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and the sodium cation located at the end of the side pocket is 
maximized. The directional dependence of Φρ-Q and, most impor
tantly, the steric restrictions of the side pocket combine 
effectively to inhibit rotation of the sorbed COfe. Any tendency 
to rotate in this site would be countered by rapidly increasing 
repulsive interactions as the COfe approaches the walls of the 
pocket. Strictly speaking, the COs molecules are not rigid but 
rather execute high frequency "wobbling11 in the confines of the 
side pocket. 

As the side pockets are f i l l e d , COfe molecules will be sorbed 
next in the large channel, preferentially near the cations (due 
to φί. Λ ) , and the areas of the large channel which may be par
t i a l l y blocked by intercalated material (due to <f>D) . While at 
lower pressures, and in the absence of intermolecular collisions 
between CQ2 molecules  these sorbed species may remain relatively 
nonrotating, this behavio
higher loading levels
at a frequency greater than 10 4 Hertz is necessary to average 
the principal values of the chemical shift tensor. Such motion 
could arise, for example, during a concerted head-to-tail jump 
between cation sites (the free end of the oxygen being attracted 
towards another cation as the previous interaction is weakened), 
or by collision induced motion of the COfe while near a single 
cation. 

At the highest loading level, a small portion of the sorbed 
CQ2 molecules are isotropically rotating. These, with the least 
affinity for the mordenite, may be sorbed in areas of the large 
channel without cations or other blocking atoms and/or sorbed 
on the external surface in microcracks and pores. 

Results from the sorption of CS2 and OCS (10) (Figure 3 ) 
can be explained in similar terms with two important exceptions. 
Carbon disulfide, which has a c r i t i c a l diameter of 3.6 A, is 
excluded from the side pockets as demonstrated by the absence of 
an NMR spectrum expected for a nonrotating molecule. Carbonyl 
sulfide, on the other hand, produces this spectral lineshape at 
a l l loading levels. The conspicuous absence of anisotropically 
rotating sorbed OCS may be explained by noting that this asym
metric molecule possesses a permanent dipole moment. Ener
getically, the field-dipole interaction is expected to increase 
the heat of adsorption by several Kcal/mole and significant 
ordering may be induced in the sorbed molecules by dipole-dipole 
interactions. These factors are apparently sufficient to inhibit 
any significant anisotropic rotation (some averaging of the 
chemical shift tensor is indicated by the smoothing of the line-
shape at higher loading levels) . 

The NMR spectra of CO at various loading levels is shown in 
Figure k. At a l l loading levels the spectra are consistent with 
a nonrotating sorbed species, present only in the side pockets. 
This result is expected on the basis of the various contributions 
to the heat of sorption discussed above, with the heat of 
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sorption dominated by the dispersion and repulsion terms since 
the polarizability and the dipole and quadrupole moments for 
CO are much smaller than for the other members of this series. 
Carbon monoxide has l i t t l e affinity for the mordenite large-
channel where the dispersion forces are much smaller. 

The effects of cation exchange on the sorption properties of 
molecular sieves have also been studied by this NMR technique. 
Cation exchange to the κ ΐ , Cs- and NH4- forms of the small-port 
mordenite reduced the sieves sorption capacity for CO and CQ2. 
The NMR spectra of CQ2 sorbed at one atmosphere on these cation 
exchanged sieves were similar to the specrum of CQ2 fully loaded 
on the Na+-mordenite (top of Figure 2 ) , although lower in inten
sity by about Jj-O-lj-5%. The spectra of CO sorbed on these sieves, 
however, differed markedly from spectra observed witlji the Na -
form, Figure k. While the resonance of CO on the Na -mordenite 
displayed a chemical shif
a nonrotating species
exchanged forms were symmetric and only about one-third as 
broad. In fact, these spectra were similar to the spectrum of 
CO in the gas phase. The integrated areas of the spectra of CO 
in the gas phase, on the exchanged and on the Na+-sieves were 
1:1.3:^.6, respectively, consistent with the reduced sorption 
capacity of the cation exchanged forms of the mordenite. 

These results can only be interpreted as evidence of the 
absence of side-pocket sorption. Cation blockage of the side 
pockets has been proposed by Rees and Rao (l] j î in a study of the 
self-diffusion coefficients of various cations in natural mor
denites. More recently, Mortier, Pluth and Smith (lW have 
initiated a single crystal structural analysis of the position 
of cations and molecules in zeolites with the mordenite-type 
framework. The position of the cations in the dehydrated K- and 
Ca2-mordenites have been identified and in both cases significant 
occupancy of sites in the side-pockets has been noted. In the 
dehydrated Κ -mordenite 3·3 Κ occupy sites near the back of the 
side pocket and 3·0 Κ occupy sites in the opening of the side-
pocket (presumably staggered to reduce the electrostatic repul
sion between cations). An additional potassium cation was ob
served in a main channel site. Our results suggest that Cs + 

and NH4
+-cations also occupy sites in the side pockets. 

Figure 5 shows the NMR spectra of COz and CO sorbed at 
1 atm on some of the mordenites studied here. The results from 
the small-port H+-mordenite (Figure 5b) suggest that the internal 
dimensions of this sieve are smaller than found in the sodium 
form. That i s , the relatively weak symmetric resonance for 
sorbed CO indicates the absence of side-pocket sorption while 
the CQ2 spectrum displays only partial averaging of the chemical 
shift tensor. The restricted access and reduced rotational 
freedom in the H+-mordenite is probably due to steric rather 
than electrostatic considerations. Barrer (15) has shown that 
the electrostatic contribution to the heat of sorption of CQ2 
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100ppm 

Figure 3. Carbon-13 NMR spectra of CSt (left) and OCS (right) 
sorbed on small-port Ν a*-mordenite as a function of loading level 

Figure 4. Carbon-13 NMR spectra 
of CO sorbed on small-port Na+-
mordenite as a function of loading 

level 
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Figure 5. Carbon-13 NMR spectra of COg (left) and CO (right) sorbed on 
various mordenites at one atmosphere and room temperature. The ordinate 

scales are chosen arbitrarily for purposes of dispfoy. 
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in the H+-mordenite is only about half that in the Na+-form. 
The inaccessibility of the side pockets to CO sorption in 

the H+- exchanged sieve could be due to blockage of these sites 
by hydroxy1 groups or by aluminum cations which have been 
leached from the framework during acid treatment. The latter 
seems unlikely in view of the failure to detect cationic alumi
num by the method of Kerr (16) . The location of the hydroxy1 
groups in the H+-mordenite has not been established, although i t 
is reasonable to assume that they w i l l be closely associated 
with the alumina tetrahedra. Based on X-ray crystal analysis, 
Mortier, Pluth, and Smith ( Ik) have suggested a near statistical 
distribution of Al in the tetrahedral sites while Meier (17) 
favors preferential Al occupancy of the tetrahedral sites which 
form the side pockets. Our results indicate efficient blockage 
of the side pockets by the hydroxyl groups as well as blockage 
of the large channel. 

Results from a stud
Figures 5c and 5d. The NMR spectra (over the f u l l range of 
loading levels) for CQ2 sorbed on the large-port Na+-mordenite 
are similar to those obtained on the small-port variety. This 
supports our contention that the rotational behavior of sorbed 
molecules is strongly influenced by electrostatic interactions 
with the sodium cation. The Ĥ - large-port mordenite shows 
evidence of the same blockage of the side pockets as was observed 
in the small-port form, but, as determined from CO2 sorption, 
significantly different behavior in the large channel. In con
trast to +the somewhat reduced large-channel dimensions observed 
in the H- small port, rotational behavior consistent with 12-
member ring properties are observed here. Again, the absence 
of strong electrostatic interactions are noted in the H^form. 
The aluminum-deficient mordenite gave results similar to the H* 
large port, although some constriction on the large channel 
dimensions is indicated by the slight asymmetric broadening of 
the resonance for sorbed CQ2. A reduction in sorption capacity 
for CQ2 at 30°C in aluminum-deficient mordenites was also ob
served by Barrer and Murphy (15). 

From che results presented here, some conclusions regarding 
small- vs large-port behavior in mordenites can be made. The 
NMR spectra of sorbed CQ2 on the H+-mordenites (Figues 5b and 5d) 
are characteristic only of the large channel properties, since 
side-pocket sorption does not occur in these samples. If only 
occasional blockage of the large channel (with cations, stacking 
faults or intercalated material) accounted for the inability of 
small-port mordenites to sorb molecules larger than k A, one would 
expect CQ2, which could pass the blockage, to behave as i t does 
in the large-port samples. Instead, a l l of the sorbed COfe in the 
small-port sieve behaves as i f i t was in a more restricted 
environment than in the large-port sieve. We estimate that at 
least 80% of the large channel must be blocked to produce these 
results. This discounts stacking faults as an explanation for 
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the cause of large- and small-port properties. Although the 
presence of cations in the large channel has been established 
0 Λ ) , these also cannot be responsible for a l l the large channel 
blockage without assuming an unreasonably large radius for the 
surface hydroxy1 groups in the H"̂  small-port mordenite. The only 
source of blockage which is consistent with the results presented 
here is the random intercalation of excess material, presumably 
SiO£. This explanation is also consistent with the fact that 
chemical treatment may be used to render large-port behavior in 
small-port sieves ( £ ) · 

Conclusion 

Carbon-13 NMR of COg sorbed on Na+-mordenite indicates the 
presence of nonrotating  anisotropicall d isotropicall
ing species, which hav
the side pocket, main channel and the exterior surface, respect
ively. Each of these sites can be probed independently by 
choosing sorbates of various sizes and properties. The absence 
of sorption in the side pockets of the K*, Cs- and NH4- exchanged 
mordenites indicates that these large cations occupy sites in 
the side pockets and do not significantly influence the behavior 
of molecules in the main channel. By comparison of the behavior 
of molecules in the main channel of a variety of mordenites, we 
have shown that the discrepancy between large- and small-port 
behavior in mordenites is not due to occasional blockage by 
stacking faults, cations or intercalated material. Rather, over 
80% of the main channel must be occluded by intercalated mater
i a l , probably SiCfe, in those mordenites which exhibit small-port 
characteristics. 
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Adsorbed Molecules on It 
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ABSTRAC
The arrangement and mobil i ty of L i + - i o n s i n 

dehydrated NaLiA-zeolites were studied by NMR-line-
width measurements. The dependence of the act ivat ion 
energy (EA) and the corre lat ion time for the thermal 
motion of Li+-ions in Α-zeolite on mono (Ag+, Tl+, 
K+, H+) and divalent cations (Mg2+, Ca2+, Sr2+, 
3e2+) and on adsorbed molecules (CH4, C4H10, trans-2 
C4H8) was determined. 

Introduction 

A great variety of research methods (e.g. IR 
spectroscopy, x-ray, e l e c t r i c a l conductivity, sorp
tion, calorimetry etc.) has been used for the deter
mination of the arrangement of cations and their mo
b i l i t y i n Α-zeolites. Buclear magnetic resonance 
(JJMR) represents a part i c u l a r l y e f f i c i e n t method for 
studying the motion of adsorbed molecules and cat
ions (1;. 

Talcing the works of BARRER (2), REED (^), 
BROUSSARD (4) and 3I.IITH (£) as a ïïasis a wide range of 
publications appeared i n the las t few years on the 
determination of the structure of cation exchanged A 
zeolites. Using the single crystal x-ray techniques 
SEFF et a l . studied the structure of TLA, KA, SfaCsA 
and Ha(!.în, Co, Hi, Zn) A zeolites (ο), (χ), (8), (£) · 
Reports on the mobility of cations were given""by 
STATURES (10) who used e l e c t r i c a l conductivity measure
ments, and DUBI1ÎIN et a l . (JM)and SCIHRIvIER et a l . (Jji) 
by means of d i e l e c t r i c studies. 

L i t t l e has been loiown so far on the LiA zeolite 
i n the li t e r a t u r e . Therefore v/e used IMR-line-width-

357 
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measurements for determining both the position and 
the mobility of lithium ions i n dehydrated NaLiA zeo
l i t e s . Simultaneously we studied the influence of 
mono- and divalent cations as well as that of adsor
bed molecules on the mobility of lithium ions. 

Experimental 

We used 4 A Zeosorb i n powder form (without bin
der) i n the Na + form as starting material, produced 
by VEB Chemiekombinat Bitterfeld/Wolfen GDR. The 
UaOH excess was removed by two washings using d i s t i l 
led water. The ion exchange was carried out by means 
of aqueous salt solution
namic and kinetic dat

The l e v e l of exchange was we determined as the 
cation content of the exchange solution. The f o l l o 
wing methods were used: 
1. Lithium-, sodium-and potassium-ions were determi

ned using a flame photometer ("Flaphokol" of VEB 
Carl Zeiss Jena, GDR). 

2. Ammonium-ions were determined photometrically by 
means of Nessler's reagent ("Spectralcolorimeter-
Spekol" of VEB Carl Zeiss Jena, GDR). 

3· Silver-ions were determined by t i t r a t i o n using 
K I T S C H solution. 

4· Magnesium-, calcium- and strontium-ions were de
termined by means of EDTA. 

5· The thallium-I-ions were determined polarographi-c a l l y . 

6. The beryllium content was determined from the 
difference of the lithium- and sodium-ions i n the 
zeolite before and after the exchange. 

The levels of ion exchange of the samples used 
i n the present paper are summarized i n Table I. 

The zeolites for the HMR studies were activated 
according to the deep bed method (15). During the 
period of two hours the samples were heated to 400°C 
and evacuated for 20 hrs at this temperature (pressure 
10-4 t o r r ) . 
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A = / A 1 0 2 . S i 0 2 / 1 2 

Sample Degree of ion exchange Unit c e l l compositi Sample 
/ % / 

lia L i Me 
1 68 3 2 -

1 T a 8 . 2 L i 3 . 8 A 

2 29 71 - ïïa3.5Li8.5A 

4 - 100 - L i 1 2 A 
5 26 67 6 ïïa3.1Li8.1Ca0.4A 

6 21 6
16 45 47 8 

H à 5 . 4 l i 5 . 6 I | f e o . 5 A 

2 0 43 49 8 ïïa5.2Li5.9Be0.45A 

21 45 47 8 ïïa5.4Li5.6Sr0.5A 

33 3 7 43 2 0 l i a 4 . 4 L i 5 . 2 A S 2 . 4 A 

34 35 45 20 ïïa4.2Li5.4T12.4A 

37 3 2 46 2 2 ïïa3.8Li5.5K2.7A 

3 8 33 44 23 N a 4 . 0 L i 5 . 3 ( N H 4 ) 2 . 7 -A 

AO 

05-· 

(XL-

û iample Ί 

Ο iample 1 

m sample Η 

? 6 Π 
4ft 4J6 43 K> ,2£ 2ft- 2,6 2,8 3,0 3Λ 

Figure 1. Temperature dependence of the line width 
8Hp of the Ν MR signal of 7 Li in NaLiA-zeolites (sample 

1,2,4) 
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Stationary ^Li-IŒIR spectra were measured using 
a wideline spectrometer of the bridge type (KRB 35/ 
62 Akademiewerkstatten Be r l i n GDR) at 21 MHz. 

The pure gases (City, C A H - | 0 , trans-2 C 4 H 8 ) were, 
adsorbed on a IfaLiA sample (see Table I I ) . 

Table I I . Samples with adsorbed hydrocarbons 

Sample Degree of ion Adsorbed Amount adsorbed 
exchange, /%/ molecule at 20° C, 
ITa L i / molecules per 

cavity / 

51 29 71 trans - 2 C4H3 1 .5 

52 29 

53 29 71 CH 4 3.4 
55 29 71 CH4 1.0 

The l i n e v/idth flip of the peak to peak distance 
of the signal was 1·9 G at room temperature indepen
dent on the degree of cation exchange, the nature of 
cation and the nature of adsorbed molecules. For de-
teimining the activation energy (E^) and the correla
t i o n time (Tc) of the thermal motion of the Li-ions 
we determined the alteration of the l i n e width as a 
function of temperature. Figs. 1 and 2. show the 
development of flip vs 1/T for some samples. From the 
extrapolated bend points (A) of both the temperature-
dependent and the temperature-independent part of the 
curve correlation times according to (I6)can be c a l 
culated. From the r i s e of the temperature-dependent 
part; of the curves the activation energy was deter
mined according to an exponential statement. The va
lues obtained are summarized i n Table I I I . 

Discussion 

MaLiA and ITaLiMe^A As has been shown by the spin-
echoexperiments C17)the motion process of the Li+-
ions i s caused by a thermal motion of these nuclei 
from cation position to cation position. The corre
l a t i o n time Xc of the thermal motion of the L i -ion 
can thus be considered as the mean life-time of such 
an ion at a cation position. Fig. 1 shows that the 
behaviour of the curves S Hp vs 1/T i s the same for 
the samples 1, 2, 4. The activation energy of the 
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Table I I I . Correlation time Ύ~ and activation energy 
obtained from the température dependence 
of Silo* 
The second moment for a l l samples i s 
M ? = 0.74 ± 0.07 G 

samples i s 

Sample for £00°C for 20°C 
E A/lcJ/Mol/ 

1 110 1*10"^ 30 
2 110 V10" 2 

4 110 
5 490 4 58 
6 110 at 400°C - -
16 460 4 58 
20 600 11 63 
21 330 2 54 
33 180 4*10"2 34 
34 200 3.10'1 46 
37 200 3*10"1 44 
38 200 3*10"1 45 
51 80 n o " 3 18 
52 80 n o " 3 17 
53 70 8*10"4 16 
55 100 2*10"3 21 
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thermal motion of the L i -ions i n the A zeolite for 
these samples i s 30 ± 3 kJ/mol independent of the de
gree of lithium exchange. This value i s i n good agree
ment with an ea r l i e r report (18). The small step at 
approximately 80 G results from the average to zero 
of the quadrupolar interaction* For a l l NaLiA samples 
we obtained a" second moment (M2) of E U = 0.74 * 
0.07 G . The second moment determinedly BAKAEV (1g) 
at 13 MHz i s i n good agreement with the value obtai
ned by us. The second moment found by LEGHERT (20) at 
16 MHz for WaLiX was M2 = 0 . 4 9 G 2. Thus the posTFion 
of the L i + - i o n s i s not dependent on the Li-exchange 
degree. According to the equation of van VLECK (21) 
the mean Li-Al-distance of r ^ A i = 2.35 t 0.03 H a n 
be calculated assumin  that  L i + - i o  interact
with one Al-nucleu
the L i + - i o n i s surrounde y
some distance the distance increases to ΙΊ,ΙΑΙ = 
2.83 - 0.03 fi. The contribution of the L i - L i interac
t i o n to the second moment i s smaller than the contri
bution of the L i - A l interaction as has been shown by 
(17)· It i s i n the order of magnitude of the measuring 
accuracy of the second moment. I f the L i + - i o n i s on 
the threefold axis of the six-oxygen ring (as i s the 
ITa+-ion) we would obtained a second moment of M2 = 
0.35 G 2. The comparison of the second moment determi
ned experimentally v/ith the calculated one leads to 
the conclusion that the L i + - i o n cannot be on the 
threefold axis but i s more displaced i n the direction 
of the Al-ion. It deposits asymmetrically i n the six-
oxygen ring. This result agrees with the MR measure
ments made by FREUDE (J8>). The position of a L i -ion 
i n the A zeolite i s shown i n Fig. 3. 

The isotropic motion mechanism observed by us, i n 
which a l l L i + - i o n s take part must be a diffusion since 
the L i - L i interaction too i s averaged (17)(not only 
one motion within the six- or eight-oxygen ring).Assu
ming that the diffusion of the L i + - i o n s leads from one 
SI position i n the six-oxygen ring to the next SI po
s i t i o n via a SII position i n the eight-oxygen ring, 
the motion mechanism observed can be interpreted. The 
two crystallographic positions cannot be distinguished 
p r a c t i c a l l y by means of the MR for the similar L i - A l -
distance. , . 

Different monovalent cations (Η , K+, Ag , T l + ) 
reduce the motion of the L i + - i o n s as can be seen from 
Table I I I . The activation energy of the mobility of 
protons (22) i n UaHA has been reported to be 42 kJ/mol 
and that o? the Tl + - i o n s i n T1A ( 2 2 ) to be 38 kJ/mol. 
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Figure 2. Temperature dependence of the line width 
hHp of the NMR signal of 7Li in NaLiCaA-zeolites 

(sample 5,6) 
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These values are nearly i n agreement with these of 
the L i motion i n the samples 34 and 38. Thus the less 
movable cations cause a smaller mobility of the L i + -

UaLiMe2+A Divalent cations (Be 2 +, Mg 2 +, Ca 2 +, Sr 2 H) 
already reduce the mobility of the L i + - i o n s i n the A 
zeolite at lower Me degrees of exchange as can be 
seen from Pig. 2. and Table I I I . ESCA studies (24) at 
a number of NaAgCaA zeolites showed that the condi
t i o n of binding of the monovalent cations was changed 
v/ith increasing Ca-content. Thus i t can be concluded 
that the reduced cation mobility i s caused by a chan
ged cation l a t t i c e interaction, e.g. at the addition 
of small amounts of divalent cations. The position of 
the Li+-ions i s no
An exact determinatio
not possible yet. 
NaLiA hydrocarbons The activation energies and 
correlation times of the L i + - i o n s i n dependence on the 
adsorbed molecules are given i n Table I I I . It should 
be noticed that both the adsorbed paraffins and the 
adsorbed o l e f i n reduce the activation energy and the 
correlation time. Thus the L i -ions become more mobile 
as a result of the adsorbed molecules. A spe c i f i c i n 
teraction L i -ion - adsorbed molecule, which would 
leed to a weakening of the binding L i ^ i o n - zeolite 
l a t t i c e , i s not possible for the molecules used 
(with the exception of trans-2C^Ho)· From the fact 
that E. and Z0 for the samples 91-53» 55 are the same 
within the l i m i t s of error i t follows that a sp e c i f i c 
interaction f o r sample 51 i s not the reason for a 
higher mobility. In our opinion the increase of mobi
l i t y of the Li^-ions could be explained by means of the 
model of a fluctuant f i e l d suggested by TUNG (25)* 
(26)which favours cation jumps into other positions. 

Conclusions 
The L i + - i o n s are not positioned on the three

f o l d axis near the six-oxygen ring. They are displa
ced to the Al-ions (mean Li-Al-distance rr.iAl = 2.35 + 

0.03 £. 
Activation energy and correlation time for the 

thermal motion of L i + - i o n s were affected by the natu
re of cations and adsorbed molecules. 
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31 
Differential Heat of Adsorption and Isotherms of 

Carbon Dioxide on Synthetic Mordenite 

PIERRE CARTRAUD, ANDRÉ COINTOT, and BERNARD CHAUVEAU 

Laboratoire de Chimie-Physique, Université de Poitiers, 
40, Avenue du Recteur Pineau, 86022 Poitiers Cedex, France 

Different ia l heats of adsorption of carbon dioxide 
on synthetic mordenite were calorimetrical ly measured 
over 10 - 5atm < Ρ < 1 atm and - 77°C < Τ < + 120°C; ad
sorption isotherms were determined over 10 - 5atm < P< 50 
atm and -77°C < Τ < + 160°C. Integral molar entropy, 
specific heat and density of adsorbed phase were calcu
lated. 

I n t r o d u c t i o n 

D i f f e r e n t i a l h e a t s of a d s o r p t i o n of carbon d i o x i d e 
on s y n t h e t i c m o r d e n i t e were c a l o r i m e t r i c a l l y measured. 
Thermal p r o p e r t i e s g i v e i n f o r m a t i o n about a d s o r b e n t -
a d s o r b a t e i n t e r a c t i o n s . Owing to carbon d i o x i d e c h a r a c 
t e r i s t i c s , a l a r g e range of tempera t u r e and p r e s s u r e 
can be e x p l o r e d . C o n s e q u e n t l y , a d s o r p t i o n i s o t h e r m s 
were de t e r m i n e d from 10~^atm to 50 atm and t h e r m a l p r o 
p e r t i e s were measured up to 1 atm. Temperatures range 
from -77°C to + 160°C. 

E x p e r i m e n t a l 

A p p a r a t u s . S o r p t i o n and t h e r m a l measurements were 
made at the same time between 10 and 5 t o r r w i t h a 
m i c r o c a l o r i m e t e r c o n n e c t e d w i t h a c l a s s i c a l v o l u m e t r i c 
system. 

P r e s s u r e v a r i a t i o n s were measured, and knowing a l l 
d i f f e r e n t a p p a r a t u s volumes, adsorbed amounts were 
c a l c u l a t e d u s i n g the i d e a l gas law. We used a d i f f e r 
e n t i a l m i c r o c a l o r i m e t e r d e v i s e d by B a r b e r i (1) and com
m e r c i a l i z e d by A r i o n - E l e c t r o n i q u e . 

Thermal e f f e c t s were a l s o measured up to 1 atm, 
u s i n g known adsorbed amounts which had been t h e r m o g r a v i -
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m e t r i c a l l y d e t e r m i n e d . Between 1 and 760 t o r r , mass 
v a r i a t i o n s were measured w i t h a McBain type b a l a n c e . 

A v o l u m e t r i c s o r p t i o n system i s p e r f e c t e d to mea
su r e adsorbed amounts from 1 atm up to 50 atm ( 2 ) . Ab
s o l u t e a d s o r p t i o n was o b t a i n e d from p r e s s u r e v a r i a t i o n s 
and by measuring gas volumes at a t m o s p h e r i c p r e s s u r e . 

E x p e r i m e n t a l c o n d i t i o n s and e v a l u a t i o n s . B e f o r e 
each s o r p t i o n r u n , the sample was e v a c u a t e d by an o i l 
d i f f u s i o n pump to 10"^ t o r r at + 400°C f o r t e n h o u r s . 
The sample weight was 0.1 g or 0.2 g. The a c c u r a c y i n 
the amount adsorbed does not exceed 5% up to 1 atm and 
10% above. 

With c a l o r i m e t r y the heat q u a n t i t y AQ i s measured 
as a f u n c t i o n of the number of moles adsorbed on. The 
r a t i o AQ/Δη w i l l b
a d s o r p t i o n dQ/dn a
t e c h n i q u e i s such t h a t i t has a Δη v a l u e of about 10"^ 
mole per gram of anhydrous z e o l i t e , and of about 1 
c a l . The a c c u r a c y of t h e s e t h e r m a l e f f e c t s measurments 
i s about 10% 03) · 

M a t e r i a l s . The z e o l i t e we s t u d y was s y n t h e t i c 
m o r d e n i t e w i t h the f o r m u l a : 

N a 8 ( A 1 0 2 ) 8 ( S i O ) 4 Q 2 4 H 20 
f o r a u n i t c e l l . I t was a powder produced by the CECA 
S o c i e t y (_4) . I t s c r y s t a l s t r u c t u r e has been s t u d i e d by 
M e i e r (_5) . The s t r u c t u r e c o n s i s t s of i n f i n i t e c h a i n s 
of ( Α Ι Ό 4 ) t e t r a h e d r a , so t h a t a two d i m e n s i o n a l c h a n n e l 
system a p p e a r s . The main c h a n n e l s p a r a l l e l to the c-
a x i s a r e l i n k e d by s m a l l c h a n n e l s p a r a l l e l to the a-
a x i s . These c h a n n e l s have an a p p r o x i m a t e l y e l l i p t i c a l 
o p ening w i t h a major and minor d i a m e t e r of 6.§5 A and 
5.81 A f o r the main c h a n n e l s 4.72 A and 3.87 A f o r t h e 
s m a l l ones. The volume of t h e s e c h a n n e l s i s 0.156 cm 3 

per gram of anhydrous z e o l i t e . T h i s number was c a l c u 
l a t e d (6) and measured by a d s o r p t i o n of d i f f e r e n t gases 
(?>· 

D i f f e r e n t i a l h e a t s of a d s o r p t i o n 

D i f f e r e n t i a l heat c u r v e s were p l o t t e d a g a i n s t the 
number of moles adsorbed over the range -77°+ 120°C. 
S e p a r a t e c u r v e s a r e o b t a i n e d f o r each t e m p e r a t u r e . They 
have the same shape w i t h t h r e e main f e a t u r e s ( F i g u r e 1 ) : 

D i f f e r e n t i a l heat has a h i g h v a l u e f o r the 
i n i t i a l a dsorbed m o l e c u l e s and then d e c r e a s e s . 
i t i n c r e a s e s a g a i n and r i s e s to a maximum. 
then i t d e c r e a s e s c o n t i n u o u s l y to a c o n s t a n t 
v a l u e . 
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I n i t i a l range. I n t e r a c t i o n s between carbon d i o x i d e 
and the c r y s t a l has f o u r components: d i s p e r s i o n and 
s h o r t - r a n g e r e p u l s i o n e n e r g i e s Φρ and $ R , p o l a r i z a t i o n 
energy Φρ , and q u a d r u p o l e energy Φρη· I n t e r a c t i o n 
energy between p a i r s of carbon d i o x i d e m o l e c u l e s may 
be o m i t t e d , because we s h a l l be concerned o n l y w i t h the 
d e t e r m i n a t i o n of i n i t i a l h e a t s ( i . e . , h e a t s as the ad
s o r b e d amount approaches z e r o ) . 

B a r r e r and Gibbons 08) have c a l c u l a t e d t h e s e en
e r g i e s f o r C O 2 s o r b e d by ion-exchanged f a u j a s i t e . T h e i r 
r e s u l t s i n d i c a t e t h a t the most i m p o r t a n t p a r t i s p l a y e d 
by q u a d r u p o l e energy Φρρ. These i n t e r a c t i o n s which 
seem to be a s s o c i a t e d more w i t h the q u a d r u p o l e moment 
of the C O 2 m o l e c u l e than w i t h z e o l i t e , may be r e l a t e d 
to the v e r y h i g h i n i t i a
range i s c h a r a c t e r i s t i
i n t e r a c t i o n . The i n t e r n a l e l e c t r o s t a t i c f i e l d i s 
s t r o n g e r near sodium i o n s e n s u r i n g c r y s t a l - e l e c t r o -
n e u t r a l i t y . C o n s e q u e n t l y t h e s e i o n s may be e n e r g e t i c 
a l l y a c t i v e c e n t e r s l e a d i n g to a s t r o n g l y l o c a l i z e d 
a d s o r p t i o n . 

T a k i n g i m p o r t a n t r e l a t i v e v a r i a t i o n s of q D i n t o 
a c c o u n t , t h e s e c u r v e s e x h i b i t a heterogeneous s u r f a c e 
c h a r a c t e r f o r the i n i t i a l a dsorbed m o l e c u l e s and at the 
h i g h e s t t e m p e r a t u r e s . 

Maximum range. When the most e n e r g e t i c c e n t e r s 
are o c c u p i e d , i n t e r a c t i o n s between adsorbed m o l e c u l e s 
i n c r e a s e , and so does qrj. Curves show v e r y marked 
maxima. T h i s may be the consequence of i n c r e a s i n g 
i n t e r a c t i o n s l e a d i n g to a new k i n d of s o r p t i o n w i t h 
d i f f e r e n t e n e r g e t i c f e a t u r e s . Such a pronounced maxi
mum at h i g h t e m p e r a t u r e s i s u n u s u a l . However, K i n g t o n 
and MacLeod (j9) have a l s o n o t e d i t w i t h carbo n d i o x i d e 
s o r p t i o n by c h a b a z i t e at 0°C. T h i s range would be 
t y p i c a l of s t r o n g adsorb a t e - a d s o r b a t e i n t e r a c t i o n s w i t h 
a new arrangement of adsorbed m o l e c u l e s l e a d i n g to a 
new k i n d of s o r p t i o n w i t h d i f f e r e n t e n e r g e t i c f e a t u r e s . 

In the f i r s t r a nge, c e n t e r s have v e r y d i f f e r e n t 
and h i g h e n e r g i e s , whereas a f t e r the maximum, c e n t e r s 
have lower e n e r g i e s , which a r e s i m i l a r to each o t h e r . 
T h i s change i n the s o r p t i o n e n e r g e t i c f e a t u r e s can be 
seen from the i m p o r t a n t maximum noted on the c u r v e s . 

T e r m i n a l range. In t h i s t e r m i n a l p a r t of the 
c u r v e , the d i f f e r e n t i a l heat has s m a l l v a r i a t i o n s w i t h 
i n c r e a s i n g amount ad s o r b e d . At any temperature the 
s o l i d shows a homogeneous s u r f a c e i n t h i s range; q D 

v a l u e s have the magnitude ο f h e a t s of l i q u e f a c t i o n c o r 
r e s p o n d i n g to the t r a n s i t i o n of m o l e c u l e s from the 
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gaseous to the l i q u i d phase. For each t e m p e r a t u r e , the 
d i f f e r e n t i a l heat tends toward a c o n s t a n t v a l u e . 

Temperature i n f l u e n c e . The i m p o r t a n t p o i n t as 
e v i d e n c e d i n F i g u r e 1 i s t h a t the c u r v e s a r e d i s t i n c t 
f o r each t e m p e r a t u r e . Few s t u d i e s gave us i n f o r m a t i o n s 
about t e m p e r a t u r e i n f l u e n c e around the c r i t i c a l p o i n t . 
We can r e f e r to Huang and Z w i e b e l about C 0 2 and S 0 2 

w i t h H-mordenite (_10) . F o r ammonia a d s o r p t i o n by NaA 
z e o l i t e t h e r e a r e a l s o d i f f e r e n t c u r v e s f o r each 
temperature ( 1 1 ) . On the o t h e r hand i n d i s t i n g u i s h a b l e 
c u r v e s a r e found f o r n i t r o g e n a d s o r p t i o n by s i l i c a - g e l s . 
However, the te m p e r a t u r e v a r i a t i o n i s s m a l l , and the 
temperature i t s e l f i s near the a d s o r b a t e b o i l i n g p o i n t 
(12). 

" I n i t i a l h e a t
p o l a t i o n of the qrj v s . η curve to η = 0. In our c a s e , 
d i f f e r e n t i a l h e a t s show i m p o r t a n t v a r i a t i o n s f o r i n i 
t i a l a dsorbed m o l e c u l e s , and i t i s d i f f i c u l t to e x t r a 
p o l a t e such c u r v e s . Q u a l i t a t i v e l y i t appears t h a t the 
i n i t i a l v a l u e i s h i g h e r at h i g h e r t e m p e r a t u r e s . T h i s 
shows t h a t a d s o r p t i o n c e n t e r s seem to have h i g h e r en
e r g i e s at h i g h t e m p e r a t u r e s , and the s u r f a c e appears 
more h e t e r o g e n e o u s . 

The maximum v a l u e of q D i n c r e a s e s as the tempera
t u r e r i s e s . T h i s b e h a v i o r i s c h a r a c t e r i s t i c of s t r o n g 
i n t e r a c t i o n s of the a d s o r b a t e - a d s o r b a t e t y p e . Thus 
m o l e c u l a r motion becomes more i n t e n s e as the tempera
t u r e i n c r e a s e s , l i m i t e d by the degrees of freedom 
a l l o w e d by a d s o r p t i o n ; so i n t e r a c t i o n s are a l l the 
s t r o n g e r . 

I n s t e a d of p l o t t i n g d i f f e r e n t i a l h e a t s a g a i n s t n, 
i t i s p o s s i b l e to p l o t a g a i n s t degree of coverage 
Θ = n/np. no i s the maximum number of adsorbed mole
c u l e s at t e m p e r a t u r e T, e x p e r i m e n t a l l y d e t e r m i n e d from 
i s o t h e r m s p l o t t e d up to 50 atm., where s a t u r a t i o n vapor 
p r e s s u r e i s r e a c h e d or where a d s o r p t i o n i s o t h e r m s l e v e l 
out, above c r i t i c a l p o i n t . 

These maxima are f o r lower Θ v a l u e s as the tempera
t u r e i s r a i s e d . I f we assumed t h a t f o r m a t i o n of a 
condensed phase o c c u r s at the maximum, t h i s would ap
pear at a h i g h e r degree of f i l l i n g at h i g h t e m p e r a t u r e , 
i . e . c o n t r a r y to o b s e r v a t i o n s . At the o p p o s i t e , an 
e n e r g e t i c d i s t r i b u t i o n of the s i t e s i n v o l v e d by 
t e m p e r a t u r e , s u p e r p o s e d upon a n u m e r i c a l d i s t r i b u t i o n 
i n r e l a t i o n to t h e i r r e s p e c t i v e e n e r g i e s can e x p l a i n 
the i n i t i a l shape of the c u r v e s of d i f f e r e n t i a l h e a t s , 
and t h e i r p o s i t i o n s i n r e l a t i o n w i t h one a n o t h e r . 

At t emperature T, f o r a monolayer on a h e t e r o g e n 
eous s u r f a c e the number of s i t e s of energy may be 
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an e x p o n e n t i a l f u n c t i o n of t h i s energy (C i s a con
s t a n t ) (1_3 ) : Ε 

N ± = C. exp (-^) (1) 

A law of d i s t r i b u t i o n where E i would a l s o be a 
f u n c t i o n of temper a t u r e has not been f o r m u l a t e d . In 
our case heat c u r v e s show t h a t i n c r e a s i n g t e m p e r a t u r e s 
l e a d to the f o r m a t i o n of e n e r g y - r i c h s i t e s . So, i n i 
t i a l v a l u e s would be more i m p o r t a n t as te m p e r a t u r e 
i n c r e a s e s . As the energy of t h e s e s i t e s i n c r e a s e s , 
t h e i r number d e c r e a s e s a c c o r d i n g to e x p o n e n t i a l law of 
d i s t r i b u t i o n ( r e l a t i o n 1 ) . And so, t h e s e s i t e s a r e 
c o m p l e t e l y o c c u p i e d f o r r a t h e r low degrees of f i l l i n g 
(Θ = 0,05 at + 120°C, Θ = 0,22 at + 80°C) where the 
maximum a p p e a r s . 

At low temper a t u r
and t h e i r number much h i g h e r . So, the i n i t i a l v a l u e s 
of qj) a r e lower and the maximum appears f o r h i g h e r 
v a l u e s of Θ (Θ • 0,66 at 0°C, Θ ± 0,83 at -30°C) 

T h i s d o u b l e d i s t r i b u t i o n of s i t e s a l l o w s us to 
e x p l a i n the s e p a r a t e c u r v e s and t h e i r e v o l u t i o n w i t h 
t e m p e r a t u r e . 

Thermodynamic d a t a f o r ad s o r b e d phase 

Mo l a r i n t e g r a l e n t r o p y S a of adsorbed phase can 
be c a l c u l a t e d (8) from the f o l l o w i n g r e l a t i o n s h i p : 

rn 
S_ dn (2) S = 1 a η a ο 

η i s the number of moles a d s o r b e d , S a the molar d i f f e r 
e n t i a l e n t r o p y : q 

S a = S g - -ψ- (3) 

Sg i s the molar i n t e g r a l e n t r o p y of the gas. Working 
w i t h a d i f f e r e n t i a l c a l o r i m e t r i c system a c c o r d i n g to 
an i s o t h e r m a l p r o c e s s , i s o t e r i c heat q g t can be c a l c u 
l a t e d from the e x p e r i m e n t a l v a l u e s of d i f f e r e n t i a l 
heat q D : 

«1st = q D
 + R T <4> 

assuming the i d e a l b e h a v i o r o f the gas (14). M o l a r 
i n t e g r a l e n t r o p y of adsorbed phase i s c a l c u l a t e d by 
g r a p h i c a l i n t e g r a t i o n of the a r e a under S a v s . η c u r v e . 
These c a l c u l a t i o n s can be made from + 20 to + 120°C 
( F i g u r e 2 ) . For i n i t i a l a d s o r b e d m o l e c u l e s , molar 
i n t e g r a l e n t r o p y i s v e r y low i n r e l a t i o n to the w e l l -
o r d e r e d s t a t e c h a r a c t e r i s t i c of s t r o n g l y l o c a l i z e d ad
s o r p t i o n . Then S a i n c r e a s e s and r e a c h e s a maximum, 
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a f t e r which the c u r v e s approach an a p p r o x i m a t e l y con
s t a n t v a l u e which i s when the degree of f i l l i n g becomes 
i m p o r t a n t . B a r r e r and Gibbons (8^)have noted maximum 
and minimum v a l u e s on i n t e g r a l e n t r o p y c u r v e s f o r C O 2 
s o r p t i o n by f a u j a s i t e . A c c o r d i n g to them, such c u r v e s 
would be c h a r a c t e r i s t i c of heterogeneous s u r f a c e . 

For a g i v e n degree of f i l l i n g Θ, i n t e g r a l e n t r o p y 
d e c r e a s e d as tem p e r a t u r e i n c r e a s e d . T h i s s u p p o r t s the 
assumption of the f o r m a t i o n of v e r y e n e r g y - r i c h s i t e s 
at h i g h t e m p e r a t u r e s i n r e l a t i o n to a w e l l - o r d e r e d 
s t a t e of adsorbed m o l e c u l e s . 

S p e c i f i c heat C of adsorbed phase can be c a l c u 
l a t e d from the r e l a t i o n s h i p : 

asa 

U s i n g i n t e g r a l e n t r o p
t e m p e r a t u r e s , r a t i o s AS a/AT a r e c a l c u l a t e d f o r each 
c o u p l e of s i m i l a r t e m p e r a t u r e s and f o r s e v e r a l degrees 
of f i l l i n g ( F i g u r e 3 ) . Heat c a p a c i t y of z e o l i t e s i s 
n e g l i g i b l e compared w i t h t h a t of the adsorbed phase 
(15 ) . S p e c i f i c heat goes t h r o u g h a maximum between 
+ 40 and + 60°C r i s i n g to v a l u e s much h i g h e r than can 
be a t t r i b u t e d to the l i q u i d phase. 

S i m i l a r c u r v e s a r e found w i t h methane a d s o r p t i o n 
by CaA (16) and w i t h η-heptane by the same z e o l i t e 
(1 1 ) . In the f i r s t c a s e , measurements a r e c a r r i e d out 
wTth a drop c a l o r i m e t e r a l l o w i n g a d i r e c t measurement 
of the s p e c i f i c heat of adsorbed phase. 

H i l l (17) s u g g e s t e d t h a t t r a n s i t i o n between a 
l o c a l i z e d and m o b i l e s o r p t i o n type c o u l d be seen by a 
maximum of s p e c i f i c heat C p . He showed t h a t t h i s 
t r a n s i t i o n might appear at r a t h e r low te m p e r a t u r e s 
(50°K), but was a l l the h i g h e r as the e n e r g e t i c 
b a r r i e r between the s i t e s was l a r g e . As we showed 
t h a t m o r d e n i t e has a hete r o g e n e o u s s u r f a c e from i n t e r 
m e diate t e m p e r a t u r e s (+ 4 0 ° C ) , the obs e r v e d maximum 
near + 50°C on s p e c i f i c heat c u r v e s c o u l d e x h i b i t a 
s i m i l a r change i n the a d s o r p t i o n . T h i s remark would 
agree w i t h the i l l u s t r a t i o n of two a d s o r p t i o n ranges 
on d i f f e r e n t i a l heat and i n t e g r a l e n t r o p y c u r v e s : a 
f i r s t s t r o n g l y l o c a l i z e d type and a second w i t h much 
l e s s e n e r g y - r i c h s i t e s . 

On the o t h e r hand, the shape of the c u r v e s i s the 
same as the one r e p r e s e n t i n g v a r i a t i o n s of s p e c i f i c 
heat d u r i n g the second o r d e r Λ t r a n s f o r m a t i o n . The 
main c h a r a c t e r of t h i s t r a n s f o r m a t i o n i s t h a t we never 
f i n d two phases t o g e t h e r ; the phenomenon o c c u r s i n a 
s i n g l e phase where the system goes t h r o u g h an o r d e r -
d i s o r d e r t r a n s f o r m a t i o n . 
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Figure 3. Specific heat of adsorbed phase 
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A d s o r p t i o n i s o t h e r m s 

A d s o r p t i o n i s o t h e r m s were determined from 10 ^ 
atm up to 50 atm and i n the r a n t e -77 to + 160°C w i t h 
the t h r e e e x p e r i m e n t a l t e c h n i q u e s d e s c r i b e d b e f o r e . 
The d a t a are p l o t t e d i n F i g u r e 4. Adsorbed amounts 
are g i v e n i n moles per gram of anhydrous z e o l i t e . 

Depending on the t e m p e r a t u r e , i s o t h e r m s are l i k e 
s i g m o i d c u r v e s or s t r a i g h t l i n e s i n t hese c o o r d i n a t e s , 
which seems to be a g e n e r a l c h a r a c t e r i s t i c f o r m i c r o -
porous m a t e r i a l s . However i n the u s u a l diagram, 
t h e s e i s o t h e r m s are l i k e type I of Brunauer e_t a l . 
c l a s s i f i c a t i o n (19_) . A d s o r p t i o n and d e s o r p t i o n i s o 
therms c o i n c i d e p e r f e c t l y . 

Isotherms hav
c r i t i c a l p o i n t ; d i f f e r e n t i a
p r o p e r t y ; t h i s l e a d s us to t h i n k t h a t no change appears 
i n a d s o r p t i o n on e i t h e r s i d e of t h i s t e m p e r a t u r e (.20) , 
(21). 

When m i c r o p o r e f i l l i n g i s i m p o r t a n t , the adsorbed 
phase i s l i k e a condensed phase s i m i l a r to a l i q u i d 
from many p o i n t s of view, even above the c r i t i c a l 
p o i n t (22_). T h i s the r e a s o n why we can assume the 
i d e a o f d e n s i t y i n t h i s f i l l i n g range. 

For i s o t h e r m s p l o t t e d up to 50 atm, s a t u r a t i o n 
vapor p r e s s u r e i s r e a c h e d at + 15°C. At t h i s p r e s s u r e , 
adsorbed amount no r e p r e s e n t s the whole m i c r o p o r e 
f i l l i n g Wo. Adsorbed phase d e n s i t y i s p: 

P - M § J (6) 

Wo was d e t e r m i n e d e a r l i e r (_7 ) ; M i s the m o l e c u l a r 
weight. Adsorbed amounts on e x t e r n a l s u r f a c e s of c r y 
s t a l l i t e s a r e n e g l i g i b l e compared w i t h t h a t adsorbed 
i n the m i c r o p o r e s (2J3) . 

Above the c r i t i c a l p o i n t , from + 40°C to + 120°C, 
i s o t h e r m s l e v e l out c o r r e s p o n d i n g to s a t u r a t i o n of 
m i c r o p o r e s . The d a t a of ρ v s . temperature are p l o t t e d 
i n F i g u r e 5 f o r No-Mordénite, H-Mordenite, and a 22% 
s t r o n t i u m exchanged form (24). 

The f o l l o w i n g t h r e e remarks can be n o t e d : 
- no d i s c o n t i n u i t y appears i n the p l o t of ad

sorbed phase d e n s i t y t h r ough the c r i t i c a l 
p o i n t . 

- above the c r i t i c a l t e m p e r a t u r e , the adsorbed 
phase d e n s i t y has the same magnitude as the 
l i q u i d phase d e n s i t y . However, at the same 
te m p e r a t u r e , the adsorbed phase always appears 
more dense than the l i q u i d phase. T h i s has 
o f t e n been o b s e r v e d (.22), (25) . 
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Figure 4. Adsorption isotherms. Data from different experimental tech
niques. (A), volumetry-calorimetry; (O), thermogravimetry; (O), high 

pressure Oolumetry. 
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Figure 5. Density variations of adsorbed phases 
against temperature 
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- s e p a r a t e c u r v e s are o b t a i n e d f o r each a d s o r b -
dent, and each curve i s d i f f e r e n t from the 
l i q u i d phase c u r v e . T h i s has a l s o been ob
se r v e d p r e v i o u s l y (26), (.27), (28) . 

C o n c l u s i o n 

C a l o r i m e t r i c a l l y measured t h e r m a l p r o p e r t i e s have 
g i v e n i m p o r t a n t i n f o r m a t i o n about the n a t u r e of i n t e r 
a c t i o n s between carbon d i o x i d e and s y n t h e t i c morden
i t e ; they a re not as s i m p l e as t h e o r e t i c i a n s would 
l i k e . The data show two a d s o r p t i o n ranges: 

- the f i r s t r e l a t i n g to a s t r o n g l y l o c a l i z e d 
a d s o r p t i o n and a heterogeneous s u r f a c e , which 
changes w i t

- a second c h a r a c t e r i z e
and low e n e r g i e s . 

The temperature dependence of the maxima and of the 
cur v e s themselves l e a d to the c o n c l u s i o n t h a t t h e r e i s 
a double d i s t r i b u t i o n of s i t e s : 

- one, as a f u n c t i o n of te m p e r a t u r e : i t s i n 
c r e a s i n g l e a d s to f o r m a t i o n of v e r y energy-
r i c h s i t e s . 

- the o t h e r , as a f u n c t i o n of the r e s p e c t i v e 
energy of t h e s e s i t e s : the most e n e r g e t i c a re 
fewer i n number. 

Both the shape of the e x p e r i m e n t a l c u r v e s of i n t e g r a l 
e n t r o p y and of the s p e c i f i c heat of adsorbed phase, 
su p p o r t these assumptions. A d s o r p t i o n i s o t h e r m s p l o t 
t e d up to 50 atm a l l o w the adsorbed phase d e n s i t y to 
be d e t e r m i n e d e x p e r i m e n t a l l y and i t s condensed n a t u r e 
to be s p e c i f i e d . 
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Multicomponent Sorption Equilibria of Hydrocarbon 

Gases in 5A Zeolite 

K. A. HOLBOROW* and K. F. LOUGHLIN 

Department of Chemical Engineering, University of New Brunswick, 
P.O. Box 4400, Fredericton, N.B., Canada, E3B 5L1 

Experimental equilibrium data for three binary pairs in 5A 
zeolite are reported. The binary propane-cyclopropane has similar 
molecular volumes, and the system behaves ideally as predicted by 
a statistical isotherm (8). The binaries ethylene-propane and 
ethylene-cyclopropane, have significantly different molecular 
volumes and the systems behave non-ideally. Both the latter 
systems are azeotropic and it is suggested that this is due to 
interaction of the molecular volumes of the sorbates in the re
stricted cavity volume of the zeolite. 

Introduction 

The problem of predicting multicomponent e q u i l i b r i a from pure 
component sorption data has attracted considerable attention. 
Multicomponent sorption models such as the Ideal Adsorbed Solution 
Theory (IAST) of Myers et a l . (l»2)» generalized extensions of the 
Polanyi Potential Theory (3,Μ, or extended Langmuir equations 
(5 ,6,7) have been of limited success for predictive purposes i n 
molecular sieve adsorption. In this paper a multicomponent s t a 
t i s t i c a l thermodynamic model, previously successfully applied to 
predict some existing adsorption data on 5A molecular sieves 
( 8 , 9 ) 9 i s used to interpret new data obtained i n these laborato
r i e s (10). 

Three binary sorption hydrocarbon mixtures on 5A zeolite are 
examined. A propane-cyclopropane binary system i s considered 
f i r s t and combinations of these gases i n d i v i d u a l l y with ethylene 
are considered subsequently. 

Theory 

The s t a t i s t i c a l thermodynamic model of Ruthven ( l l ) , for 
sorption of sorbates i n discrete c a v i t i e s , i s based on the as
sumption that the interaction potential of the occluded molecules 
i n the cavity i s independent of the number sorbed. The resulting 

^Present Address: New Zealand Steel, New Zealand 
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isotherm expression i s 

_ Kp +(Kp) 2(l-2g/v) 2+....+(Kp) m(l-mg/v) m/ (m-l)l ( l ) 

° " 1 + Kp + (Kp) 2(l-23/v) 2/2!+....+(Kp) m(l-m3/v) m/m! 
where m(integer) f v/3 and Κ i s the Henry constant. The cor
responding multicomponent isotherm for a cavity containing i 
molecules component A and j molecules of component Β i s (8), 

KA pA + I I ( K A P A ) i ( K B P B ) J [ l - ( i 3 A + J 3 B ) / v ] i + J / [ ( i - l ) ! j ! ] 
c A = ^ 

1 + K AP A+K BP B + I l (KAPA^tKBPBJJU-dBA+JBBÎ/vl^J/iilJ!) 
i j 

i + 3 I

with a similar expression for c B . Equations ( l ) and (2) are 
s l i g h t l y different from the expressions given previously as an 
exponential factor, estimated to be of limited importance, has 
been omitted i n order to simplify the expression. 

In the derivation of these equations (12,13) the sorbate-sor-
bent interaction i s assumed independent of the number of molecules 
present within any given cavity, and the effect of the sorbate-
sorbate interaction i s described by a reduction i n free volume due 
to the f i n i t e size of the molecules [the factor(1-s3/v)]. 

The correct choice of the molecular volume (3) presents some 
d i f f i c u l t i e s . The single component isotherm equation gives the 
sorbate concentration as a function of two parameters (Kp) and 
(v/3) and i t i s therefore possible to derive both the Henry con
stant and the molecular volume from an experimental isotherm pro
vided that the range of concentration covered extends beyond the 
Henry Law region (£). The molecular volumes so calculated agree 
to within ±15$ with values obtained by the interpolation method 
used previously (12,13). 

Apparatus and Procedure 

Details of the apparatus and procedure followed i n t h i s work 
are presented elsewhere (lO,lU). The sorbent was pure crystals 
of Linde 5A ze o l i t e (Lot No. 5500^3), and the sorbates were 
Matheson CP grade propane and cyclopropane (purity 99#+)> and linde 
CP grade ethylene (purity 99-5?+). 

Henry Constants and Heats of Adsorption 

In previous studies with these sorbates, isotherms, covering 
the pressure range 30-300 torr and the temperature range 230-
U23°K, were obtained during ki n e t i c and equilibrium studies i n a 
gravimetric balance (12,13). The data, c h i e f l y high concentration, 
were successfully modeled using the s t a t i s t i c a l thermodynamic 
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isotherm and the Henry constants derived s a t i s f i e d the van't Hoff 
equation [K = KQ expic^/RT)] . In the present work, further data 
for the 1 to 30 t o r r region have been obtained and are included in 
figure 1. The data for both studies are consistent. The Henry 
constants were re-evaluated and are presented i n figure 2. The 
calculation procedure used was that of Barrer and Lee (15) where 
appropriate; otherwise the procedure of Ruthven et a l . using the 
parameters i n table I was used (12,13). Included also i n figure 2 
are the o r i g i n a l l y calculated Henry constants for propane (12), 
indicating the consistency of both studies. Previous calculated 
Henry constants for cyclopropane and ethylene (12) are omitted due 
to molecular volume estimation d i f f i c u l t i e s for cyclopropane and 
apparent i n a p p l i c a b i l i t y of the s t a t i s t i c a l thermodynamic model 
for ethylene. 

Values of KQ and i n the van ?t Hoff relationship were ob
tained by regression analysi
sults are presented in
of these parameters (12,13,16-20). The q Q values are approximately 
1.5 kcal/mole higher than reported e a r l i e r (12,13) but, with the 
possible exception of propane, are within the range of reported 
l i t e r a t u r e values ( l6-20). The K Q values are s i g n i f i c a n t l y lower 
(see 12,13) but th i s may represent a compensation e f f e c t , as a 
small change i n q Q s i g n i f i c a n t l y changes the value of K Q . 

The theoretical isotherm plots for propane and cyclopropane 
calculated using the re-evaluated KQ and constants with the 
parameters i n the table I s a t i s f a c t o r i l y represent the experimental 
data i n figure 1. The theoretical ethylene isotherms are discussed 
l a t e r . 
Propane-Cyclopropane Binary 

Data for the adsorption of a propane-cyclopropane binary 
mixture on 5A zeolite at 2T3K and 8 t o r r are presented i n figure 
3. At each experimental point, the gas phase composition ( Y A , Y B ) 

and the number of moles of each component adsorbed were recorded. 
Experiments were performed by successively al t e r i n g the gas phase 
composition, and the two sets of data points (o,x) presented i n 
figures 3 to 5 result from starting with either gas. 

Theoretical plots calculated from equation 2, for c A and the 
corresponding expression for CB» using the parameters derived from 
the pure component isotherms for propane and cyclopropane, are 
also shown i n figure 3· The agreement between the theoretical 
model and the data points i s excellent for both components. The 
molar volumes of both species are very similar (3A % 3β)» a n d 

when t h i s occurs the model postulates that mixing i s ideal ( 8 ) , 
and t h i s i s what i s observed i n the X Y plot where the theoretical 
and experimental data are symmetric about the diagonal axis. The 
experimental and theoretical curves, for both the concentration 
and X Y plots, figures 3(a,b), are i n excellent agreement at the 
observed loading of ̂ 75$· Simultaneously matching both plots pro
vides a sensitive test of the theoretical model. In most previous 
studies of mixture equilibrium i n molecular sieves, comparison 
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Figure 1. Equilibrium isotherms of propane, cyclopropane, 
and ethylene on 5A zeolite. Data of Holborow (10) O, 
Loughlin (31) and Derrah (SO) X . Propane and cyclo
propane theoretical plots calculated usina equation 1 and 
parameters in Table I. Ethylene theoretical plots using equa

tion 3 and parameters inTable I. 
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10 3 /Τ ("Κ" 1 ) 

Figure 2. Vant Hoff plot showing temperature depend
ence of Henry's Law constants for sorption in 5A zeolites. 
Data of Holborow (10) Θ , Δ , X ; Data Ruthven, Lough-

lin (12) (X). 
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5 0 

0 0.2 0-4 0 6 Ο β 1-0 

X PROPANE 

X PROPANE 

Figure 3. (a) Equilibrium data for sorption of 
CSH8-C3H6(A) mixture in 5A zeolite at Τ = 
273 Κ and Ρ = 8 torr. Experimental data of 
Holborow (10), theoretical curves from equation 

2. (b) X - Y diagram for system in (a). 
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TABLE I - Parameters used i n the Calculation of the 
S t a t i s t i c a l Thermodynamic Isotherm 

T D T C Vm b ( 2 2 ) KQ Χ IO? <lo 
(22) (22) (22) A°3 molecule/cavity kcal/ 

Κ Κ A°3 mole- torr mole 
mole- cule"^ 

ι c u l e " 1 ^ 
C 3H 8 229 370 125 lk0.2 2 . 0 9 9 Λ 
C 3H 6(A) 2U2 397 1 1 5 a 131(21+) 1 . 5 3 1 0 . 5 
C2Hi. 169 283 8 2 . 1 9 U . 9 1 .78 9 . 7 

1.5k 8 . 2 

a) Estimated using the procedure of Ruthven (9) 

TABLE II - Henry Constants and Heats of Adsorption 

Exptl.Values Ruthven et a l . Kiselev Schirmer 
th i s work (12,13) et a l . et a l . 

KQ Χ 1 0 ' ( 16 , 17) ( 1 8 - 2 0 ) 

Kp Χ 1 0 Τ qp (exptl) (theor) q Q <1ρ 

C3He 2 . 0 9 9 . 7 12 . k 8 . 0 8 . 1 8 Λ - 8 . 8 8 Λ - 8 . 6 
C3Hg(A) I . 5 3 1 0 . 5 2 5 . 6 8 . 1 
Q2^k 1 · Τ 8 9Λ 1 0 . 9 1 1 . 3 8 . 0 8 . 9 - 9 - 1 9 . 1 - 9 - 7 

Units: Kq molecules/cavity/torr; q Q kcal/mole. 

between theory and experiment has been r e s t r i c t e d to concentration 
plots ( 2 , 2 5 ) or the XY diagrams (or the equivalent representation 
in terms of separation factors) ( 2 6 , 2 7 ) . 

For comparison with the s t a t i s t i c a l thermodynamic model, the 
IAST model was calculated using the pure component s t a t i s t i c a l 
thermodynamic isotherms developed for propane and cyclopropane i n 
the spreading pressure calculation. Despite the r e l a t i v e l y high 
loadings at the chosen experimental conditions, IAST was found to 
give almost exactly the same results as obtained for the binary 
s t a t i s t i c a l isotherm model and i n fact i t i s not possible to d i s 
tinguish between the models in figure 3 . This confirms the post
ulate that for sorbates of equal molecular volume, the solution 
behaves as an id e a l mixture ( 8 ) . 

Modified S t a t i s t i c a l Isotherm and Modified Binary Isotherm 

The Henry constants for the sorption of ethylene were deter
mined using the procedure of Barrer and Lee ( 1 5 ) . Calculation of 
theoretical isotherms with these values and the appropriate par
ameters i n table I give excessive z e o l i t i c concentrations at a l l 
concentrations greater than 1 molecule/cavity, revealing the need 
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to refine the model for t h i s sorbate. 
In the o r i g i n a l derivation of the s t a t i s t i c a l thermodynamic 

isotherm, three assumptions were required i n order to define the 
configuration in t e g r a l i n terms of measurable quantities. The 
refinement adopted involved changing the second assumption from 
'The potential f i e l d i s uniform throughout the cavity even when 
more than one molecule i s present and the eff e c t i v e volume of the 
cavity i s reduced' to 'The interaction potential throughout the 
cavity i s dependent on s (the number of occluded molecules) and 
the effective volume of the cavity i s reduced'. Physically t h i s 
i s equivalent to having the Henry constant dependent upon s. As 
t h i s requires excessive experimental data over a wide range of 
concentrations, a second Henry constant only i s introduced. This 
i s taken as an average Henry constant for a l l s > 1. The resulting 
modified s t a t i s t i c a l isother  i

K IP+K IK I Ip2(i-23/v) 2/2!+.. .+K IK I I
m- 1P m(l-m3/v) m/(m-l) ! 

c = 
l+K IP+K IK I IP 2(l-23/v) 2/2!+. . .+K IK I I

m- 1P m(l-m3/v) m/m! 

m < v/3 (3) 
where Kj i s the Henry constant for one molecule/cavity and K J J 
i s the Henry constant for s > 1. 

Using the i n t r i n s i c Henry constants as Kj, the Henry constants 
Κχχ were derived from a regression analysis of a l l the ethylene 
data. The resulting values for K n followed a van't Hoff temper
ature relationship with 0^=8.2 kcal/mole and Κοΐι=7.5^ x 10"7 
molecules/cavity t o r r . Theoretical plots using these values i n 
equation 3 with the appropriate parameters from Table I indicate 
satisfactory agreement between the model and the data i n figure 1. 

The binary isotherm for two Henry constants may be derived by 
making an analogous assumption to that made for the pure component 
isotherm. The resulting modified isotherm equations are 

KIA PA +S Κ α Ρ α ^ Ι Ι Α ^ " ^ ^ ) * 3 ^-(«A+Jfe)Al i + J/(i" 1 ) 1 i 1 

c A = ^ r — 
1 + Κ ι α Ρ α + Κ Β

Ρ Β + Σ Σ K^PAÎKuPAÎ^tKBPB^U-iiBA+JpBÎ/vl 1 V i U * 
i j 

2 < i + j ; Î 3A + J 3 B < ν (k) 

with a corresponding expression for eg. 

Binary Systems Involving Ethylene 
Data for the adsorption of an ethylene-cyclopropane binary 

mixture, and for an ethylene-propane binary mixture measured at 
323K and 238K at 8 t o r r are presented i n figures (U) and (5). 

The sorption behaviour of the binaries are highly non-ideal. 
Ruthven et a l . (8) predicted that for s i g n i f i c a n t l y different sor
bate molar volumes, pronounced deviations from id e a l behaviour are 
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I273K 

TOTAL 

^ 

* κ x 

PROPANE / 
'ETHYLENE 

Figure 4. (a,b,c) Equilibrium data for sorption of CSH8-C2H^ mixture in 5A zeolite 
at Ρ = 8 torr and temperature indicated. Experimental data of Holborow (10), (—) 
theoretical curves from equation 4, ( ) IAST model. (d,e,f) Equilibrium data for 
sorption of CSH6 (A)-CiHA mixture in 5A zeolite at Ρ = 8 torr and temperature indi
cated. Expenmental data of Holborow (10), (—) theoretical curves from equation 4, 

( ) IAST model. 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



388 M O L E C U L A R SIEVES—Π 

0 0 2 0 4 06 0 8 10 

X ETHYLENE Χ ETHYLENE Χ ETHYLENE 

Figure 5. {ajbfi) Χ-Ύ diagrams for system presented in Figure 4 (a,b,c). (d,e,f) Χ-Ύ 
diagrams for system presented in Figure 4 (d,e,f). 
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to be expected i n the multicomponent isotherm at sorbate concen
trations greater than about one molecule/cavity. This may be ob
served i n the XY diagrams for these binaries both of which have 
significant molecular volume differences. At low coverage, ^20%, 
the systems behave i d e a l l y , figures (5a,d), whereas at high cover
age ^90%, the XY diagrams are asymmetric and azeotropic, figures 
5 ( c , f ) . The non-ideal behaviour at high concentrations may be 
attributed to the volume mixing effect of sorbates of unequal 
molar volumes. 

Theoretical plots, calculated using equation (k) with the 
parameters noted i n table I, are also included i n figures (H , 5 ) . 
The agreement between theory and experiment i s excellent for the 
concentration plots of the cyclopropane-ethylene binary, figure k 
(d,e,f) to the extent of even indicating the i n f l e c t i o n s i n the ex
perimental data. The agreemen
not as good, with the f i
although the shape of th  experimenta  plot
exactly similar (figure 5(a)). The f i t improves as the loading 
increases to 8 5 $ , converse to that expected, considering the pos
tulated range of a p p l i c a b i l i t y of the isotherm (^75$)· The poor 
f i t at the low loading could be improved by small changes i n the 
Henry constant, but t h i s would result i n using the isotherm as a 
correlative rather than a predictive mechanism. 

The agreement between theory and experiment i n the XY plots 
i s not as good, although the general pattern of the sorbate behav
iour appear i n agreement. The propane-ethylene system i s predicted 
azeotropic at a l l concentrations but only experimentally observed 
for the 50 and 85$ coverage, figure 5(b,c). Insufficient data at 
Xethylene o f 0 . 9 0 - 0 . 9 5 are available to establish the existence of 
an azeotrope for the 20% loading, figure 5(a). For the ethylene-
cyclopropane systems, the theoretical f i t i s s i m i l a r l y behaved. At 
low concentrations of 20% (figure 5(d)), sorption behaviour i s 
nearly i d e a l , and the theoretical model i s i n qualitative agree
ment whereas at higher concentrations the XY data become asymmetric 
as does the theoretical curves. Sorbate behaviour i n the zeolite 
i s q u a l i t a t i v e l y i n agreement with the suggested model. 

Theoretical binary mixtures were also derived using the IAST 
model with the spreading pressure calculation estimated using the 
appropriate sorbate isotherm equation, (l) or ( 3 ) . The results 
are included as dotted l i n e s i n figures ( ^ , 5 ) · The concentration 
curves for the IAST model i n figure (h), are not as good as for 
the s t a t i s t i c a l thermodynamic isotherm. The XY theoretical plots 
are not even q u a l i t a t i v e l y i n agreement except where the behaviour 
i s i d e a l , figures 5(a,d). This i s expected as the sorbates are 
considered ideal i n t h i s model, and consequently the XY plots are 
symmetric. Where the sorbate behaviour i s non-ideal, as occurs 
for concentrations 50$ and over, in these binary systems, pre
dictions of the model are not i n agreement with experimental data. 

Azeotropes have been observed for both A and Y type zeolites 
involving the l i g h t e r alkanes, alkene, NH3 and C O 2( 1 0 , 2 7 - 2 9 ) . 
Scherbakova et a l . (28) report an azeotrope for the system 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



390 M O L E C U L A R SIEVES—Π 

C2Hi!-C3H8-CaA at 20°C, atmospheric pressure, a r i s i n g at a sorbed 
mole frac t i o n of ethylene of 89%. This system temperature and 
pressure i s approximately equivalent to the 273K, 8 t o r r case r e 
ported here. In t h i s study the existence of an azeotrope, at 
sorbed ethylene mole fr a c t i o n 90% was postulated, though not 
established, indicating both studies are i n agreement. 

The mechanism of azeotropic formation i n molecular sieves may 
be postulated as due to the f i l l i n g of a r e s t r i c t e d cavity by sor
bates of a different size. With s i g n i f i c a n t l y different molecular 
volume species present, the permissible combined molecular volunes 
of the sorbates present in the r e s t r i c t e d space i s altered pro
ducing azeotropic formation. Lack of quantitative agreement 
between the theoretical and experimental results suggests the 
method of addition of the molecular volumes of the sorbates i n 
the isotherm equation should be re-evaluated to derive an improved 
predictive mechanism fo
Conclusions 

Henry constants and heats of adsorption of propane, cyclo
propane and ethylene on 5A z e o l i t e , have been re-evaluated i n this 
work. The values presented here are more accurate as less extra
polation of the data i s required to estimate the constants. 

It has been shown that the recently developed s t a t i s t i c a l 
thermodynamic model (8) gives an excellent representation of the 
binary equilibrium sorption data for propane-cyclopropane. For 
t h i s system the molecular volumes are approximately equal, and the 
system behaves i d e a l l y as predicted. The IAST model s a t i s f i e s 
these c r i t e r i a and t h i s model i s also satisfactory. 

For systems i n which the molecular volume differences i s sub
s t a n t i a l , the s t a t i s t i c a l thermodynamic model predicts the sorption 
behaviour w i l l be non-ideal and t h i s was observed experimentally. 
A sorption isotherm for ethylene which could adequately represent 
the pure component data was postulated based on a p r i n c i p l e of 
sorbate-sorbate interaction different from that selected previously. 
A binary isotherm, derived for t h i s representation, gave predic
tions which were q u a l i t a t i v e l y correct but quantitatively inac
curate. 
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Notation 

A molecular species A 
b van der Waal's co-volume 
Β molecular species Β 
3 molecular volume of sorbate 
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c concentration, molecules/cavity 
i , j integers l i m 

Κ Henry constants defined by p ^ o c = Kp 
K Q pre-exponential factor 
m saturation l i m i t (molecules/cavity) 
ρ t o t a l , p a r t i a l pressure, t o r r 
q 0 i s o s t e r i c heat of sorption kcal/mole 
R gas constant 
s integer 
T,Tb,Tc absolute temperature, normal b o i l i n g point 

c r i t i c a l temperature 
ν volume of zeolite cavity (776Â for type A z e o l i t e ) . 
v m molecular volume of sorbate at the b o i l i n g point 
X mole frac t i o n sorbed phase 
Y mole fr a c t i o
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ABSTRACT 
Adsorption of CO an

which Na+ ions have bee
Physisorption of CO and CO2 indicates that in NaCaY zeolites 
with a Ca2+ loading lower than 35% all the Na+ ions i n i t i a l l y 
present in the small cavities as well as the incoming Ca2+ ions 
remain inaccessible for CO and C O 2 molecules. However, a Na + re
placement of 35 to 45 % leaves the Ca2+ ions unaffected by CO 
and C O 2 but causes an important migration of inaccessible Na + 

ions to accessible supercage positions. Further exchange (> 45%) 
results in Ca2+ ions occupying locations exposed to the super-
cages. 

Introduction. 
The sorptive properties of the synthetic faujasite depend 

on the nature and the number of cations present. The distribu
tion of the cations i s affected by the lattice charge, valency 
and dimensions of the cations and by the presence of ligands. 
The results of X-ray diffraction studies suggest that the ex
changeable cations may be found in three different regions of 
space within the structure of the dehydrated Y zeolite : the 
hexagonal prisms, the cubooctahedra and the large cavities. The 
nomenclature adopted in this paper i s based on that used by 
Smith ( 1 ) . 

At roan temperature, ion-exchange with polyvalent cations i s 
generally incomplete; however, at higher temperatures, the ex
change level increases. Moreover, a dehydration of the zeolite 
containing polyvalent cations results in a complete redistribu
tion of the cations towards the small cavities (sites I and I'). 

Because of the specific adsorption of CO and C 0 2 on zeolites 
loaded with divalent cations, a number of workers developed use
ful spectroscopic and sorptive methods to localize divalent cat
ions in Y-type zeolites (2-10) . Egerton et a l . (2) observed a 
specific interaction of CO with polyvalent cations and used this 
method to detect polyvalent cations exposed to the supercages 
(site II). Indeed, CO i s small enough to enter the supercages 
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but i s too large to enter the socialite units or hexagonal prisms. 
Infrared measurements of Jacobs et a l . (£,5) indicate a s i 

milar behaviour of C0 2 in calcium and iragnesium exchanged X and 
Y zeolites. In the Y zeolites the asymmetric stretching vibration 
of C0 2 was found to be cation dependent and suggested that CCu 
vas an indicator of the accessible divalent cations at sites 11 
in the zeolite. However, no adsorption study in the Y zeolite 
was carried out to confirm the specific character of CO2 towards 
exchangeable cations. In the zeolite X, intense infrared bands 
due to carboxylate and carbonate species were observed, hut no 
correlation was found with any structural site. Barrer and Gib
bons (13) investigated the adsorption of C0 2in different exchanged 
X-zeolites. An important analysis of the total energy of the 
bond between OO2 and the zeolites was made. 

In order to compar
accessible cations in th
experiments were carried out on a number of partially exchanged 
CaNaY zeolites. 

Experimental. 
Materials. The synthetic zeolite Y (SK-40, Lot n° 3606-46-8) 

vas supplied by Union Carbide Corporation (France). The anhydrous 
unit c e l l composition was Na^c (A102) 55(2102) 137. Calcium ions 
were exchanged in the Y zeolite by a œnventional ion-exchange 
procedure. After the exchange, the zeolite samples were washed 
several times with d i s t i l l e d water to remove the excess salts 
and dried at 60°C. Samples with different levels of calcium ex
change were prepared and are designated according to the percen
tage of sodium replaced by calcium. CaY-12 denotes a sample in 
which 12% of the sodium ions in NaY have been exchanged by cal
cium ions. 

Carbon monoxide and carbon dioxide (J.T. Baker) were stated 
to have a purity greater than 99% and were used without further 
purification. 

Adsorption experiments. Adsorption isotherms were determined 
up to 110 Torr in a conventional constant volume system. Adsorp
tion experiments were carried out between 0 and 40°C, the tempe
rature being controlled to within 0.1°C. 

The zeolite samples weighed between 0.7 and 1 g. To avoid 
breakdown of the zeolite structure, special care was taken while 
raising the temperature during outgassing. The zeolite was ac t i 
vated overnight after heating the sample stepwise from room tem
perature to 400°C (100°C per hr). 

Results. 
Figures 1 and 2 show respectively CO and COo adsorption 

isotherms at 0°C for NaY and samples of partially Oa 2 + exchanged 
NaY zeolites. Adsorption equilibrium was reached within 45 minu
tes, arl the isotherms were completely reversible inallccases . 
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0.6Γ 

P(torr) 

Figure 1. Adsorption isotherms of CO in CaNaY zeo
lites at 0°C. 3 , NaY; €, CaY-9; O , CaY-38; Φ , CaY-

60; ·, CaY-78. 

P(torr) 

Figure 2. Adsorption isotherms of C02 in CaNaY 
zeolites at 0°C. O , NaY; Φ , CaY-9; Φ , CaY-24; ·, 

CaY-28; € , C a Y - 3 5 ; Θ , CaY-60; β , CaY-78 . 
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Adsorption experiments at different temperatures were carried out 
in order to derive the isosteric heats of adsorption from the tem
perature dependence of the adsorption isotherms. 

Figure 3 represents the dependence of the adsorbed quantity 
of CO and C0 2 at 0°C on the calcium content in the Y zeolite, at 
an equilibrium pressure of 80 Torr. The adsorption isobar of CO 
reveals a decrease in adsorption until about 35% of the Na4" ions 
have been replaced. At higher Ca 2 + contents, an increase in the 
CO adsorption i s observed. The isobar for the C0 2 adsorption 
however decreases continuously from a pure NaY to a pure CaY. 

2 + In order to obtain more information about the specific C02~ 
Ca interaction, the dependence of the isosteric heat (Qst) o n 

the calcium content is shown in figure 4. This figure indicates 
a decrease of isosteric heat for a Ca 2 + content below 35 %, but 
an increase at higher exchang
estimated to have an accurac

Discussion. 
Site occupation in calcium exchanged Y zeolites. 
At a l l temperatures and pressures used, the adsorption of 

CO and C0 2 is not controlled primarily by the available pore vo
lume, but i s dominated by forces between the adsorbate molecules 
and the adsorbent surface. One can expect a stronger adsorption 
of CO and CO? on calcium exchanged Y compared to the NaY zeolite 
because of the stronger electrostatic f i e l d associated with diva
lent calcium ions, which causes more pronounced polarization, 
field--dipole and f i e l d gradient-quadrupole interactions. This 
should be reflected in a higher isosteric heat of adsorption when 
divalent cations are accessible to the CO and CO? molecules. A 
similar behaviour was found by Barrer et a l . (13) in the zeolite 
X. Table I shows that this i s indeed the case in Y zeolite. 

Table I : Observed heats of adsorption of 00 and 00^ in NaY and 
CaY zeolites. 

Heat of adsorption 
(kcal/mole) 

CO CO. 

NaY 
CaY 

6.3 
9.3 

7.6 
11.5 

X-ray analyses of Ca exchanged Y zeolites (1) indicate that, 
after dehydration, the calcium ions are preferentially localized 
in the small cavities at the Sj and Sj> positions. The f i r s t 
C a 2 + ions to be exchanged occupy inaccessible sites inside the 
small cavities. This i s achieved by a migration, during the de
hydration process, of Ca 2 + ions towards the small cavities. A 
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60
%Hm replaced * Na replaced 

Figure 3. The refotionship between the adsorbed quantity at 0°C of CO (a) and C02 

(b)atan equilibrium pressure of 80 torr 

0 20 40 60 80 100 

% Na replaced 
in the NaY 

Figure 4. The variation of the isosteric heat of adsorp
tion for the COg adsorption with the calcium content in 

the Y zeolite 
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possible replacement of Na ions to supercage positions can be a 
stoichiometric migration (i.e. 1 Ca for 2 Na )» Apparently 
below 35% Ca 2 +, no change in adsorption properties of 
the large cavities should be expected when the adsorbed gas i s 
cation-specific. However, a decrease in adsorption of CO below 
a Ca content of 35% suggests a preferential migration of Ca 2 + 

ions towards sites inside the small cages. This implies a redis
tribution of i n i t i a l Nations inside the small cages and not an 
intense migration of inaccessible Na + ions towards the Sjj posi
tions. This results in a lower number of exchangeable cations in 
the supercages compared to those in the pure NaY form and explains 
the lower adsorbed quantity of CO. This effect should be more 
pronounced by increasing Ca 2 + content. Since X-ray studies of 
CaY zeolites have demonstrated absolute preference of Ca 2 + ions 
for the sites I and I I
cium exchanged NaY zeolites
Na+ and Ca 2* ions prefer the exchange positions Sj' and Sj res
pectively. 

As far as their effect on the adsorption properties of CO 
and 00 2 i s concerned, two different groups of sites can be consi
dered. The f i r s t set of sites are S , Sj, and S J J», locations i n 
side the small cavities, which have l i t t l e effect on the adsorp
tion phenomena because the CO and C0 2 molecules are too large to 
enter these small cages. The second group of sites are the S J J 
positions which are accessible for CO and C0 2 molecules. The 
influence of cations in the S^, positions on the adsorption i s 
uncertain; however, i t i s not excluded that these cations w i l l 
interact with CO and C0 2 molecules i n the supercages. 
a) The adsorption of carbon monoxide (fig. 3a) 

The adsorption of CO gradually decreases up to a calcium ex
change level of 35%. However, when 35% of the i n i t i a l Na4" ions 
are replaced by C a 2 + ions, a change i n the adsorption properties 
of the zeolite occurs. At a Ca 2 + level of 35%, a sharp increase 
in the adsorbed quantity i s observed. From this C a 2 + content, 
cation positions inside the small cavities apparently start to 
be disturbed by repulsion forces between cations, which could re
sult i n a migration of cations towards the supercages during the 
dehydration. Up to a Ca 2 + exchange level of 45%, migration of 
Na4" ions into the large cavities dominates. At s t i l l higher Ca 
contents, the Ca24" ions, now present in the super cage, are res
ponsible for the higher adsorption. 

The linear relationship between the amount of CO adsorbed and 
the presence of accessible Ca24" ions suggests a strong Ca -CO 
specificity; Interaction energy calculations, which consider dis
persion, polarization, field-dipole and repulsion energy effects, 
have been carried out for NaY and CaY zeolites interacting with 
CO molecules (12). These calculations indicate that the affinity 
of CO molecules for Ca 2 + ions i s higher than for Na+ ions, more
over, a CO/Ca2+ ratio of 2 seems to be energetically favourable in 
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a Y zeolite. 
b) The adsorption of carbon dioxide (fig. 3 b ) . 

The CO2 molecule does not possess a permanent dipole moment, 
but has a large quadrupole moment which w i l l interact with the 
fie l d gradient i n the zeolite lattice. It might be expected that 
the cation density i n the adsorptive cavities of a zeolite would 
have effect on the extent of sorption of a quadrupole molecule. 
Ibis makes C 0 2 an excellent indicator for Na and Ca2+ ions at 
accessible positions, because the adsorbed quantity i s related 
to the number of accessible exchangeable cations. The decrement 
in the adsorption of C 0 2 has to be an indication that a smaller 
number of cations can interact with the CO2 molecules. 

As shown in figure 3 b  three different regions can be dis
tinguished i n the relationshi
bed and the Ca 2 + content
ly to those observed with the adsorption experiments of CO. For 
a Ca2*4" content below 35%, a sharp decrease in the CO? adsorbed 
quantity, with increasing Ca2+ content, can be explained by a 
decrease i n the Na + content i n the large cavities. Therefore, 
at these exchange levels, a l l the Ca2*4" ions have migrated during 
the dehydration process to inaccessible positions inside the 
small cavities. Therefore, during dehydration, no migration of 
Na + ions from the small cavities towards the large cavities could 
occur , and they remain inaccessible for the C 0 2 adsorption. 

Between 45 and 100% Ca 2 +, a linear decrease in the amount 
of C 0 2 adsorbed in the zeolite i s due to a gradual decrease i n 
the number of exchangeable cations i n the large cavities. No mi
gration of Ca 2 + ions towards the small cavities must be assumed, 
so that the replacement of 2x Na + ions by χ Ca 2 + ions decreases 
the number of cations. 

Between 35 and 45%, a migration of Na ions from inaccessible 
sites into the large cavities explains the less pronounced de
crease in the adsorbed quantity of C 0 2 . 

Furthermore, the change in isosteric heat of adsorption 
(Qgt) with increasing Ca 2 + content (figure 4 ), supports this cat
ion localization picture in calcium exchanged Y zeolites. In
deed, between a Ca2*4* content of 0 and 35%, the isosteric heat de
creases due to a decrease in the Na*4" content in the large cavi
ties; however, between 35 and 45%, the isosteric heat increases 
as a result of an increase in the number of Na+ ions i n the large 
cavities. From an exchange level of 45%, the isosteric heat 
changes linearly with the calciun content, which reflects the i n 
crease i n electrostatic f i e l d and the importance of the divalent 
catlon-quadrupole interactions. 

In general, the present adsorption results of CO and CO? show 
a high preference of Ca 2 + ions for inaccessible sites, probably 
site I,in CaNaY zeolites of low degree of exchange. On the other 
hand, up t i l l a Ca 2 + content of 35%, no migration of the Na+ ions 
from positions inside the small cavities to the supercages was 
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observed and they remain probably at Sji positions. These data 
bring a refinement to the conclusions of Egerton et a l . (2) and 
Jacobs et a l . (4,5) with respect to the location of the exchange
able Na + as well as Ca 2 + ions in the CaNaY zeolites. Further
more, the infrared absorption experiments, as well as interac
tion energy calculations, establish that a combination of CO and 
C0 2 i s a powerful method for investigating the location of acces
sible cations i n zeolites. 
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34 
Kinetics of Sorption, Desorption, and Diffusion of 

n-Butane in Zeolite NaX 

H.-J. DOELLE and L. RIEKERT 

Institut für Chemische Verfahrenstechnik, der Universität Karlsruhe, 
Karlsruhe, West Germany 

The kinetics of sorption and desorption of n-butane in 
single crystals of zeolite X (crystal diameter = 80/μm) has 
been studied at 25°C, using a rapid gravimetric apparatus. 
Intracrystalline diffusion coefficients for sorption and 
desorption are of the order of 10-7 sq.cm sec-1 and indepen
dent of the direction of flux. The temperature of the zeo
lite sample changes significantly in a sorption or desorp
tion run, due to the heat of sorption. Heat transfer is rate 
limiting in the final approach to equilibrium in unsteady 
sorption or desorption experiments. 

Introduction 

Diffusion c o e f f i c i e n t s of substances sorbed i n z e o l i t e s 
have been obtained from rates of sorption and desorption for 
many systems under the assumption that i n t r a c r y s t a l l i n e 
d i f f u s i o n i s rate determining i n these processes* Three pecu
l i a r i t i e s of the pattern of d i f f u s i v i t i e s i n z e o l i t e s , ob
tained i n t h i s way, however, are not e a s i l y explained by a 
random movement of guest molecules i n the host l a t t i c e as 
the basic mechanism of d i f f u s i o n : 
(1) Diffusion c o e f f i c i e n t s have sometimes been found to 

depend very strongly on the degree of loading (or con
centration of the sorbate) — with some systems a 
var i a t i o n by several orders of magnitude has been ob
served (1, 2)* 

(2) In some cases i t follows from the k i n e t i c s of sorption 
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and of desorption that the d i f f u s i o n c o e f f i c i e n t 
depends rather on the degree of advancement of the 
process i n either d i r e c t i o n than on the concentration 
of the sorbate (3 # 4), a r e l a t i v e l y high rate (or 
d i f f u s i v i t y ) always being observed at the beginning 
of sorption or desorption. I f the d i f f u s i v i t y decreases 
with concentration of the sorbate, then the rate of 
desorption should increase with the advancement of the 
process, a behaviour that was never observed to our 
knowledge. 

(3) I t was observed i n some cases that the d i f f u s i v i t y 
depends on the di r e c t i o n of the f l u x , the d i f f u s i v i t y 
i n sorption bein
These observation

on the basis of any mechanism of random walk d i f f u s i o n i n a 
z e o l i t e - c r y s t a l (or an ensemble of c r y s t a l s whose properties 
and a c c e s s i b i l i t y for the sorbate are i d e n t i c a l ) , even i f 
the d i f f u s i v i t y changes with concentration. 

I t was the purpose of the work described here to inve
stigate the rate of sorption and desorption of η-butane i n 
z e o l i t e X as an example, d i f f e r e n t variables i n the experi
ment being c a r e f u l l y controlled i n order to establish which 
factors or processes influence the observed rate. 

Experimental procedure, materials 

Sorption e q u i l i b r i a and k i n e t i c s of sorption and de
sorption were observed with the apparatus shown schemati
c a l l y i n figure 1. The basic equipment of the gravimetric 
system was a Cahn R 100 electrobalance which proved to be 
sat i s f a c t o r y a f t e r i n i t i a l d i f f i c u l t i e s had been overcome. 
The time constant of the balance and i t s recording c i r 
c u i t r y i s of the order of 10-1 sec. Temperature of the glass 
tube with the sample leg was kept constant at (25+0,1)°C 
by c i r c u l a t i n g water. Pressure i n the sorption volume 
(Vs=2,79 l ) was monitored by a d i f f e r e n t i a l pressure trans
ducer (MKS Baratron Type 77) with \% accuracy. 

Step functions of pressure (symmetrical i n sorption and 
desorption) could be obtained with t h i s apparatus, the time 
constant of pressure change (0,3 sec) being short compared 
to the time constant of the re s u l t i n g mass transfer into 
or out of the s o l i d . In separate experiments the change i n 
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temperature of the z e o l i t e sample was measured with a thin 
thermocouple (Pt/PtRh; 0,1 mm 0) during sorption runs being 
exactly i d e n t i c a l to those of the gravimetric studies* 

Zeolite X was synthesized according to Charnell (7), 
c r y s t a l s ranging i n size from 10>um to 100/urn were obtained 
and a fr a c t i o n containing only c r y s t a l s i n the diameter 
range (80 + 10) /jm was separated by wet sieving and used 
i n the present experiments* The dry composition of the zeo
l i t e corresponded to Na2Û · AI2O3 · 2,25 S1O2; i t s c r y s t a l 
structure was v e r i f i e d by X-ray d i f f r a c t i o n * jj-Butane 
(CH3-CH2-CH2-CH3) 99,5 vol% pure an no i n e r t c a r r i e r gas 
was used as a sorbate* 

Activation of th
was accomplished by evacuatin
ρ <10- 4 t o r r u n t i l a constant weight reading was recorded 
by the balance (about 2 hours)* Sorption and desorption runs 
were performed within an approximately l i n e a r range of the 
isotherm, i t ' s slope being given as 

dn f (?) 
—5 = K m 

dp ζ 
I f k i n e t i c s are controlled by d i f f u s i o n into or out 

of the sample then the evaluation of sorption and desorption 
experiments should be represented by the appropriate solu
t i o n of the d i f f u s i o n equation for the case of " d i f f u s i o n 
from a s t i r r e d solution of l i m i t e d volume" (8,9,10), the 
time dependent boundary condition for t h i s case being iden
t i c a l to the boundary condition for the present case (11, 12X 

Results and discussions 

Sorption isotherms obtained for η-butane i n the z e o l i t e 
(Identical i n sorption and desorption) are shown i n fiqure 2. 
An i s o s t e r i c heat of sorption ^H s=-40kJ mol~^ follows from 
these data* Results of k i n e t i c measurements are presented 
i n figure 3d-3c, where the dimensionsless r a t i o ùn/ànf [ frac
t i o n of f i n a l ( positive or negative) uptake J i s plotted 
as a function of YF. 

Conditions of the experiments are specified i n Table I ; 
the r e p r o d u c i b i l i t y of a l l these r e s u l t s was v e r i f i e d 

0) 
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Figure 1. Schematic of the apparatus. 
B, electrohdlance; P, pressure trans

ducer; T, turbomolecular pump. 

.1 .2 .3 
Ρ 

torr 

Figure 2. Sorption isotherms of n-hutane in NaX: mass ratio of butane and zeolite 
at equilibrium 
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Figure 3. (a,b; left, c; above) Kinetics of sorption (O) and 
desorption (Φ) of n-butane in NaX. Numbers on curves refer 

to Table 1. 
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repeatedly* 
Three general observations about the rate behaviour 

are immediately obvious from figure 3a-3c: 
a) The amount Δ η of uptake or desorption i s i n i t i a l l y 

proportional to A f t , the slope being independent of 
the d i r e c t i o n of the f l u x ; 

b) The i n i t i a l rate of sorption or desorption, resp*, 
decreases with sample-weight; 

c) The rate of sorption or desorption slows down con
siderably a f t e r about 5QJS of the process i s completed: 
i n a l l cases there i s a pronounced bend i n the curve 
of Δ η vs. ~\JT. 
Observation (a) indicate

mass transfer control  sorptio  desorption, 
resp. The z e o l i t e sample consisted of a loose p i l e (height h) 
of i n d i v i d u a l c r y s t a l s (with diameter d), there are there
fore two l i m i t i n g cases of rate law which can be expected: 
(1) The d i f f u s i o n of sorbate i n the c r y s t a l s i s rate con

t r o l l i n g and there i s no concentration gradient i n 
the gas phase between the c r y s t a l s along the height 
h of the p i l e * In t h i s case the r e l a t i v e change of 
the amount of sorbate i n the sample must be a function 
of the dimenionless group D ct/d* where D c i s the 
c o e f f i c i e n t of d i f f u s i o n i n the z e o l i t e c r y s t a l s and t 
i s the time 

= f 4 - (2) An 
Δη^ 

the i n i t i a l slope of Δ η / Δ η ί ν δ · being pro
portional to Y^c/d; independent of the sample height 
h. 

(2) Equilibrium between i n d i v i d u a l c r y s t a l s and the gas 
phase contingent to any c r y s t a l i s established, depen
ding on gas phase concentration along sample height h. 
There i s then no concentration gradient i n the i n d i v i 
dual c r y s t a l s , the rate of d i f f u s i v e mass transfer i n 
the voids between c r y s t a l s i s rate c o n t r o l l i n g and we 
must have 

' D_ · t 
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the i n i t i a l slope of Δη/Δη^ vs. ~\fV being propor
t i o n a l to \ Dapp/h» dependent on sample height h. 
Dapp w i l 1 b e a l v e n b v 

D 
app 

D e f f 
KRT Q , + 6 , * sample / 

(4) 

where D e f f i s the e f f e c t i v e d i f f u s i v i t y i n the void 
spaces of the sample, Κ the slope of the isotherm 
(equ. (1)) and 6 the void f r a c t i o n i n the sample p i l e 
03)· 
As can be seen fro

vs. "^ΊΓ decreases almost l i n e a r l y with the inverse of the 
weight mz of the sample 

Expt. ηο· 1 2 3 

mz 92 39,5 (18) mg 

1.1 2.0 (4.3) min" 1/ 2 

I t can thus be concluded that the second case, equ. (3), 
was approximated, mass transfer i n the voids between cr y s t a l 
l i t e s strongly influencing the rate i n experiments no. 1 and 
2 with the larger samples. 

In order to obtain the d i f f u s i v i t y D c of η-butane i n 
the z e o l i t e - c r y s t a l s the mass transfer resistance i n the 
voids between the c r y s t a l s had therefore to be avoided. This 
was achieved by using a small sample (m2=18 mg) spxead evenly 
over a surface of 2 cm^ on a special sample-pan made from 
aluminum f o i l . The sample consisted thus of less than a 
monolayer of c r y s t a l s (about 65%); no resistance to mass 
transfer i n the gas phase i s possible with t h i s arrangement, 
whereas i n experiments no 1 and 2 a smaller sample pan and 
thus a p i l e of approximately 16 or 37 monolayers of c r y s t a l s 
was used. Rate data for the monolayer-case are shown as runs 
no 3,4,5 i n figure 3b. I t can be seen that the amount of up
take or desorption i s i n i t i a l l y proportional to Λ^Τ* also 
i n t h i s case where i t then must be represented by equ. (2)· 
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From the solution of the d i f f u s i o n equation for spherical 
geometry follows a lower l i m i t for the d i f f u s i o n c o e f f i 
cient D c of η-butane i n NaX at 300 Κ of 

D c ^ 2· 10""^ cm2 s e c ~ \ 

This value i s given as a lower l i m i t since i n t h i s 
case 50% of Δ η / Δ nf was reached at t «*0.75 sec. which 
i s close to the response-time of the equipment. 

Interestingly t h i s value of D c comes close to i n t r a 
c r y s t a l l i n e d i f f u s i o n c o e f f i c i e n t s that have been observed 
i n z e o l i t e s by NMR spin-echo techniques (14, 15). The v a r i a 
tion of Δ η/Δη{ wit
of the f l u x , the d i f f u s i v i t
equal to the value which characterizes desorption. This 
res u l t was obtained by observing the relaxation of sample 
weight and pressure i n a closed system a f t e r the volume of 
the system had been expanded at t = 0 i n a step-like fashion. 
The desorbing gas was not removed from the system by pumping, 
because i n that case the rate of desorption would have been 
influenced by the pumping-rate, which i s always f i n i t e . 

The change of Δη/Δ n^ was always linear i n "̂ ~Fup 
to Δ η/Δ nf 0.5, afterwards a decrease i n the slope was 
observed i n a l l cases which i s much more pronounced than 
could possibly be explained on the basis of the diffusion-
equation. This bend can also not be due to a concentration 
dependent d i f f u s i o n c o e f f i c i e n t since i t occurs i n desorption 
i n exactly the same way as i n sorption. Furthermore i t was 
also observed i n experiments no. 1,8,9 where the rate was 
mainly controlled by gas-phase d i f f u s i o n between c r y s t a l s , 
the apparent d i f f u s i o n c o e f f i c i e n t Dgpp being constant i n 
the l i n e a r range of the isotherm according to equ. (3). The 
phenomenon can therefore not be explained by any p e c u l i a r i t y 
of d i f f u s i v e mass-transfer. However, since the sorption of 
η-butane i s exothermic (AHs=-40kJ mol-1), the sample can
not remain at s t r i c t l y constant temperature i n any sorption 
or desorption run, as has been pointed out by Wicke (16). 
I t ' s average temperature Τ w i l l be given by a heat balance 
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where hy=m2 ( c p ) z + η (cpis+^pCcp)* * s "the combined heat 
capacity of z e o l i t e ( z ) , sorbate As) and sample-pan (p), 
and IT Τ i s the time-constant of temperature-equilibration 
with the surroundings at T Q * Since sorption or desorption 
i s very rapid i n i t i a l l y - following "̂ "T - the f i r s t term 
on the righ t hand side of equ* (5) w i l l be more important 
than the second i n the early stages of a run, the sample 
being then approximately adiabatic. The amount η of sorbate 
at equilibrium decreases with pressure and with temperature, 
the equilibrium point w i l l therefore be reached e a r l i e r un
der adiabatic than under isothermal conditions* The combi
nation of the mass and heat balances i s i l l u s t r a t e d schema
t i c a l l y for the case f sorptio  (Δ  0) i  figur  4
assuming .that the sampl
the actual uptake Δ η becomes equal to the equilibrium 
value Δη*· At t h i s point the system i s i n equilibrium with 
respect to mass transfer, but not with respect to heat trans
fer* After point Β has been reached the temperature d i f f e 
rence T - T Q w i l l decrease exponentially with timeconstant 
*Xj. The equilibrium uptake Δη* (Τ, ρ) w i l l now increase 
accordingly and so w i l l the actual uptake Δ η i f the sample 
remains close to equilibrium with respect to mass transfer* 
This rather simple model predicts a change of the rate law 
at point Β (ηβ , b); i t ' s location can be calculated from 
the heat balance and from the equilibrium data presented 
i n figure 2* E* g* for the conditions of experiment no* 1 
point Β should be reached before Δ η/Δη^ equals 0*7; the 
change of the rate law being more gradual i n the actual 
system than i n the s i m p l i f i e d model which neglects gradients 
of temperature or concentration i n the sample* 

The v a r i a t i o n of temperature with i j ' t 7 obtained by 
T-measurements i n the z e o l i t e sample i s shown i n figure 5 
together with the sorption k i n e t i c s under i d e n t i c a l con
d i t i o n s ; the maximum of Τ occurs at the same time as the 
bend i n Δ η/Δ nf* After t h i s point the temperature incr e 
ment T - T Q decreases exponentially with time and so does the 
distance (nf-n) of the amount η of butane i n the z e o l i t e 
from the amount nf at f i n a l equilibrium, the time constant 
being 1 j=1*8 min i n both cases as shown i n figure 6. We 
may thus safely conclude that the rate of sorption or de
sorption a f t e r the bend i n the curves of Δ n/^nf i s 
e s s e n t i a l l y controlled by heat transfer and not relevant 
with respect to d i f f u s i o n i n the z e o l i t e * 
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Figure 4. Variation of Δ η, temperature, and Δ η * (ρ,Τ) with 
\ / t if sample behaves nearly adiabatic up to point (nb*, b) (sche

matic); (- · -), isothermal case 

Figure 5. Variation of sample temperature from thermo
couple measurements and sorption kinetics under identical 

conditions 
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I t also follows that sorption during the i n i t i a l uptake 
does not take place i n a s t r i c t l y isothermal system* The 
co e f f i c i e n t of i n t r a c r i s t a l l i n e d i f f u s i o n obtained from the 
i n i t i a l rate of sorption or desorption i n a monolayer of 
cr y s t a l s has hence to be considered as an average for the 
respective temperature i n t e r v a l of approximately 10 K. 

Conclusions 

Three conclusions can be drawn from these r e s u l t s : 
a) Sorption and desorption of η-butane i n i n d i v i d u a l 

c r y s t a l s of NaX i
s i v i t y being at le a s t 2·10-7 cm  sec-1 at 300 K, inde
pendent of the di r e c t i o n of the f l u x . 

b) The time constant of d i f f u s i o n i n the c r y s t a l s 
Td= D 2A DC7T2 i s of the order of magnitude of only 
8 sec with the r e l a t i v e l y large c r y s t a l s (d=80/jra) 
used here and i t w i l l be shorter for smaller c r y s t a l s . 
Diffusion i n the gas phase between c r y s t a l s w i l l then 
be l i k e l y to control the rate of sorption or desorption 
i n agglomerates. 

c) Unsteady sorption or desorption can never be s t r i c t l y 
isothermal; the f i n a l approach to equilibrium i s con
t r o l l e d by heat transfer. 
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Notation 

Cp Heat capacity at constant pressure, J g~1 Κ 
D c Diffusion c o e f f i c i e n t of butane i n z e o l i t e c r y s t a l s , 

c«2 sec-1 
D e f f E f f e c t i v e d i f f u s i o n c o e f f i c i e n t of butane i n the voids 

between c r y s t a l s , cm2 sec-1 
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DQpp Apparent d i f f u s i v i t y , cm^ sec"^ 
Δ Hs Heat of sorption, J raol""^ 
Κ Slope of the equilibrium isotherm, mol Pa"^ g' 
mz Mass of the z e o l i t e sample, g 
η Amount of sorbate i n the sample, mol 
ρ Pressure, Pa 
R Gas constant = 8.32 J mol-^K-1 

Τ Absolute temperature, Κ 
t Time, sec 

Subscripts 

ο Value at the beginnin
* Value at equilibrium with respect to mass transfer 
f F i n a l value at equilibrium with respect to mass 

and heat transfer 
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Kinetics of Sorption in Biporous Molecular Sieves 

L. K. L E E , H. YUCEL, and D. M. RUTHVEN 

Department of Chemical Engineering, University of New Brunswick, 
Fredericton, N.B., Canada 

A mathematical model is developed to describe kinetics of 
sorption in a "bi-porous adsorbent pellet for systems which exhib
it a highly favourable (rectangular) adsorption isotherm. The 
theoretical uptake curves differ significantly from the predictions 
of a linear dual resistance model. The theory is used to analyze 
experimental data for sorption of cis-2-butene in a 5A molecular 
sieve pellet at 273°K. 

Introduction 

Commercial molecular sieve adsorbents consist of small micro-
porous zeolite crystals formed into a macroporous p e l l e t , sometimes 
with the aid of a clay binder. The kinetics of sorption are there
fore determined by the combined effects of two d i s t i n c t diffusional 
resistances: macropore and micropore. The r e l a t i v e importance of 
these resistances varies greatly depending on the particular system 
and the conditions. The sorption behaviour can be properly de
scribed by a simple di f f u s i o n model only when one or other of the 
resistances i s negligible (the extreme cases of micropore or 
macropore control). For many systems, under p r a c t i c a l l y important 
conditions, both resistances are significant and to provide a 
r e a l i s t i c kinetic model for such systems requires solution of the 
coupled d i f f u s i o n equations. 

Hitherto such solutions have been obtained only for systems 
with a linear equilibrium isotherm. A numerical solution was given 
by Sargent and Whitford^) and a more elegant a n a l y t i c a l solution 
was obtained by Ruckenstein et a l . ( 2 ) . This was used by Ma and 
Ho(_3) to interpret kinetic data for sorption of aliène and 
methyl acetylene i n Linde 13X sieve. The linear model i s 
appropriate for the exchange of i s o t o p i c a l l y tagged species 
studied by Sargent and Whitford^) but for most systems, including 
those studied by Ma and Ho (3) 9 the assumption of l i n e a r i t y i s a 
severe approximation. The equilibrium isotherms for many systems 
of p r a c t i c a l importance are highly non-linear and i n order to 
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increase our understanding of the behaviour of such systems we 
consider here a system i n which the isotherm i s rectangular 
( i r r e v e r s i b l e ) . This i s the extreme l i m i t of highly favourable 
type I isotherm for which the curve approaches a step function: 

q* = o, c = o; q* = q^, c > ο ( l ) 

Mathematical Model 

As an idealized representation we consider a macroporous 
spherical p e l l e t composed of an assemblage of small uniform 
spherical microporous crystals. Transport within both micropores 
and macropores i s assumed to occur by d i f f u s i o n with the co
e f f i c i e n t s D z and Dp independent of concentration. Neglecting 
accumulation with the macropore
adsorbents i s generall
the zeolite c r y s t a l s , the kinetics of sorption may be described 
by a pair of coupled d i f f e r e n t i a l equations: 

(macropore diffusion) (2) 

(micropore diffusion) (3) 

where Q(n,x) i s the dimensionless adsorbed phase concentration 
averaged over a c r y s t a l : 

1 
Q = ^ = 3 I Q(n,Y,xh 2-d Y (k) 

J 

The appropriate i n i t i a l and boundary conditions, assuming a step 
change i n adsorbed phase concentration at the p a r t i c l e surface at 
time zero, are: 

χ(η,ο) = ο ; χ(ΐ,τ) = 1 (5) 

Q(n,o) = ΰ(η,γ,ο) = ο ; Q(n,l,x) = Q* (6) 

= ο (Τ) 
η,ο,τ 

For the case of l i n e a r isotherm (q* = Kc, Q* = Kc/q^) t h i s set of 
equations i s formally similar to the model of Ruckenstein et alS^)m 

A rectangular isotherm implies that theequilibrium absorbed 
phase concentration approaches saturation for any f i n i t e f l u i d 
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phase concentration. Under conditions of macropore di f f u s i o n 
control sorption therefore proceeds from layer to layer through 
the p e l l e t i n a manner similar to the shrinking core model of a 
gas - s o l i d r e a c t i o n ^ >5). The uptake curve i s then given "by: 

0 0 = 2/3 = 
% a c r o = 9 τ/3 = f - f(l-Q) - Q (8) 

ξ = 1 - j § - + Cos j j + i COB - 1 ( 1 J f l ^ j 3 (9) 

For the other extreme case of micropore control the uptake curve 
i s given by the well known solution of eqn. 3 for a step change 
boundary condition: 

M . 0

ξ = Ϊ Γ = 1 " Ρ ^ 1_βχρ[-η2π2τ] (10) 
π η = ι η 

In order to describe the coupled diffusion problem which 
arises when both macropore and micropore resistances are s i g n i f 
icant we note that, for a rectangular isotherm, the progress of 
the concentration front penetrating the pe l l e t can be represented 
as a time dependent step function: 

f o , τ < T f(n) 
e ( n . i . x ) - 8 [ T - T f ( n ) ] e ^ l i t i t f ( n ) 

(11) 

x ( n f , -rf) = ο (12) 

A material balance at the concentration front gives: 

- 3 ax 
3 d T f 3n (13) 

|n=nf 

with n f = 1 , x f = ο at τ = o. (lh) 

Since a c r y s t a l at the r a d i a l position η i n the p e l l e t i s sub
jected to a step change i n surface concentration at time T f(n) 
the uptake curve and the rate of sorption at that point are given 
by: 

Q = 1 - - I ~ e x p [ - n V ( T - T f ( n ) ) ] (15) 
π n = l n 2 
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| ^ = 6 l e x p Ç - n 2 ^ [ T - T f ( n ) ] ( Ξ 3 F [ x - T f ( n ) ] ( l 6 ) 
n = l t j 

s o t h a t e q n . 2 b e c o m e s : 

\ ' i ^ ! ? = » I ^ f ( n ) l ( I T ) 
η 
T h e r e l a t i o n s h i p b e t w e e n x f a n d n f m u s t b e f o u n d by-

s i m u l t a n e o u s s o l u t i o n o f e q n s . 1 3 a n d I T s u b j e c t t o t h e i n i t i a l 
a n d b o u n d a r y c o n d i t i o n s e x p r e s s e d b y e q n s . 5 , 1 2 a n d l U . O n c e 
t h i s r e l a t i o n s h i p i s e s t a b l i s h e
c u l a t e d b y d i r e c t i n t e g r a t i o n

( l " e h m ! ( * 2 --I ) ( 1 8 ) 

M e t h o d o f S o l u t i o n 

T h e s u b s t i t u t i o n y = (n-n f ) / ( l-n f ) w a s e m p l o y e d i n o r d e r t o 

r e d u c e t h e m o v i n g b o u n d a r y p r o b l e m ( e q n s . 1 3 a n d I T ) t o a f i x e d 

b o u n d a r y v a l u e p r o b l e m : 

- & p . m 1 · f i l (19) 
3 d - r f ( l - n f ) 9 y Jy = o 

— + 71 U M ^ + Ί ' U = 3 F [ T - x f ( y ) ] ( 2 0 ) 

( l-nf ) Ly(i-nf) + nfj ay 1 ( i - n f ) 2 a y 2 

χ ( ΐ , τ ) = 1 ; χ ( ο , τ ) = ο ( 2 1 ) 

T h e s e e q u a t i o n s w e r e t h e n s o l v e d b y o r t h o g o n a l c o l l o c a t i o n s i n c e , 
i n t h e s o l u t i o n o f n o n - l i n e a r b o u n d a r y v a l u e p r o b l e m s t h i s m e t h o d 
h a s b e e n s hown t o b e m o r e e f f i c i e n t t h a n t h e f i n i t e d i f f e r e n c e 
a p p r o a c h e s 7 ) . i n a c c o r d a n c e w i t h u s u a l c o l l o c a t i o n p r o c e d u r e 
t h e f o r m o f t h e t r i a l f u n c t i o n i s c h o s e n t o s a t i s f y a u t o m a t i c a l l y 
t h e b o u n d a r y c o n d i t i o n s : 

Ν 
x ( y , T ) = y + y ( l - y ) I a n ( x ) • P n _ 1 ( 2 y - l ) ( 2 2 ) 

n = l 

w h e r e P n _ ] _ i s t h e s h i f t e d L e g e n d r e p o l y n o m i a l o f o r d e r ( n - l ) . 
S u b s t i t u t i o n o f t h e t r i a l f u n c t i o n ( e q n . 2 2 ) i n e q n . 2 0 y i e l d s a 
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set of Ν algebraic equations, one for each collocation point. 
The solution of t h i s set of equations yields the values of the Ν 
coef f i c i e n t s (a n(x)) so that (9x/9y)|y_ o may be evaluated as a 
function of n f for any particular value of τ with β as a 
parameter. Eqn. 19 i s thus reduced to an ordinary d i f f e r e n t i a l 
equation of the form (dn f/dif) = f ( n f ) which may be integrated 
d i r e c t l y by any standard routine such as Runge-Kutta to y i e l d the 
required r e l a t i o n between n f and i f . Since eqn. 19 i s singular 
at the surface of the p a r t i c l e (τ^ = ο, = l ) the numerical 
integration was started from a value of n f s l i g h t l y less than 
unity (usually 0 . 9 5 ) . Corresponding values of if for the i n i t i a l 
region were then obtained by assuming that i n t h i s region the co
e f f i c i e n t s a n i n the t r i a l function are independent of time. 
This assumption i s reasonable when nf i s close to unity  Con
vergence of the solutio
of collocation points
l i t t l e change. 

Theoretical Uptake Curves 

A family of theoretical uptake curves i s shown i n figure 1 . 
For small values of 3 (< 0 . 1) the curves approach the l i m i t i n g 
curve for complete micropore control (eqn. 1 0 ) . As 3 i s increased 
the shape of the curve changes but the l i m i t i n g form for macro-
pore control (eqn. 9) i s approached only when 3 i s very large 
(3 > ΙΟ* 1). For intermediate values of 3 the uptake curves cannot 
be properly represented by a single resistance d i f f u s i o n model. 
Matching uptake curves of t h i s form to eqn. 9 (or eqn. 10) w i l l 
lead to apparent d i f f u s i v i t i e s which vary with f r a c t i o n a l uptake. 
Such trends have been reported i n the l i t e r a t u r e ( 8 , 9 ) and t h i s 
i s one possible explanation. As the two d i f f u s i o n a l resistances 
are not s t r i c t l y i n series the assumption of linear a d d i t i v i t y , 
introduced by Roberts and York(10) cannot be j u s t i f i e d . Such an 
assumption cannot account for the changing shape of the uptake 
curves. 

In figure 1 uptake curves for the present system (rectangular 
isotherm, dual resistance model) are also compared with curves 
calculated from the modified l i n e a r dual resistance, Ruckenstein 
model(ll_). For the rectangular isotherm there i s a d i s t i n c t con
centration front which penetrates the p e l l e t and crystals behind 
the front attain immediately the f i n a l saturation concentration 
at t h eir surfaces. For a linear system the sorbate penetrates 
the p e l l e t more rapidly although the concentration i n the central 
region i s low. The i n i t i a l rate of uptake i s faster for a li n e a r 
system as more crystals are i n contact with the sorbate. However 
as sorption proceeds uptake by the rectangular system becomes 
r e l a t i v e l y more rapid due to the effect of the higher sorbate con
centration at the surface of the c r y s t a l s . The qualitative 
difference in. the shapes of the curves can be understood on t h i s 
basis. 
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isotherms were essentially the same (Dofc* 2 . 5 x l 0 _ 1 1 + cm 2.sec" 1 as 
compared with βχΙΟ" 1^ cm 2.sec" 1 from extrapolation of high temper
ature data obtained with the larger Linde 5A crystals The 
theoretical l i n e s i n figure k are back calculated from eqn. 23 and 
i t i s evident that the differences i n the d i f f e r e n t i a l coefficients 
(D z) are due mainly to the differences i n the isotherms. 

The values of D z determined from the integral experiments 
(h.2,5.0 and 6 . 0 χ 1 0 " l i + cm 2.sec" 1) are somewhat higher than the 
li m i t i n g values of DQ. This i s to be expected since the integral 
d i f f u s i v i t y should correspond to an average value of Dz calculated 
over the range ο -* qm: * η · qm 

Z %η J 
D z-d q (2k) 

P e l l e t diameter 0 . 3 8 7 cm
mental p e l l e t density 1 .12 gm.cm"^. Porosity, calculated assuming 
s o l i d density 1 .57 gm.cm"3 ε = 0 . 2 9 . Mean macropore radius 
^ U50Â. Values of Κ from slopes of experimental isotherm. 
Integration of the curve of figure k yields values of D z close to 
the experimental values and showing the observed increasing trend 
with increasing pressure. 

The importance of considering both macropore and micropore re
sistances may be seen by examining the sorption curves for the 
d i f f e r e n t i a l runs which, i n the i n i t i a l region, are almost li n e a r 
i n /T" The time constants calculated from the i n i t i a l slopes of 
these curves, assuming only a single d i f f u s i o n a l resistance 
(either micropore or macropore as i n eqn. 9 or 1 0 ) , are compared 
i n table II with the values derived from the linear dual r e s i s 
tance model. It i s evident that, under these conditions, the 
assumption of a single resistance w i l l lead to large errors i n the 
calculated d i f f u s i v i t i e s . Since a bed of zeolite crystals can act 
l i k e a macroporous p e l l e t the possible intrusion of secondary d i f 
fusional resistance i s a factor which should always be considered 
i n the analysis of transient sorption curves. 
Conclusions 

In the analysis of the single resistance d i f f u s i o n problem i t 
has been shown that, for systems i n which the d i f f u s i v i t y increases 
with sorbate concentration, the form of the uptake curve d i f f e r s 
TABLE II - Comparison of Diffusion Time Constants Calculated from 

Single Resistance and Dual Resistance Models (sec" 1!" 
Calculated From Linear Calculated from Single s i s -

Run Dual Resistance Model tance Models 
( D z / r z

2 ) χ 101* (D p/R p
2) Eqn. 8 Eqn. 9 

P ( D z / r z
2 ) χ 10U (Dp/Rp2) 

D-l 2 . 1 0 . 2 0 0 . 5 0 . 0 6 l 
D-2 2 . 9 2 . 2 1 0 . 5 7 0 . 0 5 5 
D-3 k.l 0 . 0 6 3 0.U6 0 . 0 3 1 
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Comparison of Theory and Experiment 
Experimental isotherms for cis-2-butene i n Davison 5A sieve 

(crystals and binderless p e l l e t at 2T3°K are shown i n figure 2. 
The isotherms are highly favourable and at th i s temperature sorp
t i o n i s slow and approximately isothermal. In an integral adsorp
ti o n experiment the requirements of the rectangular iostherm bipore 
model are therefore approximately f u l f i l l e d whereas i n a differen
t i a l experiment the system w i l l be approximately l i n e a r . Under 
d i f f e r e n t i a l conditions adsorption and desorption curves are iden
t i c a l but desorption measurements are experimentally easier. The 
experimental values of 3 and D z / r z

2 (Table I) were determined by 
matching the experimental uptake curves to the appropriate family 
of dimensionless theoretical curves (rectangular or linear model). 
The difference between d i f f e r e n t i a l and integral curves i s evident 
i n figure 3. Deviation
curves are more pronounce
be expected since the assumption of a constant d i f f u s i v i t y i s a 
more severe approximation i n the integral case. Furthermore, the 
lower value of 3 implies greater influence of micropore resistance 
and under these conditions deviations i n the t a i l of the curve are 
to be expected due to cr y s t a l size d i s t r i b u t i o n ( l 2 ) . Also given 
in Table I are the values of 3 calculated a p r i o r i assuming a 
tortuosity factor of Knudsen di f f u s i o n i n the macro-
pores i s dominant but at the higher pressures molecular d i f f u s i o n 
i s also s i g n i f i c a n t . Although the the o r e t i c a l l y estimated values 
of 3 are smaller than the experimental values there i s order of 
magnitude agreement. 

Micropore d i f f u s i v i t i e s calculated from the d i f f e r e n t i a l runs 
are shown i n figure k which includes also the values obtained from 
d i f f e r e n t i a l experiments with unaggregated crystals (3*o). The 
d i f f e r e n t i a l d i f f u s i v i t i e s show the usual strong concentration de
pendence ar i s i n g from the non-linearity of the equilibrium i s o -
t h e m : D z = D 0(dlnc/dlnq) (23) 
For both sizes of cr y s t a l and for the p e l l e t the values of D Q c a l 
culated from eqn. 23 using the values of (dlnc/dlnq) from the 

TABLE I - Details of Experiments and Calculated Parameters 
From. Curve Matching Estimated Values 

Ρ •> Έ>2 1 0^(D z/r z 2 ) 3 3 Dp/Rp2 

D i f f e r e n t i a l (torr) Κ ( s e c - 1 ) (sec" 1) 

D-l U . 2 - 2 . 9 505 2 . 1 k 2 0.1* 
D-2 7 . 5 - ^ . 2 390 2 . 9 k 2 . 1 O.h 

D-3 8 . 6 - 7 . 5 210 k.l 8 1 .6 O.k 
Integral qm(mmoles.cm"3) 

0 . 3 8 1-1 0-51 3 . 3 1 0.3b 1 0 . 7 5 0 . 3 8 
1-2 0-99 3 .U6 O.Ul 1 0 . 5 0 . 3 5 
1-3 0-199 3 .55 0 . 5 2 1 O.h 0 . 3 
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10' 3 10"2 10'1 1 10 ίο 2 

Figure 1. Comparison of theoretical uptake curves calculated from linear and rectan
gular isotherm dual resistance models. The line for macropore control (equation 9) is 

plotted for β = 10* on the micropore time scale. 
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Figure 2. Experimental isotherms for sorption of cis-2-butene at 273°Κ in Davison 
5A sieve. 0.7 micron crystals, X; 0.35 micron crystals, +; pellet, O . 
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ο ο 

Jl ( s e c * ) 

Figure 3. Comparison of theoretical and experimental sorption 
curves. Theoretical curves for run D-l from linear dual resistance 
model and for run 1-1 from rectangular dual resistance model 

Parameters are given inTable 1. 
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Figure 4. Variation of micropore dif
fusivity with sorbate concentration. 
Pellet, A; 0.7 micron cry stab, O; 0.35 
micron crystals, χ. Theoretical curves 
are from equation 23 with D0 = 2.5 X 
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only s l i g h t l y from the constant d i f f u s i v i t y case (15). The as sump- ' 
t i o n of a constant effective micropore d i f f u s i v i t y may therefore 
be an acceptable approximation i n the present model although i n a 
rigorous analysis the concentration dependence would have to be 
considered. 

The theoretical uptake curves for an i r r e v e r s i b l y adsorbed 
species i n a bi-porous molecular sieve p e l l e t d i f f e r s significantly 
from the equivalent curves for a l i n e a r system. The proposed 
model provides a satisfactory interpretation of experimental i n 
tegral uptake curves for cis-2-butene i n Davison 5A sieve at 2T3°K 
since for t h i s system, under the experimental conditions, the 
assumption of a rectangular isotherm i s a reasonable approximation. 
By contrast, i n d i f f e r e n t i a l experiments, the system can be con
sidered as linear and the sorption curves conform to the predic
tions of the l i n e a r dual resistanc  model  Fo  complet
confirmation of the v a l i d i t
experiments with pe l l e t
Notation 
c f l u i d phase concentration of adsorbate 
c 0 f l u i d phase concentration at external surface of p e l l e t 
D z d i f f u s i v i t y of sorbate i n zeolite c r y s t a l 
Dp macropore d i f f u s i v i t y (based on pore area) 
q adsorbed phase concentration (moles/unit s o l i d volume) 
qm saturation capacity of adsorbed phase 
q* equilibrium adsorbed phase concentration 
q adsorbed phase concentration averaged over a c r y s t a l 
t adsorbed phase concentration averaged over the p e l l e t 
r r a d i a l coordinate for c r y s t a l 
r z equivalent radius of zeolite c r y s t a l 
R r a d i a l coordinate for p e l l e t 
Rp equivalent radius of p e l l e t 
t time 
Dimensionless Variables 
Κ dimensionless equilibrium constant for linear system 
mt/m^ f r a c t i o n a l uptake by a c r y s t a l 
Mt/M^ f r a c t i o n a l uptake by p e l l e t as defined by eqn. 20 
Q q/qm 
Q |/Qm 

Q* <l/0m 
η R/Rp 
nf value of η at concentration front 
γ r / r z 

χ c/c 0 

(D z/r z2)/(Dp/R p2) 
τ D z t / r z

2 

T f value of τ at concentration front (nf) 
3 3α(ΐ-ε) α^/ε c Q 

ε void f r a c t i o n of p e l l e t 
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36 
Effects of Exchangeable Cations on Diffusion 

in Faujasite Pellets 

TING YUEH L E E and YI HUA MA 

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

Intracrystalline diffusion coefficients of n-butane, iso-
butane and 1-butene in Na-, Ca- and La-form of synthetic fauja
site were measured in a constant volume, well-stirred system. 
The diffusion coefficient decreases in the following order for 
all three hydrocarbons: Di(LaX(Na)) > Di(CaX(Na)) > Di(NaX) 
The activation energy for diffusion ranges from 4 to 11 
kcal/g-mole. 

Introduction 

Sorption rates of d i f fe rent molecules are sens i t ive to the 
ionic rad i i o f , and the interact ion with, the exchangeable 
cations. By base exchange of the molecular s ieve, i t i s possible 
to modify the character i s t i c s of the cav i t ies of the sieves lead
ing to potential appl ications in pur i f i ca t ion and separation 
processes. Barrer and his co-workers (1,2,3) studied the d i f f u 
sion and equi l ibrium properties of Kr, A r , N2, 02 and H2 in L i , 
Na, Κ, NH4, Ca and Ba ion-exchanged mordenites. It was found 
that the energy of act ivat ion for d i f fus ion depends upon the 
ionic radius and the po lar iz ing power of the i n t e r s t i t i a l cat ion. 
A series of c r y s t a l l i ne sorbents, in which the framework charge 
and cation density were progressively reduced by reacting the 
zeo l i te with acid so lut ion, had been studied and characterized by 
sorption of C02 and Kr. They found that the extent of decat ion i -
zation altered the molecular sieve character and a f f i n i t y for CO2 
but to a les s ter extent for Kr. The d ipo le , quadrupole, d isper
s ion, repulsion and po lar izat ion contribution to the i so s te r i c 
heat were also discussed. Habgood (4) studied the sorption prop
er t ies of n-alkanes in LiX, NaX, andKX and found that the rad i i 
and posit ions of the cations affected the heat of adsorption. 
Bosacek (5) investigated the ef fects of various contents of K + 

and C a + + cations on adsorption and chromatographic s e l e c t i v i t y 
of X-type zeo l i te s . He found that K + p re ferent ia l l y occupied the 
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S i n posit ions and C a + + occupied Sj posit ions. Smith (6) summa
r ized the X-ray d i f f r a c t i on studies on H2O-, SO2-, K r - f X e - , 12-, 
and Br2-complexes of Linde A s ieve, on H2O-, CI2-, and Br2-com-
plexes of chabazite and on H20-complexes of many zeo l i tes with 
various pore s izes. He concluded that the exchangeable cations 
often moved in response to the sorbed molecules. 

In the present study, the ef fects of cations upon the d i f f u 
sion of η-butane, iso-butane and 1-butene were investigated. NaX 
and i t s ion-exchanged forms of CaX(Na) and LaX(Na) were chosen 
for the study due to the industr ia l importance of the zeo l i te s . 

Apparatus and Procedure 

A we l l - s t i r red constan
for the d i f fus ion study
were placed in two baskets which were rotated at 3,300 rpm in a 
constant volume sorption chamber shown in Figure 1. A measured 
amount of sorbate gas was injected into the reactor through an 
in ject ion port. Gas samples were withdrawn through the sampling 
loop and the gas phase concentration was analyzed by gas chroma-
tograph. A detai led descr ipt ion of the apparatus and the pro
cedure can be found in (8). 

Helium and C4-hydrocarbon gases are research grade obtained 
from the Matheson Company. They were passed through columns 
packed with 5A sieve pe l le t s to remove trace quantity of water. 
Zeol i te X was provided by Davison Chemical Div is ion of W.R. Grace 
Company. Ion exchange of the NaX was done by contacting the zeo
l i t e with calcium acetate solut ion and lanthanum n i t rate solut ion 
at room temperature. X-ray fluorescence analysis was employed 
to determine the extent of completion of the ion exchange. The 
completion of exchange for CaX(Na) was about 85% and for LaX(Na) 
was about 75%. Twenty weight percent Georgia kao l in i te clay was 
then added as a binder for the formation of spherical pe l l e t s . 
It has been shown (9j that the e f fec t of the inert binder upon 
d i f fus ion is neg l ig ib le . The average radius of the part ic les is 
0.230 cm and the average crysta l s i ze as measured by an electron 
microscope i s 108ym. 

Results and Discussion 

The mathematical model developed by Ma and Lee (J3) is em
ployed for the determination of the micropore d i f fus ion c o e f f i 
c ients. If one considers Ν spherical par t i c les immersed in a 
reservoir of we l l - s t i r red f l u i d of volume V, mass balances in 
both macropores ( i n te rc ry s t a l l i ne pores) and micropores ( i n t r a 
c ry s t a l l i ne pores) give 
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3 k C a 

(r 2 — ar a

 v aar α α 
ε a (1) 

Material balance in the f l u i d gives 

3 2 C . 2 3C. 3C. 
1 Λ. 1\ _ 1 (2) 

(3) 

The assumptions involved in deriving Equations (1)» (2) and (3) 
and the appropriate i n i t i a l and boundary conditions necessary for 
the solut ion of these equations can be found in {8}. Once the 
solut ion is obtained,

ra t io which i s th
concentration in the bulk phase and can be measured experiment
a l l y . The experimental data were then f i t t e d with the theoret i 
cal curves to determine the i n t r ac ry s t a l l i ne d i f fus ion c o e f f i 
c ient (8). A typica l comparison between theoret ical results and 
experimental data is shown in Figure 2 which shows good agreement 
between theoret ical and experimental values. 

Dif fus ion measurements were made for three hydrocarbons, n-
butane, iso-butane and 1-butene, on NaX(Na) and LaX(Na)- at three 
temperatures, 5°C, 35°C and 60°C. The results of these measure
ments are tabulated in Table I, II and III together with the 
constants used for the determination of the i n t r ac ry s t a l l i ne d i f 
fusion coe f f i c i en t s . It should be noted that these constants 
were determined independently. In pa r t i cu l a r , Henry's law con
stant, K, i s obtained from independent adsorption equi l ibr ium 
studies (10). A typical Arrhenius p lot of the i n t r ac ry s t a l l i ne 
d i f fus ion coef f i c ient s as a function of temperature for NaX pe l 
lets i s shown in Figure 3. The act ivat ion energies calculated 
from the Arrhenius plots are l i s t e d in Tables I, II, and III. 

From the results shown in Table I, II and III, i t i s e v i 
dent that the i n t r ac ry s t a l l i ne d i f fus ion coe f f i c i en t decreases 
in the following order for a l l three hydrocarbons: 

This is caused by the fact that one Ca cation replaces two Na 
cations and one La cation replaces three Na cations due to the i r 
differences in valences. The cation s i tes are d i f fe rent in the 
framework of the zeo l i te and thus o f fe r d i f fe rent resistances to 
sorbate d i f fu s ion . It appears that the channels of the C a + + and 
L a + + exchanged forms of the X zeo l i te were opened up somewhat 
due to a lesser number of cations present. This i s consistent 

D^LaXiNa)) > D^CaXiNa)) > D^NaX) 
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Figure 1. Constant volume sorption chamber 
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Figure 2. Diffusion of iso-butane in LaX(Na) pellets 
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with the order of increase in act ivat ion energies for d i f fu s ion . 

E(LaX(Na)) * E(CaX(Na)) < E(NaX) 

This indicates that low d i f fus ion coef f i c ient s are associated 
with high act ivat ion energies. This i s consistent with the fact 
that a low d i f fus ion coe f f i c i en t means a high d i f fus iona l r e s i s 
tance and thus the molecules encounter higher energy barr iers . 

The magnitudes of the i n t r ac ry s t a l l i ne d i f fus ion c o e f f i 
cients for CaX(Na) and NaX are in the fol lowing order for the 
three gases: iso-butane > n-butane > 1-butene. Comparison of 
the overal l molecular s izes of three gases would be reasonable 
for the present case as the pore openings are r e l a t i ve l y larger 
than the s izes of the
s izes of these three molecule
bond angle, re l a t i ve or ientat ion of the atoms, and carbon-carbon 
bond rotat ion indicates that iso-butane is somewhat smaller than 
η-butane and 1-butene and thus can d i f fuse faster than the other 
two gases. 

It i s interest ing to note that the order of the values of 
the i n t r ac ry s t a l l i ne d i f fus ion coef f i c ient s for iso-butane and 
η-butane is reversed for LaX(Na). This might be caused by the 
larger ionic radius of the La cat ion. The e l e c t r o s t a t i c 0 o r i n 
duced or dispersed forces of the s imi lar s ized Na + (0.98A) and 
Ca*1"*" (1.06A) ions acting on the incoming molecules appear to be 
approximately equivalent in this system. On the other hand, the 
L a * + + cation has a somewhat larger ion ic radius of 1.28Â and the 
posit ions of the L a + + + cations are, in general, much farther d i s 
placed into the supercages from the pore wall ( i . e . , in s i tes III 
and IV as discussed by Breck (7)). The interact ion between the 
more or less spherical iso-butane molecules and L a + + + cations is 
probably larger than that of the long η-butane molecules and 
L a + + + cations. Consequently, iso-butane molecules d i f fuse 
slower than η-butane molecules in LaX(Na). 

The d i f fus ion coe f f i c i en t for 1-butene is the lowest in a l l 
three ion-exchanged forms of the X z e o l i t e . This i s caused by a 
greater interact ion exist ing between the cation and 1-butene 
molecules due to the presence of a double bond. Such a strong 
interact ion would cer ta in ly slow down the molecular movement and 
give a low d i f fus ion coe f f i c i en t . 

The i n t r ac ry s t a l l i ne d i f fus ion coe f f i c i en t i s between 10 ^ 
cm 2/s and 10""5 C m 2 / s . These values are somewhat lower than 
those previously reported by Ma and Ho (11) for d i f fus ion of a l 
iène and methyl acetylene in X zeo l i te buFhigher than those re 
ported by Riekert Q 2 ) on s imi lar systems ( 1 0 " 1 3 to 10-18cm2/sec 
for zeo l i te T) . The re l a t i ve l y low value of d i f fus ion c o e f f i -
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cients may also be due to the presence of the " i n e r t " gas helium. 
The act ivat ion energy for d i f fus ion ranges from 4 Kcal/g-mole to 
11 Kca/g-mole which are quite reasonable for the systems reported 
here. 

Conclusions 

The ef fects of cations in X zeo l i te upon i n t r ac ry s t a l l i ne 
d i f fus ion coef f i c ient s were investigated. Three ion-exchanged 
forms of the zeo l i te were employed in the study: NaX, CaX(Na) 
and LaX(Na). The i n t r ac ry s t a l l i ne d i f fus ion coef f i c ients were 
determined at three temperatures, 5°C, 35°C and 60°C for a l l 
three ion-exchanged forms of faujas i te . The d i f fus ion c o e f f i 
cients were found to decrease in the following order for a l l 
three hydrocarbons (η-butane  iso-butane  1-butene)

D^LaXiNa)) > D^CaXfNa)) > D^NaX) 

This is caused by the replacement of Na + cations by one th i rd 
the number of La"1"1"1" cations or one-half the number of C a + + cat
ions which have d i f fe rent s i tes in the z e o l i t i c framework and 
o f fe r d i f fe rent resistances to sorbate d i f fu s ion . This i s con
s i s tent with the order of increase in act ivat ion energies for 
d i f fus ion. 

EUaXfNa))* E(CaX(Na)) < E(NaX) 

The magnitudes of the i n t rac ry s ta l l i ne d i f fus ion c o e f f i 
cients for CaX(Na) and NaX are in the fol lowing order for three 
gases: 

iso-butane > n-butane > 1-butene 

The order of iso-butene and η-butane i s reversed for LaX(Na) 
and is probably caused by the stronger interact ion between the 
L a + + + cation and the d i f fus ing molecules. 
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Notation 

C = concentration of sorbate, m moles cm' 
D = d i f fus ion coe f f i c i en t , cm2s~l 
D|< = Knudsen d i f fus ion coe f f i c i en t , cm2s" 
Ε = act ivat ion energy, Kcal mole"' 
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Κ = equilibrium constant 
Ν = number of adsorbent particles 
R = radius, cm 
r = radial distance, cm 
t = time, s 
Τ = temperature, °K 
V = volume of reactor, cm3 

Greek Letters 

τ = D at/R a
2 

ε = void volume 

Subscripts 

i = micropore 
a = macropore 
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37 
Inter- and Intraparticle Diffusion of Ions in 

Zeolites 

G. T. KOKOTAILO, S. L. LAWTON, and S. SAWRUK 

Mobil Research and Development Corp., Paulsboro, N.J. 08066 

Ion migration in and between different cationic 
forms of the crys ta l l ine zeolites A and X has been 
monitored by x-ray d i f f r a c t i o n . The mobility of the 
ions is dependent on their state of hydration and 
temperature. The re lat ive order of rates of inter-
crys ta l l ine ion exchange was determined. 

Introduction 

In the determination of z e o l i t e structures i t i s 
d i f f i c u l t i f not impossible t o lo c a t e a l l the c a t i o n s . 
This i s thought t o be due to the low occupancy of 
c e r t a i n s i t e s by these cations or to t h e i r m o b i l i t y . 
For example, i n the st r u c t u r e determination of ZK-5 (1), 
i t was found that a lower R f a c t o r could be obtained"" 
f o r x-ray d i f f r a c t i o n data obtained from a sample at 
150°C than f o r that at room temperature. This i s con
s i s t e n t with a reduction i n d i f f u s e s c a t t e r i n g by 
removal of water and by a more r i g i d binding of 
cations to the framework. 

Nuclear magnetic studies (2) of hydrated and out-
gassed NaX and NaY z e o l i t e s have shown that the sodium 
ions are mobile, with the speed of motion being a 
function of water content. The temperature dependence 
of the c a t i o n resonance, and the very narrow proton 
resonance l i n e width at temperatures above -20°C 
i n d i c a t i n g almost complete freedom of motion of water 
molecules i n the z e o l i t e c a v i t i e s , has been found (3). 
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H i r s t (£) has reported that the 23Na NMR spectra of 
water loaded NaA and NaX ind i c a t e d motional narrowing 
by 2 3 N a + t r a n s l a t i o n a l jumps. 

The m o b i l i t y of the cations i n z e o l i t e s and t h e i r 
migration across contact boundaries between adjacent 
c r y s t a l s may be studied using x-ray d i f f r a c t i o n by 
observing the r a t e of change of l a t t i c e parameter. 
In z e o l i t e s the c a t i o n jumps w i l l be dominated by the 
s i z e of the c a v i t i e s , openings to c a v i t i e s , p e r i o d 
i c i t y i n the c r y s t a l l i n e e l e c t r o s t a t i c f i e l d s and 
contact of c r y s t a l s with each other. 

In t h i s paper we report on the i n t e r - and i n t r a 
c r y s t a l l i n e migration of cations i n LiA-NaA, LiA-CaA, 
LiA-NH 4A, LiX-NaX,
function of hydratio  temperature

LiX and LiA z e o l i t e s were chosen i n t h i s study 
p r i m a r i l y because of t h e i r large d i f f e r e n c e s i n 
l a t t i c e parameters from those of other c a t i o n forms. 
By making use of t h i s f a c t , changes i n ion content 
may be r e a d i l y monitored by means of x-ray d i f f r a c t 
ion techniques. 

The study o f the m o b i l i t y of ions i n z e o l i t e s i s 
of i n t e r e s t i n s t r u c t u r e determination and i n s o l i d 
s t a t e ion exchange. 

Experimental 

The z e o l i t e s used were Linde 13X (NaX), Lot 
187832; Linde 10X (CaX), Lot 109; Linde 4A (NaA), 
Lot 4353; and Linde 5A (CaA), Lot 5104. Samples of 
LiX and LiA were prepared by aqueous ion exchange 
with reagent grade L i C l at 90°C. The ion exchanges 
were repeated u n t i l no fu r t h e r change i n l a t t i c e 
parameter was observed. The samples were washed with 
hot water and d r i e d , and 92% of the Na cations were 
replaced by L i i n NaA and 95% i n NaX. Samples of 
NH4X and NH4A were prepared by exchanging the sodium 
forms with NH4NO3 at room temperature, washing and 
dryin g . 

In the hydrated mixture studies the component 
z e o l i t e s were f i r s t e q u i l i b r a t e d a t room temperature 
with an atmosphere at a r e l a t i v e humidity of 50%. The 
mixed systems were then prepared by p l a c i n g 0.2 gm of 
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each component i n a p l a s t i c v i a l , together with a 
p l a s t i c sphere, and mixing with a Wiggle Bug fo r two 
minutes. The Wiggle Bug describes a f i g u r e 8 motion 
with 100 v i b r a t i o n s per second. This a c t i o n gives a 
high degree o f mixing and p a r t i c l e - t o - p a r t i c l e contact 
without introducing any appreciable g r i n d i n g a c t i o n . 
X-ray d i f f r a c t i o n patterns were obtained immediately 
a f t e r mixing. In the dehydrated mixture studies the 
i n d i v i d u a l components of equal weight were f i r s t c a l 
cined for s i x hours at 500°C i n ambient a i r , then 
mixed hot and c a l c i n e d f u r t h e r . Samples were with
drawn at various time i n t e r v a l s and immediately 
scanned by an x-ray d i f f r a c t o m e t e r

The x-ray d i f f r a c t i o
a Norelco x-ray d i f f r a c t o m e t e  and n i c k e  f i l t e r e d 
copper r a d i a t i o n . Patterns were obtained w i t h i n the 
angular range 2Θ<36° at a scanning r a t e of 1/2° per 
minute. Owing to the observed i n t e r p a r t i c l e ion mi
gra t i o n which takes place the i n s t a n t two hydrated 
z e o l i t e s of d i s s i m i l a r cations are p h y s i c a l l y mixed, 
reference patterns of the mixed systems ( v i z . , LiA-
NaA, LiX-NaX, LiA-NaX, etc.) p r i o r to ion migration 
were obtained by superimposing separate d i f f r a c t i o n 
scans of the component z e o l i t e s on the same chart 
paper. 

Results 

LiA-NaA System. The superimposed x-ray d i f f r a c t 
ion patterns of LiA and NaA are shown i n Figure 1. 
The doublet nature of the pattern shows the large 
d i f f e r e n c e i n l a t t i c e parameters. Mixing equal weights 
of the hydrated z e o l i t e s f o r two minutes i n a Wiggle 
Bug produced a large ion migration i n d i c a t e d by the 
almost complete disappearance of the doublets i n the 
x-ray pattern (Figure 1). The peaks are not Gaussian 
and are due to a two phase system of nearly equal 
composition, and intermediate l a t t i c e parameter. 

When the two z e o l i t e s are precalcined fer 6 hrs. a t 
500°C and mixed hot i n a 1:1 r a t i o , an x-ray pattern (run 
immediately a f t e r mixing with no e q u i l i b r a t i o n ) i s 
generated which i n d i c a t e s the occurrence of v i r t u a l l y 
no ion migration. This i s evident by a comparison of 
the subsequent doublet pattern with that of the super-
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* Superimposed pattern? 
I * denote LiA reflections 

Precalcined 6 hrs at 500°C, 
mixed hot 

Precalcined 6 hrs at 500°C, 
mixed hot, further calcined 
30 hrs at 500°C 

Figure 1. X-ray diffraction patterns of LiA-NaA system 
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imposed patterns (Figure 1). An x-ray d i f f r a c t i o n 
pattern of the mixture c a l c i n e d f o r t h i r t y hours at 
500°C i s e s s e n t i a l l y the same as that of the two 
minute mixed hydrated sample, i n d i c a t i n g that con
s i d e r a b l e i n t e r - and i n t r a c r y s t a l l i n e ion migration 
had occurred at t h i s elevated temperature. 

LiA-NHyjA System. The two minute Wiggle Bug mix
ing of equal weight hydrated components y i e l d s an 
x-ray d i f f r a c t i o n pattern showing a sharp s i n g l e t 
pattern with an intermediate l a t t i c e parameter, i n d i 
c a t i n g a s i n g l e phase L1NH4A z e o l i t e s i m i l a r to LiNaA. 

LiA-CaA System
the two minute Wiggl
nents shows very l i t t l e s h i f t i n g of d i f f r a c t i o n l i n e s 
as compared t o the superimposed patterns (Figure 2), 
i n d i c a t i n g very l i t t l e i n t e r p a r t i c l e migration of L i + 

and C a + + ions. The precalcined (6 hours at 500°C) 
z e o l i t e s mixed hot and furth e r c a l c i n e d 48 hours at 
500°C remains a two phase mixture but with a decrease 
i n l a t t i c e parameter df both components (Figure 2). 
Further heating f o r 406 hours at 500°C r e s u l t s i n a 
three phase system (Figure 2). The predominantly LiA 
phase has an expanded l a t t i c e while the predominantly 
CaA phase i s s p l i t i n t o two phases, one with a la r g e r 
and the other with a smaller l a t t i c e parameter. Since 
the Linde 5A (CaA) i s a CaNaA the r e d i s t r i b u t i o n of 
both L i and Na ions i n the CaA stru c t u r e may be r e 
sponsible f o r the three phase system. 

LiX-NaX System. A mixture of equal weights of 
hydrated components shows a s i n g l e phase system with 
an intermediate l a t t i c e parameter as compared to the 
superimposed patterns (Figure 3). When the z e o l i t e s 
are p r e c a l c i n e d f o r 6 hours at 500°C and mixed hot, 
the doublet nature of the r e s u l t i n g d i f f r a c t i o n pattern 
i n d i c a t e s a two phase system with no change i n l a t t i c e 
parameter when compared to the superimposed patterns. 
C a l c i n a t i o n of the mixture for 14 hours shows a trend 
toward a s i n g l e phase LiNaX system (Figure 3) with an 
intermediate l a t t i c e parameter. 

LiX-NE^X System. A mixture of the 1:1 hydrated 
components y i e l d s a s i n g l e phase LiNH^X system with 
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Superimposed pattern; 
* denote LiA r e f l e c t i o n s 

~ J 

Two minute Wiqgle Bug 
mixture of 1:1 
hydrated components 

- j 

Precalcined 6 hrs at 500°C, 
mixed hot and calc i n e d 
48 hrs at 500°C 

J 

Precalcined 6 hrs at 
500°C f mixed hot and 
calci n e d 406 hrs at 
500°C 

20 
2Θ 

Figure 2. X-ray diffraction patterns of LiA-CaA system 
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Figure 3. X-ray diffraction patterns of LiX-NaX system 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



446 M O L E C U L A R SIEVES—Π 

an intermediate l a t t i c e parameter s i m i l a r t o LiNaX. 
LiA-NaX System. A mixed hydrated system shows a 

decrease i n the l a t t i c e parameter of the NaX phase 
and an increase i n the parameter of the LiA phase, 
i n d i c a t i n g the two homogeneous phases LiNaA and LiNaX 
(Figure 4). 

The x-ray d i f f r a c t i o n pattern of the precalcined 
(6 hours at 500°C) LiA and NaX mixed hot and c a l c i n e d 
18 hours at 500°C shows a small change i n the l a t t i c e 
parameters of the two phases, i n d i c a t i n g some i n t e r -
c r y s t a l l i n e c a t i o n migration. C a l c i n a t i o n f o r 98 hours 
at 500°C changes the l a t t i c e parameters furt h e r and 
a f t e r 208 hours at 500°
LiNaA and LiNaX had

Discussion 

The s t r u c t u r e of Linde A i s w e l l known (j>-j3) . i t 
has 4.1A openings and a l l the cations occupy s i t e s 
i n the large c a v i t y ; none have been found i n the 
s o d a l i t e cages. The Linde X s t r u c t u r e has a large 
c a v i t y 13A i n diameter and windows of about 7.4A i n 
diameter (9,10). The large c a v i t i e s and openings i n 
Linde X should make ion and water migration more f a c i l e 
than i n Linde A. The r e s u l t s of NMR studies ( 3 ) of 
cations and water i n z e o l i t e s i n d i c a t e that cations 
form a kind of c a t i o n s o l u t i o n with adsorbed water and 
the anionic framework. 

The i n t e r s i t e motion of cations would thus be 
f a c i l i t a t e d by the presence of water. A l l the cations 
are s i t u a t e d on the surface of the a l u m i n o - s i l i c a t e 
framework. This ion migration would then be a surface 
rather than bulk phenomenon. Barrer(11) reported that 
surface d i f f u s i o n c o e f f i c i e n t s are much la r g e r than 
bulk. The very f a s t i n t e r - and i n t r a p a r t i c l e migration 
of l i t h i u m , sodium and ammonium ions i n the hydrated 
case confirms t h i s . The hydrated i o n i c r a d i i , and the 
number of water molecules associated with a f u l l y hy
drated ion i n d i c a t e d i n parentheses, of L i + , Na +, K +, 
and NH 4

+ are 3.82 (2.8), 3.58 (1.2), 3.31 (0.9) and 
3.31A(0.5), r e s p e c t i v e l y , compared with the dehydrated 
i o n i c r a d i i 0.60, 0.95, 1.33 and 1.48A (12). The 
smaller ions become more hydrated and t h e i r large r a d i i 
reduce the rate of migration. The large ions such as 
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Superimposed pattern; 
* denote LiA r e f l e c t i o n s 

Two minute Wiggle Bug mixture 
of 1:1 hydrated components 

Precalcined 6 hrs at 500°C, 
mixed hot and c a l c i n e d 18 hrs 
at 500°C 

Precalcined 6 hrs at 500°C, 
mixed hot and c a l c i n e d 
98 hrs at 500°C 

Precalcined 6 hrs at 500°C, 
mixed hot and c a l c i n e d 
208 hrs at 500°C 

Figure 4. X-ray diffraction patterns of the LiA-NaX system 
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K + and NH44" are e s s e n t i a l l y bare or unhydrated and 
t h e i r m o b i l i t y i s greater because of t h e i r smaller hy
drated r a d i i (12). 

The increased rate of i n t e r - m i g r a t i o n of ions i n 
the L i + - NH 4

+ over the L i + - Na + system i s consistent 
with the higher m o b i l i t y of ions with smaller hydrated 
r a d i i . Of course, the cations i n the z e o l i t e systems 
studied may not be f u l l y hydrated and may have smaller 
hydrated r a d i i with lower m o b i l i t y . 

The lack of i n t r a p a r t i c l e d i f f u s i o n of ions i n 
the hydrated L i + - C a + + z e o l i t e system i s probably due 
to the d i f f e r e n c e i n valence s t a t e of the c a t i o n s . 
The hydrated cand dehydrated i o n i c r a d i i of C a + + are 
4.12 and .99A, i n d i c a t i n
This should reduce i t y
p l e t e l y . 

The large decrease i n t h i s r a t e of migration at 
elevated temperatures (500°C) confirms the part that 
water p l a y s . Of course, there was considerably 
greater contact of z e o l i t e c r y s t a l s i n the room temper
ature case. 

P a r t i a l dehydration of NaY and f a u j a s i t e z e o l i t e s , 
which have e s s e n t i a l l y the same st r u c t u r e as NaX but 
d i f f e r i n g i n the S i / A l r a t i o and c a t i o n content, cause 
some of the cations to move i n t o s i t e 1 (the double 
six-membered r i n g ) . Bennett and Smith (13) have r e 
ported that i n dehydrated calcium-exchanged f a u j a s i t e , 
t h i s s i t e was f u l l y occupied. This was a l s o reported 
by Baur (14). 

Calcium ions show a large preference f o r water 
molecules and i n the hydrated z e o l i t e s t r u c t u r e are 
l o o s e l y bound to the anionic framework. When the 
calcium ion loses i t s water of hydration, i t wants to 
surround i t s e l f with oxygen ions and therefore buries 
i t s e l f i n t o the anionic framework with a preference 
f o r small cages, such as the double six-membered r i n g s . 
It now becomes more t i g h t l y bound and i t s ease of 
migration to other s i t e s i s considerably retarded. Re
hydration w i l l allow i t to migrate from s i t e 1 to 
other s i t e s i n the s t r u c t u r e . The very slow i n t e r -
and i n t r a p a r t i c l e migration of calcium ions i s , i n 
part, due to t h i s t i g h t e r binding of calcium ions on 
dehydration. I t i s a l s o p a r t i a l l y due to the r e p l a c e 
ment of one calcium ion by two l i t h i u m ions i n t h i s 
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random walk process. Sodium a l s o shows a tendency t o 
migrate t o s i t e 1 on dehydration, as seen i n the NaY 
case (15). The occupancy i s much lower and i t r e -
hydrates much more r e a d i l y . 

The migration of ions from one z e o l i t e c r y s t a l to 
another and t h e i r r e d i s t r i b u t i o n w ithin the c r y s t a l i s 
at l e a s t a two step process. The ion must f i r s t 
migrate across a contact boundary between two crystals* 
then an i n t e r s i t e migration w i t h i n the c r y s t a l . Inter-
s i t e migration w i l l depend to a large extent on the 
degree of hydration. In the case of z e o l i t e X, 
cations i n the small cages w i l l be more t i g h t l y bound 
than those i n the large cages and ion migration i n 
and out w i l l be retarde
binding but by the small windows to the small cages. 
It i s d i f f i c u l t to separate the i n t e r - and i n t r a 
c r y s t a l l i n e rates of d i f f u s i o n as i n the hydrated 
case the rate i s very r a p i d and i n the high tempera
ture case the i n t r a c r y s t a l l i n e migration becomes more 
complex. 

The c r y s t a l s i n the z e o l i t e A and X samples used 
were 1 - 5μ. There are 4.9 χ 1 0 1 0 cations i n 2μ LiA 
and NH4A c r y s t a l s . In the mixing process using a 
Wiggle Bug, each c r y s t a l w i l l contact s i x other 
c r y s t a l s , i f there i s c l o s e packing, 100 times per 
second since the p r o b a b i l i t y of a LiA c r y s t a l contact
ing another LiA c r y s t a l i s .5. In the hydrated LiA -
NH4A system, where a s i n g l e phase LÏNH4A system i s 
formed a f t e r a two minute mixing i n a Wiggle Bug, 
4.1 χ 10 9 L i + and 4.1 χ ΙΟ 9 NH4 ions migrate across 
a c r y s t a l face i n t h i s time i n t e r v a l . The ca t i o n 
content of the u n i t c e l l outer layer of a 2μ 
z e o l i t e A c r y s t a l i s 3.7 χ 10**. The average rate of 
cat i o n migration across a c r y s t a l face contact i s 
3.4 χ 10 6 per second over a two minute period. This 
i s a q u a l i t a t i v e p i c t u r e of the high rate of i n t r a 
p a r t i c l e d i f f u s i o n of cations i n mixed c a t i o n z e o l i t e 
systems. The rate of i n t r a p a r t i c l e d i f f u s i o n i s much 
greater than that of i n t e r p a r t i c l e d i f f u s i o n . 

I f more than two cations are involved i n a 
mixture of two z e o l i t e s , the number of phases i n 
creases and the complexity of the d i s t r i b u t i o n of ions 
increases. 
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In the Linde A case, the i n t r a p a r t i c l e d i f f u s i o n 
i s f a i r l y straightforward since the cations are a l l i n 
the large cages (truncated cubo-octahedra) and the 
windows t o o t h e s e large cages are a l l eight-membered 
rings (4.1A). Dehydration r e s u l t s i n a strong 
binding of the cations to the anionic framework there
by reducing the rate of i n t e r s i t e migration. 
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In the first part a review of zeolite acidity is presented. 
The concepts of proton and cation mobilities which become more 
widely considered these last years, are emphasized. The dynamics 
of zeolite systems appears also in the second part related to cor
relations between catalytic and acidic properties. A model based 
on the comparison of zeolites with polyacids in solution is pre
sented. 

Recent reviews in the field of catalysis with zeolites have 
been published (1-5). They point out that the major applications 
of zeolites in catalytic systems are related to their acidic pro
perties. 

A - ZEOLITE ACIDITY 

A - I A c i d i t y Mode l s . The f i r s t r e p o r t s on the c a t a l y t i c 
p r o p e r t i e s of z e o l i t e s X and Y (6,7) were soon f o l l o w e d by works 
wh ich noted the presence o f a c i d c e n t e r s and h y d r o x y l groups i n 
the se c a t a l y s t s ( 6 , 8 - 1 0 ) . The a c i d i t y measurements methods a l r e a 
dy used f o r t he s tudy o f the amorphous s i l i c a - a l u m i n a c a t a l y s t s 
gave p r o g r e s s i v e l y a l a r g e amount o f r e s u l t s and i n t e r e s t i n g l y 
p o i n t e d out d i f f e r e n c e s between t he se m a t e r i a l s and z e o l i t e s . In 
c o n t r a s t w i t h s i l i c a - a l u m i n a , z e o l i t e s c o m p l e t e l y exchanged w i t h 
p o l y v a l e n t c a t i o n s ho l d c o n c o m i t a n t l y a l a r g e number of p r o t o n i c 
s i t e s (jH . B e s i d e s , the impor tance o f the c a t i o n s was p o s t u l a t e d 
i n d e t e r m i n i n g the s t r e n g t h o f the a c i d i t y . In 1963 H i r s c h l e r (£) 
suggested t h a t " t h e p o l a r i z i n g a c t i o n o f t he f i e l d o f the c a t i o n 
tends t o f r e e (make a c i d i c ) a p r o t on o f a h y d r o x y l group a t t a c h e d 
t o an a d j a c e n t s i l i c o n o r aluminum atom, o r a p r o t on o f a wate r 
m o l e c u l e adsorbed on t he c a t i o n i t s e l f . The g r e a t e r t he f i e l d 
s t r e n g t h o f the c a t i o n , the s t r o n g e r would be the r e s u l t a n t a c i 
d i t y " . A few yea r s l a t e r some more e l a b o r a t e d models were p r e s e n 
t e d . R i cha rd son (11) c o n s i d e r e d t h a t i n c r e a s i n g the i o n i c p o t e n 
t i a l (e/r ) of the c a t i o n r e s u l t s i n a s h i f t of e l e c t r o n charge 
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d i s t r i b u t i o n toward the v i c i n i t y o f t he c a t i o n v i a a c onduc t i o n 
band model . T h i s weakens t he OH bonds on the s u r f a c e of the s u 
percage making them more a c i d i c . The l a r g e number of p o s s i b l e 
env i ronments f o r the h y d r o x y l groups i nduce a wide a c i d s t r e n g t h 
d i s t r i b u t i o n . On ly a s m a l l number o f h y d r o x y l a re s u f f i c i e n t l y 
a c i d i c t o be a c t i v e i n c a t a l y s i s . T h i s f r a c t i o n depends on t he 
i o n i c p o t e n t i a l o f the c a t i o n . The r e s u l t s of Ward (12) over MgHY 
z e o l i t e s a re e x p l a i n e d on t h a t b a s i s . A second parameter wh ich 
may i n c r e a s e t he a c i d s t r e n g t h i s t he d e h y d r o x y l a t i o n ( 13 ,14 ) . 
L un s f o r d (13) proposed t h a t d e f e c t s i t e s due t o d e h y d r o x y l a t i o n 
a c t i n d u c t i v e l y on l o c a l h y d r o x y l groups t o fo rm s t r o n g p r o t o n i c 
a c i d s . R e c e n t l y Jacobs and a l . (15,16) suggest an a l t e r n a t i v e e x 
p l a n a t i o n wh ich imp l y the f o r m a t i o n of u l t r a a c t i v e B ron s ted s i t e s 
d u r i n g heat t r ea tmen t of z e o l i t e s . Tung and M c l n i n c h (17_) have 
d i s c u s s e d a d i f f e r e n t t ype of mechanism f o r the m o d i f i c a t i o n o f 
a c i d s t r e n g t h s . Movement
t e changes i n the s u r f a c
s t r e n g t h of p r o t o n i c s i t e s . Freude and a l . (16) app l y t he i d e a of 
t he se au tho r s t o the m o b i l i t y o f p r o ton s and c o n s i d e r a t ime f l u c 
t u a t i n g B ron s ted a c i d i t y . The c o r r e l a t i o n between the a c i d s t r e n g t h 
d i s t r i b u t i o n and the s i t e env i ronment was c o n s i d e r e d by Dempsey 
(19) who d e s c r i b e d a s t r u c t u r a l model t o e x p l a i n why c l o s e t o 
35 % of the aluminum and sodium atoms a re a s s o c i a t e d t o weak a c i 
d i t y i n Y z e o l i t e s ( 20 ,21 ) . He r e l a t e s t he weak a c i d s i t e s t o p r o 
tons a s s o c i a t e d , th rough O^H h y d r o x y l s , w i t h t he aluminum atoms 
of t he square f a c e s c a r r y i n g two aluminum atoms i n the s o d a l i t e 
cages . 

The v a r i o u s models proposed be long t o one o f the two t y p e s , 
s t a t i c o r dynamic. In s p i t e of the f a c t t h a t the s t a t i c approach 
has been a b l e t o e x p l a i n a l a r g e number of a c i d i t y r e s u l t s , one 
must c o n s i d e r t h a t the r e a l a c i d s i t e s ( p r o t o n i c s i t e s ) a re mo
v i n g c o n t i n u o u s l y i n the s t r u c t u r e , the l i f e t ime of a p r o t on on 
a s i t e be i ng between 10~2 and 10"? seconds . Hence the mean p o p u l a 
t i o n of p r o ton s a t each s i t e r e s u l t s f rom a k i n d o f e q u i l i b r i u m 
between the occupancy f a c t o r s a t the v a r i o u s oxygen atoms. These 
c o n s i d e r a t i o n s imp l y t h a t the a c i d i c p r o p e r t i e s w i l l be i n f l u e n 
ced both by t he c h e m i c a l env i ronment o f the framework oxygen a -
toms and by the i n t r i n s i c p r o t on m o b i l i t y . T h i s i s r a t h e r impo r 
t a n t t o c o n s i d e r when a c i d i t y models a re used i n r e l a t i o n w i t h 
c a t a l y t i c p r o p e r t i e s wh ich o f cou r se imp l y dynamics o f t he sys tem. 

As t o the number o f a c i d c e n t e r s i n z e o l i t e s , i n the case o f 
p o l y v a l e n t exchanged m a t e r i a l s , t h e r e i s , f o r a l a r g e number o f 
c a t i o n s , a l i n e a r r e l a t i o n s h i p between the p r o t o n i c a c i d i t y c o n 
c e n t r a t i o n and e l e c t r o s t a t i c f i e l d of the c a t i o n s ( 22 ,23 ) . In a 
s e r i e s o f X and Y z e o l i t e s , i t was shown t h a t o n l y a f r a c t i o n of 
each a c i d s i t e c o u l d be t i t r a t e d ( Z4 ) . T h i s a l l o w e d an e f f i c i e n c y 
o f s i t e s t o be d e f i n e d . 

A - I I - A c i d i t y Measurement Methods. The i d e a l method of 
a c i d i t y measurement shou ld g i v e i n f o r m a t i o n on s e v e r a l pa ramete r s , 
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the n a t u r e , number, s t r e n g t h , l o c a t i o n , env i ronment and mean l i f e 
t ime of a c i d s i t e s . Hence i t s hou ld be a b l e t o c h a r a c t e r i z e a c i d 
c e n t e r s enough p r e c i s e l y t o d i f f e r e n t i a t e wh ich t ype i s r e s p o n s i 
b l e f o r the s e l e c t i v e t r a n s f o r m a t i o n of a r e a c t a n t m o l e c u l e . In 
f a c t each method g i v e s i n f o r m a t i o n but none f u l l y d e s c r i b e s the 
a c i d s i t e s . 

S p e c t r o s c o p i c methods have been w i d e l y u sed. C e r t a i n l y , i . r . 
s pec t r o s copy i s t he more u s u a l and i t has g i v e n a l a r g e number of 
r e s u l t s r e l a t e d t o h y d r o x y l c h a r a c t e r i z a t i o n and t o B ron s ted and 
Lewis a c i d i t y ( 25 ,26 ) . A l a r g e number of works w i l l be d e s c r i b e d 
i n t he next pa rag raphs . A c i d s i t e c o n c e n t r a t i o n s a re g e n e r a l l y d e 
te rm ined s e m i - q u a n t i t a t i v e l y . Q u a n t i t a t i v e e v a l u a t i o n s have been 
r e c e n t l y per formed (15 ,27 ) . P y r i d i n e and t o a l e s s e r e x t e n t NH3 
a re the bases commonly used. R e c e n t l y 2-6 d i m e t h y l p y r i d i n e was 
suggested as a base s p e c i f i c f o r p r o t o n i c c e n t e r s s i n c e s t e r i c 
h i nd r ance of the n i t r o g e
minum atoms (28 ) . I t ha
spec t r o s copy was used t o s tudy the a d s o r p t i o n o f v a r i o u s mo l e cu l e s 
on z e o l i t e s ( 30 ,31 ) . In the case o f p y r i d i n e on X z e o l i t e w i t h s o 
dium c a t i o n s (31) t h r e e k i nd s o f adsorbed s p e c i e s c h a r a c t e r i z e d 
r e s p e c t i v e l y the i n t e r a c t i o n s w i t h c a t i o n s , p r o ton s and Lewis s i 
t e s . I t was noted t h a t UV method have the advantage t o be ve ry 
s e n s i t i v e but i t i s d i f f i c u l t t o d i s t i n g u i s h t he p o s i t i o n s o f the 
r e s p e c t i v e peak maxima. O p t i c a l e l e c t r o n i c s pec t r o s copy was a l s o 
used t o d i f f e r e n t i a t e p r o t o n i c and non p r o t o n i c s i t e s ( 32 ) . B e s i 
des t he s tudy o f redox p r o p e r t i e s o f z e o l i t e s (33) ESR has been 
a p p l i e d t o s tudy a tomic hydrogen formed on γ i r r a d i a t i o n and r e l a 
t e s i t t o p r o t o n i c a c i d i t y ( 34 ) . R e l a x a t i o n and l i n e w i d t h s t u d i e s 
i n NMR have been employed t o c h a r a c t e r i z e the p r o t on m o b i l i t y and 
i n t e r a c t i o n s w i t h c a t i o n s ( 18 ,35 -38 ) . These s t u d i e s a f f o r d a f u r 
t h e r i n s i g h t i n t o the na tu r e o f p r o t o n i c a c i d i t y . I t i s proposed 
t h a t t he h i g h e r i s t he jump f r equency ( i n v e r s e mean l i f e t ime a t 
l a t t i c e oxygen a toms) , t he h i g h e r i s t he s t r e n g t h o f the p r o t on 
( 16 ,36 ) . I t i s shown t h a t an adsorbed base such as p y r i d i n e i n 
c r ea se s (up t o 60 t imes a t 200°) t he p r o t on m o b i l i t y p r obab l y be 
cause d u r i n g p y r i d i n i u m i o n f o r m a t i o n and decompos i t i on a h y d r o x y l 
p r o t on must be f i r s t a t t a c h e d t o t he p y r i d i n e m o l e c u l e and then 
g i v e n back t o ano the r oxygen atom. I t i s hence suggested t h a t i n 
v e s t i g a t i o n s o f p ro ton m o b i l i t y can l e a d t o c o n c l u s i o n s on a c i d i t y 
o n l y i f the study i s made i n the p re sence of b a s i c mo l e cu l e s ( 18 ) . 
NMR measurements a l s o p e r m i t s the computat ion o f an e lementa ry 
" p r o t o n c a p t u r e p r o b a b i l i t y " by the a c c e p t o r m d e c u l e d i f f u s i n g 
upon t he s u r f a c e . T h i s p r o b a b i l i t y dec rea se s f rom 1 t o 0.06 a f t e r 
a l ong o u t g a s s i n g per formed between 0° and 300°C (36) ( f o r NH3). 

Be s i de s t he s p e c t r o s c o p i c methods s e v e r a l approachs have 
been used t o c h a r a c t e r i z e a c i d i c p r o p e r t i e s . M inachev, Bremer e t 
a l . per formed s e v e r a l works u s i n g H 2

_ D2 exchange t o s tudy t he p r o 
ton m o b i l i t y ( 39 -41 ) . The c o n c e n t r a t i o n o f exchangeable OH groups 
(40,42) c o u l d a l s o be d e t e r m i n e d . S e v e r a l t h e r m a l methods have 
been used t o s tudy the i n t e r a c t i o n s o f bases w i t h a c i d s i t e s [OTA 
(43 ) , c a l o r i m e t r y and chromatography ( 4 4 - 4 6 ) ] . I t was shown t h a t 
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IMHg ° r bu t y l am ine g i v e a s m a l l heat o f a d s o r p t i o n on c a t i o n s . The 
d i s t r i b u t i o n of t he s t r e n g t h s o f a c i d s i t e s c o u l d be ob t a i ned f rom 
the heat of a d s o r p t i o n of benzene on p r o g r e s s i v e l y p y r i d i n e p o i -
sonned samples ( 45 ) . A method based on t he d e t e r m i n a t i o n of t he 
amount o f oxygen used f o r t he o x i d a t i o n of NH3 i n the ammonium 
forms of z e o l i t e s has been d e s c r i b e d t o measure the number o f a c i d 
c e n t e r s . I t d i s t i n g u i s h e s between B ron s ted and Lewi s a c i d i t i e s (47) . 
A f t e r t he e a r l y work of H i r s c h l e r [9), t i t r a t i o n w i t h bu t y l am ine 
and c o l o r e d i n d i c a t o r s has been used ( 20 ,23 ,24 ,48 ,49 ) . The method 
a l l o w an easy d e t e r m i n a t i o n of a c i d s i t e c o n c e n t r a t i o n and s t r e n g t h 
t o be done but i t does not g i v e i n f o r m a t i o n on the p r e c i s e n a t u r e 
of a c i d c e n t e r s . The q u e s t i o n a r i s e s a l s o as t o the s i z e of t he 
r e a c t a n t s may mod i f y the r e s u l t s . In f a c t i n Y z e o l i t e s , the num
ber o f a c i d s i t e s de te rmined i n t h i s way i s c l o s e t o t h a t deduced 
f rom i . r . expe r iment s u s i n g p y r i d i n e ( 15 ) . The r e s u l t s per formed 
w i t h v a r i o u s bases , i n d i c a t o r
gard t o the a p e r t u r e o
se mo lecu l e i s more c r i t i c a l than t h a t o f the i n d i c a t o r . Assuming 
t h a t a t the e q u i l i b r i u m the base, s m a l l enough t o move i n t he chan 
n e l s , n e u t r a l i z e s the same f r a c t i o n o f a c i d s i t e s wherever they 
a re l o c a t e d ( i n s i d e ou o u t s i d e the p a r t i c l e s ) , the l a r g e i n d i c a 
t o r s m o l e c u l e s may d e t e c t t he end o f n e u t r a l i z a t i o n f rom the r e a c 
t i o n w i t h the o n l y a c c e s s i b l e s i t e s . 

Among a l l t he se methods, t he one wh ich has brought t he newest 
i d e a s i s t he NMR which demonst rated the p r o t on m o b i l i t y even i n 
t he absence o f adsorbed m o l e c u l e . At f i r s t t he p r o t on m o b i l i t y 
a f f o r d s a new d e f i n i t i o n of a c i d s t r e n g t h f rom the jump f r equency 
v a l u e s . T h i s approach seems ve r y i n t e r e s t i n g w i t h r ega rd s t o t he 
changes upon h e a t i n g o r u l t r a s t a b i l i z a t i o n ( 36 ) . N e v e r t h e l e s s i t 
i s not known i f t he n u m e r i c a l v a l u e depends o n l y on the a c i d 
s t r e n g t h . Fo r example the i n c r e a s e i n jump f r equency upon p y r i d i n e 
a d s o r p t i o n i s r e l a t e d t o the he lp of p y r i d i n e which improves the 
p ro ton m i g r a t i o n (18 ) . T h i s might be compared t o the h i gh p r o t on 
m o b i l i t y i n aqueous s o l u t i o n s . Second ly the p r o t on m o b i l i t y i s a 
r a t h e r new f a c t wh ich i s i n agreement w i t h t he i d e a t h a t z e o l i t e 
framework have some p r o p e r t i e s of e l e c t r o l y t e s ( 50 ) . The q u e s t i o n 
a r i s e s as t o whether i t w i l l be p o s s i b l e t o proceed the ana logy 
w i t h a c i d i c s o l u t i o n s . A t h i r d a spec t o f p r o t on m o b i l i t y i s t h a t 
i t may e x p l a i n some phenomena such as an unusua l d e h y d r o x y l a t i o n 
which w i l l be ment ionned f u r t h e r . Among the o t h e r methods, i n f r a 
red s pec t r o s copy i s t he most p o w e r f u l s i n c e i t g i v e s a ve r y l a r g e 
number o f i n f o r m a t i o n s on the a c i d s i t e s . However t he d i f f i c u l t y 
t o c o r r e l a t e p r e c i s e l y i n f r a - r e d r e s u l t s w i t h o t h e r p r o p e r t i e s 
such as c a t a l y t i c b e h a v i o r , p o i n t s out t he f a c t t h a t the c h a r a c t e 
r i z a t i o n o f s t a t i c and d e f i n i t e h y d r o x y l groups i s not p r e c i s e 
enough t o e x p l a i n wh ich p ro ton s a c t i n t he dynamic c a t a l y t i c p r o 
ce s s e s . 

A - I I I G e n e r a t i o n of A c i d S i t e s . A c i d c e n t e r s a re genera ted 
i n v a r i o u s ways, i ) The t h e r m a l decompos i t i on of ammonium exchan 
ged z e o l i t e s y i e l d s the hydrogen form (51 ). Deammination i n anhy-
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drous c o n d i t i o n s o f a1Kyiammonium, p i p e r i d i n i u m o r p y r i d i n i u m Y 
z e o l i t e s produces a s t o i c h i o m e t r i c hydrogen z e o l i t e o n l y i n t he 
case o f p r imary alkylammonium i o n s . Wi th o t h e r c a t i o n s a c o n s i d e 
r a b l e d e h y d r o x y l a t i o n i s observed p r oduc i n g a s o - c a l l e d dehydroxy -
l a t e d z e o l i t e w i t h Lewis a c i d s i t e s (52_). T h i s d e h y d r o x y l a t i o n e f 
f e c t i s a l s o observed d u r i n g the a d s o r p t i o n o f amines, p a r t i c u l a r 
l y w i t h p y r i d i n e C53,54). One can wonder whether t he h i gh p r o t on 
m o b i l i t y i n the presence o f p y r i d i n e (18) does not f a c i l i t a t e the 
d e h y d r o x y l a t i o n phenomena, i i ) The B ron s ted a c i d i t y due t o the wa
t e r i o n i z a t i o n on p o l y v a l e n t c a t i o n s (2,25,55) a l r e a d y w e l l d e s 
c r i b e d has been s t u d i e d by v a r i o u s methods. NMR was a p p l i e d t o the 
c a l c u l a t i o n of the i n t e r p r o t o n d i s t a n c e (dH2u) i n water c o o r d i n a -
t e l y bonded t o the c a t i o n s ( 5_6 ). In v a r i o u s p o l y v a l e n t Y z e o l i t e s , 
s e v e r a l (up t o 6) t ype s of OH groups were found (4Ό) d i f f e r i n g by 
t h e i r c o n c e n t r a t i o n , a c i d s t r e n g t h and t he rma l s t a b i l i t y  i i i ) The 
r e d u c t i o n by hydrogen o
supposed t o form a hydroge
has been observed i n an i . r . s tudy of a hydrogen reduced C u 2 + Y 
z e o l i t e (59) (scheme 1) : 

2 C u 2 + + H 2 + 2 C u + + 2 H +

 f , 
2 C u + + Ho + 2 Cu° + 2 H + L J 

The r e d u c t i o n of C u ^ + c a t i o n w i t h CO (59_) o r i t s s e l f - r e d u c t i o n 
(60) g i v e s cuprous i o n s and Lewis a c i d i t y . The c o n c e n t r a t i o n o f 
OH groups of Y z e o l i t e s c o n t a i n i n g N i , Co o r Cu was noted t o i n 
c r ea se by r e d u c t i o n w i t h hydrogen a t 250 -450° and t o i n c r e a s e w i t h 
the r i s e of t he r e d u c t i o n t empera tu re ( 61 ) . A r e d u c t i o n by h yd ro 
carbons o f c a t i o n s t o meta l s w i t h f o r m a t i o n o f p r o t o n i c a c i d i t y 
has been shown i n the case o f N i , Fe and Co z e o l i t e s d u r i n g t he 
cumene c r a c k i n g . A s i m i l a r r e d u c t i o n i s p o s t u l a t e d w i t h Cr and Cd 
z e o l i t e s (62) \ ? Ό ] Α 

+ + N i ° + 2 Η [2] 
i i i i ) B r ô n s t e d a c i d s i t e s a re a l s o gene ra ted i n b i v a l e n t c a t i o n -
c o n t a i n i n g Y z e o l i t e s on exposure a t room tempera tu re t o h a l i d e 
compounds (63) o r a t 150-400°C t o C 0 2 ( 64 ) . In t he case of n - p r o -
p y l h a l i d e , a c i d h a l i d e i s f o rmed. The h a l i d e i s f i x e d t o t he c a 
t i o n and H + i s a t t a c h e d t o an oxygen of the z e o l i t e t o g i v e a hy
d r o x y l group (63 ) . In the second ca se , C 0 2 r e a c t s r e v e r s i b l y w i t h 
M(0H) + r e s u l t i n g f rom wate r h y d r o l y s i s on Mg o r Ca c a t i o n s and g i 
ves an u n i d e n t a t e ca rbona te s p e c i e s w h i l e t he hydrogen atom forms 
an a c i d i c OH group w i t h a framework oxygen atom g i v i n g i . r . bands 
a t 3640 and 3550 cm"1 (64) (scheme 3) : 

| M (O H) + + co 2 j ^ M~°- C^£! Θ Θ η ^ [ 3 ] 

The v a r i o u s and independent ways o f a c i d s i t e g e n e r a t i o n 
show t h a t the e x p e r i m e n t a l c o n d i t i o n s o f z e o l i t e p r e t r e a t m e n t s o r 
a c i d i t y measurements c o u l d mod i f y g r e a t l y the i n t r i n s i c a c i d i t y . 
F u r t h e r t h i s sugges t s t h a t z e o l i t e a c i d i t y may be changed by the 
presence o f c a t a l y t i c r eagen t s ( d e h y d r o x y l a t i o n by r e a c t a n t s , r e 
d u c t i o n o f r e d u c i b l e c a t i o n s by hyd roca rbon s , r e a c t i o n w i t h a c i d i c 
compounds). Hence i n d e p e n d e n t l y o f ag ing e f f e c t s , t h e r e may be 
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l a r g e d i f f e r e n c e s i n a c i d i t y between the f r e s h and t he a c t u a l c a 
t a l y s t . 

A - I V - A c i d S i t e Number and S t r e n g t h . The number of a c i d 
s i t e s has been i n v e s t i g a t e d by v a r i o u s methods ( 2 , 25 , 65 ) . The me
thod based on changes i n a c i d i c QH groups c o n c e n t r a t i o n has been 
w i d e l y and s u c c e s s f u l l y used (25_). Jacobs e t a l . (53) s t u d i e d 
the a d s o r p t i o n of d i f f e r e n t amines on Na-hydrogen X and Y z e o l i t e s 
They showed t h a t a d s o r p t i o n i n v o l v e s t he r e a c t i o n w i t h a c i d i c hy-
d r o x y l s , t he r e s i d u a l sodium i o n s and the d e h y d r o x y l a t e d s i t e s . 
They conc l ude t h a t t he dec rea se of t he i n t e g r a t e d absorbance of 
amines cannot be used t o de te rm ine the apparent i n t e g r a t e d i n t e n 
s i t y o f OH bands. In s l i g h t l y d i f f e r e n t c o n d i t i o n s , B i e l a n s k i e t 
a l . (27) were a b l e t o e v a l u a t e e x t i n c t i o n c o e f f i c i e n t o f OH bands 
and the approx imate c o n c e n t r a t i o n s o f both t ype s o f OH g roups . I r 
r e s p e c t i v e l y t o t he v a l u
l e a s t o f t he c a t i o n s hav
t i o n o f the 3650 c m ' 1 OH groups i s e q u a l t o about 16 OH groups per 
u n i t c e l l , i . e . one OH group on average pe r hexagona l p r i s m . S i m i 
l a r v a l u e s were o b t a i n e d by Jacobs e t a l . by q u a n t i t a t i v e i . r . 
s pe c t r o s copy (16 ) . The same au tho r s o b t a i n e d h i g h e r v a l u e s u s i n g 
r e a c t i o n w i t h p y r i d i n e wh ich i s p o s t u l a t e d t o t i t r a t e supercages 
a c i d i c OH v i b r a t i n g a t 3650 c m " 1 . They found c l o s e t o 35 OH groups 
pe r u n i t c e l l f o r a hydrogen Y sample 80 % exchanged and heated 
a t 400°C. The number of hydroxy I s depends on t he S i / A l framework 
r a t i o . B r on s ted a c i d i t y deduced f rom i . r . bands of p y r i d i n i u m i o n s 
showed s i m i l a r v a l u e s (1_5). 

The t i t r a t i o n w i t h amine and c o l o r e d i n d i c a t o r s showed t h a t 
c l o s e t o 30 % o f the a c i d s i t e s a re weak (20) i n hydrogen Y z e o l i 
t e s . They a re r e l a t e d t o the 30 % o f weak ly bonded aluminum atoms 
e a s i l y removable upon d e a l u m i n a t i o n o r p a r t i c u l a r h e a t i n g ( 20 ,51 ) . 
The number o f a c i d s i t e s o f t he s o - c a l l e d a l u m i n u m - d e f i c i e n t , deep-
bed o r u l t r a s t a b l e z e o l i t e s has been e v a l u a t e d . The compar i son 
w i t h hydrogen Y i s not easy s i n c e s i m u l t a n e o u s l y when the aluminum 
framework con ten t i s d e c r e a s e d , the t h e r m a l s t a b i l i t y i s i n c r e a s e d 
and g e n e r a l l y the sodium con ten t i s l owe red . J a c o b s , Uy t te rhoeven 
e t a l . (15) found t h a t t h e i r deep-bed samples a re l e s s a c i d than 
HY w h i l e Topch i eva e t a l . (49) showed t h a t dea lum ina ted and u l 
t r a s t a b l e samples they s t u d i e d a re more a c i d i c than Y z e o l i t e . The 
r a t i o strong/weak a c i d i t y c o n c e n t r a t i o n i n c r e a s e s upon d e a l u m i n a 
t i o n ( 20 ,46 ) . Beaumont e t a l . (66) showed moreover t h a t t h e i r de 
a l um ina ted samples c o n t a i n s t r o n g e r B r on s ted and Lewis s i t e s than 
the pa ren t hydrogen f o rm. A h i g h e r jump f r equency of p r o t o n s , i . 
e. a h i g h e r a c i d s t r e n g t h i n deep-bed Y z e o l i t e s has a l s o be no 
t ed ( 36 ) . 

Other k i nd s o f z e o l i t e s m o d i f i c a t i o n s imp l y a c i d i t y changes. 
W i th r e ga rd t o d e c a t i o n i z a t i o n , B i e l a n s k i e t a l . (67) observed a 
r i s e i n B r on s ted a c i d i t y s t r e n g t h a t exchange l e v e l s h i g h e r than 
70 %. The m o b i l i t y o f p r o ton s was a l s o r e p o r t e d t o be the h i g h e s t 
w i t h h i g h l y exchanged HNaY z e o l i t e s ( 39 ) . The d e c a t i o n i z a t i o n a l s o 
l e ad s t o a r e i n f o r c e m e n t o f the e l e c t r o n - a c c e p t i n g p r o p e r t i e s of 
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the s u r f a c e ( 68 ) . Changes upon s teaming were noted f o r a number of 
z e o l i t e s . With r a r e e a r t h X and Y z e o l i t e s t h e r e i s a dec rea se i n 
the number of s t r o n g a c i d s i t e s w h i l e t he number o f s i t e s w i t h i n 
t e r m e d i a t e and weak a c i d s t r e n g t h remains unchanged (48 ) . Wi th Y 
z e o l i t e s of v a r i o u s S i / A l r a t i o s t he a c i d s i t e c o n c e n t r a t i o n i s 
a l s o dec reased (69 ,70 ) . The p re sence o f B ron s ted and Lewis a c i d i t y 
i s m a i n t a i n e d i n La z e o l i t e s even a f t e r s teaming a t 820°C (71_). 
D e h y d r o x y l a t i o n of Y z e o l i t e s upon h e a t i n g i n c r e a s e s the e l e c t r o n 
a f f i n i t y o f Lewis c e n t e r s [72]. 

Hence the s t r e n g t h and the m o b i l i t y of p ro ton s i n c r e a s e 
upon d e a l u m i n a t i o n and h i gh exchange o f c a t i o n s . Moreover the L e 
wis a c i d i t y s t r e n g t h i s a l s o i n c r e a s e d by d e h y d r o x y l a t i o n . I f t h e 
se s t r e n g t h changes d u r i n g d e c a t i o n a t i o n and d e h y d r o x y l a t i o n a re 
l o g i c a l , the i n c r e a s e due t o d e a l u m i n a t i o n and the dec rea se r e l a 
t ed t o s teaming a re more d i f f i c u l t t o be p r e d i c t e d  E s p e c i a l l y i n 
the case of s teaming th
t r y o f the s o l i d s t a t e
d e l d e s c r i b i n g the r e s u l t s . 

The a c i d i t y d e t e r m i n a t i o n of z e o l i t e s w i t h r a t h e r s m a l l po 
r e s i s of cour se c o m p l i c a t e d by the a c c e s s i b i l i t y o f s i t e s p a r t i 
c u l a r l y w i t h p y r i d i n e . Hence Det rekoy and a l . (73) showed t h a t o n 
l y 10 % of the OH groups o f c l i n o p t i l o l i t e r e a c t w i t h p y r i d i n e . 
They conc l ude t h a t on l y 10 % o f the l a t t i c e OH a re on the e x t e r n a l 
s u r f a c e . In the case of L z e o l i t e s (74) t he a c i d i t y dec rea se a t 
exchange l e v e l s h i g h e r than 50 % i s e x p l a i n e d i n terms o f a p r o t on 
m i g r a t i o n toward h idden s i t e s i n cages made f r e e o f c a t i o n s by e x 
change. Wi th m o r d e n i t e , t he r e s t r i c t i o n f o r p y r i d i n e r e a c t i o n w i t h 
the a c i d s i t e s i n the channe l s p a r a l l e l s the i o n i c r a d i u s : H < 
Be < Ca < Ce (75 ) . Mo rden i te has s t r o n g e r (44,76,77) and t h e r m a l l y 
more s t a b l e (750 p r o t o n i c s i t e s than f a u j a s i t e . The a c i d i t y of de -
a l i m i n a t e d morden i te measured by NH3 c h e m i s o r p t i o n dec rea se s r ough 
l y l i n e a r l y w i t h A l con ten t (7_8). 

A -V - Hyd r ox y l Groups i n Z e o l i t e s . Ass ignments and A c i d - B a s e 
P r o p e r t i e s . The h y d r o x y l groups o f f a u j a s i t e t ype a re now w e l l 
d e s c r i b e d ( 25 ,26 ) . The new i n f o r m a t i o n which appeared a re ma i n l y 
r e l a t e d t o t he r e f i n e m e n t s o f t he ass ignments o f the i . r . bands 
and t o the c h a r a c t e r i z a t i o n o f t he h y d r o x y l a c i d and b a s i c p r o p e r 
t i e s . Jacobs and Uy t te rhoeven (79) broke down i n t o s i x d i f f e r e n t 
components t he s p e c t r a o f hydroxy I s i n X and Y m a t e r i a l s . The n a r 
row band a t 3650 c m " 1 i s a s s i g ned t o OiH h y d r o x y l groups w h i l e the 
broad and a symét r i e band a t 3550 c m " 1 c o n t a i n s components due t o 
O2H, O3H and O4H g roups . In h y d r o l y z e d z e o l i t e s (deep-bed) non 
a c i d i c OH bands around 3680 and 3600 c m " 1 a re due t o s u r f a c e OH 
groups near A l d e f e c t l o c a t i o n . The non a c i d i c OH bands i n s y n t h e 
t i c f a u j a s i t e exchanged w i t h p o l y v a l e n t c a t i o n s ( i . e . La) a re e x 
p l a i n e d on the same b a s i s . P e r i (80) r e p o r t e d t h a t i n u l t r a s t a b l e 
f a u j a s i t e a 3700 c m ' 1 band was e l i m i n a t e d by NH3 a d s o r p t i o n but 
bands a t 3750 c m " 1 and 3620 c m ' 1 , a c c e s s i b l e t o NH3, were r e l a t i 
v e l y u n a f f e c t e d . S c h e r z e r and Bass (71) s t u d i e d low-soda lanthanum 
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Y z e o l i t e s t h e r m a l l y and h y d r o t h e r m a l l y t r e a t e d and showed t h a t 
s teaming produces d e a l u m i n a t i o n . The bands a t 3650 and 3600 c m " 1 

are a c i d i c ( r e a c t i o n w i t h NH3, p y r i d i n e , NaOH) whereas t he band 
a t 3700 c m " 1 i s non a c i d i c . The band a t 3540 c m " 1 i s a c i d i c i n 
l ow-La Y z e o l i t e s but i s p r a c t i c a l l y n o n - a c i d i c i n h i g h - L a z e o l i 
t e s . The bands a t 3700, 3650 and 3540 c m " 1 a r e genera ted p r i m a r l y 
by O4, 0 i and O3 framework atoms r e s p e c t i v e l y . The 3540 c m " 1 band 
i s a l s o genera ted by OH groups a t t a c h e d t o La i o n s . The r e s u l t s 
p r e sen ted by t he se au tho r s show some d i s c r e p a n c i e s which cannot 
be e x p l a i n e d on the b a s i s o f ve r y s imp l e model s . T h i s sugges t s 
t h a t parameters such as t he t h e r m a l t r e a t m e n t s might be as impo r 
t a n t o r even more impo r t an t than the c h e m i c a l c ompo s i t i o n i n d e t e r 
m in i ng t he h y d r o x y l s p r o p e r t i e s . Moreover i t has been now c l e a r l y 
demonst rated t h a t p ro ton s a re m o b i l e . T h i s dynamic p r o p e r t y may 
r ende r too s imp l e the s t a t i c model o f h y d r o x y l s proposed f o r z e o 
l i t e s . One might sugges
p ro ton s would p r e f e r som
Hence whatever t h e i r s o u r c e s , p r o ton s c o u l d g i v e r i s e t o t he same 
i . r . band, the f r equency of wh ich would be dete rmined by the t ype 
of framework oxygen i n v o l v e d . S i n c e a d e f i n i t e i . r . band i s broad 
enough t o i n c l u d e a s m a l l range of f r e q u e n c i e s each o f t he se bands 
would c h a r a c t e r i z e a v a r i e t y of h y d r o x y l s w i t h d i f f e r e n t c h e m i c a l 
p r o p e r t i e s ( a c i d i c o r non a c i d i c ) de te rmined by the v a r i o u s m i c r o -
env i ronments o f the oxygen atom i n v o l v e d . Be s i de s the case of t he se 
t h e r m a l l y t r e a t e d f a u j a s i t e , new r e s u l t s have been r e p o r t e d on o -
t h e r z e o l i t e s . In the case of non reduced N i - hyd rogen Y, Ward (81 ) 
r e p o r t e d a band a t 3680 c m " 1 a s s i gned t o NiOH and two bands a t 
3635 and 3540 c m " 1 ana logous t o those observed i n hydrogen Y z e o 
l i t e s . Deammination of NH4X and PdNH4X z e o l i t e s g i v e s bands a t 
3660, 3625 and 3560 c m " 1 ( 82 ) . The 3625 c m " 1 band wh ich i s not o f 
t en observed i n c r e a s e s w i t h the e x t e n t of exchange. I t i s a s s i g ned 
t o OH groups i n the supercage. As t o b a s i c p r o p e r t i e s , B i e l a n s k i 
e t Datka (83) i n d i c a t e d a r e a c t i o n o f the OH v i b r a t i n g a t 3660 
c m " 1 and 3565 c m ' 1 i n Y z e o l i t e s w i t h a c i d i c compounds such as 
f o r m i c , a c e t i c and b e n z o i c a c i d s . T h i s p o i n t s out an amphote r i c 
p r o p e r t y of t he se h y d r o x y l s . The non a c i d i c bands i n Mg and Ca 
hydrogen Y z e o l i t e s , v i b r a t i n g a t 3685 and 3675 c m " 1 r e s p e c t i v e l y 
were shown t o r e a c t r e v e r s i b l y w i t h C02- The i n c r e a s e i n band i n 
t e n s i t y wh ich p a r a l l e l s t he c a t i o n con ten t and the r e v e r s i b l e f o r 
mat ion o f an u n i d e n t a t e c a rbona te suggest t h a t t he se b a s i c OH a r e 
l i n k e d t o the c a t i o n (640 (scheme 3 ) . The OH groups of morden i t e 
were s t u d i e d by means of i . r . s p e c t r o s c o p y . Two OH bands occu r i n 
NH4 morden i te a t 3637 c m " 1 and 3740 c m " 1 and a re s h i f t e d t o 3612 
c m ' 1 and 3715 c m " 1 r e s p e c t i v e l y upon h e a t i n g (£34). Karge noted i n 
H morden i te an a c i d i c band a t 3610 c r r r 1 and a non a c i d i c OH band 
a t 3640 c m " 1 ( 85 ) . 

A - V I - Base C a t i o n I n t e r a c t i o n s . A c i d i t y o f T r a n s i t i o n M e t a l 
Z e o l i t e s . The s i m p l e s t mo l e cu l e ad so rbed , w a t e r , i s known t o ge 
n e r a t e a c i d i t y th rough the d i s s o c i a t i o n of wate r on p o l y v a l e n t 
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i o n s and t o i nduce c a t i o n movement ( 66 ) . In 1964, Baur (67) p o i n 
t ed out t h a t i n z e o l i t e s t he wate r mo l e cu l e s and c a t i o n s a c t as a 
mob i l e e l e c t r o l y t e s o l u t i o n . In f a c t i t has now been shown t h a t 
c a t i o n s may a l s o move e a s i l y i n the p re sence o f mo l e cu l e s o t h e r 
than wa te r . I t has been found t h a t c a t i o n s i n t e r a c t w i t h p y r i d i n e 
(25) o r a r o m a t i c s (11 ) . L e i t h e t a l . (88_) r e p o r t a copper m i g r a 
t i o n a f t e r t r ea tmen t o f the z e o l i t e w i t h b u t - 1 - e n e . G a l l e z o t e t 
a l . showed ve r y a c c u r a t e l y t h a t s e v e r a l mo l e cu l e s c o u l d mod i f y the 
c a t i o n l o c a t i o n and form o r g a n o m e t a l l i c complexes i n CuY (69) and 
NiY (90) z e o l i t e s . A n i c k e l i o n m i g r a t i o n i n N iX z e o l i t e has a l s o 
been r e p o r t e d (54 ,91 ) . 

Due t o t he impor tance of the i n t e r a c t i o n s and m i g r a t i o n s , t h e 
se e f f e c t s have t o be c o n s i d e r e d i n d e t e r m i n i n g the a c i d i c p r o p e r 
t i e s o f z e o l i t e s w i t h t r a n s i t i o n m e t a l c a t i o n . They r ende r the e -
v a l u a t i o n of the number o f base mo lecu l e r e a c t i n g on l y w i t h the 
a c i d s i t e s d i f f i c u t . Th
have a l s o t o c o n s i d e r t h a
and c a t a l y t i c measurements. 

Only a few works have been r e p o r t e d on the a c i d i t y measure
ments o f t r a n s i t i o n me ta l c a t i o n z e o l i t e s ( 25 ) . The p r o t o n i c a c i 
d i t y o f a s e r i e s o f NiHY z e o l i t e s (81) dete rmined f rom the concen 
t r a t i o n of p y r i d i n i u m i o n s f o l l o w s ve r y c l o s e l y t he p o p u l a t i o n o f 
the 3635 c m " 1 h y d r o x y l g roups . No Lewis a c i d s i t e s were ob se r ved . 
The r e d u c t i o n of t r a n s i t i o n me ta l c a t i o n c r e a t e s a new a c i d i t y as 
ev idenced w i t h a copper Y z e o l i t e c o n t a i n i n g 6.5 % c u p r i c i o n s 
(12 c a t i o n s per u n i t c e l l ) ( 59 ) . S t e i n b e r g et a l . (61) a l s o p o i n 
t e d out t h a t t he c o n c e n t r a t i o n of OH groups o f Y z e o l i t e s w i t h N i , 
Co and Cu c a t i o n s i s i n c r e a s e d upon r e d u c t i o n w i t h hydrogen and 
upon i n c r e a s e o f r e d u c t i o n t empe ra t u r e . However w i t h nob l e m e t a l s , 
the u s u a l c o n t e n t s i n c a t a l y s t s w i l l r ende r t h i s a c i d i t y change 
ve r y s m a l l . S t u d i e s of CaHY w i t h 0.5 % of P t , i . e * c l o s e t o 0.3 
c a t i o n s per u n i t c e l l , d i d not show any measurab le a c i d i t y m o d i f i 
c a t i o n s due t o t he r e d u c t i o n o f p l a t i n u m w i t h hydrogen (92^). In 
PtY m a t e r i a l s w i t h a h i gh P t con ten t o f 6 t o 14 %, G a l l e z o t e t 
a l . [93] showed a s t r o n g NH 3 Pt i n t e r a c t i o n f o r P t - a g g l o m e r a t e s 10 
A i n d i a m e t e r . They suggest a c o m p e t i t i v e a d s o r p t i o n between p l a 
t inum and B ron s ted s i t e s f o r N H 3 . 

To conc lude t h i s c h a p t e r one may f i r s t p o i n t out aga in the 
impor tance o f p r e t r e a t m e n t s c o n d i t i o n s and the m o d i f i c a t i o n s i n 
t r oduced by t he base i n t he i o n ( c a t i o n o r p ro ton ) l o c a t i o n and 
m o b i l i t y . Second ly the e x i s t e n c e of b a s i c OH groups i n p o l y v a l e n t 
forms o f z e o l i t e s suggest t h a t such b a s i c h y d r o x y l s might e x i s t i n 
o t h e r z e o l i t e s , f o r example US o r dea lum ina ted m a t e r i a l s wh ich ha 
ve s e v e r a l non a c i d i c OH groups near 3600 and 3700 c m " 1 . 

Β - CORRELATIONS BETWEEN ACIDITY AND CATALYTIC ACTIVITY 

B - I - Gene ra l Comments. The r e s e a r c h o f c o r r e l a t i o n s between 
the a c i d i c and c a t a l y t i c p r o p e r t i e s of a c i d i c o x i d e s has been a 
m a t t e r o f i n t e r e s t f o r a ve ry l ong t i m e . The new f i e l d of z e o l i t e s 
has provoked an i n c r e a s e i n t he number of works r e l a t e d t o the 
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s u b j e c t and ve r y i n t e r e s t i n g r e s u l t s have been d e s c r i b e d ( 2 , 2 5 ) . 
T r y i n g t o r e f i n e the d e s c r i p t i o n of a c t i v e s i t e s i n terms o f a c i 
d i t y , i t soon appeared t h a t t he q u i t e w e l l d e f i n e d z e o l i t e s t r u c 
t u r e d i d not a l l o w i n f a c t a r a p i d answer t o the problem as i t was 
e x p e c t e d . At the p r e sen t t ime the p u b l i s h e d works p o i n t out t he 
d i f f i c u l t y t o f i n d a d i r e c t and g e n e r a l c o r r e l a t i o n between a c i d i 
t y and a c t i v i t y . Be s i de s t he f a c t t h a t a c i d i t y s t u d i e s a re p e r f o r 
med on f r e s h c a t a l y s t s w h i l e , o f t e n , c a t a l y t i c measurements r e f e r 
r ed t o aged m a t e r i a l s * some o t h e r p o i n t s wh ich may account f o r 
t h i s d i f f i c u l t y w i l l be c o n s i d e r e d . 

§ Z Î I Ë I _ Ç E 9 Î 9 D _ ' ! l 9 b i l i t y 1 In r e a c t i o n s such as c r a c k i n g f o r 
i n s t a n c e i t i s g e n e r a l l y a d m i t t e d t h a t p r o ton s a re a c t i v e c e n t e r s 
( 15 ) . The d i f f i c u l t i e s then a r i s e fo rm the p r o t on p r o p e r t i e s them
s e l v e s , p a r t i c u l a r l y the p r o t o n m o b i l i t y wh ich depends on v a r i o u s 
f a c t o r s : z e o l i t e p r e t r e a t m e n t
r a t u r e . . . ( 18 ,36 -38 ) . Th
f i r s t p r o ton s i n i n a c c e s s i b l e c a v i t i e s may be a t t r a c t e d i n l a r g e 
cages . Second ly t he jump f r equency depends on t h e r e a c t a n t . Hence 
i t w i l l not be easy t o f i n d a b a s i c m o l e c u l e t o t i t r a t e a c i d i t y 
wh ich r e a c t s , w i t h r e ga rd t o t he se two pa ramete r s , i n t he same way 
than the r e a c t i n g m o l e c u l e . In the case o f h y d r o x y l s t u d i e s where 
no b a s i c m o l e c u l e i s i m p l i e d , c o r r e l a t i o n s have been observed b e t 
ween DH groups c o n c e n t r a t i o n and a c t i v i t y . However, R i c ha rd son 
(11) sugges t s t h a t on l y the more a c i d i c f r a c t i o n of the h y d r o x y l s 
i s a c t i v e i n cumene c r a c k i n g . T h i s f r a c t i o n , up t o now not e a s i l y 
measu rab le , would be i n c r e a s e d upon the i n f l u e n c e o f parameter s 
such as the i o n i c p o t e n t i a l o f the c a t i o n . S t u d y i n g a s e r i e s o f 
v a r i o u s hydrogen o r c a t i o n i c forms o r Y z e o l i t e s , Jacobs and a l . 
(15) a l s o showed t h a t o n l y a p a r t o f t he h y d r o x y l s a c t as a c t i v e 
s i t e s . They a r e " s u p e r a c t i v e s i t e s " . The au tho r s extend the hypo
t h e s i s i n c o n s i d e r i n g t h a t due t o " t h e h i gh m o b i l i t y o f p r o ton s i n 
t he t empera tu re range r e q u i r e d f o r c r a c k i n g , i t i s not p o s s i b l e 
t o c o r r e l a t e the c r a c k i n g a c t i v i t y w i t h d e f i n i t e h y d r o x y l g roups 
as observed i n the i n f r a r e d s p e c t r u m " . 

§ _ ï l k l _ N u m b e r _ o f _ Ô 9 5 î v e S i t e s 1 W h i l e a c i d i t y measurements 
p r o v i d e v a l u e s c l o s e t o ÎÔ^O, io,2T s i t e s per g, i n agreement w i t h 
t he number of p o t e n t i a l a c i d s i t e s , a c t i v i t y s t u d i e s g i v e r e s u l t s 
near t he se v a l u e s o n l y when complete p o i s o n i n g w i t h bases a re used 
( 2 , 10 ,11 ,15 ) . The v a l u e s o b t a i n e d f rom p o i s o n i n g o f t he more a c t i 
ve s i t e s a re 10^ t imes l ower (15) w h i l e t ho se deduced f rom k i n e t i c 
s t u d i e s a re ^ 1 0 ^ t imes l ower ( 11 ) . Such d i f f e r e n c e s had a l r e a d y 
been r e p o r t e d f o r amorphous s i l i c a - a l u m i n a c a t a l y s t s . The q u e s t i o n 
a r i s e s as t o whether t he v a r i o u s measurements methods a re ques -
t i o n n a b l e , o r , i f the number o f a c t i v e s i t e s be i ng a c t u a l l y v e r y 
low, the v a l u e s g i v e n by p o i s o n n i n g must be rega rded as upper l i 
m i t s o n l y . 

Β - I - c - _ C o m g e t i t i y e _ A d s o r g t i o n on_Ca t i on_and_Ac i d_Cen te r s ^ 
A d s o r p t i o n and c a t a l y t i c r e s u l t s suggest t h a t t h e r e i s a c o m p e t i -
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t i v e a d s o r p t i o n of a r e a c t a n t R on the uncovered c a t i o n i c (C) and 
a c i d i c (A] s i t e s of a z e o l i t e ( £ 4 ) . The f o l l o w i n g e q u i l i b r i u m w i t h 
t he adsorbed mo l e cu l e s RA and RC might d e s c r i b e the system : 

A + C + 2 R J RA + RC [4] 
The t o t a l r a t e r o f the t r a n s f o r m a t i o n of a r e a c t a n t i s the sum of 
the r a t e s on a c i d and c a t i o n i c s i t e s ( r A and r ç r e s p e c t i v e l y ] . I t 
may be w r i t t e n : 

r = r A + r c = Κ RA + K' RC [5] 
The h i g h e r the a d s o r p t i o n on c a t i o n s ( h i gh RC) the s m a l l e r w i l l be 
RA, hence a l s o the r a t e r A on a c i d s i t e s . C a t a l y s i s on a c i d s i t e s 
may then be dependent o f the a d s o r p t i o n on c a t i o n s . 

The t h r e e p o i n t s o f t he se g e n e r a l comments suggest t h a t i n 
o r d e r t o reach a b e t t e r u n d e r s t a n d i n g o f the c o r r e l a t i o n s a c i d i t y -
a c t i v i t y the dynamics of the system shou ld be c o n s i d e r e d i n a d d i 
t i o n t o the u s u a l " s t a t i c " parameters used t o d e f i n e the a c i d c e n
t e r s ( n a t u r e , s t r e n g t h
i s r e i n f o r c e d when one
i n the s t r u c t u r e . 

B - I I - A c c e s s i b i l i t y o f S i t e s and C a v i t i e s . A g rowing number 
of fundamenta l r e s e a r c h seems t o be devoted t o morden i te c a t a l y s t s . 
Weeks e t a l . (840 p o i n t e d out t h a t amorphous a l um ina d e p o s i t s 
formed i n the channe l s upon h e a t i n g may c o n s i d e r a b l y mod i fy c a t a 
l y t i c a c t i v i t y . S t e r i c e f f e c t s due t o the pore s i z e a re noted i n 
t - b u t y l a l c o h o l d e h y d r a t i o n ( 95 ) , benzene a l k y l a t i o n w i t h e t h y l e n e 
and p r opy l ene (9ΕΠ , t o l u e n e d i s p r o p o r t i o n a t i o n and o - x y l e n e i some-
r i z a t i o n (75_) . Yashima e t a l . (75_) conc l ude t h a t due t o s t e r i c 
h i n d r a n c e , a l k y l b e n z e n e r e a c t i o n s p a r a l l e l the p r o t o n i c a c i d i t y 
measured w i t h p y r i d i n e but not w i t h N H 3 . A c o r r e l a t i o n p y r i d i n e -
a c i d i t y and c a t a l y t i c a c t i v i t y i s a l s o observed w i t h c l i n o p t i l o l i -
t e i n bu t - 1 - ene i s o m e r i z a t i o n ( 7 3 K Due t o the "cage e f f e c t " i n 
e r i o n i t e , the observed r a t e of r e a c t i o n p a r a l l e l s the r a t e of 
r e a c t a n t d i f f u s i o n th rough the z e o l i t e . T h i s i m p l i e s a un ique s e 
l e c t i v i t y (97) ( s e l e c t o f o r m i n g ) . 

B - I I I - P r o t o n C a t a l y s e d R e a c t i o n s . A ve r y l a r g e number of 
r e a c t i o n s have been d e s c r i b e d . In many cases the a c t i v i t y i s r e l a 
t ed t o h y d r o x y l groups ( 15 ,16 ,73 ,96 ) . Wi th NgHY z e o l i t e s Ward (96) 
showed t h a t the a c t i v i t y and a c i d i t y maxima o ccu r b e f o r e dehyd ro 
x y l a t i o n , wh ich d i f f e r s f rom hydrogen Y. The d i f f e r e n c e may a r i s e 
f rom the g r e a t e r t h e r m a l s t a b i l i t y of Hg m a t e r i a l s . I ndependent l y 
o f the h y d r o x y l s t a b i l i t y , Jacobs e t a l . (_15_) conc l ude t h a t s e ve 
r a l f a c t o r s (Lewis a c i d i t y , N a + i o n s , e x t r a - l a t t i c e aluminum) a re 
i n f l u e n c i n g the a c t i v i t y per h y d r o x y l g roup. The a c t i v i t y i n v a 
r i o u s r e a c t i o n s i s i n c r e a s e d i n the p resence o f CO2 ( 3 ,99 ,100 ) . A 
l a r g e amount o f work has been done i n t o l u e n e d i s p r o p o r t i o n a t i o n 
by N inachev e t a l . ( 3 , 99 ) . S t u d y i n g i s o o c t a n e c r a c k i n g , N i r o d a t o s 
e t a l . (j34) r e l a t e the r e v e r s i b l e r i s e i n c a t a l y s i s t o the f o r m a 
t i o n o f p r o t o n i c h y d r o x y l s i n CO2 atmosphere. As t o the s t r e n g t h 
o f s i t e s , Jacobs e t a l . (15) showed t h a t u l t r a - a c t i v e h y d r o x y l s 
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a re a c t i n g i n cumene c r a c k i n g and t o l u e n e d i s p r o p o r t i o n a t i o n . The 
second r e a c t i o n r e q u i r e s h y d r o x y l groups w i t h h i g h e r a c i d i t y . Mos
cou and Mone (46_) r e l a t e d t he i n c r e a s e d c r a c k i n g s e l e c t i v i t y o f 
r a r e e a r t h z e o l i t e s upon s teaming t o the l o s s o f s t r o n g a c i d i t y . 
The h i gh o - x y l e n e i s o m e r i z a t i o n a c t i v i t y o f MgHY m a t e r i a l s w i t h 
low sodium l e v e l s i s r e l a t e d t o the h y p o t h e s i s o f ve r y s t r o n g a c i 
d i t y (^2). I t has been shown p r e v i o u s l y t h a t a c i d i t y g e n e r a t i o n 
may depend on s e v e r a l pa ramete r s . A c c o r d i n g l y the c a t a l y s i s c o u l d 
a l s o be i n f l u e n c e d by t he na t u r e of the charge and t h a t o f the 
c a r r i e r gas . There may be f o r m a t i o n of new a c i d c e n t e r s , dehyd ro 
x y l a t i o n by r e a c t a n t s , c a t i o n m i g r a t i o n , change i n p r o t on s t r e n g t h 
and l o c a t i o n . . . These f a c t o r s r ende r more d i f f i c u l t t he unde r s 
t a n d i n g of c a t a l y t i c p r o p e r t i e s . 

B- IV- Other C a t a l y t i c S i t e s  The Lewis a c i d i t y i s o f t e n i n
v o l v e d i n c a t a l y t i c p r o c e s s e s
s t r e n g t h v i a an i n d u c t i v
a l k y l a t i o n of benzene w i t h e t h y l e n e ove r LaY z e o l i t e s showed (101) 
t h a t benzene i s adsorbed on Lewis a c i d s i t e s t o form a charge 
t r a n s f e r complex w h i l e e t h y l e n e i s adsorbed on B ron s ted a c i d s i t e s 
t o form carbonium i o n s . In the c o n v e r s i o n of p r opy l ene t o a c e t y l e 
ne and bu tad i ene (102) , t he c a t a l y t i c a c t i v i t y i s r e l a t e d t o the 
Lewis a c i d i t y and a l s o depends on t he c a t i o n s . Only few examples 
a re known which imp l y b a s i c s i t e s i n c a t a l y s i s w i t h z e o l i t e s . Ho
wever z e o l i t e s , l i k e amorphous s i l i c a s - a l u m i n a s , may c o n t a i n such 
s i t e s . The b a s i c and a c i d i c s i t e s may then a c t j o i n t l y o r c o n c u r 
r e n t l y . Fo r example b a s i c c e n t e r s a r e i m p l i e d i n t o l u e n e a l k y l a 
t i o n w i t h methanol and fo rma ldehyde over X and Y z e o l i t e s (103) . 
The s i d e c h a i n a l k y l a t i o n , po i soned by H C 1 g i v e s s t y r e n e and e t h y l -
benzene and i s r e l a t e d t o b a s i c i t y (K and Rb X z e o l i t e s ) . The r i n g 
a l k y l a t i o n g i v i n g x y l e n e , po i soned by a b a s i c reagent such as a n i 
l i n e , i s r e l a t e d t o t he weak a c i d i t y ( L i z e o l i t e s ) . The b a s i c s i 
t e s a re a l s o i m p l i e d i n the decompos i t i on of 2 - p r o p a n o l ove r a l k a 
l i c a t i o n exchanged Y z e o l i t e s (104) . Over L i o r Na z e o l i t e s t h e r e 
i s o n l y d e h y d r a t i o n w h i l e ove r K, Rb and Cs samples both d e h y d r a 
t i o n and dehyd rogena t i on o c c u r s . The d e h y d r a t i o n and dehydrogena-
t i o n a re s e l e c t i v e l y depres sed by the a d d i t i o n o f a b a s i c reagent 
( p y r i d i n e ) and an a c i d i c reagent (phenol ) r e s p e c t i v e l y . Hence K, 
Rb o r Cs z e o l i t e s have both b a s i c and a c i d s i t e s . As t o hydrogena-
t i o n - d e h y d r o g e n a t i o n r e a c t i o n s , u n s a t u r a t e d compounds may be hyd ro -
genated ove r c a t i o n i c z e o l i t e s (105,106) . A l a r g e number of p a 
t e n t s and papers have been p u b l i s h e d on the a c t i v i t y of nob le -me
t a l c o n t a i n i n g z e o l i t e s ( 4 , 5 7 ) . Recent s t u d i e s a re concerned w i t h 
t he p r o p e r t i e s o f unusua l s m a l l agg lomerates s t a b i l i z e d i n t he c a 
ges o f Y z e o l i t e s ( 57 ,93 ,107 ) . The e l e c t r o n d e f i c i e n c y of the 
c l u s t e r s i s suggested t o e x p l a i n t h e i r c a t a l y t i c p r o p e r t i e s and 
t h e i r b e h a v i o r toward po i s on s such as N H 3 o r s u l f u r compounds (93, 
107,106) . 

B-V- M i s c e l l a n e o u s C a t a l y t i c S t u d i e s . The l a r g e v a r i e t y of 
r e a c t i o n s c a t a l y z e d by z e o l i t e s has a l r e a d y been d e s c r i b e d i n d e -
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t a i l s ( 1 - 5 ) . The more r e c e n t l y ment ionned a re r e p o r t e d he re . The 
n-hexane d e h y d r o c y c l i s a t i o n a c t i v i t y o f Te Na X c a t a l y s t s has been 
s t u d i e d . The a c t i v e s i t e s has been w e l l d e s c r i b e d as a T e 2 " c a t i o n 
i n t he supercage, c o o r d i n a t e d w i t h Na i o n s [109 ] . Nea le et a l . 
(110) d e s c r i b e d the i n t e r e s t o f the s y n t h e s i s o f n - i s o p r o p y l i d e n e -
methy lamine ove r ZnY z e o l i t e and a s c r i b e d the c a t a l y t i c a c t i v i t y 
t o t he Z n 2 + c a t i o n . P o n c e l e t e t a l . [111 ) r e p o r t t he r e a c t i o n o f 
CO and NH3 over CaY, NH4Y and F e 2 + X z e o l i t e s t o g i v e u rea and 
aminoac id s which may be r e l a t e d t o o r i g i n o f l i f e . A ve ry impo r tan t 
p r a c t i c a l r e a c t i o n i m p l i e s t he methanol c o n v e r s i o n t o h i g h e r c a r 
bon number hydrocarbons over ZSM-5 z e o l i t e (112) . The C 5 + h y d r o c a r 
bon y i e l d i s maximized by i n c o r p o r a t i n g a l i m i t e d amount o f a 
B ron s ted o r Lewis base. B a r r e r e t a l . (113) formed p o l y m e r - z e o l i t e 
compos i te s by t he p o l y m e r i z a t i o n of v a r i o u s v i n y l e t h e r s over H-
morden i te and Y z e o l i t e  D i m e r i z a t i o n o f e t h y l e n e t o n-butenes p r o
ceeds s e l e c t i v e l y on Y
h i g h l y d i s p e r s e d i n th
t i o n o f e t h y l e n e o c c u r s . E t h y l e n e i s a l s o conve r t ed t o C5 and h i g h e r 
hydrocarbons over a CaNaY z e o l i t e c o n t a i n i n g 1 % Pd i n t r o d u c e d by 
i o n exchange (115) . The c a t a l y t i c a c t i v i t y i s s h a r p l y reduced by 
t rea tment w i t h hydrogen o r h e l i u m . 

B-V I - C a t a l y t i c P r o p e r t i e s o f A l u m i n u m - D e f i c i e n t , Deep-Bed o r 
U l t r a - S t a b l e Z e o l i t e s . Such s t u d i e s have been r e p o r t e d f o r f a u j a 
s i t e o r morden i te m a t e r i a l s ( 4 , 51 ) . A c i d l eached morden i te has a 
h i gh s e l e c t i v i t y f o r i s o m e r i z a t i o n and a low d e a c t i v a t i o n r a t e 
(116) . Over a l u m i n u m - d e f i c i e n t Y, Beaumont et a l . (21) observed no 
change i n i s o o c t a n e c r a c k i n g i f aluminum l o s s i s l e s s than ^ 35 %. 
Beyond, the c r a c k i n g r a t e i s dec r ea sed . The changes q u i t e p a r a l l e l 
t he number of s t r o n g a c i d s i t e s measured w i t h c o l o r e d i n d i c a t o r s 
(21) o r a tomic hydrogen formed under γ i r r a d i a t i o n (34 ) . Jacobs e t 
a l . (15) found no good c o r r e l a t i o n between OH c o n c e n t r a t i o n and 
c r a c k i n g o r d i s p r o p o r t i o n a t i o n a c t i v i t i e s f o r d i f f e r e n t s t a b i l i z e d 
c a t a l y s t s (deep-bed, u l t r a s t a b l e o r A l - d e f i c i e n t ) . In butene i s o 
m e r i z a t i o n t u r n over numbers c a l c u l a t i o n s based on p o i s o n n i n g e x 
pe r iment s i n d i c a t e t h a t h y d r o x y l groups a re more heterogeneous i n 
h y d r o l y z e d z e o l i t e s than i n Y m a t e r i a l s ( 16 ) . Ward o b t a i n e d ve r y 
a c t i v e and s t a b l e c a t a l y s t s i n a r o m a t i c s i s o m e r i z a t i o n and d i s p r o 
p o r t i o n a t i o n upon d e f i n e d t r e a t m e n t s o f NH4Y (117) . 

I t was ment ionned above t h a t t he a c i d i t y (A- IV) and OH (A-V) 
s t u d i e s o f such m o d i f i e d z e o l i t e s made by v a r i o u s au tho r s d i d not 
g i v e e x a c t l y s i m i l a r r e s u l t s . D i s c r e p a n c i e s a re a l s o observed i n 
c a t a l y t i c s t u d i e s . A ve ry c l e a r paper was p re sen ted on the chemi s 
t r y o f aluminum m i g r a t i o n and remova l i n Y z e o l i t e s (51_). I t seems 
t h a t i n f a c t s e v e r a l m o d i f y i n g e f f e c t s may occu r s i m u l t a n e o u s l y 
ve r y e a s i l y . Then s l i g h t changes i n e x p e r i m e n t a l c o n d i t i o n s f rom 
one l a b o r a t o r y t o the o t h e r may r e s u l t i n samples w i t h v a r i o u s a -
luminum atoms l o c a t i o n s . The c a t a l y t i c p r o p e r t i e s w i l l be c e r t a i n 
l y b e t t e r e x p l a i n e d when t he p r e c i s e l o c a t i o n o f aluminum atoms 
w i l l be p o s s i b l e . 
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B-V I I - C a t a l y t i c A c t i v i t y o f T r a n s i t i o n Me ta l Complexes Ions 
Z e o l i t e s . The c h e m i s t r y and c a t a l y t i c p r o p e r t i e s o f t r a n s i t i o n 
me ta l complexes i n z e o l i t e s has r e c e n t l y r e c e i v e d c o n s i d e r a b l e a t 
t e n t i o n [118 ,119] . These complexes appear t o o f f e r new r e a c t i o n 
pathways wh ich a r e i n many ways more s i m i l a r t o c a t a l y s i s by me ta l 
complexes i n homogeneous media than t o c o n v e n t i o n a l heterogeneous 
c a t a l y s i s . R e a c t i o n s i m p l y i n g the c a t i o n s as a c t i v e c e n t e r s have 
been e a r l y ment ionned [ 1 , 2 ] . In o r d e r t o i n v e s t i g a t e t he s p e c i f i c 
c a t a l y t i c p r o p e r t i e s o f m e t a l i o n s a l one i t i s d e s i r a b l e t o po i s on 
the a c i d s i t e s . R e a c t i o n s i m p l y i n g ammonia which may form comple 
xes w i t h some t r a n s i t i o n m e t a l c a t i o n s and po i s on t he a c i d c e n t e r s 
have hence been e s p e c i a l l y s u c c e s s f u l . The f o r m a t i o n o f a n i l i n e 
f rom ammonia and ch l o robenzene was shown t o be c l o s e l y r e l a t e d t o 
t he o r d e r o f e l e c t r o n e g a t i v i t y o r ammine complex f o r m a t i o n con s 
t a n t o f m e t a l c a t i o n s [ 120 ]  Over CuY z e o l i t e  t he r i n g t r a n s f o r
mat ion of γ λ b u t y r o l a c t o n
l a t e d t o the c o o r d i n a t i o
L u n s f o r d et a l . [118,122] s t u d i e d the r o l e o f t he copper ammonia 
complex [Cu[NH3]4]^ + i n t n e o x i d a t i o n r e a c t i o n o f ammonia by oxy 
gen. I t was a l s o shown [118,123] t h a t [ C o [ N H 3 ] n N 0 ] 2 + w i t h i n a Y 
t ype z e o l i t e c a t a l y z e d the r e d u c t i o n o f NO by NH3 a t t empera tu re s 
h i g h e r than 50°C. In t he c y c l o t r i m e r i z a t i o n o f a c e t y l e n e ove r Y 
z e o l i t e s i t was shown [124] t h a t the a c t i v e c a t i o n s a re tho se w i t h 
an even number of h a l f - f i l l e d d o r b i t a l s [ N i 2 + , C o + , F e 2 + , C r 2 + ] . 
The decompos i t i on of H2O2 has been used t o s tudy the a c t i v i t y o f 
v a r i o u s Y z e o l i t e s w i t h t r a n s i t i o n m e t a l i o n s [ 125 ] . The a c t i v i t y 
p a t t e r n i s c o r r e l a t e d w i t h t he t r a n s i t i o n m e t a l redox p o t e n t i a l s 
i n b a s i c s o l u t i o n s . 

C - CONCLUSION 

In the case o f p r o t o n i c a c i d i t y , the d i f f i c u l t y t o f i n d good 
c o r r e l a t i o n s between a c i d i t y and c a t a l y t i c p r o p e r t i e s suggest t h a t 
the models used f o r the c h a r a c t e r i z a t i o n o f t he s i t e s may be too 
s i m p l e . The method c o n s i s t i n g i n the ve r y c a r e f u l l d e f i n i t i o n o f 
a c i d s i t e s has not been a b l e t o e x p l a i n a l l t he c a t a l y t i c p r o p e r 
t i e s . Hence one can wonder whether a more g l o b a l approach might 
not be c o n s i d e r e d . The l i t t é r a t u r e r e s u l t s suggest some remarks on 
the s u b j e c t . C o n s i d e r i n g t he p r o p o s a l t h a t z e o l i t e s behave l i k e 
e l e c t r o l y t e s [50] one may suppose t h a t the e l e c t r o l y t e c o u l d be 
made o f t he atoms o f t he s o l i d framework themse lves and of the 
spaces i n c a v i t i e s where i o n s such as p r o ton s and c a t i o n s a re mo
v i n g . Keep ing i n mind the i d e a of e l e c t r o l y t e some a n a l o g i e s b e t 
ween the p r o p e r t i e s o f a c i d s o l u t i o n s [126] and what i s known of 
t he p r o t o n i c a c i d i t y i n z e o l i t e s a r e ve r y s t r i k i n g . A f i r s t e f f e c t 
wh ich i s w e l l known i n a c i d s o l u t i o n s i s t he change i n a c i d s t r e n g t h 
w i t h t he s u b s t i t u e n t s i n t he a c i d s t r u c t u r e . I t i s a l r e a d y w e l l 
known i n s o l i d a c i d s t h a t f o r example CI o r F atoms i n t r o d u c e d i n 
a luminas o r s i l i c a s - a l u m i n a s i n c r e a s e g r e a t l y t h e i r a c i d s t r e n g t h 
i . e . dec rease the s t r e n g t h of the bond p r o t o n - s u r f a c e . Such exam
p l e s a re not u s u a l i n z e o l i t e s but i t i s w e l l known t h a t p o l a r i z i n g 
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c a t i o n s may i n c r e a s e the a c i d s t r e n g t h . The e x p l a n a t i o n s o f H i r s -
c h l e r [2) and R i cha rd son ( 11 ) , f o r p o l y v a l e n t c a t i o n s , wh ich i n 
v o l v e charge d i s p l a c e m e n t s a re ve ry s i m i l a r t o those i n v o l v e d i n 
s o l u t i o n s . A second example o f s t r u c t u r e e f f e c t i s r e l a t e d t o the 
a c i d s t r e n g t h o f p o l y a c i d s i n s o l u t i o n s . Due t o i n t e r a c t i o n s b e t 
ween n e g a t i v e l y charged an i on s the s t r e n g t h o f a c i d i t y f u n c t i o n s 
dec rease as the s u c c e s s i v e a c i d i t i e s a re i m p l i e d . A p p l i e d t o z e o 
l i t e t h i s can e x p l a i n on the same b a s i s t he e x i s t e n c e of a s c a l e 
of a c i d i t y s t r e n g t h s . Second ly s o l v e n t e f f e c t s mod i fy g r e a t l y a c i 
d i t y s c a l e . T h i s i s due t o c h e m i c a l i n t e r a c t i o n s between b a s i c 
s o l v e n t s and the p ro ton and f o r a p a r t t o e l e c t r o s t a t i c i n t e r a c 
t i o n s r e l a t e d t o the d i e l e c t r i c c on s t an t o f t he s o l v e n t s . R e s u l t s 
on p ro ton m o b i l i t y d e p i c t e d by Freude et a l . (1_8) and Mestdgah et 
a l . (36) show t h a t the p ro ton m o b i l i t y i s g r e a t l y dependent on t he 
mo le cu l e c a r r y i n g t he p r o t o n . Be s i de s t he a c i d - b a s e r e a c t i o n i m 
p l i e d , Freude et a l . (IjB
m o b i l i t y than t o l u e n e
c o n s t a n t s . A c c o r d i n g l y one might suggest t h a t p y r i d i n e , b e s i d e s 
i t s b a s i c a c t i o n , i s a c t i n g as a d i e l e c t r i c wh ich dec rea se s the 
s t r e n g t h o f the bond z e o l i t e - H + . Such a " s o l v e n t e f f e c t " might be 
i m p o r t a n t i n c a t a l y s i s depending on the d i e l e c t r i c c on s t an t o f t he 
r e a c t a n t and t h a t o f the " c o k e " d e p o s i t . T h i r d l y t he p ro ton m o b i l i 
t y j u s t ment ionned and the c a t i o n movement a re v e r y s i m i l a r t o i o n 
d i s p l a cemen t i n s o l u t i o n s . Of c o u r s e , e s p e c i a l l y f o r c a t i o n s , t he 
u s u a l mean path i s c e r t a i n l y l e s s than i n t he l i q u i d phase. F o u r t h 
l y t he a c i d p r o p e r t i e s o f s o l u t i o n s and k i n e t i c s o f a c i d c a t a l y z e d 
r e a c t i o n s a re a l s o changed by s a l t e f f e c t s . The s a l t e f f e c t s l i n k e d 
t o i o n i c s t r e n g t h o f the s o l u t i o n mod i f y the c o n c e n t r a t i o n o f f r e e 
p r o ton s i n s o l u t i o n . The q u e s t i o n a r i s e s as t o whether an i o n i c 
s t r e n g t h i n z e o l i t e c o u l d not be d e f i n e d and a s a l t e f f e c t c o u l d 
not be c o n s i d e r e d t o e x p l a i n a p e c u l i a r i n f l u e n c e o f c a t i o n c o n 
c e n t r a t i o n on a c t i v i t y r e s u l t s ( 94 ) . 

These t h r e e remarks suggest the h y p o t h e s i s t h a t z e o l i t e s may 
be c o n s i d e r e d as s o l i d s a c t i n g more o r l e s s l i k e p r o t o n i c p o l y a 
c i d s i n s o l u t i o n . In c o n t r a s t w i t h o t h e r s o l i d a c i d s , t h e p r o t o n s , 
l i k e p r o ton s i n s o l u t i o n s , may go i n s i d e and th rough the z e o l i t e 
framework and be i n c l o s e c o n t a c t w i t h t he s t r u c t u r e atoms. T h i s 
i s due t o t he l a r g e v o i d space and t o the f a c t t h a t each f r a m e 
work atom i s a l s o a s u r f a c e atom. Moreover due t o the s m a l l s i z e 
o f c a v i t i e s ( l e s s than u s u a l pores i n o x i d e s ) t he i n f l u e n c e o f the 
w a l l s i s ve r y h i g h . A c c o r d i n g t o t h i s h y p o t h e s i s one suggest t h a t 
the a c i d p r o p e r t i e s and the a c i d c a t a l y s i s might then be d e s c r i b e d 
u s i n g an approach deduced o f t h a t used f o r s o l u t i o n s . The ve r y f i 
ne d e s c r i p t i o n o f i n t e r a c t i o n s m o d i f y i n g the a c i d s i t e wh ich have 
been per formed up t o now might be i n c l u d e d i n a c t i v i t y c o e f f i c i e n t s 
i n a manner s i m i l a r t o t he case o f a c t i v i t y c o e f f i c i e n t s i n i o n -
exchange i n z e o l i t e s . T h i s model can e x p l a i n on t he one s i d e a 
l a r g e p a r t o f t he a c i d p r o p e r t i e s o f z e o l i t e s and on the o t h e r s i 
de the d i f f i c u l t y t o c o r r e l a t e c a t a l y t i c r e s u l t s w i t h ve r y d e f i n e d 
a c i d i c s i t e s . The b a s i c p r o p e r t i e s o f some z e o l i t e s may a l s o be 
i n c l u d e d i n t he model . Moreover, i n d e p e n d e n t l y o f the model p r e -
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s e n t e d , the r e s u l t s d e s c r i b e d here shew t h a t z e o l i t e s cannot be 
c o n s i d e r e d as s t a t i c systems but t h a t one shou ld t a ke i n t o account 
t he dynamics o f t h e i r p r o p e r t i e s . 
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39 
Transition Metal Complexes in Zeolites 

JACK H. LUNSFORD 

Department of Chemistry, Texas A&M University, College Station, Tex. 77843 

Transition metal complexes may either be synthesized with
in the zeolitic cavities or exchanged in as complex cations. 
Complexes with metal ions of the f irs t transition series are 
reviewed. 

Introduction 

Transition metal complexes i n zeolites have long been pro
posed as reactive intermediates i n heterogeneous catalysis; 
however, detailed studies of such complexes have been carried 
out only i n recent years. A number of differ e n t complexes have 
now been characterized by various types of spectroscopy and by 
X-ray d i f f r a c t i o n techniques. At least four review a r t i c l e s 
have been devoted to complexes i n zeolites, with each a r t i c l e 
emphasizing a par t i c u l a r aspect of the problem (1-4). In the 
present review an attempt w i l l be made to draw together much of 
the spectroscopic, structural and reaction data for tr a n s i t i o n 
metal complexes i n zeol i t e s . We w i l l r e s t r i c t our attention to 
those complexes i n which at least one ligand other than water or 
an oxide ion i s present. Furthermore, only the f i r s t t r a n s i t i o n 
series w i l l be considered here, although a limited amount of 
work has been done on complexes of ruthenium (!5) , osmium (5) 
and s i l v e r (6,7) . ~" 

In the formation of these complexes the zeol i t e framework 
may function as a ligand, an anion and a solvent. Usually the 
zeol i t e plays two or even three of these roles, simultaneously. 
One of the more surprising features of this work has been the 
ease with which neutral molecules may replace the oxide ions of 
the l a t t i c e as ligands, forming more stable complexes. In order 
to accomodate the larger ligands the metal ion may move at mod
erate temperatures to si t e s i n or on the surface of the large 
cav i t i e s where there i s adequate volume for complex formation. 

473 
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Furthermore, metal ions i n the zeol i t e o f f e r an opportunity to 
form complexes which have unusual symmetries and coordination 
numbers. Besides having significance i n inorganic chemistry 
such complexes, coupled with other restraints i n ze o l i t e s , o f f e r 
some interesting p o s s i b i l i t i e s as catalysts for reactions i n 
volving small molecules. In other cases the added ligand may 
f u l l y coordinate with the metal ion, forming complexes very 
similar to those observed i n more conventional solvents. 

Most of the complexes studied up to thi s time have been 
synthesized by adding a ligand to a dehydrated z e o l i t e ; however, 
i t has also been demonstrated that a cationic complex may f i r s t 
be formed i n solution and subsequently exchanged into the zeo
l i t e . The s t a b i l i t y of the complex i n the ze o l i t e may be s i g 
n i f i c a n t l y altered with respect to i t s s t a b i l i t y i n a more con
ventional solvent such  water  Thi  ha  marked ef f e c t
the ion exchange e q u i l i b r i
Pleysier and Cremers (8)  presente
national Conference. 

In the following sections the complexes w i l l be treated 
according to the metal ion involved. Emphasis on complexes with 
copper and cobalt ions r e f l e c t s the d i s t r i b u t i o n of papers on 
the subject. 

Copper Complexes 

Copper(II) Ammine Complexes. In aqueous solution C u 2 + ions 
form at least three ammine complexes, [Cu(II)(ΝΗ 3)ι*] 2 +, 
[ C u ( I I ) ( N H 3 ) 5 ] 2 + , and [ C u ( I I ) ( N H 3 ) 6 ] 2 + of which the tetraammine 
i s the most stable. In a dehydrated Y-type z e o l i t e the C u 2 + 

ions prefer s i t e I 1 , according to X-ray d i f f r a c t i o n data (9), 
and even at low exchange levels at least two dif f e r e n t forms of 
the copper may be detected by epr spectroscopy. Upon the ad
di t i o n of excess ammonia to a CuNaY z e o l i t e , the pale green 
color changes to the characteristic blue color of the copper-
ammine complex and the epr spectrum indicates that at low ex
change levels a l l of the copper i s present as the square planar 
[Cu(II) ( N H 3 ) i J 2 + ion i n the z e o l i t e . 

In such a complex the unpaired electron i s expected to be 
i n a d x2_ y2 o r b i t a l . The four equivalent ammonia molecules i n 
the x,y plane of the molecule give r i s e to the nitrogen super-
hyperfine structure as depicted i n Figure 1 (1Ό). Ammonia 
molecules i n the 5th and 6th coordination sit e s would not be 
expected to give additional superhyperfine l i n e s , although the 
g values and copper hyperfine s p l i t t i n g would be expected to 
change i f one or two additional ligands were added. The i r 
spectrum of the copper ammine system provides additional evidence 
that with stoichiometric or excess NH3 the square planar com
plex i s formed (10). 

Most investigators now agree that the square-planar t e t r a 
ammine complex i s formed i n the presence of excess ammonia, but 
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i t s location i n the ze o l i t e remains open Co debate. Since the 
sodalite cage has a free diameter of 6.6 A, and the longest 
distance across the square-planar complex i s approximately 5.5 
A, i t i s conceivable that the complex i s i n the sodalite cage. 
We believe, however, that the experimental evidence favors the 
formation of most of the complexes i n the large c a v i t i e s . The 
strongest piece of evidence which indicates t h i s viewpoint i s 
the "decoupling" of the exchange-coupled C u 2 + ions as indicated 
by epr data (1Ό). For such decoupling to occur upon adsorption 
of ammonia, the copper ions must move apart from one another and 
at least a part of the complexes must reside i n the large cav
i t i e s . 

Similar results have been obtained with copper(II) i n an 
X-type z e o l i t e , except that not a l l of the C u 2 + was complexed 
upon addition of exces
of g for the comple
than the value observed for the complex i n the Y z e o l i t e , as 
indicated i n Table I, but the difference i s within the range ob
served for tetrammines having diffe r e n t anions. 

Even with less than a stoichiometric amount of NH3 the 
[Cu(II) (NH3)i +] 2 + complex i s formed, provided the adsorption i s 
carried out near 36°C A linear increase i n both the epr and 
the i r spectra was observed up to the stoichiometric amount of 
NH3. At this point the intensity of the spectra ceased to i n 
crease with the addition of excess ligand (10). 

Védrine et a l . (15) have studied the temperature dependence 
of the hyperfine coupling for copper ammine complexes i n a Y-
type z e o l i t e . They used epr data to calculate [v(Cu-N)], the 
stretching frequency of the copper-nitrogen bond. The c a l c u l 
ated frequencies agreed well with the frequencies observed i n 
t h e i r infrared experiments, although the calculated frequencies 
range from 100 to 300 cm"1 below [v(Cu-N)] observed i n the anal
ogous inorganic s a l t s . Hydrogen bonding of the ammonia mole
cule with l a t t i c e oxygens was given as the primary reason for 
such large s h i f t s i n frequency. The frequency for the copper-
nitrogen stretch was greater for a sample with excess ammonia 
present than for a sample i n which the excess had been removed. 
The authors reason that when larger amounts of ammonia are pre
sent the complex i s located i n the supercage, while at lower 
ammonia coverage the complex i s located i n the sodalite cages 
where the hydrogen bonding becomes a factor. 

Gallezot et a l . (9) have used X-ray d i f f r a c t i o n techniques 
to study the migration of cupric ions upon adsorption of various 
ligands. A sample was equilibrated with an excess of ammonia, 
and then the excess ammonia was removed by pumping at room temp
erature for an unspecified period of time. Analysis of t h i s 
sample indicated that most of the copper was i n s i t e S j 1 , as ob
served for the dehydrated z e o l i t e . The authors point out that 
ammonia molecules can enter the sodalite cages to coordinate 
with cupric ions; however, they suggest that upon addition of a 
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large excess of ammonia the cupric ions migrate toward the super-
cages . 

Upon desorption of ammonia at 100°C two groups (12,13) 
have observed that an inversion of the values for g(\ and g^ 
occurs (Table I ) . This inversion of g values was attributed by 
Vansant and Lunsford (13) to the change i n symmetry from square 
planar to distorted tetrahedral i n which the copper ion i s co
ordinated to one ammonia molecule and three 0 2 or Ô  l a t t i c e 
oxygens (I). Adsorption data indicated that there was approx-

(I) 
imately one ammonia molecule per cupric ion i n the sample. 

Copper(II) Amine and Pyridine Complexes. Monomethylamine 
(me) and monoethylamine (et) molecules also react with C u 2 + ions 
i n a Y-type z e o l i t e , forming complexes with magnetic parameters 
l i s t e d i n Table I, which are similar to those observed for 
[ C u ( I I ) ( N H 3 ) i J 2 + (13). Because of size limitations these copper 
(II)-amines must be located i n the large c a v i t i e s of the z e o l i t e . 
Only part of the copper ions react with the amines. Further
more, i t was observed that the covalency of the C u 2 + ligand bond 
and the density of the unpaired electron on the nitrogen i n 
creased with increasing ligand size. 

In contrast to the previous work i n which the amine ligand 
was added from the gas phase to a CuY z e o l i t e , one may also 
form a complex i n solution and exchange i t into the z e o l i t e . 
[ C u ( I I ) ( e n ) 2 ] 2 + (en = ethylenediamine) complexes have been ex
changed into both X- and Y-type zeolites and studied by epr and 
reflectance spectroscopy (16). At low exchange levels the 
[Cu(II)(en)] 2 complex was stable only i n the X z e o l i t e , but 
at higher loadings i t was also stable i n the Y z e o l i t e . The 
[Cu(II)(en)3] 2 + complex was formed by adsorption of excess en 
at 100°C 

Several groups (11,12,14,15) have studied the formation of 
the [Cu(II)(py) i j 2 + (py = pyridine) complex i n z e o l i t e s . Due to 
s t e r i c considerations t h i s complex must also be located i n the 
supercage. The epr spectrum of the complex has a large number 
of well-resolved hyperfine.lines i n the h i g h - f i e l d region of the 
spectrum due to the hyperfine s p l i t t i n g of the Cu and the super-
hyperfine s p l i t t i n g of the Ν nuclei. An analysis of the spectra 
indicates greater covalent bonding of the Cu 2 with py than 
with NH3 i n the Y z e o l i t e , but the reverse was noted i n the X 
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z e o l i t e . Gallezot et a l . (9) observed by X-ray d i f f r a c t i o n that 
py induced a s i g n i f i c a n t migration of copper ions from S j and 
S j i s i t e s , presumably to the supercages where they interact with 
adsorbed molecules. These authors suggest that the formation of 
the organometallic complex i s accompanied by a proton transfer 
to the framework oxygen atoms, which they believe i s necessary 
to neutralize the negative charge on the z e o l i t e . 

Copper(II) Complexes with N i t r i c Oxide. Naccache and co-
workers (17) have noted that Cu*"1" ions i n a dehydrated z e o l i t e 
react with NO molecules to form a complex which may be described 
as [Cu(I)NO +] 2 +, where i t i s assumed that the copper ion also 
i s coordinated to the z e o l i t e . The n i t r i c oxide stretching 
vibration occurred at 1918 cm"1, which i s characteristic of co
ordinated N0 +. As expected because of spin-spin interaction
the C u 2 + epr signal intensit
the ze o l i t e at room temperature
the C u 2 + spectrum. 

While studying the a c t i v i t y of the CuY zeolites as catalysts 
for the reduction of NO by NH3, Williamson and Lunsford (18) 
noted that the addition of NO to [Cu(II) (N^)^ 2" 1" complexes 
within a ze o l i t e did not re s u l t i n the formation of a n i t r o s y l 
ligand. This i s consistent with the observation of Enemark and 
Feltham (19) that no d 9 or d 1 0 metal n i t r o s y l complexes with 
C 4 V symmetry have been observed. The addition of 50 torr of NO 
to a ze o l i t e containing [Cu(II)(NH3)4] 2 + resulted i n the form
ation of weak i r bands at 1240 and 1330 cm"1, suggesting that 
either a n i t r i t e ion or a bridging n i t r o ligand may be formed 
between the square planar complex and the zeolite as depicted i n 
II (18). A symmetric epr signal with g. = 2.120 was observed 

( I D 

after addition of NH3 and NO to a CuY z e o l i t e , followed by b r i e f 
evacuation of the gas phase (the evacuation of NH3 being the 
c r i t i c a l factor). The sample turns from blue to green as this 
species i s formed. A tetrahedral complex i s believed to 
be formed i n which C u 2 + i s bonded to three NH3 ligands and a 
NO2 ion. The N0 2 ion apparently l i f t s the copper ammine away 
from the walls of the ze o l i t e supercage, and thus gives r i s e to 
motional averaging which would result i n the symmetric signal. 

Copper(I) Complexes with N i t r i c Oxide and Carbon Monoxide. 
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Copper(II) may be reduced to copper(I) i n a Y-type ze o l i t e by 
heating the material i n CO at 500°C. The resulting Cu + forms a 
weak complex with NO at temperatures below 150°K. The epr 
spectra of the complex was independently reported by Chao and 
Lunsford (20) and by Naccache, Che, and Ben Taarit (21). In 
the l a t t e r paper a value of = 1.74 was incorrectly assigned. 
As indicated i n Table II, the copper hyperfine s p l i t t i n g sug
gests considerable spin density on the metal ion, and the epr 
spectrum has been interpreted by assuming p a r t i a l l o c a l i z a t i o n 
of the unpaired electron i n a 3d z 24s o r b i t a l . 

Unlike the case with NO, copper(I) forms a more stable 
complex with CO as observed by Huang (26). This complex i s 
characterized by a very strong infrared band at 2160 cm"1 which 
i s at a considerably higher wave number than normally found i n 
copper(I) carbonyls. Th
at s i t e s i n the z e o l i t e
the carbon i s allowed, but back donation through π bonds i s pre
vented by the oxide ions. Prior adsorption of ammonia p u l l s 
the copper out into the supercage, where the more usual type of 
backbonding i s allowed, thus a band at 2080 cm"1 i s observed. 

Cobalt Complexes 

Cobalt(II) Complexes with Methylisocyanide. Both the penta-
and hexacoordinated methylisocyanide complexes (IV) have been 

( I I I ) 
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Table II. Spectroscopic Paramaters for Nitrosyl Complexes 
in Z e o l i t e s . 

Complex 

[Cu(I)NO] +Y 
[Cu(I)NO +] 2 +Y 

g 
Values 
g u g i 
1.89 2.01 

[Co(II) (N0) 2] 2 +Y 
[Co(ll) (NH3) (NO) 2l 2 +Y 
[Co(III)(NH 3) nNO~] 2 +Y 

[Cr(I)NO +] 2 +Y 
[Cr(II)(ΝΟ) χ] 2 +Υ 

[Ni(I)NO +] 2 +Y 

Copper 
Hyperfine^ 
Structure 0 

240 

1.917 2.000 

2.41, 2.15, 
2.33 2.16 

[Fe(I)NO +] 2 +Y(S=3/2) 2.003 4.07 
[Fe(I)N0 +] 2 +Y(S=l/2) 2.015,2.055, 

2.089 
[Fe(II)(N0) 2] 2 +Y 

1 
190 

Infrared 
Bands 

1918 

1710 

Ref. 

20,21 
21 

12 

1780-1760 23 
1896,1780-1760 23 

1892 

1890 
1778 

23,24 

25 
25 

1930,1822 25 

a i n units of gauss; ^ i n units of cm"1. 
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formed i n Y-type zeolites (27). These complexes have character
i s t i c epr spectra which allow an unambiguous i d e n t i f i c a t i o n . 
The [Co(II)(CH 3NC) 6] 2 + complex i s formed by adsorption of excess 
methylisocyanide from the gas phase. Desorption of excess 
methylisocyanide at 100°C results i n the loss of one ligand, 
and the formation of the penta- complex. These complexes inside 
the ze o l i t e c avities have essentially C^v symmetry and are very 
stable. Apparently the unoccupied sixth coordination s i t e of 
the [Co(II)(CH 3NC) 5] 2 + complex interacts with the z e o l i t e , 
making i t inaccessible for other ligands. The magnetic para
meters for the penta- and hexacoordinated complexes i n a zeo
l i t e and other solvents are compared i n Table I I I . 

From th i s study one may conclude that i t i s possible to 
form f u l l y coordinated complexes within the large c a v i t i e s of a 
zeo l i t e , and that the framework d t b  i  th
f i r s t coordination spher
complex i s apparently abl y  charg

Table III. Magnetic Parameters for Some Cobalt(II) Isocyanide 
Complexes 

Complex 

[Co(CH 3NC) 5] 2 + 

[Co(CH 3CH 2NC) 5] 2 + 

[Co(CN) 5] 3" 
[Co(CH 3NC) 6] 2 + 

[Co(CH 3CH 2NC) 6] 2 + 

Solvent g i a n , G a ±,G Ref. 

Zeolite 2.163 2.003 89 -32 27 
Methylene 2.127 2.006 80 -50 28 
Chloride 
Water 2.161 2.005 89 -30 28 
Zeolite 2.087 2.007 67 -73 27 
Ethyl 2.089 2.005 64 -70 28 
Isocyanide 

the z e o l i t e , and at low exchange levels there i s no reason to 
expect that the ligands ionize or dissociate to form protons. 

Cobalt(II) Amine Oxygen Adducts. Monomeric 1:1 cobalt 
oxygen adducts have been s t a b i l i z e d i n solution by using macro-
c y c l i c polydentate ligands, but with smaller ligands the com
plexes rapidly dimerize. Because of the r e s t r i c t i o n to motion 
i n a z e o l i t e , i t has been possible to synthesize these complexes 
using simple amines as ligands. Lunsford and coworkers (29-31) 
have demonstrated the reversible formation of low-spin 
[CodlDLnOj] 2 4" adducts within the large ca v i t i e s of a Co (II)Y 
z e o l i t e , where L = NH3, CH3NH2, n-CH3CH2CH2NH2 and H2NCH2CH2NH2 

(en). For a l l but the l a t t e r ligand η i s probably equal to 5 
and for en η i s equal to 2. The structure of the ammine complex 
i s believed to be (29): 
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-NH 3 

(TV) 
This complex was formed by the adsorption of excess am

monia at 25°C into a dehydrated ColzY z e o l i t e  followed by ex
posure to about 10 tor
of the complex indicate
from C o 2 + to the oxygen moiety. As depicted i n (IV) the two 
oxygens are nonequivalent. Brief evacuation at 25°C caused 
immediate removal of the oxygen adduct, but the complex was re
stored by further exposure to oxygen at -78°C. 

Even i n the ze o l i t e there i s s u f f i c i e n t motion of the 
complexes at 26°C to allow the formation of the dimeric μ_-
superoxo [L xCo(III)02Co(III)L x] 5 + adducts with ammonia and mono-
methylamine ligands, but not with η-propylamine or ethylene-
diamine ligands (3(D) . The en i s stable i n the presence of 0 2 

at temperatures up to 70°C. Concentrations up to nearly one 
complex per large cavity have been achieved (31). 

Cobalt(II) Complexes with Olefins and Acetylene. Cobalt(II) 
ions form well defined π-bonded complexes with simple olefins 
and acetylenes i n A-type zeolites (32_) . Adsorption isotherms 
at 23°C indicate that one ethylene molecule i s complexed to 
each cobalt ion. The o p t i c a l spectra of the complexes shown 
i n Figure 2 indicates the formation of a tetrahedral-type com
plex with a perturbation which lowers the symmetry from T d to 
Ci. The cobalt i s bonded to three oxide ions of the zeolite at 
the base of a trigonal pyramid, with the C-C internuclear axis 
being perpendicular to the C3 axis of the oxygen ring. The 
spectra indicate that the ethylene molecule i s rapidly rotating 
around this C3 axis. Propylene, cis-2-butene, trans, 2-butene 
and acetylene form similar complexes to ethylene; however, the 
methyl groups tend to s t e r i c a l l y hinder the π bonding of the 
o l e f i n to the C o 2 + ion. The spectrum of complexed acetylene 
also indicates extensive charge transfer and a more complex 
bonding than observed with the simple o l e f i n s . 

Similar complexes with acetylene have also been observed 
by X-ray d i f f r a c t i o n for NaA (33), Mn(II)A (34) and Co(II)A 
(34) zeolites and with ethylene for Co(II)A (35). These results 
also demonstrate that the cation moves toward the adsorbed mole-
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Q„" 2.236 

Journal of Physical Chemistry 

Figure 1. Epr spectrum of CuY with 350-torr ND3. (a), Experi
mental spectrum; (b), simulated spectrum in the perpendicular 
region; (c), low-field component with the receiver gain three times 
the value of spectrum a; (d), simulated spectrum of the low-field 

component (10). 

l-O 

• 0-6 

• 0·2 

- |·8 

20 25 30 

WAVE NUMBERS (CM _ 1X I0"3) 

35 40 

Journal of Chemical Physics 

Figure 2. The diffuse reflectance electronic spectra of anhydrous Co(II)-
exchanged zeolite 4A(1) and of the ethylene (2), acetylene (3), and propylene 
(4) zeolitic Co(II)A complexes. The ordinates represent the experimental 

absorption intensities (32). 
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39. LUNSFORD Transition Metal Complexes in Zeolites 485 

cule, thus entering a distorted tetrahedral symmetry. Seff 
attributes the bond to the polarization of the π-orbitals of 
the hydrocarbon by the cation i n the z e o l i t e . 

Cobalt(II) Complexes with N i t r i c Oxide. In a Y-type zeo
l i t e C o 2 + ions react to form a d i n i t r o s y l complex which i s 
characterized by infrared bands at 1830 and 1910 cm"1 (22); 
whereas, i n a an A-type ze o l i t e a mononitrosyl complex i s formed, 
having vNO at 1860 cm"1 (35). Seff (4) has used X-ray d i f 
f r action techniques to determine the geometric structure of 
the l a t t e r complex. As depicted i n Figure 3 the QCoN0 angle i s 
approximately 140° and the bond lengths are 2.4 A for Co-N and 
1.5 A for N-O. The C o 2 + ion i s located only s l i g h t l y out of 
the plane of three oxygens i n the six-membered ring. Seff has 
proposed the formatio f  [Co(ΙΙΙ)Νθ"] 2 + complex

The d i n i t r o s y l complexe
active with molecular oxygen, y
located within the sodalite unit (22). The formation of these 
two s i g n i f i c a n t l y d i f f e r e n t complexes with NO i l l u s t r a t e s the 
dramatic role which may be played by the zeolite framework, pro
vided the oxide ions are involved as ligands. 

The addition of one NH3 molecule per C o 2 + ion i n a Y-type 
ze o l i t e , followed by the adsorption of NO resulted i n the form
ation of a [Co(II)(NH3)(NO)2] complex with infrared bands at 
1800 and 1880 cm"1 (22). The s h i f t to lower wave numbers may 
be explained i n terms of an increase i n electron density on the 
n i t r o s y l ligand. The addition of excess ammonia, followed by 
n i t r i c oxide, led to the formation of a mononitrosyl complex de
scribed as [Co(III)(NH 3) nN0"] 2 + with an i r band at 1710 cm"1. 
Here η i s either 4 or 5. The intramolecular reaction of NO with 
NH3 i n both of these complexes leads to the formation of N 2 and 
H 20 at 25°C. These cobalt ammine n i t r o s y l complexes are ef
fective catalysts for the reduction of NO by NH3 (31). 

Cobalt(II) Complexes with Carbon Monoxide. From X-ray 
d i f f r a c t i o n data a [Co (II)CO] 2 _ l" complex has been accurately de
scribed by Riley and Seff (38). Upon addition of excess CO to 
a Co(II)A z e o l i t e the C o 2 + ion moves from nearly trigonal-planar 
symmetry to more tetrahedral symmetry with linear coordination 
to the CO molecule. The r e l a t i v e l y long C o 2 + to C bond distance 
of 2.29 A implies a weak interaction, presumably because the d 
o r b i t a l s of the metal ion are contracted and the π back-bonding 
i s eliminated. These results and the previous work of Huang 
(26) on copper(I) carbonyls suggest that the absence of π back-
bonding may be common to carbonyl complexes i n z e o l i t e s . 

Chromium Complexes 

Chromium(II) Complexes with Oxygen. After dehydration Cr* 
ions i n an A-type zeo l i t e are believed to be coordinated to 
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three oxygen atoms (D3 n symmetry) i n the six-membered ring which 
connects the sodalite unit with the large cavity. K l i e r and co
workers (39) have shown that molecular oxygen coordinates re-
versibly with t h i s metal ion, presumably by the transfer of an 
electron as described e a r l i e r for the cobalt(II)-oxygen com
plexes. The adsorption isotherm i s depicted i n Figure 4. At 
room temperature the magnetic moment decreases from 5.0 to 3.7 
BM, indicating spin pairing between the chromium ion and the 
oxygen r a d i c a l anion. The electronic spectrum i s interpreted as 
a transformation from a d1* ion i n symmetry to a a 3 ion i n 
C i v symmetry. 

At 150°C oxygen or nitrous oxide react with anhydrous 
Cr(II)A to produce a complex which i s believed to be [Cr(IV)0 =] 2" 
where the chromium ion i s also coordinated to three oxygens of 
the ze o l i t e framework  Thi  comple  b  reduced t  th
o r i g i n a l Cr(II)A comple
li b e r a t i o n of carbon dioxide,  providing  pathway
c a t a l y t i c oxidation of carbon monoxide. 

Chromium(II) Complexes with N i t r i c Oxide. According to 
Naccache and Ben Taarit (23) chromium(II) ions may be formed i n 
z e o l i t e Y and mordenite by the exchange of C r 3 + , followed by de
hydration and reduction at 500°C i n hydrogen. Adsorption of NO 
at room temperature r e s u l t ^ i n the formation of a strong epr 
signal which has been attributed to [Cr(I)NO +] 2 +. The d 5 chro
mium (I) i s apparently i n the low spin S = 1/2 state, and the 
n i t r i c oxide i s e f f e c t i v e l y present as a nitrosonium ion. Nac
cache and Ben Taarit (23) assign part of an infrared band i n the 
1760-1780 cm"1 region to NO+. This might seem to be a rather 
low wave number for coordinated N0+; however, i n low-spin tran
s i t i o n metal n i t r o s y l s the stretching frequency i s commonly 
shifted to lower wave numbers. 

In the same zeolites two other i r bands were observed at 
1896 and at 1786-1760 cm"1. The authors (23) attribute these 
two bands to terminal and bridging NO ligands i n a complex de
picted as 

Ν 

O ^ C r ' *Cr —/ 
^ Ν ' " Ν 

6 
V 

In view of the pa i r of bands observed at 1910 and 1830 cm"1 for 
the [Co(II)(NO) 2] 2 + complex i n the Y-type zeo l i t e i t appears 
l i k e l y that a similar complex may be formed with C r 2 + ions. 
This hypothesis could be checked by using a mixture of 1IfNO and 
1 5NO isotopes. 
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Accounts of Chemical Research 

Figure 3. A six-oxygen window in CoA, 
showing the coordination of NO to the 

cobalt ion (4) 
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I t was interesting to note that neither the epr spectrum 
nor the i r spectrum was affected by the addition of molecular 
oxygen (23). A similar [Cr(I)NO +]* + complex on the surface of 
alumina reacted rapidly with 0 2 at room temperature (40). I t 
i s l i k e l y , therefore, that the chromium n i t r o s y l complexes 
are located i n the sodalite cages of the faujasite and i n the 
small ca v i t i e s of the mordenite, where they are inaccessible to 
oxygen molecules. 

A Chromium(I) Complex with Benzene. Dibenzenechromium(I) 
cations have been exchanged into Y-type zeolites from an aqueous 
solution or a 1:1 mixture of methanol/benzene. For purposes of 
comparison the complex was also supported on s i l i c a gel. The 
bis-ir-arene complex i s s u f f i c i e n t l y small (<8. A across) to allow 
motion through the 9 A twelve-membered rin f th  z e o l i t e  U
to one complex per larg
from the methanol/benzen  ep  signa  comple
began to decay upon evacuation of the s i l i c a gel at 25°C; how
ever, i t was reasonably stable up to 80°C i n the z e o l i t e . At 
this temperature benzene was evolved from the sample. Attempts 
to reform the π-arene cation by adding back benzene were unsuc
cessful. Furthermore, i t was not possible to form new π-arene 
complexes by reacting [Cr(I) (CgHg^l* with mesitylene, deuter-
ated acetylene, methylacetylene, or dimethylactylene. From the 
epr parameters i t i s evident that the surface does not s i g n i f 
i c a n t l y affect the bonding within the complex. 

Nickel Complexes 

Nickel(II) Complexes with Nitrous Oxide, Cyclopropane, 
Ethylene, Propylene and Acetylene. One of the e a r l i e s t studies 
on t r a n s i t i o n metal complexes i n zeolites was carried out by 
K l i e r and Ralek (42) on NiA. As with CoA the N i 2 + ions are t r i -
gonally coordinated to oxide ions of the l a t t i c e i n the dehy
drated z e o l i t e . Adsorption of nitrous oxide, cyclopropane, 
ethylene, propylene or acetylene resulted i n a change i n color 
of the zeo l i t e from yellow to pink and an o p t i c a l spectrum 
which indicated a tr a n s i t i o n from to an effective C3 V sym
metry. With the exception of acetylene a l l of these gases were 
reversibly adsorbed at room temperature. No decomposition of 
nitrous oxide or isomerization of cyclopropane was observed. 

A Nickel(II) Complex with N i t r i c Oxide. N i t r i c oxide re
acts with N i z + ions i n NiY zeo l i t e s , forming a complex which has 
been i d e n t i f i e d as [ N i ( I ) N 0 + ] 2 + (23). Kasai (24) f i r s t noted 
t h i s electron transfer from NO to N i 2 + ions by observing the 
charac t e r i s t i c epr spectrum of a d 9 ion. Actually two overlap
ping spectra, as shown i n Figure 5, indicate the presence of 
the complexes at two dif f e r e n t s i t e s i n the z e o l i t e . The NO 
stretching mode leads to a sharp, strong i r band at 1892 cm"1, 
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which i s a more reasonable position for an N0 + moiety. Based on 
X-ray d i f f r a c t i o n data i t has been suggested that there may be 
three NO molecules coordinated to a single N i 2 + ion; however, 
th i s evidence i s questionable because of the large errors as
sociated with the occupancy factors. 

Iron Complexes 

Iron(II) Complexes with N i t r i c Oxide. The formation of 
n i t r o s y l complexes i n Fe(II)Y zeolites has been studied by epr 
and i r spectroscopy (2!5). Upon adsorption of small amounts of 
n i t r i c oxide a high-spin (S = 3/2) complex i d e n t i f i e d as 
[Fe(I)NO +] 2 + was observed. This complex i s characterized by 
an epr spectrum with g^ = 4.07 and g j . = 2.003 and by an i n 
frared band at 1890 c  Upo  additio f  NO additional 
infrared bands were observe
now believed that thes
d i n i t r o s y l complex. After keeping the sample under vacuum for 
several hours, these d i n i t r o s y l bands decreased i n intensity as 
shown i n Figure 6, and a new epr signal was observed, having 
gxx = 2 · 0 1 5 ' 9 y y = 2.055 and g z z = 2.089. The growth of t h i s 
spectrum i s accompanied by an infrared band at 1778 cm"1. This 
complex has been i d e n t i f i e d as the low-spin (S = 1/2) complex 
[Fe(I)NO +] 2 + which i s believed to be formed by the p a r t i a l 
dissociation of the d i n i t r o s y l . As mentioned previously i n 
the discussion of the [ C r ( I ) N O + ] 2 + complex, the wave number for 
the stretching mode i s somewhat low for coordinate N0+; however, 
the g values favor the i d e n t i f i c a t i o n as a low-spin d 7 ion, 
rather than a d 5 ion. Apparently the [ F e ( I ) N 0 + ] 2 + complexes 
are i n two d i f f e r e n t s i t e s i n the z e o l i t e , and the l o c a l sym
metry affects the degree of spin pairing. 

Conclusions 

I t i s evident from the number of diff e r e n t complexes de
scribed here that zeolites serve as a f e r t i l e medium for car
rying out inorganic and organometallic synthesis. The problem 
of constructing these complexes i n a z e o l i t e has been likened 
to building a model ship within a bottle; nevertheless, the 
constraints offered by the z e o l i t e and the role of the frame
work atoms themselves, o f f e r an environment for some novel 
chemistry. Several studies have demonstrated the unusual 
c a t a l y t i c behavior of these complexes i n z e o l i t e s , and i t i s 
anticipated that p r a c t i c a l applications may be made of these 
materials i n the removal of n i t r i c oxide from fixed sources. 
The ef f e c t of complexing on ion-exchange e q u i l i b r i a likewise 
shows promise for the removal of trace quantities of metal ions 
from effluent streams. Most of the e f f o r t up to the present 
time has been devoted to the synthesis and characterization of 
new complexes i n zeolites; however, i t i s anticipated that 
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Journal of the Chemical Society, Faraday Transactions I 

Figure 5. Epr spectrum at 77° Κ of NO adsorbed on NiY dehydrated at 
200°C (23) 

Figure 6. Infrared spectrum of 
Fe(II)Y. (a), Before addition of 
NO; (b), 1 torr of NO; (c), 10 torr 
of NO, evacuated 15 sec; (d), sam
ple under vacuum 4 hr at 25°C; 
(e), sample under vacuum 1 hr at 
50°C; (f), sample under vacuum 

lhratlOO°C. 
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future work w i l l largely be directed toward understanding the 
role of these and other complexes i n i n t r a z e o l i t i c reactions. 
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Reduction and Reoxidation of Silver-Mordenites 
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The reduction and reoxidation of s i l ver exchanged 
Na-zeolon has been followed volumetrically. Isother
mal and temperature programmed methods, together with 
in s i tu infra-red spectroscopy and X-ray spectrometry 
have been applied to investigate the stoichiometry and 
the k inet ic behaviour of the chemical reactions in
volved. The results have been compared with the AgY 
system. 

Introduction 

S i l v e r metal-containing z e o l i t e s prepared by hy
drogen reduction of s i l v e r ions are found activ e and 
s e l e c t i v e i n the gasphase oxidation of ethylene (1_) . 
S i l v e r ions i n Y type z e o l i t e s upon reduction a l s o form 
bulky metal c l u s t e r s outside the z e o l i t e s tructure (2). 
However, the s i l v e r metal whether i t i s located i n s i d e 
or outside the Y z e o l i t e can be reoxi d i z e d to the o r i 
g i n a l s i l v e r cation containing z e o l i t e ( 3 , 4 ) . 

Recently, we reported on the r e d u c i b i l i t y of Ag + 

ions i n Y z e o l i t e (A). The l o c a t i o n of the cations at 
d i f f e r e n t s i t e s mainly determines the r e d u c i b i l i t y . 
The A g + ions i n the supercages are reducible at lower 
temperatures and as a r e s u l t the formation of a hig h l y 
dispersed metal phase containing unreduced s i l v e r has 
been advanced. The Ag + ions located i n the hexagonal 
prisms are only reduced at temperatures at which c o n s i 
derable s i n t e r i n g has occurred already. The migration 
of the ions away from the hidden s i t e s becomes rate 
l i m i t i n g (A). 

In t h i s work, we t r i e d to generalize the concepts 
derived f o r Y z e o l i t e s using a completely d i f f e r e n t 
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molecular sieve s t r u c t u r e . The stoichiometry of the 
reduction of Ag ions i n mordenite and the k i n e t i c me
chanism of the reduction has been derived. 

Unfortunately the exact l o c a t i o n of exchangeable 
cations i n mordenite i s only known f o r K + (5) : 3.34 K + 

ions are located i n the "side pockets" of the structu r e 
( s i t e II) and are coordinated to oxygens belonging to 
a 8-membered r i n g and to an oxygen atom across a small 
channel. The other p o s s i b l e c a t i o n l o c a t i o n s ( s i t e s IV 
and VI) are i n the b i g pores and contain 3.04 and 0.91 
cations r e s p e c t i v e l y . The ions i n the former s i t e s 
are located i n a 8-membered r i n g of oxygen ions, the 
l a t t e r i n a d i s t o r t e d 6-membered r i n g . 

Experimental 

M a t e r i a l s . A commercial sample of Na-zeolon from 
Norton Company has been used. I t was p u r i f i e d by 
tr e a t i n g with several NaCl so l u t i o n s and was then ex
changed with A g N 0 3 s o l u t i o n s . Exchange i n an excess 
of a 0.05 mol dm~3 s o l u t i o n repeated several times pro
duced the samples with the following u n i t c e l l compo
s i t i o n : 

NaAgZ--75 N a l . 92 Ag 5 .69 A l 7 .62 S i 40 .4 ° 9 6 
NaAgZ-84 Na, 20 Ag 6 .42 A l ? .62 S i 40 .4 ° 9 6 
NaAgZ-94 

N a o . 15 Ag ? .5 A l ? .62 S i 40 .4 ° 9 6 
The o r i g i n a l Na-zeolon (Z) contained 1.6 % by weight of 
F e 2 ° 3 e A f t e r several extractions with d i t h i o n i t e (6) a 
z e o l i t e Z5C containing only 0.74 % by weight of Fe2Û3 i s 
obtained. The samples are dehydrated under vacuum at 
673 Κ f o r several hours, then oxygen i s admitted to re-
o x i d i z e Ag° p o s s i b l y formed by a photochemical process 
(4) and the sample i s outgassed again. 

Methods. The volumetric uptake of hydrogen and 
oxygen i s measured e i t h e r i n the isothermal or tempe
rature programmed mode. The d e t a i l e d instrumentation 
has been described elsewhere (4). Also the i n f r a - r e d 
spectroscopic measurements and the X-ray d i f f r a c t i o n 
techniques have been described e a r l i e r (4). 
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Results and Discussion 

Stoichiometry of hydrogen and oxygen uptake. 

Vo^umetrjLc^results^ Gas uptake measurements of 
dry NaAgZ mordenite at d i f f e r e n t temperatures are shown 
i n table I. Already at 195 Κ hydrogen i s taken up by 
the s o l i d , only 41 % of which i s held i r r e v e r s i b l y at 
that temperature. This i n d i c a t e s that a considerable 
amount of H 2 i s held i n the z e o l i t e v i a a physisorption 
process. At ambient temperature the amount of hydrogen 
consumed has decreased by 25 %, but more gas i s held 
i r r e v e r s i b l y by the z e o l i t e . Below 423 K, there i s no 
further progress of the degree of reduction. However, 
at t h i s temperatur
be t i t r a t e d with oxyge
as water. At higher reduction temperatures (643 Κ ) , 
the s i l v e r ions can be reduced completely, the r a t i o 
of hydrogen to oxygen and of water to oxygen uptake i s 
close to 2. Reoxidation i s almost complete under these 
conditions, while during a second redox cycle the 
system can be brought c l o s e l y to i t s o r i g i n a l state 
with respect to the gas uptake values. 

Infra-red evidence^ The appearance of deuteroxyl 
groups i n the z e o l i t e channels upon reduction was proved 
by i n f r a - r e d spectroscopy (Figure 1.). Under mild con
d i t i o n s (Figure l.b) a band appears at 26 50 cm""1. This 
band shows a c i d i c behavior towards ammonia gas. The 
2650 cm""1 0D band increases upon reduction at higher 
temperatures, while new bands around 2690 and 2750 cm"1 

also appear (Figure l . c , d ) . Deuteroxyl bands have been 
observed at the same frequency i n e a r l i e r work (!). 
They correspond to OH bands with the following f r e 
quencies {]) : 3610, 3650 and 3735 cm"1. The l a t t e r 
band has been assigned to amorphous S 1 O 2 i n c l u s i o n s 
(8) and the 3610 cm"1 band to a c i d i c OH groups i n the 
main pores (7-9) ; the presence of the 3650 cm""1 band 
depends upon the pretreatment or the sample preparation 
(8). Upon oxygen treatment of a reduced AgNaZ sample 
(Figure l . e , f ) , the 2690 cm"1 i s not completely e l i m i 
nated. The ultimate presence of t h i s band together 
with the s l i g h t i r r e v e r s i b i l i t y as observed from the 
volumetric data, i n d i c a t e s that i r r e v e r s i b l e s t r u c t u r 
a l changes occur to a l i m i t e d extent, most probably of 
the same nature (= "deep bed" e f f e c t s ) as described 
e a r l i e r {8) . 

The presence of Ag + ions i n the z e o l i t e channels 
has been probed with carbon monoxide. I t seems that 
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the 2175 cm"1 band, r e f l e c t i n g the i n t e r a c t i o n of Ag + 

with CO, decreases upon reduction (Figure l.a,b,c,d), 
and i s restored upon oxygen treatment (Figure l . e , f ) 
remaining s l i g h t l y below i t s o r i g i n a l i n t e n s i t y 
(Figure l . a , f ) . This also i s i n d i c a t i v e of the s l i g h t 
i r r e v e r s i b i l i t y of the system a f t e r a redox c y c l e . 

X-ray_ d i f f r a c t i o n data^_ X-ray d i f f r a c t i o n l i n e s 
of the zeolon structure and of p o s s i b l e external phases 
are shown i n Figure 2. The r e l a t i v e i n t e n s i t y of the 
d i f f r a c t i o n l i n e s changes to a minor extent upon hydro
gen reduction (Figure 2,a,b,c) but even a f t e r several 
redox cycles the material remains highly c r y s t a l l i n e 
(Figure 2.a,e). At i n c r e a s i n g reduction temperatures, 
the i n t e n s i t y of th
s i l v e r external to th
l i n e broadening techniques show that the average par
t i c l e s i z e of the Ag c r y s t a l l i t e s a lso increases. Upon 
oxidation at s u f f i c i e n t l y high temperatures the extern
a l s i l v e r phase disappears (Figure 2 . f ) . A f t e r a 
second redox c y c l e at 643 K, a r e l a t i v e l y small amount 
of s i l v e r remains located between the z e o l i t e c r y s 
t a l l i t e s (Figure 2.g). This again i s i n d i c a t i v e f o r 
the s l i g h t i r r e v e r s i b i l i t y of the system. 

Stoichiometry of the redox r e a c t i o n s . From the 
amount of gases taken up or evolved during a redox 
c y c l e , from the appearance of OH groups and disappear
ance of Ag + ions a f t e r reduction and from the opposite 
behavior upon oxygen treatment, the following o v e r a l l 
stoichiometry appears straightforward : 

2 Ag + + H 2 » 2 Ag° + 2 H + (1) 

2 Ag° + 2 H + + i 0 2 >2 Ag + + H 20 (2) 

The X-ray evidence suggests that metal agglomeration 
occurs during reduction, the system remaining r e v e r s i 
ble to a major extent : 

(Ag°) . 
η Ag° >Ag° x 1 (3) 

^ <AgJ) e 

where y >> χ and the s u f f i x i and e stands f o r metal 
agglomerates i n t e r n a l and metal c r y s t a l l i t e s external 
to the z e o l i t e . Almost complete r e v e r s i b i l i t y of the 
system appears during oxidation : 
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Figure 1. Infrared investigation of the 
reduction and reoxidation of NaAgZ-94 
in the OD region (2800-2500 cm-1) and 
after CO physisorption (2300-2100 
cm1), (a), After out gassing and oxygen 
treatment at 673 K; (b), after
ment for 1 hr at 313 K; (c), after
tion with Ό2 at 423 Κ for 1 hr; (d), after 
Ό2 treatment at 623 Κ for 1 hr; (e), after 
oxygen treatment at 623 Κ for 1 hr; (f), 
after D2 treatment at 573 Κ and oxygen 

treatment at 623 K. 

I ι ι ' II ι ι • I 
2800 2600 2300 2100 

cm"1 

Figure 2. X-ray diffraction lines 
of NaAgZ*-75 upon various redox 
treatments, (a), Dehydrated zeo
lite; (b), Η2 reduction at 432 K; 
(c), at 571 and (d), at 643 K; (f), 
02 treatment of (d) at 571 K; (g), 
after one more redox cycle at 

643 K. 
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Ag° + η H + + I 0 2 > η Ag + + η H 20 (4) 
E s s e n t i a l l y the same behavior has been observed f o r the 
AgY system (3,4). However, upon repeated redox c y c l e s , 
a s l i g h t degree of i r r e v e r s i b i l i t y i s observed most 
probably due to dealumination or "deep bed" e f f e c t s . 

In contrast to other t r a n s i t i o n ion z e o l i t e s such 
as copper (10) , i n no case has an external oxide phase 
been detected. The presence of the l a t t e r phase would 
exclude the r e v e r s i b i l i t y of the system ( J O ) . 

The hydrogen uptake at low and ambient tempera
tures, already suggests that reduction has taken place. 
However, at 195 Κ no reduction of Ag + ions could be 
derived from i n f r a - r e d methods  At ambient tempera
tures, a f a s t chemisorptio
Ag° metal i s forme
i l l u s t r a t e d i n Figure 3, where the degree of reduction 
deduced from the hydrogen uptake, the amount of OD 
groups formed and the decrease of the concentration of 
the Ag+...C0 complex has been compared. The chemisorp
t i o n of hydrogen i s r e l a t e d to the presence of Ag + ions 
since no uptake occurs over NaZ, and to the mordenite 
structure since also no chemisorption has been observed 
on AgY, A g - s t i l b i t e or Ag-chabasite. The present data 
however do not allow to advance a hypothesis concerning 
the chemical nature of the chemisorption s i t e . 

K i n e t i c study of the redox behavior. The k i n e t i c 
curves of the hydrogen uptake of NaAgZ-84 mordenite at 
d i f f e r e n t temperatures are shown i n Figure 4. At high 
temperatures (> 473 K) the rate of uptake does not de
pend on the hydrogen pressure i n the pressure region 
from 3.99 to 53.2 kNm"2. The r e a c t i o n i s f i r s t order 
with respect to the amount of unreduced s i l v e r . The 
a c t i v a t i o n energy i s the same f o r the three samples, 
d i f f e r i n g by t h e i r degree of ion exchange and by t h e i r 
i r o n content and i s equal to 103.0 ± 0.50 kJ mol" 1. 
This i s close to the value required f o r the reduction 
of s i l v e r ions located i n the hexagonal prisms of the 
Y f a u j a s i t e (£). The amount of Ag* involved i n the high 
temperature reduction process i s equal to 2 Ag + ions 
per u n i t c e l l f o r sample NaAgZ-84. If i t i s assumed 
that the ion exchange of Ag + f o r Na + occurs preferen
t i a l l y i n the b i g pores and that only when the l a t t e r 
s i t e s are f i l l e d up exchange i n the side pockets occurs, 
t h i s amount corresponds very c l o s e l y to the reduction 
of the Ag + ions located i n the side pockets (3.3-1.2 
ions per u n i t c e l l ) . A l l these arguments are i n favor 
of the hypothesis that the reduction at high tempera-
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Figure 3. Degree of reduction (a) with time of 
NaAgZ*-75
(O), from the
at 2650 cm1; (Φ), from the intensity of the CO 
stretching vibration (2175 cm'1) of the complex 

Ag* . . . CO. 

Figure 4. Hydrogen uptake with 
of NaAgZ-84 
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tures involves the migration of s i l v e r ions from the 
"side pockets" of the s t r u c t u r e (Site I I ) . 

The reduction i s a catalyzed process : hydrogen 
most probably i s a c t i v a t e d on i r o n impurity centers 
present i n the z e o l i t e . Indeed, i n Figure 5 i t i s 
c l e a r l y shown that the rate of reduction strongly de
pends on the i r o n content of the s t r u c t u r e . Indeed, 
on the deironized m a t e r i a l , the rate of reduction of 
the s i l v e r ions i n the "side pockets" of the structure 
shows a 5-fold decrease, while the reduction mechanism 
remains unchanged as deduced from the slope of the 
Arrhenius p l o t s . 

A k i n e t i c study of the reduction at lower tempe
ratures (< 473 K) cannot be c a r r i e d out since over
lapping e x i s t s wit
at low temperatures
Figure 4 at temperatures below 510 Κ show i n i t i a l l y 
very f a s t rates of hydrogen uptake, while t h i s rate 
gradually decreases at longer reduction times. From 
i d e n t i c a l observations on AgNaY (6), the conclusion 
was derived that some of the s i l v e r ions associate with 
r e a c t i o n products, agglomerating p r e f e r e n t i a l l y to Ag"̂  
species which are more d i f f i c u l t to reduce. In the 
present case, the reduction rate only s t a r t s to de
crease when 80 % of the Ag + ions a v a i l a b l e i n the b i g 
pores ( s i t e s IV and VI) are reduced. This means that 
Age; species are formed p r e f e r e n t i a l l y upon hydrogen 
treatment under mild c o n d i t i o n s . 

Dispersion of Ag° i n the mordenite pores. Reoxi
dation of Ag°Z z e o l i t e s at 523 Κ i s only complete when 
reduction i s c a r r i e d out under mild conditions (below 
523 K). In a temperature programmed oxidation (TPO) 
experiment the rate of oxygen uptake i s maximum around 
423 Κ (Figure 6.a). A f t e r reduction at higher tempe
ratures and longer contact times, a second maximum i n 
the reoxidation rate i s observed s l i g h t l y below 573 Κ 
(Figure 6.b,c). Comparison with X-ray d i f f r a c t i o n 
r e s u l t s , shows always the concomitant presence of the 
second maximum and b i g Ag° c r y s t a l l i t e s . This i s a 
general observation f o r other metal loaded z e o l i t e s 
(11). The f i r s t maximum i s therefore assigned to the 
oxidation of metal agglomerates i n the z e o l i t e pores, 
while the second maximum corresponds to the oxidation 
of bulky metal c r y s t a l l i t e s at the outside of the zeo
l i t e s t r u c t u r e . Under these assumptions 100, 75 and 
40 % of the reduced s i l v e r remains highly dispersed i n 
the z e o l i t e s under the reduction condition described 
sub a, b and c r e s p e c t i v e l y (Figure 6). 
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Figure 5. Rate of reduction
in NaAgZ*-75 (O) and NaAgZ-85

Arrhenius plot of the rate constants. Γ 1 / 103 K"1 

Figure 6. Temperature-pro
grammed oxidation of Ag° mor
denite: rate of oxygen uptake (r0) 
at different temperature, (a), After 
reduction at 473 Κ for 1 hr; (b), at 
523 Κ for 1 hr; (c), at 673 Κ for 1 hr. 
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Conclusion 

The reduction and subsequent reoxidation of s i l v e r 
ions i n mordenite are r e v e r s i b l e processes. During 
repeated redox cycles only a s l i g h t i r r e v e r s i b i l i t y i s 
observed due to deep bed e f f e c t s . The k i n e t i c laws of 
the reduction are e s s e n t i a l l y the same as f o r the AgY 
system. The reduction of Ag + ions i n the inner s i t e s 
i s most d i f f i c u l t , while there i s k i n e t i c evidence that 
upon mild reduction the ions i n the main pores agglome
rate as Ag^. 

The a c t i v a t i o n of hydrogen occurs by a c t i v a t i o n on 
the i r o n impurities i n the z e o l i t e . Since s i l v e r par
t i c l e s i n s i d e and outside the z e o l i t e are o x i d i z e d at a 
d i s t i n c t rate, t h e i
e a s i l y . 
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41 
Isomerization of n-Hexane and n-Pentane over Various 

Bifunctional Zeolitic Catalysts 
I. Influence of the Structure Parameters of the Catalysts on 
the Activity and Selectivity 

G. BRAUN, F. FETTING,* and H. SCHOENEBERGER 
Institut für Chemische Technologie, ΤΗ Darmstadt, West-Germany and 
E . Gallei, BASF AG., 6700 Ludwigshafen, West-Germany 

H-mordenite and CaY-zeolite loaded with various noble and 
transition metals were tested. The bifunctional catalysts contai
ning platinum or palladium were demonstrated to be the most active. 
The H-mordenite catalysts showed high activity and selectivity at 
temperatures as low as 573 K. The isomerization of n-hexane and 
n-pentane over Pt/CaY are possibly "structure sensitive" reactions. 
Kinetic studies showed that intraparticle mass transfer limita
tions in the secondary pore system were significant for Pt/CaY but 
not for Pt/H-mordenite catalyst. 

Introduction 

Itie requirements for unleaded high octane gasolines have led 
to research e f f o r t s , both i n d u s t r i a l and academic, i n the area of 
paraffin isomerization and other reforming reactions. Because of 
the regulations regarding the emissions of hydrocarbons, carbon 
monoxide, nitrogen oxide and lead compounds from internal com
bustion engines, lead a l k y l concentrations w i l l have to decrease, 
re s u l t i n g i n an increased need for l i g h t hydrocarbons with high 
octane numbers, e.g. isomers of n-hexane and n-pentane. 
In former studies we investigated the dehydrocyclization of n-
hexane over commercial bifunctional catalysts ( 1 , 2 ) . The struc
ture parameters of these i n d u s t r i a l catalysts were not completely 
available, so a detailed statement concerning the correlations 
between the structure of the catalysts and their a c t i v i t y was not 
possible. In addition, the information from the l i t e r a t u r e about 
reforming reactions over z e o l i t i c catalysts i s scanty regarding 
the relations between a c t i v i t y and s e l e c t i v i t y and structural pa
rameters of the employed catalysts ( 3 - 1 0 ) . However, such corre
lations are important for catalyst optimization. 

*To whom correspondence concerning this paper should be addressed. 

504 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



41. BRAUN ET AL. Isomerization of n-Hexane and n-Pentane 505 

Therefore,in this work the influence of the catalyst struc
ture parameters, especially of the state of the metallic phase, 
on the a c t i v i t y and s e l e c t i v i t y for the isomerization of n-hexane 
and n-pentane was investigated. 

As testing reactions, the isomerization reactions of Q-hexane 
and n-pentane were selected mainly for two reasons: f i r s t , their 
low heats of reaction prevent high temperature p r o f i l e s i n the ca
t a l y s t bed and second, a l l reaction products can be quantitatively 
analyzed. This f a c i l i a t e d evaluation of the k i n e t i c data, which 
was carried out along with investigations regarding mass transfer 
limitations on the external (gas to p a r t i c l e ) and internal surface 
( i n t r a p a r t i c l e ) of the catalyst p e l l e t s . 

Experimental 

Materials ; Startin
z e o l i t e powder (Linde SK-4o) and a commercial H-mordenite powder 
(Norton Zeolon l o o ) . Both materials were free of clay binder. 
CaY zeolite was prepared from NaY by exchanging part of the 
Na-ions (75#) by C a 2 + . The chemical compositions and the struc
t u r a l parameters of the zeolites are given i n Table I. 

^ e o l i t e 
parameter 

NaY CaY H-mordenite 

chemical 
composition 
[wt %] 

S i 0 2 

A1 20 3 

Na 20 
CaO 

64.3 
21.9 
13.8 

65.0 

22.1 

3.5 
9 Λ 

87.9 
I0.6 

1-5 

s p e c i f i c surface area [m /g] 1250 500 

pore volume 
[ml/g] 

primary 
pores 

0.60 ΐ ο .o6 0.57 pore volume 
[ml/g] 

secondary 
pores 

ο·3ο - o.o3 o.?7 

mean pore 
diameter 

[X] 

primary 
pores 9 7-8 mean pore 

diameter 

[X] secondary 
pores 

4ooo loooo 

c r y s t a l size [/*) 1.2 6 

Table I. Chemical analysis on anhydrous basis and structure 
parameters of zeolites 
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Some of these zeolites were loaded with o.5# by weight of 
various t r a n s i t i o n and noble metals ( l l _ ) by ion exchange or im
pregnation at room temperature. Noble metal loaded zeolites were 
reduced at 573 Κ and zeolites containing N i 2 + ions at 773 K. The 
structure parameters, e.g. s p e c i f i c surface area of the zeolites 
and the pore structure were determined by gas sorption methods 
and mercury penetration (12). The composition of the zeo l i t e 
surface regarding the functional groups was investigated by means 
of infrared spectroscopy (13). 

Measurement of the Dispersion of the Metallic Phase. The 
structural parameters of the metallic phase, for example the 
dispersion of the metal on the c a r r i e r , the metal c r y s t a l l i t e 
size and the s p e c i f i c surface area of the supported metal have 
been determined by chemisorptio
platinum and of carbon
Perkin-Elmer Sh e l l Sorptometer model 212 B. The pulse flow ad
sorption method was employed. 

FOr a l l catalysts good agreement was obtained between this 
pulse technique and electron microscopy determinations of the 
structural parameters of the metallic phase (1^). 

Catalytic A c t i v i t y Measurements (Reactor). Isomerization of 
n-hexane and n-pentane was performed i n a flow apparatus with a 
fixed bed reactor operated under isothermal and plug-flow con
ditions and d i f f e r e n t i a l conversions (<lo#). The downflow 
tube reactor had an inner diameter of 2o mm and a length of 
165 mm. The maximum l i q u i d feed for f l u i d hydrocarbons and hydro
gen gas was 2oo ml/hr and I500 Nl/hr, respectively. The catalyst 
pellets (3 χ 3 ran) were contained i n the middle of the reactor 
tube. Inert spheres were placed above and under the catalyst bed 
to obtain better mixing. Before measuring the a c t i v i t y and se
l e c t i v i t y , the catalyst pellets were activated for 12 hours with 
hydrogen (2 Nl/hr) at 623 Κ and at 1 bar. 

Feed mixtures of hydrogen and hydrocarbons were preheated 
to the reactor temperature before entering the bed. Merck 
"analytical grade" l i q u i d hydrocarbon was dosed by a "Burdosa" 
microdosing pump into a heated stream of hydrogen controlled by 
a flowmeter. 

Beyond the catalyst bed a p a r t i a l stream of products was 
removed and d i r e c t l y transferred to a gas chromatograph equipped 
with a loo m squalane c a p i l l a r y and a FID. This design allowed 
a continuous quantitative analysis of the products. The main pro
duct stream was cooled down and conducted into a seperator and 
decompression vessel. 

Catalytic A c t i v i t y Measurements (Procedure). The testing 
procedure was dependent on the various problems to be solved 
and varied i n the following range: 
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Temperature T : 473 - 773 Κ 
Pressure Ρ : 5 - 3ο bar 
Ratio H2/HC : 2 - 2ο mole/mole 
Weight of catalyst W : o,5 - 2,5 gram 
Liquid feed F : o,2 - 1 , 2 ml/min. 

Results and Discussion. 

At f i r s t the z e o l i t i c catalysts had to be tested regarding 
th e i r a c t i v i t y and s e l e c t i v i t y for the isomerization of n-hexane 
and n-pentane. As a measure for the a c t i v i t y was defined the 
temperature dependency of the conversion and for the s e l e c t i v i t y 
the f r a c t i o n of the isomers of the t o t a l conversion. Thereby had 
to be kept i n mind, that the chemical equilibrium between 
n-paraffins and iso-paraffins i s sh i f t e d to the isomers at low 
temperatures. Therefor
a c t i v i t y and s e l e c t i v i t

Bifunctional Catalysts. For the preparation of the b i 
functional catalysts the active zeolites CaY and H-mordenite 
had been employed as supports. The characteristic properties 
of the carriers were not changed during metal loading, as 
determined by infrared spectroscopy and mercury penetration 
(12,15). The results obtained for the conversion of n-hexane 
over various bifunctional catalysts are shown i n Figure 1 and the 
corresponding data are l i s t e d i n Table I I . 

catalyst a c t i v i t y 
[mole %] 

s e l e c t i v i t y 

Re / CaY 4o,6 o,ol 
Ir / CaY 25,o o,24 
Pt / CaY 2o,7 o,83 
Pd / CaY 36,2 o,86 

Table I I . A c t i v i t y and s e l e c t i v i t y for the 
conversion of n-hexane over various 
bifunctional catalysts with CaY zeolite 
as support at 673 K. 

Almost no isomerization a c t i v i t y was found for the catalysts with 
Ni, Ru and Rh as metallic components and CaY-zeolite as c a r r i e r . 
The isomerization s e l e c t i v i t y of the Ir/CaY catalyst was moderate 
and that of the Re/CaY was even lower (see Table I I ) . However, 
The Ru, Rh and Ni containing catalysts revealed a high hydro-
cracking a c t i v i t y y i e l d i n g p r e f e r e n t i a l l y methane as product; 
and a rapid deactivation was observed. The results for isomeri
zation of n-hexane over catalysts with H-mordenite as support 
and Ni, Pd, or Pt as metallic components are i l l u s t r a t e d i n 
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Figure 2 and Table I I I . 
catalyst a c t i v i t y s e l e c t i v i t y 

[mole JÈ] 

Ni/H-mordenite 51,9 o,2o 
Pd/H-mordenite 11.9 o,97 
Pt/H-mordenite 25,4 0,90 

Table I I I . A c t i v i t y and s e l e c t i v i t y of b i 
functional catalysts with H-mordenite 
as support at 573 K. 

Contrary to the catalysts with CaY-carriers, Pt/H-mordenite 
shows a higher a c t i v i t
mordenite i s very activ
for Ni/CaY. Differences, however, arise i n the products produced 
over the Ni/H-mordenite or the Ni/CaY cata l y s t . Whereas over 
Ni/CaY methane i s produced as main product over Ni/H-mordenite 
the n-hexane conversion yie l d s propane and butane as already 
reported i n l i t e r a t u r e (16). I t should be emphasized the low 
temperatures (493-573 K) at which the catalysts with H-mordenite 
supports show already high a c t i v i t y . For a comparison of the 
a c t i v i t y and s e l e c t i v i t y of one metal component on d i f f e r e n t 
carriers i n Figure 3 are plotted the conversions and s e l e c t i -
v i t i e s as a function of the temperature for the catalysts Pt/CaY 
and Pt/H-mordenite. From Figure 3 i t i s shown, that the high ac
t i v i t y and s e l e c t i v i t y for Pt/H-mordenite, which i s already ob
served at temperatures between 523 and 583 Κ i s reached with 
Pt/CaY f i r s t between 613 and 693 K. The same results were ob
tained for the n-pentane conversion. 

Influence of the Dispersion of the Metal Phase. For a closer 
insight into the c a t a l y t i c properties of the metallic components, 
the influence of the metal dispersion on the conversion for the 
n-hexane and n-pentane isomerization was investigated. 

The characteristic structure parameters are as already men
tioned the dispersion R, the s p e c i f i c metal surface area S, 
and the mean metal p a r t i c l e diameter d. The dispersion R i s de
fined as the r a t i o of free metal atoms on the surface to the to
t a l metal atoms on the c a r r i e r . 

A comparison of the methods of loading, e.g. impregnation 
or ion-exchange for the catalyst Pt/CaY resulted i n metal d i s 
persions of R = 0.62 and o . 8 l , respectively. The testing of these 
catalysts i n the reactor yielded a higher a c t i v i t y for the ion-
exchanged catalyst, that means a c t i v i t y and metal dispersion are 
i n this range proportional to each other. More detailed informa
tion regarding the dispersion should be obtained by systematic 
studies of si n t e r i n g of the metal phase followed by testing of 
these catalysts for the n-hexane isomerization a c t i v i t y . Sintering 
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Figure 2. Conversion of n-hexane and yield of isomers as functions of temperature for 
bifunctional catalysts with H-mordenite as support 
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of the metal phase decreases the s p e c i f i c metal surface area and 
simultaneously increases the mean metal? p a r t i c l e s i z e . The crys
t a l l i n e structure of the z e o l i t i c supports was not damaged by the 
sintering procedure as checked by x-ray analysis. The hydroxyl 
group concentration i s mainly a function of the activation tem
perature and had a constant value for a l l catalyst samples as de
termined by ir-spectroscopy. The structure parameters of a Pt/CaY 
sample sintered at 973 Κ for d i f f e r e n t times are l i s t e d i n Table If. 

catalyst sintering S L g r Pt J 
d [%] 

Pt/CaY 189,0 11 

Pt/CaY 2 hrs,973 Κ 39,o 60 
Pt/CaY 5 hrs,973 Κ 25,o 95 
Pt/CaY 16 Hrs,973 Κ l4 o 163 

Table IV. Structura
af t e r sintering at 973 Κ for d i f f e r e n t times. 

By normalizing the obtained a c t i v i t i e s for the various sintered 
catalysts to the corresponding s p e c i f i c surface area S the spe
c i f i c a c t i v i t y can be calculated. I f the s p e c i f i c a c t i v i t y i s 
plotted against the mean metal c r y s t a l l i t e diameter d, the curves 
shown i n Figure 4 are obtained for the isomerization of n-hexane. 
Identical results were obtained for the isomerization of n-pen
tane. The graphs have a maximum for the s p e c i f i c a c t i v i t y at metal 
p a r t i c l e diameters between 80-I00 X. These results lend mild 
support to the conclusion that the isomerization of η,-hexane and 
n-pentane i s a "structure sensitive" reaction; the possible mi
gration of the cations i n the ze o l i t e l a t t i c e during the sintering 
steps could also have s l i g h t l y influenced the s p e c i f i c activity. 
The concept of "structure sensitive or insensitive reaction" has 
been proposed previously i n connection with r e l a t i o n s , between 
ca t a l y t i c a c t i v i t y and structure of metallic phase (l£). For a 
"structure sensitive" reaction the conversion of n-hexane or n-
pentane becomes dependent on the arrangement of metal atoms i n the 
individual metal c r y s t a l faces. Such relations are not yet known 
i n l i t e r a t u r e for n-hexane and n-pentane isomerization over Pt/CaY 
catalysts. 

K i n e t i c s . A f i r s t order k i n e t i c model with k and k f, the 
forward and reverse reaction rate constants, respectively, was 
based on the following reaction 

n-paraffin « k - [ i-p a r a f f i n ] (1) 
~ k 

The rate of reaction, expressed as moles of i-hexanes or i -
pentanes produced per hour, per gram catalyst i s represented by 
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-conversion of n-hexane 

^ y i e l d of isomers 

Pt / H-mordenite 

/ * Ft/CcY 

χ : 

T [ K J 723 

Figure 3. Conversion of n-hexane and yield of isomers as function of tempera
ture for bifunctional catalysts with Pt as metallic component on CaY and H-

mordenite support 

Figure 4. Specific activity as function of mean metal crystallite di
ameter for the isomerization of n-hexane 
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C l i xi-hexanes 

where [χ, , 1 stands for the mole frac t i o n of a l l iso-i-hexanes 
mers of η,-hexane and χ for the corresponding mole fr a c t i o n at 
equilibrium. 

After integration equation 2 can be used to determine 
values for . The dependency of k on the temperature i s 
used to evaluate the activation energies. Each set of data was 
l i n e a r l y regressed to obtain k and the activation energies. The 
obtained ki n e t i c data are " o v e r a l l " values which are evaluated for 
a coupled reaction system. Before the evaluation of the k i n e t i c 
data the influence of gas-to-particl
p a r t i c l e d i f f u s i o n on th
It was shown, that gas-to-particle mass transfer was an i n s i g 
n i f i c a n t resistant to the o v e r a l l rate for both Pt/CaY and 
Pt/H-mordenite confirmed by the c r i t e r i o n of Mears (18). The 
influence of i n t r a p a r t i c l e d i f f u s i o n i n the secondary pores was 
studied by systematic variation of the catalyst p e l l e t s i z e . 
A small influence of i n t r a p a r t i c l e mass transfer l i m i t a t i o n 
was found for Pt/CaY but not for Pt/H-mordenite. The im
portance of micropore d i f f u s i o n was not determined and 
the k i n e t i c rates include any e f f e c t of d i f f u s i o n a l rates 
i n micropores. The experimentally determined values for 

catalyst p e l l e t 
size 
d=H[mm] 

e f f e c t i 
veness 
factor 

ε r k J 1 
V mole J 

r mole -j 
e f f L hr.gr cat. J 

Pt/CaY 
Pt/CaY 
Pt/CaY 
Pt/CaY 

4 

3 

o.7 

o.5 

T=633 Κ 
ο .6o 

o.73 
1 .oo 
1 .oo 

66 .gî 7 
76. l j 8 
97 .οΐ lo 
97.0- lo 

7.66 χ l o " 3 

9.52 χ " 
13.23 x " 
13.25 x " 

Pt/H-mord. 
Pt/H-mord. 
Pt/H-mord. 
Pt/H-mord. 

4 

3 

o.7 

o.5 

T=543 Κ 
o.9o 
0.94 
1.00 
1 .00 

115 .οί 11 
115.0Ϊ 11 
120.0- 12 
12ο.οΐ 12 

-2 
1.67 x lo 
1.89 χ " 
2.o6 χ " 
2.o2 χ " 

Table V. Results of i n t r a p a r t i c l e mass transfer l i m i t a t i o n 

effectiveness factors and the corresponding rate constants and 
activation energies are l i s t e d i n Table V. The almost constant 
values of the activation energies and effectiveness factors for 
Pt/H-mordenite catalysts indicate that no s i g n i f i c a n t mass trans-
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fer l i m i t a t i o n occurs. However, with Pt/CaY catalyst a continuous 
increase of effectiveness factors and activation energies i s ob
served i f the catalyst pellets are broken up into small pieces. 
These results indicate the occurance of i n t r a p a r t i c l e d i f f u s i o n 
l i m i t a t i o n i n the secondary pore system that means i n the space 
between the zeolite c r y s t a l s . Additional support i s given by the 
structural parameters of the secondary pores of Pt/CaY and Pt/H-
mordenite (Table I ) . The average diameter of the secondary pores 
of Pt/CaY has a value of 4ooo A and makes the d i f f u s i o n l i m i t a 
t i o n much more probable than the appropriate pore Qdiameter for 
Pt/H-mordenite which i s 2,5 times higher (lo ooo A). 

Similar effects concerning mass transfer limitations have 
been obtained for the isomerization of n-pentane. 

Conclusions. 

The most active bifunctional isomerization catalysts are 
composed of z e o l i t i c support l i k e H-mordenite or CaY and noble 
metals l i k e Pt or Pd. The catalysts with H-mordenite as support 
show already at temperatures as low as 573 Κ very high a c t i v i t y 
and s e l e c t i v i t y for the isomerization. The investigation about 
the relations between the structural parameters of the metallic 
phase and the a c t i v i t y revealed that the isomerization of n-
hexane and n-pentane over Pt/CaY catalysts i s possibly "structure 
sen s i t i v e " . Kinetic studies showed a s l i g h t i n t r a p a r t i c l e mass 
transfer l i m i t a t i o n for Pt/CaY, but not for Pt/H-mordenite. 
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Deactivation of Pd-H-Mordenite Catalyst during 

n-Hexane Isomerization 

D. J. CHICK, J. R. KATZER, and B. C. GATES 

Department of Chemical Engineering, University of Delaware, Newark, Del. 19711 

Rates of reaction of n-hexane catalyzed by Pd-H-mordenite 
were measured at H 2 partial pressures near 1 atm and temperatures 
near 250°C. The rate of cracking decreased sharply as the Pd 
content increased to about 0.7 wt%, whereas the rate of isomeriza
tion increased gradually with increasing Pd content. The rate of 
catalyst deactivation increased with the rate of cracking and the 
associated depostion of coke in the pore mouths. 

Introduction 

Processes for paraffin isomerization to give gasoline compo
nents with high octane numbers require a catalyst with high a c t i v 
i t y and good s t a b i l i t y to take advantage of the r e l a t i v e l y high 
equilibrium conversions at low temperatures (1). Such a process 
using a noble-metal-containing H-mordenite catalyst has been 
introduced commercially (2,_3,4_,5). 

The l i t e r a t u r e indicates that much i n d u s t r i a l research has 
been devoted to characterization of the a c t i v i t i e s of metal-
containing ze o l i t e catalysts i n this class. The n-C^ isomeriza
tion a c t i v i t y (at 24-26 hr on stream) of RE-NH^-Y, for example, 
has been found to increase l i n e a r l y with Pt (or Pd) content up to 
0.4 wt% and then become constant (6). The Pd-H-Y catalyst has 
been reported to be more active than Pt-H-Y (7); Pd-H-mordenite 
i s t y p i c a l l y found to be more active than Pd-H-Y (18,^,10,11), but 
these two catalysts have similar a c t i v i t i e s i f their Na^ contents 
are extremely low (12). Paraffin isomerization a c t i v i t y of H-
mordenite appears to be independent of noble metal content (9,13) 
or to increase somewhat with metal incorporation (8). Metal 
incorporation reduces cracking a c t i v i t y (8,9,12). 

Catalyst s t a b i l i t y i s no less important than a c t i v i t y , but 
the l i t e r a t u r e provides l i t t l e quantitative information about 
deactivation rates. Qualitative results show that metal-free H-
mordenite deactivates very rapidly, and application of high hydro-

5 1 5 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



516 MOLECULAR SIEVES—Π 

gen p a r t i a l pressures or addition of metal s t a b i l i z e s the catalyst 
(2,3,4,5,12,14). Slow deactivation has been reported for Pd-Y and 
for Pt-Y i n paraffin isomerization (6,^7). 

The objective of this work was to provide a quantitative 
characterization of the Pd-H-mordenite isomerization catalyst. 
The desired data were rates of n-hexane conversion to isomeriza
tion and cracking products and rates of catalyst deactivation as a 
function of Pd content, reaction temperature, and reactant compo
s i t i o n . Relatively severe reaction conditions were chosen to give 
high rates of deactivation and allow experiments to be completed 
rapidly. 

Experimental Methods 

Apparatus. Catalys
out i n a conventional continuous-flow
(15). An aluminum cylinder surrounding the reactor and held i n a 
thermostatted Lindberg e l e c t r i c furnace provided reaction tempera
tures which varied only ±0.2°C. Hydrogen and helium feeds flowed 
to the reactor through columns containing reduced copper catalyst 
and molecular sieve to remove Oo and ^ 0 . Normal-hexane flowed 
from a Sage syringe pump through a vaporizer to a tee where i t 
was mixed with hydrogen. The well-mixed vapor stream passed 
through a heated l i n e to the reactor. Oxygen for catalyst 
calcination flowed through a separate l i n e . Product vapors from 
the reactor passed through a heated l i n e to a heated gas sampling 
valve, which allowed periodic injection of samples into a gas 
chromatograph. A 2-m by 3.2-mm η-octane on Porasil C column 
separated a l l the hydrocarbon products except CH^, which appeared 
with H 2, and Cj, which appeared with Q^. 

Procedure. Zeolite powder (0.1 to 0.7g) was weighed onto a 
5-cm by 10-cm layer of glass wool, which was r o l l e d into a 10-cm 
long cylinder and inserted lengthwise into the reactor. Glass 
wool f i l l e d the space downstream of the catalyst section, and 3-mm 
diameter glass beads f i l l e d a 16-cm long preheater section up
stream of the catalyst. The ze o l i t e was calcined i n flowing 0 2 

(̂  100 cm3/min) as i t was heated from 25 to 346°C at 2°C/min then 
held for 3.0 hr at 346°C (16,17). The catalyst was cooled i n 
flowing O 2 , then i t was purged with He and reduced i n flowing 
hydrogen <> 60 cm3/min) by heating at 2°C/min to 397°C and holding 
for 3.1 hr. Typical run conditions were as follows: temperature, 
247°C; pressure, 1.35 atm; hydrogen flow rate 0.039 moles/hr; and 
n-hexane feed rate, 0.0063 moles/hr (giving a ^ i n - C ^ molar r a t i o 
of 6.1). The f i r s t sample was taken 10 min after i n i t i a t i o n of 
hexane flow; subsequent samples were taken at 35-min intervals, 
the time required for analysis. Total run time was t y p i c a l l y 6 
hr. 

Materials. A l l chemicals were at least of reagent grade 
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p u r i t y ( 1 5 ) . C a t a l y s t s w e r e p r e p a r e d f r o m H - m o r d e n i t e ( Z e o l o n 
100 H p o w d e r f r o m N o r t o n C o m p a n y ; 0 . 3 5 w t % Na^O; S i 0 2 : A l 2 0 3 = 
1 2 . 5 ) . The m o r d e n i t e was c o n v e r t e d t o t h e NHT f o r m b y s l o w a d d i 
t i o n o f a q u e o u s 1 . 0 Ν NH^OH u n t i l t h e p H was 7 . 8 ( 1 8 ) . The s l u r r y 
was f i l t e r e d , a n d t h e z e o l i t e wa s w a s h e d t h e n d r i e d a t 1 0 2 ° C f o r 
12 h r . The r e s u l t i n g b a s e m a t e r i a l wa s u s e d f o r p r e p a r a t i o n o f 
c a t a l y s t s c o n t a i n i n g 0 . 1 0 6 , 0 . 2 4 9 , 0 . 5 0 5 , 0 . 7 1 1 a n d 1 . 47 w t % P d . 
The m o r d e n i t e was s l u r r i e d i n a I N N H 4 N O 3 s o l u t i o n h a v i n g a pH 
o f 1 0 . The d e s i r e d amoun t o f P d ( N H 3 ) ^ C l 2 ( M a t t h e y B i s h o p ) , 
d i s s o l v e d i n 1 Ν NH^NO^ s o l u t i o n , wa s a d d e d d r o p w i s e o v e r a 1 - h r 
p e r i o d t o t h e s t i r r e d s l u r r y ( 2 , 8 ) , t h e n t h e s l u r r y wa s h e l d f o r 
96 h r b e f o r e f i l t e r i n g , t o a l l o w d i s t r i b u t i o n o f m e t a l t h r o u g h o u t 
t h e m o r d e n i t e p o r e s t r u c t u r e . ( Pd r e m o v a l f r o m t h e s o l u t i o n wa s 
c o m p l e t e w i t h i n a f e w m i n u t e s o f Pd a d d i t i o n , a s i n d i c a t e d b y 
a t o m i c a b s o r p t i o n a n a l y s i s .
f i l t e r e d a n d w a s h e d u n t i
w e r e o b s e r v e d . 

D e t a i l s o f t h e e x p e r i m e n t a l m e t h o d s a r e g i v e n e l s e w h e r e w i t h 
a c o m p l e t e c o m p i l a t i o n o f t h e r e s u l t s ( 1 5 ) . 

R e s u l t s 

I n t h e a b s e n c e o f c a t a l y s t , t h e r e was no h e x a n e c o n v e r s i o n 
a t t e m p e r a t u r e s a s h i g h a s 3 5 0 ° C . When c a t a l y s t wa s p r e s e n t , a 
v a r i e t y o f c r a c k i n g a n d i s o m e r i z a t i o n p r o d u c t s w e r e o b s e r v e d . 
F o r e a c h p r o d u c t , a p l o t o f c o n v e r s i o n a g a i n s t i n v e r s e s p a c e 
v e l o c i t y g a v e a s t r a i g h t l i n e p a s s i n g t h r o u g h t h e o r i g i n , d e m o n 
s t r a t i n g d i f f e r e n t i a l r e a c t o r b e h a v i o r f o r t o t a l c o n v e r s i o n s o f a t 
l e a s t 1 5 % . C o n s e q u e n t l y , t h e c o n v e r s i o n d a t a p r o v i d e d r e a c t i o n 
r a t e s d i r e c t l y . F i g u r e 1 s h o w s how t h e t o t a l i s o m e r i z a t i o n r a t e 
d e p e n d e d o n t i m e o n s t r e a m a n d g i v e s a n i n d i c a t i o n o f r u n - t o - r u n 
r e p r o d u c i b i l i t y o f t h e d a t a . T h e s e r e s u l t s a r e s i m i l a r t o t h o s e 
o b t a i n e d b y p l o t t i n g r a t e s o f i s o m e r i z a t i o n a n d c r a c k i n g t o g i v e 
e a c h o f t h e i n d i v i d u a l p r o d u c t s ( 1 5 ) . 

S i n c e t h e r a t e o f e a c h r e a c t i o n e v i d e n c e d a n e a r l y e x p o n e n 
t i a l d e c r e a s e w i t h t i m e , a l l t h e d a t a h a v e b e e n s u m m a r i z e d i n a 
s e t o f e q u a t i o n s o f t h e f o r m t _ 

R = R e 1 [1] 1 1,0 
T h i s e x p r e s s i o n h a s b e e n f r e q u e n t l y o b s e r v e d f o r d e a c t i v a t i n g 
c a t a l y s t s ( e . g . , 1 9 , 2 0 ) , a n d i t s u g g e s t s t h a t t h e r a t e o f d e a c t i 
v a t i o n was d i r e c t l y p r o p o r t i o n a l t o t h e number o f c a t a l y t i c s i t e s 
( 2 1 ) . E q . [ 1 ] w a s f i t t e d t o t h e r a t e d a t a f o r e a c h p r o d u c t w i t h 
l e a s t s q u a r e s l i n e a r r e g r e s s i o n , t h e n C h a u v e n e t ' s c r i t e r i o n ( 2 2 ) 
was u s e d t o r e j e c t d a t a p o i n t s d e v i a t i n g t o o f a r f r o m t h e m e a n , 
a n d e x p r e s s i o n [1 ] wa s r e f i t t e d t o t h e r e m a i n i n g p o i n t s . T h e f u l l 
s e t o f r e s u l t s h a s b e e n s u m m a r i z e d i n t e r m s o f i n i t i a l r a t e (R^ Q ) , 
t h e t i m e c o n s t a n t f o r d e a c t i v a t i o n ( Y ^ ) , a n d d e v i a t i o n a t t h e 90% 
c o n f i d e n c e l i m i t s ; some o f t h e s e d a t a a p p e a r i n t h e a c c o m p a n y i n g 
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figures and tables, and a l l of them are given i n a thesis (15). 
The rate of cracking i n the presence of metal-free H-morden

i t e was i n i t i a l l y high and decreased rapidly with time; for 
example, conversion of n-hexane at 247°C after 10 min was 60.6% 
(54.1% cracked and 5.7% isomerized); after 43 min, the t o t a l 
conversion had f a l l e n to 15.7% (11.6% cracked and 4.2% isomerized). 
In the presence of 0.106 wt% Pd-H-mordenite under the same 
conditions, the t o t a l conversion of n-hexane after 10 min was 
15.7% (9.9% cracked and 5.8% isomerized), and that after 40 min 
was 8.3%. For each of these catalysts, the two e a r l i e s t points f e l l 
s i g n i f i c a n t l y above the l i n e f i t t e d to the remaining points, and 
the early points were excluded from the f i n a l f i t t i n g , so that 
the extrapolated i n i t i a l rates are low for these two catalysts. 
For catalysts with higher Pd contents, no such systematic devia
tion from the general patter  observed d th  extrapolated 
i n i t i a l rates are considere
values (Figure 1). 

The data summarizing the i n i t i a l rates of formation of each 
saturated cracking product are shown in Figure 2. Each rate 
decreased markedly with increasing catalyst Pd content up to 0.7 
wt%, but i t did not decrease further with further increases i n Pd 
content. In the presence of metal-free H-mordenite, a s i g n i f i c a n t 
amount of propylene was produced; with 0.106 wt% Pd-H-mordenite, 
a small amount was produced; and with higher Pd contents, no 
o l e f i n i c products were detected. 

The i n i t i a l rate data representing formation of each i s o 
merization product are summarized i n Figure 3. The rate of f o r 
mation of each product except 2,2-dimethylbutane generally i n 
creased with increasing Pd content, i n contrast to the cracking 
resu l t s . An increase i n Pd content exerted a greater r e l a t i v e 
influence on production of dimethylbutanes than methylpentanes, 
leading to a marked s h i f t i n s e l e c t i v i t y toward the methylpen-
tanes-dimethylbutanes equilibrium. 

The r a t i o of the t o t a l isomerization rate to the t o t a l crack
ing rate increased with increasing Pd content (Figure 4). Only 
for Pd contents greater than about 0.4 wt% was the t o t a l isomeri
zation rate greater than the t o t a l cracking rate. 

The rates of deactivation represented by 1/Y^ for each of 
the isomerization products are collected i n Figure 5, and the 
comparable data for the cracking products are shown i n Figure 6. 
The rate of deactivation for each cracking and isomerization 
reaction decreased markedly with increasing catalyst Pd content up 
to 0.5-0.6 wt%, beyond which value l i t t l e further decrease and 
even a small increase occurred. The i n i t i a l rates of deactivation 
observed with the metal-free H-mordenite and with the 0.106 wt% 
Pd-H-mordenite were higher than indicated because the rapid 
i n i t i a l deactivation was not represented by the f i t t i n g technique; 
the deviation i s especially s i g n i f i c a n t for cracking. The impor
tant result i s the s i m i l a r i t y i n deactivation behavior for crack
ing and isomerization reactions. 
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Figure 1. Total n-hexane isomeriza
tion rate catalyzed by 0.249, 0.505, 
and 1.47 wt % Pd-H-mordenite at 

247°C 

Figure 2. Effect of Pd content of 
H-mordenite on initial rate of for
mation of cracking products at 
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0.00 0.5

Figure 5. Effect of H-mordenite Pd content on the rate of deactiva
tion for formation of isomerization products at 247°C 

0.00 0.50 1.00 1.50 
WEIGHT PERCENT PALLADIUM IN CATALYST 

Figure 6. Effect of H-mordenite Pd content on the rate of deactiva
tion for formation of cracking products at 247°C. The catalysts con
taining 0.505 and 0.711 wt % Pd had deactivation rates for total 
cracking which were indistinguishable from zero. The catalyst con
taining 1.47 wt % Pd, however, had a measurable deactivation rate 

which was well reproduced in three runs. 
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The apparent activation energies for the formation of each 
of the products catalyzed by the 0.505 wt% Pd-H-mordenite were 
calculated from the i n i t i a l rate data and are given i n Table I. 
Activation energies for isomerization were t y p i c a l l y 34 kcal/mole, 
about 20 kcal/mole less than for cracking. The l i t e r a t u r e reports 
values of 31-38 kcal/mole for n-pentane isomerization catalyzed by 
Pd-H-mordenite (9^13,23,24). The activation energy for acid-
catalyzed n-hexane cracking i s t y p i c a l l y 30 kcal/mole (25,26), 
but i n the presence of H 2 and a catalyst with 0.5 wt% Pd, we 
found i t to be about 55 kcal/mole, which i s consistent with the 
li t e r a t u r e value of 54-55 kcal/mole reported for n-hexane cracking 
catalyzed by 0.5 wt% Pd-H-mordenite at 51 atm (10). 

The time constants representing loss of the t o t a l isomeriza
tion a c t i v i t y were 27.8, 8.30, and 3.37 h r " 1 at 234, 246, and 
267°C, respectively. Th
activation process calculate
vs. was 34 kcal/mole. Because of the very low rate of a c t i v i
ty loss for cracking i n the presence of the 0.505 wt% Pd-H-
mordenite catalysts, a good estimate of the corresponding activa
tion energy could not be obtained. 

TABLE I. Activation Energies and Pre-Exponential Factors for 
Cracking and Isomerization of n.-Hexane Catalyzed by 0.505 Wt% 
Pd-H-Mordenite^ 
Product Α— Ε , kcal/mole 

s c 1 Λ 8 a 
C +C - 3.2 χ 10" 35.8 
C 3 Z 4.1 χ 1 0 1 8 56.9 
i - C 4 4.9 χ 10i£ 52.6 
n-C 4 3.5 χ 10:Z 63.5 20 
i - C 5 1.8 χ 1 0 1 6 52.5 
n-C 5 5.9 χ 1 0 1 5 52.9 
2,2DMB 1.1 χ 1 0 1 1 40.4 
2,3DMB 2.2 χ 10 8 33.0 
2MP 2.2 χ 1 0 1 0 36.5 
3MP 3.9 χ 107 30.4 
S(C 2-C 5)A 1.9 χ 1 0 1 8 55.3 
Z ( i - c 6 ) ^ 6.1 χ 10 9 34.4 
^Reaction conditions: temperature range = 234 to 267°C; t o t a l 
pressure =1.36 atm; H2:n-C^ molar rati o = 6.0; t o t a l conversion 
less than 15%. 

kpreexponential factor, moles/(g sec). 
^•Imprecise since only small amounts of these products were formed. 
—Calculated by summing the i n i t i a l rates at each temperature and 
then performing the least-squares analysis. 

Decreasing the H2:n-C^ molar r a t i o from about 6.2 to 2.8 with 
the 1.47 wt% Pd-H-mordenite catalyst resulted i n a doubling of the 
i n i t i a l t o t a l cracking rate and a marked increase i n the rate of 
deactivation for cracking (Y decreased from 27 to 6.2 hr). The 
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isomerization rate increased by only about 40%, but the rate of 
deactivation for isomerization increased considerably (Y decreased 
from 25 to 6.2 hr). 

Discussion 

Metal-free H-mordenite i s an extremely active cracking cata
l y s t (25), but i t undergoes rapid deactivation, probably caused 
by blocking of i t s narrow pores by deposited coke. The observed 
absence of s i g n i f i c a n t amounts of o l e f i n s in the cracking products 
indicates that there was s i g n i f i c a n t coke deposition, since crack
ing produces ole f i n s and their saturation must be accounted for i n 
the o v e r a l l hydrogen balance. Direct hydrogénation of o l e f i n s at 
our conditions i n the absence of metal i s probably unimportant. 

Addition of Pd to
the rate of cracking (Figur
(Figures 5 and 6). The results of these figures are the f i r s t 
quantitative data substantiating the generally accepted conclusion 
that added metal s t a b i l i z e s the isomerization catalyst (_3,4_,_5>Z> 
12,27). The rate of deactivation i s c l e a r l y correlated with the 
rate of cracking (Figures 2,5, and 6), and this result suggests 
that the cracking reactions lead d i r e c t l y to catalyst deactivation 
through coke formation, as o l e f i n s formed i n cracking are poly
merized and as hydrogen i s transferred from unsaturated species to 
o l e f i n s . 

The isomerization reactions occur i n p a r a l l e l with the crack
ing reactions, and i t i s inferred that they take place indepen
dently of them, since the isomerization rate, i n contrast to the 
cracking rate, increases with increasing Pd content. Since the 
catalyst deactivation for both cracking and isomerization i s 
correlated d i r e c t l y with the rate of cracking reactions, i t i s 
suggested that deactivation i s related to pore blocking by coke. 
This suggestion does not account for a l l the deactivation data, 
however, since isomerization and cracking reactions experience 
different patterns of deactivation at the higher metal contents 
(Figures 5 and 6). The loss of isomerization a c t i v i t y observed 
i n the range for which cracking a c t i v i t y loss was immeasurably 
small (*v 0.6-1.0 wt% Pd) may be interpreted as an indication of 
poisoning of the isomerization s i t e s . 

The important suggestion i s that the s t a b i l i z a t i o n by Pd i n 
the catalyst i s associated much more with a reduction of the 
cracking a c t i v i t y than with hydrogénation of coke or coke pre
cursors or the establishment of more favorable o l e f i n - p a r a f f i n -
carbonium ion r a t i o s (3,12). 

The l i t e r a t u r e indicates that small metal c r y s t a l l i t e s and 
uniform dispersion of the metal are preferred (2,3,4,5,8,12), and 
therefore the above preparation procedures were chosen to assure 
maximum metal dispersion (12,16,17). X-ray d i f f r a c t i o n examina
tion of the 1.47 wt% Pd-H-mordenite gave no indication of Pd 
c r y s t a l l i t e s large enough to produce l i n e broadening (> 3.0 nm) 
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and confirmed that the metal was well dispersed. In H-mordenite 
containing 0.5 wt% Pd there i s expected to be about one Pd atom 
per 18 nm of pore length, provided that there i s no clustering. 
Catalysts with lower Pd contents could have had s i g n i f i c a n t frac
tions of their pores which lacked Pd atoms (or clusters) for 
distances of several 10 1 s of nm into the pore. Such pores are 
expected to behave as though they were metal-free H-mordenite, 
which has a high cracking a c t i v i t y and a high deactivation rate. 
Only when so much Pd i s present that almost a l l the pore mouths 
contain Pd, i s the rapid cracking and rapid deactivation expected 
to be lacking. We suggest that this condition prevails for Pd 
contents i n excess of 0.5 wt%; then deactivation rates are low 
and, l i k e cracking rates, they are almost independent of metal 
content. 

To test this suggestion
was prepared i n the usua
were reduced to minimize the migration of Pd atoms from the pore 
mouths toward the i n t e r i o r regions. Only three hours elapsed 
between the f i r s t contacting of mordenite with Pd and the s t a r t 
of i t s calcination i n the reactor. The catalyst prepared i n this 
way evidenced an i n i t i a l isomerization rate, an i n i t i a l cracking 
rate, and a rate of deactivation characteristic of standard cata
l y s t s with higher Pd contents (Table I I ) . These results are i n 
agreement with the e a r l i e r suggestion of the importance of the 
fraction of the pore mouths having Pd atoms near them. 

Under the conditions of this study and i n the absence of a 
metal, isomerization and cracking both occur by carbonium ion 
mechanisms. Activation of paraffins requires hydride abstraction 
by Lewis acid sites (27) or protonation by "super acid" groups 
(13,28,29), probably those adjoining a Lewis acid s i t e (30). 
Lewis acid s i t e s are produced i n H-mordenite under the pretreat
ment conditions used i n this work (31). Therefore, the suppres
sion of cracking and of catalyst deactivation by added Pd i s 
inferred to result from a reduction i n the number and/or strength 
of Lewis acid s i t e s , perhaps as these s i t e s combine with mono-
hydrogen species s p i l l i n g over from the Pd onto the ze o l i t e 
surface (30). Complete suppression of 2,3-dimethylbutane cracking 
by H 2 i n the presence of Pd-H-Y has been reported (30); the crack
ing appeared to require Lewis a c i d i t y . Suppresion of cracking 
and of deactivation might alt e r n a t i v e l y result from a reduction i n 
the carbonium ion l i f e t i m e associated with a greater r e a c t i v i t y 
of hydrogen i n the presence of Pd. But this suppression i s not 
simply the result of the occupation of Lewis acid sit e s by Pd, 
since an increased ^ i n - C ^ r a t i o led to reduced rates of cracking 
and of deactivation and to increased rates of isomerization. 

H-mordenite i s a good monofunctional paraf f i n isomerization 
catalyst, provided that the hydrogen p a r t i a l pressure i s high 
enough to suppress cracking and to reduce deactivation (9,12,13, 
14). Pd appears to have much the same effect as high hydrogen 
p a r t i a l pressure. The observed increase i n isomerization a c t i v i t y 
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TABLE II. The Effect of Metal Contacting Time on the Catalytic 
Properties of Pd-H-Mordenite 
Metal 

Content, 
Wt% 

0.506e-
(short 
prep. time) 
0.505 
0.711 
1.47 
1.47 

10° χ I n i t i a l 
Isomer i -
zation 
27.4 

21.4 
19.4 
35.1 
33.5 

Cracking 
8.6 

15. 
7. 
7. 
6. 

Isomerization Deactivation 
Time Constant, hr 

21.6 

8.3 
25.9 
20.6 
20.7 

âRate i n moles (total isomerized or t o t a l cracked) per gram of 
catalyst per second. 

^Reaction conditions: Temperatur
1.36 atm; WHSV = 1.5-1.8; H2:n-hexane molar ra t i o = 6.0-6.2. 

—Total catalyst preparation time was 3 hr; a l l other catalysts 
were prepared by the standard procedure described i n the text. 
(both absolute and r e l a t i v e to cracking) with increasing Pd con
tent i s inferred to result from a s h i f t i n the r e l a t i v e proportion 
of s i t e types and s i t e strengths. This suggestion i s supported 
(1) by the observation that the t o t a l i n i t i a l rate of reaction de
creased about twofold and the isomerization rate increased about 
threefold as the Pd-content increased over the range studied 
and (2) by the observation that at higher pressures the addition 
of Pd affects the isomerization s l i g h t l y (8) or not at a l l (9,13, 
14). 

Literature reports (3,4,5,12) indicate that increasing the 
Pd content of H-mordenite from 0 to 0.003 wt% led to a 13-fold 
increase i n the rate of isomerization of n-pentane at 20 hours 
onstream time. The present data suggest that this result primar
i l y r e f l e c t s the effect of Pd on the extent of catalyst deacti
vation, rather than on the i n t r i n s i c c a t a l y t i c a c t i v i t y for i s o 
merization. 

A bifunctional reaction mechanism, involving o l e f i n forma
tion catalyzed by the metal, has been proposed for isomerization 
i n zeolites Ο , 1 3 , 1 4 , 2 3 , 2 4 ) , as has a mechanism involving 
bimolecular cyclohexane ring formation (32). In contrast to the 
former suggestion, no C^-olefins were detectable i n the product,al
though equilibrium concentrations could have been easily determined. 
Nonetheless, strong preferential adsorption of olefins may have 
prevented their escape into the product stream (33). In contrast 
to the suggestion of a bimolecular cyclohexane ring formation 
mechanism, no hydrocarbons with more than six carbon atoms could 
be detected i n the l i q u i d product. Nor were c y c l i c products such 
as benzene and methylcyclopentane formed. 

Although our results do not rule out the bifunctional reac
tion mechanism i n the presence of Pd, they give no evidence 
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suggesting that i t plays a rol e . Nor did we find evidence of a 
mechanism involving a bimolecular cyclohexane ring intermediate. 
The data are explained by the simple suggestion that deactivation 
i s a direct result of cracking, and the reduction of the rate of 
deactivation with increased catalyst Pd content results more from 
the reduction i n the rate of cracking than from the hydrogénation 
of coke precursors and coke. Our results suggest that Pd plays 
the role of controlling the surface acid properties i n the H-
mordenite pore structure and thereby a l t e r i n g the catalyst 
s e l e c t i v i t y . 
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Nomenclature 

A = preexponential factor, moles/g of catalyst/sec 
E a = activation energy, kcal/mole 
Ri = rate of formation of species i , moles/g cat/sec (R may 

also represent t o t a l isomerization rate or t o t a l cracking 
rate) 

R i > 0 = i n i t i a l rate (at t = 0) of formation of species i , moles/g 
cat/sec 

t = time on stream, hr 
WHSV = weight hourly space vel o c i t y , g n-C^/g cat/hr 

= time constant for catalyst deactivation for formation of 
component i , hr 
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Properties of the Metallic Nickel in Reduced NaNiY 

Zeolite Catalysts 

K. H. BAGER, F. VOGT, and H. BREMER 

Department of Chemistry, Technical University "Carl Schorlemmer" 
Leuna-Merseburg, Merseburg, West Germany 

The reducibility of the Ni2+ cations, the dispersion and 
location of the metallic phase and the catalytic dehydrogenation 
activity were investigated on zeolites NaNiY (- 4 wt. % Ni) 
modified by mono, two and threevalent cations (NH4+, Ca2+, Ce3+). 

The metallic nickel i s localized on the external surface as 
well as in the zeolite cages depending on the temperature of 
reduction and the nature of the second-cation. 

Introduction 

Zeolite catalysts which contain cations of group VIII b 
exhibit bifunctional properties after reduction. Therefore most 
zeolite catalysts used for hydrocracking, hydroiscmerization and 
selectofontiing contain noble metals like Pt, Pd or the cheaper 
nickel as hydrogénation /dehydrogenation carponents. 

For optimal hydrogénation /dehydrogenation properties the 
content, the dispersion and the location of the metal are of 
essential importance. It should be possible to modify these 
properties to a certain extent by choice of the pretreatment 
conditions, the degree of cation exchange and a controlled 
directional effect on the Ni ion location, e. g., by exchange 
of a second-cation with different site selectivity. 

The reducibility of Ni ions in faujasite type zeolites and 
characterization of the metal by X-ray, electron microscopy, 
magnetic, chemisorption and catalytic methods have been the subject 
of many investigations (1-14). Most authors agree that after 
reduction the nickel migrates to the external surface where i t 
deposits yielding large agglcmerates. Nevertheless there i s l i t t l e 
information on which conditions of pretreatment and of reduction 
lead to the reduced nickel remaining within the zeolite cages and 
on what i t s properties are. The site-directing influence of a 
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second-cation on the properties of the reduced nickel zeolites has 
not been investigated. The present work deals with these problems. 

Experimental 

Materials. The zeolites studied are summarized in Table I. 
The samples were prepared by a consecutive ion exchange 12 h) at 
703^C with 0.1 Ν nitrate solutions of the Ni , NH4 , Ca and 
Ce ions, respectively. The degree of exchange was determined by 
analyzing the solid for the amount of remaining sodium and 
exchanged cations. 

Table I.- Zeolite

Si0 2/Al 20 3 Exchange Degree 
S a r n p l e Mole Ratio equ. % of equ. % of 

.2+ Second 
_ cation 

NaY 5.2 0 0 
Na 0.3QNÎY 5.2 30 0 

0.30CaNa 0.31NÎY 5.2 31 30 
0.47CeNa 0.32NÎY 5.2 32 47 
0.49NH4Na 0.32NÎY 5.2 32 49 

Pretreatment of Samples. A l l samples were reduced with 
hydrogen (4 1/h) for 2 h at temperatures between 300 and 500 °C 
after drying at 110 C. For comparison parts of the dryed samples 
were reduced after pretreatment (15 min.) at 500 °C in a stream 
of argon (4 1/h) and air (4 1/h), respectively. 

Experimental Technique. The degree of reduction of nickel 
was determined by an iodimetric titration. The metallic nickel 
was solved by an acid 1.0 M K 2Cr 20 7 solution (15). XPS 
investigations were carried out on an A.E.I, spectrometer, ES-100 
with Algo^-radiation (E= 1486-6 eV). The samples were pretreated 
at 400 C in vacuum (5·10~ torr) and for 2 h in a hydrogen 
atmosphere, followed by a vacuum treatment for 2 h (16) . The 
electron ferromagnetic resonance (EFR) spectra were recorded by 
ESR spectrometer ER 9 (VEB Carl Zeiss Jena) i n the regigg of 
600-5000 Oe. After reduction samples were evacuated (10~ torr) 

a Ttiese investigations were carried out at the Academy of 
Sciences of USSR, Institute of Organic Chemistry, Mosccw, 
in the laboratory of Prof. Dr. Kh. M. Minachev. 
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for 2 h at 250 C and sealed under vacuum. Chemisorption of oxygen 
was carried out at 0 °C by a pulse chromatographic method. For 
electron microscopy we used a microscope of type SEJA 3/2 (VEB 
Werk fur Fernsehelektronik Berlin). The reduced samples were 
investigated by means of coal replica techniques. Catalytic 
activity in cyclohexane dehydrogenation was measured at 280-320 C 
by a pulse technique. 

Results 

In Figure 1 the degree of reduction i s given as function of 
reduction tenperature for a l l unpretreated samples and for the 
pretreated NaNiY. For a l l reduction temperatures the same sequence 
of degree of reduction (N
NaNiY > NH4NaNiY > CeNaNiY
ture can be clearly distinguished for the reduction of Ni ions f 

especially Qin the case of the zeolites CaNaNiY and NaNiY. Until 
about 350 C the degree of reduction strongly increased with 
temperature, followed by only slight changes in the reduction 
degree. Above 420 C a further increase of the amount of reduced 
nickel was observed. For NELNaNiY and CeNaNiY a significant 
reduction of the nickel occurs only at temperatures above 420 C. 
In Figure 1 the influence of pretreatment on the degree of 
reduction for NaNiY i s also shown. The typical reduction behavior 
remains unchanged, but the dehydration before reduction diminished 
the extent of reduction. The distinct differences existing at lcwer 
temperatures are no longer presenc at reduction temperatures of 
500 °C. 

The degree of reduction determined by XPS after 2 h of reduc
tion at 400 C i s summarized i n Table II. For catparison the values 
for the reduction degrees as measured by the chemical method are 
given in parenthesis. 

Table II.- Degree of Reduction of Nickel (XPS) 

Sample Degree of Reduction (Ni°/Hi°-«îi2+ %) 
after Vacuum Treat- after Air Treat-

CaNaNiY 58 (42) 38 (28) 
NaNiY 49 (28) 35 (20) 

CeNaNiY 32 ( 6) 18-20 ( 6) 
NH4NaNiY 27 (18) 10-11 (12) 
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The values obtained by XPS are higher than those measured by the 
chemical method. While XPS i s only sensitive to the nickel i n the 
external surface layers the chemical method determines the 
integral value for surface and bulk. In spite of these differences 
the sequence of reduction degrees in the samples examined i s the 
same with both methods (exception: CeNaNiY). 

Fran the EFR spectra we got the line intensity (Ipgr), the 
line with ( Δ Η) and the g-values (17). The change of tnese 
parameters with tenperature of reduction i s shewn in Figure 2 for 
the unpretreated NaNiY (CaNaNiY shows an andjogous behavior) and 
NH^NaNiY. These differences in the reduction behavior in the case 
of CaNaNiY and NaNiY on the one hand and in the case of NH.NaNiY 
and CeNaNiY on the other hand are reflected i n the -values. 
While the Δ Η- and g-values for the NaNiY, CaNaNiY and 
CeNaNiY are constant wit
bothe parameters for th
maximum value at reduction tmperatures of 450 C. The L_, 
values (I related to the amount of nickel) for a l l un- ̂ E L ? 

pretreated samples and a sample of NaNiY which were thermally 
treated (vacuum, 580 C, 50 h) after the reduction are shewn in 
Figure 3. The curve course for a l l samples was similar with the 
exception of NH^NaNiY. For reduction temperatures up to 400 C 
the Irçrç N.-values are essentially unchanged. Above 400 C they 
decreaseί At 450 C for the NH-NaNiY a significant maximum i s 
evident. Upto 400 °C the sequence of X j _ «.-values i s : CeNâNiY> 
NàNiY (580 C, 50 h) > CaNaNiY>NaNiY ^ ^ J ^ 1 NH^NàNiY. 

Figure 4 shews for a i l unpretreated samples the results 
obtained in the oxygen chemisorption as function of reduction 
tenperature. The F-value characterizes the proportion of the 
nickel surface atems (aval ai Me for oxygen) to the total number 
of nickel atcms. For the calculation of the average particle 
size frcm the chemisorption data the egde distance of regular 
octahedrons was taken as particle diameter (ÇL.). An adgorption 
stoichicmetry of Ni:01:1 and an effective Area of 7,2 A Ni per 
oxygen atcm were assumed. NH-NaNiY shows the highest F-values 
and corresponding the lowest Ni particle sizes (1-30 A) changing 
strongly with increasing reduction temperature. For the other 
samples the Ni particle sizes (60-300 A) nearly independent of 
reduction tenperature. 

Results of the electron microcopy of the airpretreated 
samples and the specific nickel surface area of the unpretreated 
samples are summarized i n Table III. This table shews that with 
increasing reduction tenperature the crystallites at the external 
surface of the NaNiY and CaNaNiY increase. The nickel i n CeNaNiY 
at high tenperatures tends to migrate and crystallize at the 
external zeolite surface upon reduction. For NH^NaNiY at a l l 
reduction temperatures no nickel crystallites were detectable at 
the surface. Although the NH^NaNiY and CeNaNiY exhibit comparable 
degrees of reduction of nickel, the specific nickel surface area 
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differs by threefold. For a l l samples there i s a maximum of the 
specific nickel surface area at a reduction tenperature of about 
450 ° C 

Table III.- Sizes of the Nickel Crystallites, 0^. 
(Electron Microscope) and Specific 
Nickel Surface Area, Sj,. (Oxygen Chemi-
sorption) * 

Sample 
after Reduction at 

S^, m2/gNi 
after Reduction at 

Sample 

386 °C 486 °C 400 °C 450 °C 500 °C 

NaNiY 
CaNaNiY 16
CeNaNiY 260 0.8 1.8 1.6 
NH4NaNiY 4.2 4.8 4.6 

Based on c r i t i c a l molecular diameter the dehydrogenation 
reaction of cyclohexane to benzene should occur on the metallic 
nickel on the external zeolite surface as well as on the finely 
dispersed nickel i n the supercages. The apparent (per g catalyst) 
and specific (per niNi) constants of reaction rate (calculated 
according to the equation of Basset and Habgood (18) frem the 
degrees of conversion determined at 290°C) are shown in Figures 5 
and 6 for the unpretreated sanples as a function of the reduction 
tenperature. NH^NaNiY reduced between 350-40ofchas the highest 
dehydrogenation activity despite the extremely lew degree of 
reduction. With the exception of CeNaNiY a l l the other sanples 
have their maximum catalytic activity after reduction at 350-400 C. 
The NaNiY has a second maximum at the reduction tenperature at 
which also the maximum catalytic activity of the CeNaNiY occurs 
(460 °C). 

For NaNiY the specific catalytic Ni activity decreases only 
slightly with increasing reduction tenperature; i t decreases more 
significantly for the other samples (Figure 6). Reduced NaNiY have 
the highest specific dehydrogenation activity of a l l sanples 
investigated. 

Discussion 

Nickel zeolite carrier catalysts exhibit good hydrogénation/ 
dehydrogenation properties when they have a large and accessible 
metallic surface. The catalytically effective metallic surface i s 
determined by the amount, the dispersion and the location of the 
metal in zeolite cages. 
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Figure 1 clearly illustrates that the amount of nickel reduced 
between 300500 C increases considerably. While at 500 C the 
differences in the extent of reduction of the sanples are not 
large; for lcwer temperatures significant differences are observed, 
Fran this i t follets that a reduction températures belcw 400 C 
(Figure 1) the Ni ions i n the supercages are reduced and that 
only at higher temperatures does reduction of Ni in +the small 
cages take place. While cations which support the Ni location 
in the small cages (S T, 5 t,, STT,) decrease the nickel 
reducibility (NH4 , Ce J ), Ca z cations (high S -
selectivity) cause an increased reducibility. 

By the choice of the cation present not only nickel 
reducibility but also the dispersion of the metal formed can be 
influenced. In the case of CaNaNiY and NaNiY the reduction leads 
tQ relatively large metal crystallites (Figure 2 and 3) which 
have superparamagnetic
Metal crystallites wit  propertie y y
the external suface. The oxygen chemisorption measurements and 
the electron microscopic investigations (Figure 4 and Table III) 
confirm the migration and the location of the nickel at the 
external surface, A remarkable reduction of CeNaNiY begins only 
at températures above 400 C and leads to the formation of only 
a few but relatively large nickel crystallites at the external 
surface (Figure 3 and 4, Table III), 

On thg other hand the reduction of the nickel in NH^NaNiY 
belcw 400 C results in the formation of very small nickel 
particles expressed by relatively snail values of T R R r, Λ Η 
and g (Figure 2 and 3), The high stability of the metal 
dispersion i s probably due to a strong interaction of the nickel 
with defects of the zeolite lattice. For reduction temperatures 
above 400 C the nickel increas singly agglomerates in the super-
cage f forms clusters and the size of the active metal surface 
decreases (Figure 5), But on the other hand the reduction of the 
nickel i n the small cages begins. Both procedures are reflected 
by a maKiraum of I™. x-. at a reduction tenperature of 450 C 
(Figure 3). ^ N l 

The decrease of I _ . N i at reduction temperatures above 
400 C indicates in a l l ' sanples an increase i n the amount 
of finely dispersed nickel as a consequence of further reduction. 
Even a vacuum treatment (50 h) at 580 C of reduced NaNiY did not 
alter this curvature which i s characteristic for a l l sanples 
(Figure 3) and confirms the high stability of the reduced nickel 
remaining in the small cages. 

Amount, dispersion and location of the metallic nickel 
correspond well with the catalytic properties of the samples 
examined (Figure 5 and 6). The dehydrogenation activity increases 
with increasing reduction temperature and i s caused by the i n -
creasing amount of accessible nickel. At temperatures above 400 C 
the process of metal agglomeration predaninates. This process as 
well as the formation of metallic nickel i n the small cages 
decrease the accessible nickel surface and decrease the catalytic 
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activity. The optiinum conditions with respect to the accessibility 
and catatytic activity of the metal surface are realized in the 
NaNiY sample. 
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C. NACCACHE, N. KAUFHERR, M. DUFAUX, J. BANDIERA, and B. IMELIK 
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ABSTRACT 

Pt-zeolite catalyst
Hydrogen chemisorption an
for measurements of metal dispersion and particle size. 10 Å metal 
aggregates were found on zeolites calcined in oxygen at 623°K and 
15-20 Å size metal crystallites on zeolites calcined at 773°K. 
Comparison of the catalytic activity for ethane hydrogenolysis over 
Pt-zeolite and Pt-SiO2 showed a minor effect of the carrier. In 
contrast, the patterns of catalytic activity for cyclopropane hy
drogenation indicated a high promoting effect of the zeolite which 
was interpreted in terms of the electrostatic f ie ld . 

Introduction 

Since the importance of metal dispersion i n the e f f i c i e n t use 
of metal catalysts has been well established, extensive research 
has been carried out to develop methods of preparation that produ
ce f i n e l y dispersed metal catalysts. Several reports have been pu
blished on the use of zeolites as ca r r i e r s . Rabo et a l . (J_) who 
prepared supported Pt-zeolites suggested that the metal was almost 
atomically dispersed. Lewis (2) found that platinum i n zeolites 
was present as two sizes, p a r t i c l e s of 10 Â size, small enough to 
f i t inside the ze o l i t e cages and of 60 Â size on the external sur
face. Kubo et a l (3) concluded from chemisorption and electron 
microscopy studies that the platinum p a r t i c l e size was strongly 
dependent on the calcination temperature of Pt exchanged ze o l i t e 
before I^-reduction. Dalla Betta and Boudart (4) have suggested 
that small platinum clusters which contained less than 6 atoms were 
formed i n the supercages. More recently, Imelik and coworkers (5) 
(6) showed that depending on the calcination temperature, either 
Pt-agglomerates (10 Â size) or P t - c r y s t a l l i t e s (20 Â size) were 
present i n Y-zeolites. 

Although the behaviour of these small metal p a r t i c l e s i n hy
drogen and oxygen chemisorption has interested several authors, 
less attention has been paid to their c a t a l y t i c properties. Kubo et 
a l . (7) found a good correlation between the amount of hydrogen ad-
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sorbed and the c a t a l y t i c properties of the zeolite supported p l a t i 
num. However they did not mention a particular behaviour for these 
catalysts. Dalla Betta and Boudart (4) reported that small Pt clus
ters possessed c a t a l y t i c a c t i v i t i e s for hydrogénation of ethylene 
or neopentane hydrogenolysis an order of magnitude higher than Pt 
supported on s i l i c a . Imelik and co-workers (5) found that Pt-crys-
t a l l i t e s i n zeolites have an enhanced c a t a l y t i c a c t i v i t y . In view 
of these previous results i t was thought of interest to further i n 
vestigate the c a t a l y t i c properties of small platinum p a r t i c l e s sup
ported on zeolites for carbon-hydrogen and carbon-carbon bond a c t i 
vation i n order to determine the s i g n i f i c a n t influence of the zeo
l i t e support. 

Experimental 

Sodium and ammoniu
were exchanged with (Pt(NH^)^) 2 + solutions. Samples were then f i l 
tered, thoroughly washed and dried at 313°K. Pt contents as deter
mined by chemical analysis were i n the range 0.5 - 10 wt %. To 
form the platinum metal catalysts the samples were given the f o l 
lowing treatments : about 0.1 g of the exchanged zeolite was i n t r o 
duced either into the c e l l used for hydrogen adsorption or into 
the c a t a l y t i c reactor. The standard pretreatment was to purge with 
pure oxygen at 298°K and then to raise the temperature up to 623°K 
at 0.5°C min~l while oxygen was continously circulated through the 
sample. This treatment removed N H 3 ligands without s i g n i f i c a n t re
duction of Pt · ions. Furthermore, at 623°K NaY was almost dehydra
ted and NH^Y decomposed to the HY form. Hydrogen reduction was car
ried out at 623eK for at least 3 hours. A series of samples were 
calcined i n oxygen up to 773PK and then ^-reduced at 673°K. Dis
persion i s defined as the percent of platinum atoms at the surface. 
The number of surface platinum atoms was determined by the hydrogen 
adsorption technique i n a volumetric apparatus. The metal surface 
was calculated from s β 6/pd where ρ i s the platinum density and d 
the mean p a r t i c l e diameter. P a r t i c l e sizes were further determined 
by electron microscopy using the same procedure as i n (6) ; cata
l y t i c a c t i v i t i e s were measured i n a glass fixed-bed d i f f e r e n t i a l 
continuous flow reactor at atmospheric pressure. Ethane hydrogeno
l y s i s c a t a l y t i c measurements were made i n the temperature range 
573 - 673°K at a flow rate of 6 1 h" 1. 

The a c t i v i t y of the catalysts decreased with time. Hence to 
obtain reproducible data, the samples were regenerated between 
each gas chromatography analysis by the procedure proposed by Yates 
and S i n f e l t (8). Cyclopropane hydrogénation was carried out between 
293°K and 313"^ at a flow rate of 18 1 I T 1 . 

Results 

The electron micrographs revealed that the platinum pa r t i c l e s 
supported on zeolites varied i n their size as a function of the 
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calcination temperature i n oxygen. On almost a l l the z e o l i t e sam
ples oxygen-treated at 623°K and then reduced at the same tempera
ture the metal p a r t i c l e s were around 10 A size, while they were 
about 15 - 20 A size on the zeolites that were oxygen-treated at 
773°K. Figure 1 shows the size d i s t r i b u t i o n of platinum c r y s t a l l i 
tes i n NaY and NH^Y zeolites derived from electron micrographs. 

In tables II, I I I , IV, V are collected p a r t i c l e sizes obtai
ned from electron microscopy, platinum dispersion values calculated 
from hydrogen adsorption. 

Catalytic studies 

The rate equation for ethane hydrogenolysis was determined o-
ver the pressure ranges 30 - 100 torr for ethane and 190 - 450 torr 
for hydrogen. Table I summarize
tion with temperature. 

TABLE I.- Orders for ethane hydrogenolysis, r β k p c 11 p m 

C 2 H 6 — H 2 

Catalyst T°K 
reaction 

P„ torr H 2 
P r TT torr 

C2 H6 
η m 

Pt/NaY 
d = 10 Â 

578 
637 
663 

30 - 100 
t t 

I I 

190 - 450 
t t 

t t 

1 
0.9 

- 2.5 
- 1.1 
- 1 

Pt-Si0 2 

d = 15 A 

599 
631 
643 

30 - 100 
t t 

I t 

190 - 450 
t t 

t t 

1 
1 

0.9 

- 1.8 
- 1.2 
- 1.1 

From the ki n e t i c data i t appeared that there were l i t t l e chan
ges i n the orders of reaction over the temperature range 6 3 3 - 6 6 3 ° K 

for a l l the samples examined i n the present study. Thus the speci
f i c a c t i v i t y for ethane hydrogenolysis was determined at a standard 
set of conditions : P H 2 = 3 1 7 torr, P C 2 H 6 s 3 3 torr, Τ = 6 6 3 ° K . The 
apparent activation energies were calculated i n the temperature 
range 6 3 3 - 6 6 3 ° K . The results are collected i n table II. 

The a c t i v i t i e s of Pt-NH/Ï and P t - S i 0 2 for hydrogenolysis of 
propane were also studied under standard conditions over the tem
perature range 4 7 3 - 5 3 3 ° K . The results are shown i n table III. Va
lues for the apparent activation energies shown i n table III are 
very similar for the two catalysts. The hydrogenolysis of propane 
over these catalysts resulted i n the formation of methane and etha
ne with a CH^/C2H^ rat i o of 1 . The s p e c i f i c a c t i v i t y for propane 
hydrogenolysis was determined at standard conditions : 
P R 2 = 3 1 7 torr, P C 3 H 3 " 3 3 torr, Τ - 5 3 3 Κ . 
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Figure 1. Size distribution of platinum particles, (a), PtNaY 3.8% 
wt Pt 02 350°C-H2 350°C; (b), PtNaY 3.8% wt Pt 02 500°C-H2 

400°C; (c), PtNHJ 10.8% wt Pt 02 350°C-H2 350°C; (d), PtNH>Y 
10.8% wt Pt 02 500°C-H2 400°C. 
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TABLE II. - Hydrogenolysis of ethane ; 

Catalyst °K 
Treatment 
02 H2 

Dispersion % 
H 2 

d Â 
EM 

r a t e 2 

mole/h m Pt 
χ 10 4 

Ε 
ap 

Kcal mole 

Pt-NaY 623 623 100 10 50 60 
3.8 % 773 673 16 15 13 58 

Pt-NH.Y 623 623 62 13 32 53 
3.5 % 773 673 22 20 6 54 

Pt-NH,Y 623 623 
10.8 % 773 673 

Pt-Si0 9 623 623 72 15 14 44 
2.6 % 773 673 40 40-60 3 50 

TABLE III. - Hydrogenolysis of ρ ropane 

Catalyst d Â 

EM 
Eapp 

Kcal mole -1 
rate χ 

mole/h^ ι 
10 4 

m2 Pt 

Pt-NH.Y 4 
10.8 % 

10 
15 

36 
36 

60 
17 

Pt-Si0 2 

2.6 % 
15 

40 - 60 
29 
29 

14 
2.8 

Cyclopropane hydrogénation 

The reaction of cyclopropane with hydrogen was studied i n the 
temperature range 273 - 313eK. The orders of reaction i n hydrogen 
and cyclopropane were respectively 0 and 0.6 for a l l the catalysts 
examined. The temperature dependence of the reaction rates at cons
tant hydrogen and cyclopropane pressures gave an apparent ac t i v a 
tion energy of about 12 kcal.mole" 1. The s p e c i f i c a c t i v i t i e s were 
then determined at standard conditions : Τ reaction • 295°K, 
PCoH$ β 1 1 torr, Ρ^ 2 « 327 torr. Table IV summarizes the results 
obtained for platinum catalysts supported on NaY, Ce-Y, A1«0^ and 
S i 0 2 c a r r i e r s . The data given i n table V have been computed from 
the results obtained with Pt-NH4Y catalysts. 

In order to provide some evidence that cyclopropane hydrogena-
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tion can or cannot proceed by a dual-functional mechanism on the 
platinum supported on acidic carriers the reaction of isomeriza
tion of cyclopropane to propene over Pt-HY zeolites and Pt-NaY was 
investigated. At room temperature no sig n i f i c a n t isomerization 
reaction occured ; propylene appeared as a product only at about 
473°K. 

Furthermore the acceptor properties of Pt-NH^Y zeolites a c t i 
vated at 773°K as a function of platinum content were studied f o l 
lowing the procedure by Figueras et a l . (9) which consisted of de
termining the number of radical cations formed by adsorption of an
thracene. The data obtained indicate that the increase of p l a t i 
num content produced a decrease in the acceptor properties of the 
c a r r i e r . When the platinum content reached a value of about 
1.9 wt Z, Pt-NH^Y activated at 773°K showed the same very low 
Lewis ac i d i t y as Pt-Na

TABLE IV : Hydrogénation of cyclopropane over Pt-NaY, Pt-SiO, 
and P t - A l o 0 3 

°K 
Catalyst Treatment 

02 H 2 

Dispersion % 
H 2 

d Â 
EM 

3 
rate χ 10 
mole/h.g 

Ν h" 1 

χ 10 Z 

Pt-NaY 
1.1 % 

623 
773 

623 
673 

85 
11 

- 160 
13 

35 
21 

Pt-NaY 
3.8 % 

623 
773 

623 
773 

100 
16 

10 
15 - 20 

653 
140 

34 
45 

Pt-NaY 
7.9 % 773 673 18 - 154 37 

Pt-CeY 
1.1 % 623 623 100 - 556 89 

Pt-Al ?0~ 
1.7 % J 773 673 77 13 2.1 0.32 

Pt-Al 90. 
10 % 

773 673 27 >40 4.0 0.30 

Pt-SiO. 
2.6 % 623 623 72 15 9 0.90 
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TABLE V : Cyclopropane hydrogénation over Pt-NH.Y 

Catalyst 
eK 

Treatment 
02 H 9 

d? 
Dispersion % A 

H 9 EM 

3 
rate χ 10 
mole/h.g. 

Ν h" 1 

χ 10 

Pt-NH.Y 
0.5 Ζ 

623 623 65 90 56 

Pt-NH.Y 
0.95 % 

623 
773 

623 
673 

62 
29 

187 
80 

62 
57 

Pt-NH.Y 
1.9 % 

623 
773 

623 
673 

67 
24 

342 
83 

54 
36 

Pt-NH.Y 
3.5 % 

623 
773 

623 
673 

Pt-NH.Y 
10.8 % 773 673 22 20 396 33 

DISCUSSION 

The results of this work, i n agreement with previously p u b l i 
shed data, have shown that exchanged platinum ions yielded on re
duction highly dispersed platinum metal. The satisfactory agreement 
between the results from the hydrogen chemisorption and electron 
microscopy indicates that i n zeolites oxygen-calcined at 623°K be
fore reduction, the metallic phase i s made up of small p a r t i c l e s of 
8-10 A size and homogeneously dispersed inside the supercages. On
ce formed the p a r t i c l e s are too large to escape through the small 
7.2 Â port windows. Thus the zeo l i t e framework would increase the 
s t a b i l i t y of the metal p a r t i c l e s to sintering and allows obtaining 
a r e l a t i v e l y high metal loading without substantial increase of 
the metal p a r t i c l e s i z e . The results obtained with platinum loaded 
zeolites oxygen treated at 773PK showed considerable discrepancies 
among the p a r t i c l e size calculated from the chemisorption of hydro
gen and electron microscopy. In Pt^+Y zeolites calcined at 773°K 
a large number of Pt^+ ions are located i n the sodalite cages 
(5, 6) . Upon H2-reduction Pt^"1" form Pt (0) atoms, a part of which 
being s t a b i l i z e d inside othe sodalite cages. Platinum atoms which 
escape through the 2.2 A cage windows agglomerate i n the superca-
ges and form platinum aggregates (8 - 10 1 size) or c r y s t a l l i t e s 
(15 - 20 Â ) . As the electron micrographs have shown the platinum 
c r y s t a l l i t e s were also embedded within the z e o l i t e , one could sug
gest that during the metal aggregation part of the z e o l i t e frame
work around the c r y s t a l l i t e was destroyed thus enlarging the su
percage size (6). Following this analysis the apparent discrepancy 
between chemisorption and electron microscopy can be understood 
i f one suggest that atomically dispersed Pt(0) atoms have l i t t l e 
a b i l i t y to adsorb hydrogen (3, _5). Hence only an "apparent disper-
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sion" would be measured by hydrogen chemisorption for Pt-loaded 
zeolites calcined at 773°K. 

Striking effects of the zeolite c a r r i e r , close to those repor
ted by e a r l i e r workers ( 4 , 5) have been obtained for cyclopropane 
hydrogénation. Tables IV and V show that zeolite-supported p l a t i 
num catalysts were more active for cyclopropane hydrogénation than 
Pt-Si02 or Pt-Al2(>3 at a l l states of platinum dispersion. From ta
bles IV and V the following orders of r e a c t i v i t y for cyclopropane 
hydrogénation were found (table VI). 

TABLE VI.- Orders of s p e c i f i c a c t i v i t y for C^H^ hydrogénation 

Catalyst Pt-CeY 
Pt-HY 
or

Pt-NaY or neutra Pt/conventional 

Electros
t a t i c 
f i e l d 

strong medium low 

Turnover 
Number 
Ν h" 1 

89 56 36 0.03, 0.1 

The enhanced hydrogenating properties of small platinum clus
ters supported on zeolite was previously interpreted i n terms of 
electron transfer between the metals clusters and the z e o l i t e , 
thus the platinum clusters behaving more l i k e iridium ( 4 ) . However, 
this interpretation cannot account for the results on cyclopropane 
hydrogénation for the following reasons : (i) i t i s reasonable to 
expect that the metal-carrier interaction would have a higher ef
fect on the electronic properties of small clusters than on large 
c r y s t a l l i t e s , thus the s p e c i f i c a c t i v i t y for hydrogénation should 
be higher for small platinum clusters. In contrast the observed 
s p e c i f i c a c t i v i t i e s for 10 Â aggregate and 20 Â c r y s t a l l i t e s sup
ported on N H 4 Y z e o l i t e were about the same (table V). ( i i ) In a 
study of cyclopropane hydrogénation on group VIII metals S i n f e l t 
and co-workers (12) observed that the s p e c i f i c a c t i v i t y of p l a t i 
num was about 2 orders of magnitude higher than that of iridium. 
Thus i f electron transfer between small Pt aggregates and the zeo
l i t e c a r r i e r had occurred, one would have observed a decrease of 
the s p e c i f i c a c t i v i t y for cyclopropane hydrogénation from Pt-Si02 
to Pt-zeolite catalysts. In sharp contrast our results indicate 
that zeolite-supported platinum catalysts are 100 times more active 
for cyclopropane hydrogénation than Pt-Si02 or Pt-Al203.0n the ba
si s of the above analysis the major role of the ze o l i t e c a r r i e r i n 
the enhancement of the hydrogenating properties Pt-zeolite catalysts 
would be better described i n terms of the effect of the electrosta
t i c f i e l d , present inside the zeolite c a v i t i e s , on the reactants 
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rather than on the metal. Cyclopropane undergoes hydrogénation 
reactions which are characteristic of molecules possessing a car
bon-carbon double bond, thus suggesting that the molecule has a 
pseudo o l e f i n i c character. However i n contrast with ethylene, re
cent molecular o r b i t a l calculations (11) have shown that the lowest 
unoccupied molecular o r b i t a l i n cyclopropane has a σ-type structure 
which favors more linear geometries. The addition of a negative 
charge i n this σ-orbital increases the equilibrium angle of the 
cyclopropane thus favoring the ring opening. Therefore one might 
suggest that the e l e c t r o s t a t i c f i e l d i n the z e o l i t e acts as a ne
gative charge which removes the s t a b i l i z a t i o n of the strained cy
clopropane ring thus increasing i t s r e a c t i v i t y . The 3-fold increa
se of the turnover number from Pt-NaY to Pt-CeY catalysts i s pro
bably due to the higher e l e c t r o s t a t i c f i e l d i n rare earth exchan
ged z e o l i t e . Recently i
tion of hydrogen on CaY
attributed to the higher e l e c t r o s t a t i c f i e l d i n CaY z e o l i t e (13). 
F i n a l l y a dual function mechanism for hydrogénation of cyclopropa
ne over Pt-zeolite catalysts i s less l i k e l y to occur as i t has 
been shown that no cyclopropane isomerization occured on these 
catalysts up to about 473°K. 

Our results on ethane hydrogenolysis provide further arguments 
for rejecting the direct effects of platinum-zeolite interaction 
on the c a t a l y t i c properties of the metal. The c a t a l y t i c hydrogeno
l y s i s of ethane has been extensively used to investigate the cata
l y t i c properties of metals (10). In considering the pattern of the 
c a t a l y t i c a c t i v i t i e s for the hydrogenolysis of ethane i t has 
been shown that both the electronic structure of the metal (10) 
and to a lower extent, the metal p a r t i c l e size (8) played an im
portant r o l e . The results of the present study on platinum are s i 
milar to those found by Yates and S i n f e l t on rhodium (8). The 
s p e c i f i c a c t i v i t y for ethane hydrogenolysis decreases with the i n 
crease of the platinum p a r t i c l e size, the catalysts containing 
p a r t i c l e s of 10 A size having the highest s p e c i f i c a c t i v i t y . Fur
thermore, table II shows that the s p e c i f i c a c t i v i t y i s almost inde
pendent of the nature of the c a r r i e r . For platinum supported on 
non acidic and ac i d i c zeolites i n which the metal p a r t i c l e s are 
10 Â size, approximatively ident i c a l s p e c i f i c a c t i v i t i e s were 
found (50-60-10~4 mole/h m^). The s p e c i f i c a c t i v i t i e s i n the hydro
genolysis reaction on 15 Â size platinum c r y s t a l l i t e s supported on 
NaY, N H 4 Y or SiOo, although lower, were also nearly constant (13, 

activation energy remains approximately the same for a l l the 
catalysts studied, the average value of 54 kcal/mole i s i n good a-
greement with previously reported values for platinum catalysts 
(10). The enhancement of the c a t a l y t i c a c t i v i t y for neopentane 
hydrogenolysis over zeolite supported small platinum clusters was 
interpreted i n terms of p a r t i a l electron transfer from the Pt clus
ter behaving more l i k e iridium (4). Our results, at least for 
ethane and propane hydrogenolysis, are not consistent with these 

shows that the apparent 
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suggestions. In fact i t has been shown (10) that s p e c i f i c cataly
t i c a c t i v i t y , at standard conditions, for hydrogenolysis of ethane 
over iridium was about 5 orders of magnitude higher than over 
platinum. Furthermore the apparent activation energy decreased 
from 54 kcal/mole for Pt to 36 kcal/mole for Ir (10). More recent
ly Yermakov et a l . (14) pointed out, from their ESCA results on 
(W + Pt) S1O2, a decrease i n the electronic density of the p l a t i 
num. Simultaneously the apparent activation energy for ethane hy
drogenolysis decreased from 54 kcal/mole for pure platinum catalyst 
to 28 kcal/mole for (W + P t ) / S i 0 2 . Hence the constant value of the 
apparent activation energy for ethane hydrogenolysis on Pt-zeolite 
and Pt-Si02 provided further evidence that the ze o l i t e c a r r i e r has 
a r e l a t i v e l y minor effect upon the electronic structure of the sup
ported encaged platinum aggregate or Pt c r y s t a l l i t e s . Indeed i f 
the 10 Â size platinum aggregates were more l i k e iridium on should 
have observed a si g n i f i c a n
energy and also a much highe
i n contrast with our results. 

In conclusion this work has shown that hydrogenolysis of etha
ne over supported platinum i s strongly dependent on p a r t i c l e size, 
the smallest p a r t i c l e s being the most active. Although other works 
have indicated that small metal p a r t i c l e s are electron d e f i c i e n t 
(which means more aci d i c , thus giving stronger metal-carbon bonds 
with dehydrogenated ethane), i t appears from this work that this 
property does not vary s i g n i f i c a n t l y from one c a r r i e r to another 
but i s mainly an i n t r i n s i c property of small metal clusters. In 
contrast cyclopropane hydrogénation, which i s a "nondemanding" 
reaction, was found to be highly sensitive to the particular car
r i e r employed. The patterns of v a r i a t i o n of c a t a l y t i c a c t i v i t y 
from zeolites to conventional carriers seems to be a consequence 
of the important p o l a r i z a b i l i t y properties of the z e o l i t e . 
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Modification in the Nature of Active Sites of Zeolites A 

by Co2+ Exchange 

EMIL DETREKÖY and DÉNES KALLÓ 
Central Research Institute for Chemistry of the Hungarian Academy of Sciences, 
Budapest, Hungary 

The isomerization of 1-butene to 2-butene and the 
oligomerization of 2-methyl-propene were investigated on 
K-A, Ca-A, Co,K-A, Co,Ca-A. Brönsted acidic sites asso
ciated with partly dehydrated bivalent cations are ac
tive in both reactions. The difference in the catalytic 
behaviour of the fully dehydrated Co2+ and Ca2+ forms 
in both reactions can be attributed to the effect of 3d 
electrons of Co2+ on the coordinated olefin molecules. 

Introduction 
E a r l i e r studies showed that several z e o l i t e s ex

changed with b i - or t r i v a l e n t cations contain structur
a l a c i d i c hydroxyl groups generated from water molecules 
coordinated to the cation by the e l e c t r o s t a t i c f i e l d of 
the l a t t e r (Y). The presence of OH groups and th e i r acid
i t y i n t r a n s i t i o n metal containing Y z e o l i t e s was show
ed by Ward (2). R i l e y and Seff (35) obtained c r y s t a l l o -
graphic evidence f o r the existence of OH groups i n the 
hydrated, p a r t i a l l y cobalt(il)-exchanged z e o l i t e A. 

The c a t a l y t i c a c t i v i t y of the z e o l i t e s containing 
bivalent cations i s explained by t h e i r s t r u c t u r a l hy
droxyl groups (l_) and by the p o l a r i z i n g effect of the 
cation on the reactant molecule (4.). 

I f a z e o l i t e containing t r a n s i t i o n metal cations 
i s chosen, the role of the free coordination s i t e s a-
vai l a b l e f or complexing of the reactant can be s i g n i f i 
cant. 

For the investigation of the d i f f e r e n t effects re
s u l t i n g from the c a t a l y t i c a c t i v i t y of the t r a n s i t i o n 
metal ion exchanged z e o l i t e s , a comparative c a t a l y t i c 
study of K+, Ca2+ and Co2+ containing z e o l i t e s A seemed 

549 
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to be advantageous. The three metals are situated i n the 
same row of the periodic table of the elements and the 
electron system around the Co2+ cation d i f f e r s only i n 
the presence of the 3d? electrons from that of the C a 2 + 

ion. 
The cation positions i n the l a t t i c e of the z e o l i t e 

A and t h e i r change upon dehydration i s nearly the same 
fo r both the Co 2 + and C a 2 + cations and both derivatives 
are stable i n t h e i r completely dehydrated forms (5,-8). 

In t h i s study the formation and disappearence of 
di f f e r e n t types of active s i t e s of p a r t i a l l y and f u l l y 
dehydrated K+, C a 2 + and Co 2 + exchanged z e o l i t e s A are 
traced i n the isomerization of 1-butene and i n the o l i -
gomerization of 2-methyl-propene. 

•The effects observed are related to the outer sur
face of the z e o l i t e
active s i t e s of th  i n t r a c r y s t a l l i n  pores  approx
imation seems to be correct according to our present i n 
vestigations. Our preliminary experiments and ca l c u l a 
tions showed that even i n the case of n-butenes the mass 
transport i n the pores i s n e g l i g i b l y small compared to 
the rate of conversion observed, i . e . , the effect of 
active s i t e s i n the i n t r a c r y s t a l l i n e pores can be neg
lected. 
Experimental 

Synthetic Linde A z e o l i t e was used i n i t s o r i g i n a l 
and Co^+-exchanged forms. The unit c e l l composition of 
the samples investigated corresponds approximately to 
the following formulas: 

K-A: K l 2 [ ( A l 0 2 ) l 2 ( S i 0 2 ) 1 2 ] 27 H 20 
Ca-A: C a g [ ( A l 0 2 ) 1 2 ( S i 0 2 ) 1 2 ] 30 H 20 

Co,K-A: Co 4 5 E 3 [ ( A l 0 2 ) l 2 ( S i 0 2 ) 1 2 ] 35 H20 
Co,Ca-A: Co^ Ca 2[ (A102)>, 2 ( S i 0 2 ) 1 2 ] 35 H20 

The 1-butene and 2-methyl-propene used were Eluka purum 
grade. Pyridine of uvasol q u a l i t y was from Merck A. G-. 
and dried with Linde 4A molecular sieve. 

The isomerization of 1-butene and the reduction 
with hydrogen were performed i n a closed s t a t i c c i r c u 
l a t i o n system. The samples of 0,01-1 g were pretreated 
by heating for 1 hour at given temperatures i n a vacuum 
of 10"5 Torr " i n s i t u " i n the reactor. The temperature 
of the isomerization was 200 °C, and the i n i t i a l pres
sure of 1-butene 100 Torr. The rates ( i n m o 1 ) 0 f con-

g c a t s 
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version of 1-butene to cis-2-butene and 1-butene to 
trans-2-butene, r 1 9 and r 1 - , respectively, were deter
mined . 1 * 1 0 

The 2-methyl-propene oligomerization experiments 
were carried out i n a conventional flow reactor. The 
pretreatment of the catalyst samples of 2-10 g was per
formed " i n s i t u " i n the reactor, passing a hydrogen 
flow of 400 ml/min for 1 hour at given temperatures. The 
moles per gramme feed of the monomer unconverted, nA> 
and that of the dimer and trimer formed, ng and ng, re
spectively, were determined as a function of the r e c i p -

g Co 4-S 
ro c a l space v e l o c i t y , W/E, given i n — . The main 

g f e e d 
products of transformatio
2,4,4-trimethyl-pentene-
mers of 2,2,4,6,6- and 1,3,3,5,5-pentamethyl-heptenes 
(trimers). 

The water treatment of the samples preceding the 
isomerization of 1-butene was carried out for 5 minutes 
at 200 °C i n a flow of nitrogen saturated with water 
vapour at room temperature. 

The pyridine treatment was performed by introduc
ing pyridine onto the catalyst bed at reaction tempera
ture i n an amount f a r above the surface chemisorption 
capacity of the sample. 
Results and Discussion 

Attempted Reduction of Co 2* Exchanged A-Zeolite. 
Co,K-A a f t e r dehydration at 350 °C and 10~3 Torr was 
kept for 1 hour i n hydrogen stream at 300—600 °C and 
760 Torr i n a closed r e c i r c u l a t i o n apparatus. No-con
sumption of hydrogen could be observed i n d i c a t i n g that 
Co 0 was not formed. 

P a r t l y Dehydrated Co 2* Exchanged Zeolites A. In the 
case of p a r t l y dehydrated t r a n s i t i o n metal ion exchang
ed z e o l i t e s Y Ward (2) showed that the concentration of 
the Bronsted a c i d i c s i t e s increases l i n e a r l y with the 
increasing i o n i z a t i o n p o t e n t i a l of the cations s i m i l a r 
l y as experienced with alkaline-earth z e o l i t e s (2a). 
The e f f e c t was a t t r i b u t e d to the d i f f e r e n t strengtTTof 
the e l e c t r o s t a t i c f i e l d s of the cations r e s u l t i n g i n a 
di f f e r e n t degree of f i s s i o n of adsorbed water according 
to the following scheme: 

M 2 + + H20 -* M0H+ + H + 

No simple relationship was observed, however, between 
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the concentration of acid s i t e s and c a t a l y t i c a c t i v i t y 
(2) 

I t was shown for p a r t i a l l y dehydrated Co,Na-A zeo
l i t e (3) that one C o 2 + ion per unit c e l l resides i n the 
sodaliTe unit while the other three are dis t r i b u t e d at 
about equivalent s i t e s on unit c e l l three f o l d axes and 
the l a t t e r cause the f i s s i o n of the adsorbed water mole
cules. We have found that the p a r t l y dehydrated Ca-A, 
Co,K-A and Co,Ca-A samples were active both i n 1-butene 
isomerization (Figure 1) and i n 2-methyl-propene o l i g o 
mer i z a t i o n (Figure 3) while K-A was inactive i n both 
transformations. 

As cited before 0-J5) > the c a t a l y t i c a c t i v i t y i n 
both reactions can be attributed to the Brbnsted a c i d i c 
OH groups i n the p a r t l y dehydrated A z e o l i t e s containing 
bivalent cations. 

The E f f e c t of Dehydration and Rehydration. The 1-
butene isomerization a c t i v i t y of the Ca-A sample de
creases with dehydration and becomes zero f o r the com
p l e t e l y dehydrated sample (Figure 1), I t canbe con
cluded that i n t e r a c t i o n between the charge of Ca^ + and 
the dipole induced i n the 1-butene molecule i s not suf
f i c i e n t f o r the a c t i v a t i o n of the l a t t e r . 

The same kind of in t e r a c t i o n r e s u l t s , however, i n 
the a c t i v a t i o n of the 2-methyl-propene molecule as shown 
by the a c t i v i t y of the t o t a l l y dehydrated Ca-A i n the 
oligomerization reaction (Figure 3)• The difference i n 
a c t i v i t y of the dehydrated forms can be explained by a 
s l i g h t change i n the pos i t i o n of the C a 2 + ion, moving 
along the three f o l d axis nearer to the centre of the 
sodalite cage and so becoming less accessible to the re
actant. 2 + The behaviour of samples containing Co d i f f e r s 
s u b s t a n t i a l l y from that of the Ca-A. While the a c t i v i t y 
of the Ca-A z e o l i t e decreases both i n 1-butene -» trans-
-2-butene and i n 1-butene -» cis-2-butene transformations 
with increasing degree of dehydration, i n the case of 
the Co2+ ion exchanged derivative the l a t t e r transforma
t i o n seems to be independent of the dehydration between 
200-600 °C (Figure 1). This phenomenon suggests that a 
reaction mechanism involving a common surface intermedi
ate (carbonium ion) which i s probable on the a c i d i c 
forms i s not dominating on the Co-forms. The two trans
formations may involve d i f f e r e n t surface intermediates 
which arise either on the same s i t e s or on d i f f e r e n t 
s i t e s . Since the a c t i v i t i e s of the Co-forms are inde
pendent of dehydration both i n 1-butene cis-2-butene 
conversion and i n 2-methyl-propene oligomerization, the 
two reactions may take place on the same active s i t e s . 
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Figure 1. The rates of 1-butene -» cis-2-butene, xlt (X), and 1-butene -» trans-2-butene, 
ris (O), transformations on Ca-A, Co,K-A, and Cojba-A zeolites as a function of the pre-
treatment temperature. Dotted arrows show the effect of water reaasorption on xlt and 

Tis. 
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I t seems l i k e l y that the Co ions are not equiva
l e n t . Some of them have the same pos i t i o n and the same 
degree of hydration or dehydration between 200 and 600 
°C. I t i s also possible that hydrated as w e l l as dehyd
rated Co 2 + ions exhibit the same a c t i v i t y i n these re
actions. 

Upon rehydration at 200 °C the 1-butene isomeriza
t i o n a c t i v i t i e s of the Ca-A and Co,K-A samples increase 
i n d i c a t i n g a regeneration of the OH groups (Figure 1). 
The extensive rehydration of the Co,K-A i n a 5 minutes 
period can be attributed to the high r e a c t i v i t y of the 
three-fold coordinated Co 2* ions s i m i l a r l y to that ob
served by T r i f i r o and coworkers (9) for the dehydrated 
Co,Na-A z e o l i t e . Becuase of the r e l a t i v e l y lower rate 
of rehydration of Ca-A  several hours were needed f o r 
the complete regeneratio
thyl-propene oligomerizatio
rate of rehydration i s i n agreement with the difference 
of the i o n i z a t i o n p o t e n t i a l of Ca and Co. 

The E f f e c t of Adsorbed Pyridine, Pyridine adsorp
ti o n at 200 °C on Bronsted a c i d i c hydroxyls decreases 
the c a t a l y t i c a c t i v i t y i n 1-butene isomerization of Ca-
-A, Co,K-A and Co,Ca-A (Figure 2), the oligomerization 
a c t i v i b y of Ca-A (Figure 4) while i t does not influence 
the oligomerization a c t i v i t y of Co,K-A, independently 
of i t s dehydration (Figure 4). The lack of poisoning ef
fect of pyridine indicates that 2-methyl-propene and i t s 
oligomers are adsorbed at 200 °C on the active s i t e s 
stronger than pyridine, so that the Co 2+-cation—2-me
thyl-propene i n t e r a c t i o n cannot be regarded as a simple 
Lewis acid-base i n t e r a c t i o n . I t seems l i k e l y ^ therefore 
that the poisoning effect of pyridine i n 1-butene -> c i s -
-2-butene transformation may be attributed to the ad
sorption of pyridine on C o 2 + cation, which i s stronger 
than the adsorption of 1-butene. 

The K i n e t i c s of the Oligomerization on the Dehyd
rated Ca^+ and Co^+ Ions. Our e a r l i e r r e s u l t s (JO)show 
that the mechanism of the 2-methyl-propene oligomeriza
t i o n on p a r t i a l l y dehydrated Ca-A z e o l i t e i s of Rideal-
-Eley type and proceeds probably v i a carbonium ions l i k e 
that observed i n the same reaction on a Bronsted a c i d i c 
synthetic ion exchange r e s i n (11 ) where s i m i l a r l y a l a r 
ger adsorption c o e f f i c i e n t of TEe monomer than of the 
dimer was found. 

The course of the reaction i s quite d i f f e r e n t on 
p a r t i a l l y dehydrated Ca-A and on f u l l y dehydrated Co,K-A 
as can be seen i n Figure 5* The product retardation on 
Co,K-A may be evidenced i n contrast to Ca-A, where the 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



45. DETREKOY AND KALLO Modification of Active Sites 555 

r*105 

mQle 
9 c a f S Ca-A Co, K-A Co, C a - A 

— i n :*a • • ^ » i — i 1 1 . 1 — 

200 300 400 200 300 400 500 600 200 300 400 500 600 
T, °C 

Figure 2. The effect of pyridine adsorption at 200°C on the 1-butene isomerization 
activity of Ca-A, of Co,K-A, and of Co,Ca-A zeolites. (X),Tis before pyridine adsorp
tion; (®), r12 after pyridine adsorption; (O), r13 before pyridine adsorption; (O), ris 

after pyridine adsorption. 

100 200 300 400 500 600 
T, °C 

Figure 3. Conversion of 2-methylpropene at 200°C as a function of the pretreatment 
temperature on (X), Ca-A; (Q), Co,K-A; and (O), Co,Ca-A zeolites; W/F = 2.5 10s 

gcat S g^feed-
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Figure 4. The
pene oligomerization activity of Co,K-A pretreated at 
600°C (O), of the Co,K-A pretreated at 220°C (%), and 
of the Ca-A pretreated at 300°C (X). The temperature 
of the oligomerization 200°C. W/F = 2.5 103 gcat s 

g^fced-

Figure 5. Conversion curves of 2-methylpropene oligomerization at 
150°C on Ca-A pretreated at 300°C and on Co,K-A pretreated at 450°C; 
(X), nA, moles of the monomer; (O), nI{, moles of the dimer; (A), nc, 

moles of the trimer in 1 gof feed. 
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adsorption of the monomer i s predominant. 
The disappearance of the dimer from the gas phase 

at longer contact times on Co,K-A shows that the trimer 
forms from gas phase dimer and adsorbed monomer, too. 
Prom the rates of formation of the products i t can be 
concluded that the higher the molecular weight, the 
stronger the adsorption. 
Conclusions 

I t i s known that the a b i l i t y of a cation for com-
plexing ligand molecules depends on i t s charge and size. 
In the fourth row of the periodic system the sequence 
of i o n i c r a d i i i s K + > Ca^+ > Co2+. 

Because of i t
the K+ ion can neithe
ter molecule nor form a reactive complex with o l e f i n 
molecules and so can neither i n d i r e c t l y nor d i r e c t l y be 
a source of c a t a l y t i c a c t i v i t y as i t was i n fact found 
for both reaction studied.p 

The difference i n Ca + and K + ions both i n i o n i c 
radius and i n charge i s s i g n i f i c a n t , hence Bronsted 
a c i d i c surface hydroxyls can be found i n p a r t l y dehyd
rated Ca-A z e o l i t e which proves c a t a l y t i c a l l y active i n 
the reactions investigated. Corresponding to i t s enhanc
ed a b i l i t y for complexing, the C a 2 + ion i s able to ac
ti v a t e o l e f i n molecules of higher r e a c t i v i t y (2-methyl-
-propene). 2 

The complexing a b i l i t y of the Co + is even higher. 
I t s p o s i t i o n i n the framework of z e o l i t e A i s s i m i l a r 
to that of the Ca^+ ion. In addition to the water f i s 
sion, however, i t i s able to activate the less active ole
f i n s (e.g. 1-butene), too. 

The replacement of Ca ions by K +, re s u l t s i n the 
non-dissociation of the adsorbed water molecules, and a 
decrease i n the c a t a l y t i c a c t i v i t y . The c a t a l y t i c activ
i t y i n the isomerization i s the sum of the a c t i v i t i e s 
of hydrated Ca2+ and C o 2 + ions. 

In the case of the t o t a l l y dehydrated samples,both 
dehydrated K + and dehydrated C a 2 + ions are inactive by 
themselves. Suprisingly, i n spite of t h i s , a large d i f 
ference was found between the 1-butene isomerization 
a c t i v i t i e s of the Co,K-A and Co,Ca-A derivatives a l 
though t h e i r C o 2 + content was nearly the same. The pos
s i b l e inequal cation d i s t r i b u t i o n cannot explain the 
high difference observed i n the c a t a l y t i c a c t i v i t i e s . 

The supposed sources of the c a t a l y t i c a c t i v i t y , 
the dehydrated Co^+ cations, are situated i n S J J posi
tions where the sourrounding ligand f i e l d of D j ^ symme
t r y of oxygen atoms has presumabely a strong effect on 
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the complexing 3d' electron system of the ion. This 
ligand f i e l d i s probably s i g n i f i c a n t l y influenced by the 
nature of the neighbouring cations (KT, C a 2 + ) . 
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N O Reduction and C O Oxidation over Zeolites 

Containing Transition Elements 

KH. M. MINACHEV, G. V. ANTOSHIN, YU. A. YUSIFOV, and E. S. SHPIRO 
Zelinsky Institute of Organic Chemistry of U.S.S.R. Academy of Sciences, Moscow 

NO reduction with CO and CO oxidation with O2 

over zeolites containing transition elements were stu
died in parallel with XPS measurements of transition 
elements state in zeolites. Zeolites are active cata
lysts for these reactions at temperatures above 150°C, 
The valence and physical states of the transition ele
ments are the most important factors determining the 
catalytic activity of zeolites. 

Introduction 
Catalytic reduction of NO i s of great p r a c t i c a l 

importance with a view to automobile exhaust p u r i f i 
cation. Literature data ( 1 - 3 ) show that c a t a l y t i c re
duction of NO with H 2 f C0 t I J i r r and some hydrocarbons 
proceeds over transition metals and their oxides• 

The purpose of this work was to study the cata
l y t i c properties of some transition metals(Ni,Co,Cu 
and Cr) i n Y zeolites that catalyze the reduction of 
NO with CO and the oxidation of CO with oxygen* The 
influence of the reducing and redox pretreatments of 
the catalysts on their a c t i v i t y was also investigated. 
It i s known that transition elements i n zeolites can 
change their valence and physical state i n the cour
se of pretreatment of the catalysts as well as i n the 
course of catalyt i c reactions. To follow such chan
ges X-ray photoelectron spectroscopy was used i n 
this work. 

Experimental 
Zeolites containing transition elements were 
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prepared by means of cationic exchange between HaY 
and aqueous solutions of corresponding cation s a l t s . 
The description of samples preparation and analysis 
v/as published e a r l i e r ( 4 * 5 ) as well as the method of 
preparation of the gases-used (£). The characteriza
tions of samples are shown i n table 1 . 

TABLE 1.- Characteristics of zeolite catalysts 
studied 

Zeolite Degree of substi
tution of Na + by 

cation {%) 
Salts for ionic 

exchange 

HiHaY 
CoNaY 
CuNaY 
CrNaY 
CoNiNaY 
CuNiUaY 
CrNiNaY 

26 
31 

32(Co),31(Ni) 
30(Cu),29(Ni) 
28(Cr),34(Ni) 

Cu(CH,COO), 
Cr(CH^C00)T 

CofNO.J^NiCNO.), 
Cu(CH,C00);,Ni(N0^), 
Cr(CHj c00)|,Ni(lT0^)^ 

The samples after cationic exchange were dried 
at room temperature or at 120°C i n a i r and then trea
ted i n vacuum or i n gases i n s t a t i c conditions (p« 
5 - 5 0 torr) before measurements of ca t a l y t i c a c t i v i t y 
and the recording spectra. The treatment of the samp
les with the gases was carried out i n special chamber 
connected to the spectrometer. To obtain spectra of 
adsorbed species the samples were cgoledjLn gases to 
room temperature,evacuated to p = 1 0 - 10"* torr and 
then introduced into the working chamber of spectro
meter under vacuum. 

Three series of the samples were studied: 
1. Cationic forms prepared by dehydration of zeolites 
i n a i r and 0 2 at 550°C. 
2 . Metal-zeolites prepared by reduction of dehydrated 
samples with H 2 at 500°C. 
3. "Oxidized" forms obtained by subsequent treatment 
of dehydrated samples with H 2 and 0 2 at 500°C. 

The catal y t i c reactions were studied i n c i r c u l a 
tory s t a t i c unit at i n i t i a l pressure of stoichiomet
r i c mixtures of 1 0 * 2 0 t o r r . Kinetics of the reactions 
was observed by pressure drop due to C 0 2 removal i n 
the trap which was kept at - 1 4 0°C. The composition 
of the products was analyzed by gas chromatography. 

The values of i n i t i a l rates (Wc) f o r a l l cata
lys t s studied were measured by tangent to pressure-
time curves at zero time,the sample size being the 
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same ( 0 . 1 g ) # 

X-ray photoelectron spectra were recorded by me
ans of an A.E.I. ES - 1 0 0 spectrometer with A l and Mg 
anodes. The procedure of recording spectra and c a l i b 
ration was described elsewhere (6.5)• 
Results 

1. NO reduction with carbon monoxide. Since the
re was no information i n l i t e r a t u r e on the catal y t i c 
properties of zeolites i n reaction of NO reduction 
with C O f f i r s t of a l l i t was necessary to f i n d out the 
conditions of catalysis. I t was shown that zeolites 
reveal c a t a l y t i c a c t i v i t y for this reaction i n the 
temperature range 2 0 0 - 5 0 0°C

Figure 1 show
ge of stoichiometric mixture of NO with CO on time of 
the reaction over various cationic forms of zeolites 
at 350°C. It should be noted that the a c t i v i t y of a l l 
zeolites at this temperature i s reproducible i n the 
series of subsequent runs. These data show that CuNaY 
and CrNaY are more active than other monoforms. The 
introduction of the second transition element into 
zeolite results i n considerable increase of the a c t i 
v i t y of the catalysts. The most-pronounced effect was 
observed i n the case of CoNiNaY. N i - and Co-monoforms 
are inactive i n temperature range of 2 5 0 - 4 5 0°C fwhere
as mixed CoNiNaY was the most active sample among the 
cationic forms studied. 

The kinetic regularities of HO reduction over so
me samples were studied i n d e t a i l . Figure 2 a presents 
as an example the kinetic dependences of pressure chan
ge of NO and CO mixture on time at different tempera
tures and at p=10 torr f o r CuNiNa^ I t i s seen from 
this figure that at low temperatures aoê s not proceed 
to complete conversion. The degree of coversion (X) 
i n the f i r s t run at 250°C i s not higher than 3 5 * 4 0 %. 
After four subsequent runs under the same conditions 
the deactivation of the catalyst i s apparent. The con
version and i n i t i a l rates drop d r a s t i c a l l y . The incre
asing the temperature increases the rate and Xi The 
catalyst a c t i v i t y becomes reproducible at 300°C. Fur
ther r i s e of the temperature up to 3 5 0 * 4 0 0°C results 
i n the achievement of complete conversion of the re-
actants and stable catalyst a c t i v i t y . After reaction 
at 3 5 0 - 4 0 0°C and cooling the sample to 25o°C the ac
t i v i t y i s the same as i n the f i r s t run at 250°C. S i -
m i l i a r regularities were also observed f o r other zeo
l i t e s . 

It should be noted that incomplete conversion at 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



562 MOLECULAR SIEVES—II 

10 ZO 30 VO SO SO 70 

Figure 1. The dependences of pressure change of stoichiometric mixture of NO 
with CO on time of the reaction over various cationic forms of zeolites at 350°C. 
{a)y NiNaY and CoNaY; (b), CuNaY; (c), CrNaY; (d), CrNiNaY; (e), CuNiNaY; (f), 

CoNiNaY. 
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o 10 2 0 3 0 HO so 
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Figure 2a. The kinetic dependences of pressure change of 
NO and CO mixture on time at different temperatures and 
atp = 10 torr for CuNjNaY. (a), 250°C, I run; (b), 250°C, 
2 run; (c), 250°Cy 3 run; (d), 250°C, 4 run; (e), 300°C; (f), 

350°C. 

too 

>< 

6o 

c) 

I) 

<o 72T""" To Z? io 

Figure 2b. The dependence of X(%) on the pressure of 
stoichiometric mixture of NO with CO over CuNiNaY. (a), 

300°C, 6-30 torr; (b), 300°C, 30-6 torr; (c), 400°C. 
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low and intermediate temperatures i s a characteristic 
feature of the reaction kinetics over zeolites. 

Thus one can conclude that there are three tempe
rature ranges at least i n which regularities of NO re
duction over zeolites are different: 

a) Low temperature range ( 2 0 0 + 3 0 0°C). The cata
l y s t a c t i v i t y i s not stable,and after series of the 
runs without intermediate treatment of the catalysts 
the complete deactivation of the la t t e r s occurs. To 
obtain additional information on the nature of this 
deactivation the influence of pretreatment of the ca
talysts with various mixtures of starting substances 
and some reaction products on the a c t i v i t y was studi
ed. CuNiNaY was treated f or 30 min at 250°C,i.e. i n 
low temperature range t workin  with th
following gases: CO
C0 2+H0 fH 2+H 20 fN 2+C0 2 > f f 2  NpO.Thf  sampl
then evacuated at 2J0°C and i t s a c t i v i t y v/as measured. 
Treatment of the catalyst with the NO+CO mixture de
creased the i n i t i a l reaction rate by a factor of 2 . 
Treatment with NO by i t s e l f also caused a decrease 
i n reaction rate,although the a c t i v i t y reduction by a 
factor of 1 .6 was less than observed for the NO+CO 
pretreatment. In .al l other cases the pretreatment did 
not produce noticable change of the a c t i v i t y . These da
ta probably suggest that the surface compounds respon
sible f o r catalyst deactivation at low temperatures 
are formed i n the course of cat a l y t i c reaction,and so
me of these compounds are i n equilibrium with starting 
substances. 

b) Intermediate temperature range ( 3 0 0 » 3 5 0°C). 
Incomplete conversion i s also a characteristic of 
this range. The increase of the pressure at constant 
temperature results i n the decrease of the conversion. 
Evacuation of the samples at experiment temperature 
restores their a c t i v i t y . 

Figure 2b shows the dependences of X on the pre
ssure of stoichiometric mixtures at 3 0 0 and 400°C. I t 
follows from these data that the decrease of X i s ob
served at 300°C only whereas at 400°C the coversion 
at a l l pressures i s about 100%. Thus one can conclude 
that the deactivation of the catalysts i n intermedia
te temperature range i s reversible and i s due to the 
formation of unstable surface compounds. The la t t e r s 
are decomposed under the evacuation and exist only i n 
equilibrium with starting substances: 

[surf ace compounds^ [reaction mixturej 
The increase of the reaction mixture pressure results 
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i n the s h i f t of the equilibrium to the l e f t side and 
i n the decrease of X. 

c) High temperature ronge (350+450°C)» In this 
temperature range the reaction proceeds to complete 
conversion and the a c t i v i t y of the catalysts i s stab
le and reproducible. 

It was of interest to elucidate the influence of 
the pretreatment of zeolites with typical reducing 
and oxidizing agents such as Hp and Op,corresponding
l y , on the a c t i v i t y of zeolites i n rel a t i o n to NO re
duction. 

Some data of such experiments are presented i n 
table 2 . As i t follows from these data,reducing or 
redox treatments of the samples results i n the i n 
crease of the a c t i v i t
i n i t i a l rates and
temperature of the beginning of the reaction)  The 
most active metal-zeolites are bimetallic catalysts. 
As for "oxidized 1 1 catalysts CoNaY shows high a c t i v i 
ty as well as mixed forms. 

The analysis of the reaction products shows that 
on the samples of the f i r s t series(cationic forms) 
at low temperatures(200-250°C) a small amount of NpO 
i s present along with N p and COp. NpO was also obser
ved i n the products of the reaction over CrNaY and 
CrNiNaY after reducing and redox pretreatments* In a l l 
other cases N 2 and COp were the only products. 

It was of interest to compare the cata l y t i c pro
perties of the zeolites containing transition ele
ments with the cata l y t i c properties of corresponding 
transition element oxides and with catalysts,contai
ning the elements of the VIII group which are known 
to be the effective catalysts of NO reduction. For 
this purpose the following oxides were studied:CuO, 
0r2°2 8 1 1 ( 1 ïïi0 a B w e l 1 a s a R k ~ c s t a i n i n g zeolite of 
the i type. Some data f o r these catalysts are also 
presented i n table 2 . The comparison shows that the. 
oxides are more active catalysts than zeolites con
taining the corresponding elements. The RhX cata
l y s t i s the most active among the catalysts studied. 
However,it should be noted that NO reduction over RhX 
i n this temperature range proceeds mainly to NgO. 

2 . CO oxidation» 

The data of the table 3 show that NiNaY and 
CutîiNaY cationic forms are active i n this reaction. 
But the pattern of the kinetic curves which were ob
tained i n the f i r s t runs at low temperatures suggests 
that catalyst "formation" takes place under action 
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Table 2.- NO reduction 

Série Sample Temperature Wo(350°C) X 
range(°C) (min ) (%) 

ΚΕΣ 200*300 475 60*100 
CoNiNaY 200*300 4.5 40*100 
CuNillaY 250*350 2.5 40*90 

1. CrNiNaY 250*450 1.7 20*100 
CrNaY 250*450 1.3 40*100 
CuNaY 350*45
CoNaY 100*500 neglig. 
NiNaY 100*500 neglig. 
NaY 100*500 neglig. 
RhX 150*250 5 . 0 80*100 
CoNiCIaY 200*400 4 . 5 30*60 
CuNiNaY 250*350 3 . 5 80*100 

0 CrNiNaY 200*350 3 . 3 40*70 
CoNaY 200*350 2 . 3 30*80 
CuNaY 100*350 2 . 0 10*80 
CrNaY 250*450 1.5 40*100 
NiNaY 250*400 0.8 20*60 
Co-NaY 150*2" 50 T7B 30*S0 
RhX 150*250 4 . 2 60*100 
CuNiNaY 250*350 3 . 5 60*90 
CrNiNaY 250*450 3 . 5 40*100 

^ CoNiNaY 200*300 2.8 30*60 
J* CuNaY 250*400 2 . 0 50*100 

CrNaY 250*450 1.3 40*100 
NiNaY 250*500 0 . 3 20*70 

« CUD" 100*200 77U 80*100 
•S C r o 0 , 150*300 4.0 60*100 
•d NiO 200*350 2*2 60*90 
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of reaction mixture* In the subsequent runs the a c t i 
v i t y of these catalysts i s stable and reproducible.. 
CrNiNaY and NaY are inactive. 

The a c t i v i t y of the catalysts studied increases 
as a result of redox pretreatments: the i n i t i a l rates 
increase 1-2 orders of magnitude,the apparent activa
tion energies (E ) decrease c.a. two times,the tempe
rature of the beginning of the reaction decreases 
1 0 0 - 1 5 0°C. The a c t i v i t y of "oxidizing 1 1 zeolites was 
of the same order of magnitude as the a c t i v i t y of me
t a l -zeolites and was higher than the a c t i v i t y of ca
tionic forms. For a l l three series of the catalysts 
the a c t i v i t y decreases i n the same sequence: 

CuNiNaY> NiNaY > CrNiNaY. 
In a l l serie

elements on the a c t i v i t
a c t i v i t y of Ni-containing zeolite whereas Cr produces 
the opposite effect. 
Table 3·- CO oxidation 

7~Z ^ ~ T I Temperature WQ135U"C ; ΈβΓ oerxe Sample p a £ g e ( 0 ( J ) ( m i n ) (kcal/mole) 

1. 

CutiiNaY 
NiNaY 
HaY 
CrNiNaY 

200*400 
350*450 
100*550 
100*550 

3.2 
1 

neglig. 
neglig. 

19 
33 

2. 
CuNiNaY 
NiNaY 
CrNiNaY 

100*100 
180*250 
180*280 

15 
10 
8 

10 
24 
11 

3. 
CuNiNaY 
NiNaY 
CrNiNaY 

80*lb0 
180*250 
180*280 

40 
13 
5 

7 
21 
21 

3. The stai^of • transition elements i n zeolites 

The spectra of figure 3 show the changes of va
lence and physical state of Ni i n zeolite as the re
sult of interaction of zeolite with C0+N0 and C0+02 

reaction mixtures and with the separate components of 
these mixtures. Spectrum "a 1 1 consisting of the main 
and s a t e l l i t e lines corresponds to Ni ions i n de

hydrated zeolite. The treatment of the sample with CO 
under catalysis conditions leads to the appearence of 
two new lines (spectrum "b") . The li n e with lower 
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binding energy (852 eV) corresponds to metal nickel 
and the other l i n e which occupies intermediate posi
tion between metal nickel and Ni** cations i n zeolite 
lines can be attributed to Ni · A part of Ni remains 
i n the form of cations Ni*' (zeol.). The subsequent 
treatment of the sample with NO results i n back s h i f t 
of Ni 2p3/£ spectrum ("ο11)· The treatment of the star
ting samplle with NO+CO mixture does not produce any 
significant change i n spectrum. 

As the result of interaction of NO and NO+CO 
with NiNaY and NiCuNaY the lines of adsorbed NO appe
ar i n Ν 1s spectrum (figure 4)· The li n e with lower 
binding energy probably may be attributed to the sur
face n i t r o s y l complex v/hereas high energetic peak cor
responds to Ν i n nitrat  ion  ( 7 . 8 )  Th  spectru
characterizes the form
since the intensitie  hig  enoug
after evacuation of the samples at 350°C. 

Taking this into account,one can suggest that the 
treatment of the zeolite with NO+CO results i n the re
duction of a portion of nickel and the formation of a 
strong surface compound of the nitrate type between 
adsorbate and metal which produces the positive effec
tive charge on the Ni and a back s h i f t of the Ni l i 
nes i n spectrum. When cationic Ni-forms are treated 
with CO+Op mixture under reaction conditions,a portion 
of nickel i s reduced to metal. However , i t should be 
noted that the enrgetic resolution of Ni° and Ni* 
(zeol.) lines after treatment of the samples with 
CO+Op mixture i s lower than i n the case of the samp
les treated with hydrogen (9·10)· It may be due to 
the presence of a portion or nickel i n intermediate 
form of Ni i n case of zeolite treatment with C0+0p 
mixture. One cannot the p o s s i b i l i t y that reduced 
nickel can be p a r t i a l l y oxidized to the Ni* (oxide) 
form,the l i n e position i n spectrum of the l a t t e r 
being different from Ni* (zeol.) one. 

Some samples (CoNaY,CoNiNaY,NiNaY) prereduced 
with H 2 were treated with Ç0+N0 mixture. After such 
treatment the lines of Co* (oxide) and Ni* (oxide) 
were observed i n Co 2p and Ni 2p spectra.In addition 
a portion of Ni and Co i n zeolites remains i n metal
l i c state. Similar treatment of "oxidized 1 1 zeolites 
did not produce noticeable changes i n Co 2po/p and 
Ni 2P3/2 spectra. J / 

Conclusions. 
Thus the results of this work show that zeolites 

containing transition elements (Co,Cu,Ni,Cr) are ac-
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.3,5 CV 

Figure 3. XPS Ni 2p3/2 spectra of 
0.33 NiNaY zeolite, (a), Dehydrated 

T ^ T fzz frz sample; (b), 350°C, CO; (c), 350°C, 
8 6 0 * 5 5

 P o , v NO, after CO at 350°C; (d), 400°C, 
« 8 , C Y CO + 02. 
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tivc catalysts for NO reduction with CO and CO oxi
dation with 0 2 i n the temperature range between 100 
and 450°C. Reducing and redox treatments increase the 
a c t i v i t y of zeolites which were active i n cationic 
forms and cause samples which did not catalyze this 
reaction when used i n cationic forms to become active. 

XPS data showed that valence and physical state 
of transition elments after such pretreatments i s 
dr a s t i c a l l y different form the state i n the starting 
material. After reduction the formation of metal pha
ses on the external surface of zeolites occurs ,whe-
reas after redox pretreatment oxide phases and amor
phous oxides are formed i n the zeolite c a v i t i e s . In 
the cases of polycationic CoNi-,CrNi-, and CuNi-forms 
of zeolites the mutual influence of transition ele
ments on their a b i l i t
was observed (5 )· Th y
changes i n catalytic a c t i v i t y . 

Treatment of the catalysts with C0+0p under cata
l y s i s conditions causes a modification of surface 
laver of the catalysts to occur,in particular , 
Ni 1- (zeol.) i s reduced to metal and intermediate Ni 
states. A part of the Ni i s present i n an oxide form. 
The "formation" of the "active" catalyst i s probably 
due to the changes of the transition element state 
under action of the reaction mixture. Such changes we
re not observed i n case of NO reduction with CO over 
zeolite catalysts. As i t mentioned above i t may be due 
to the formation of stable surface compounds. For i n 
stance, i n case of nitrates formation which was obser
ved i n Ν 1s spectrum the effective charge on Ni should 
be very close to effective charge on Ni i n z e o l i t e . 
The formation of nitrates or other stable surface com
pounds (11,12) may be the reason for catalyst deacti
vation under xhe action of the reaction mixture. 

I t i s evident that the c a t a l y t i c a c t i v i t y of zeo
l i t e for NO reduction w i l l depend on the s t a b i l i t y 
and r e a c t i v i t y of surface compounds alçng with the 
physical and valence state of the transition ele
ments. 

I t should be noted that the results on kinetics 
of NO reduction over zeolites which were obtained up 
to now should be considered as preliminary results 
and further investigation i s necessary to elucidate 
the mechanism of this reaction. 
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Catalytic Active Centers in Cerium-Exchanged 

Faujasite Zeolites 

HANNA HOSER, ANDRZEJ DABROWSKI, and STANISLAW KRZYZANOWSKI 
Institute of Organic Chemistry, Polish Academy of Sciences, 01-224 Warsaw, Poland 

The catalytic activity of cerium-exchanged zeo
lites for n-butene isomerization depends upon the 
Si/Al ratio, the extent of cation exchange, the tem
perature and method of activation. Al l these factors 
have the influence on the character and "concentra
tion" of the catalytic active centres in the zeoli
tes. 

Introduction 

Our e a r l i e r study (1) on the isomerization of o-
l e f i n s catalyzed by cobalt-exchanged X zeolites a l l 
owed one to conclude that the reaction involves a ca-
rbonium cation intermediate, and that acidic zeolite 
hydroxyl groups are the active centres responsible 
f o r the course of the reaction. IR spectral studies 
(2-4) disclosed that i f tervalent cation-exchanged 
zeolites are subjected to thermal dehydration the nu
mber of the resulting acid hydroxyl groups i s higher 
than that produced i n bivalent cation-exchanged zeo
l i t e s . This fact allows us to propose that cerium-ex
changed zeolites should be highly active catalysts 
f o r olefins isomerization. On the other hand, numero
us investigators (5.-̂ 8) have long reported that certain 
zeolites, including rare earth-exchanged zeolites, 
when brought into contact with unsaturated hydrocar
bons, are capable of generating organic r a d i c a l s at 
room temperature. 

Studies on CuNaX zeolite-catalyzed isomerization 
of butènes have led Dimitrov and Leach(8) to postula
te a radical mechanism for the reaction~on the ground 
of an induction period observed. However, K e i i ^ t a l . 
(9), who also have demonstrated formation of organic 
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radicals during isomerization of butènes on CeNaX and 
especially CeNaY, have rejected the radical mechanism 
because they found the reaction to proceed at a fas 
ter rate than did the radical formation. 

One of the present authors(10,11) who studied 
the mechanism of organic radicals formation during 
adsorption of olefins on cerium-exchanged zeolites, 
showed that both the rate of radical formation and 
concentration are greatly affected by the activating 
pretreatment and that number of radicals can be con
siderably enhanced i f appropriate conditions of a c t i 
vation are used. Therefore, i t was deemed advisable 
to study whether activation of cerium-exchanged zeo
l i t e s under s t r i c t l y similar conditions would also 
result i n modificatio
Isomerization of but
action because i t s mechanism has been well recognized 
for various types of active centres operative i n the 
catalysts employed. 

Experimental 
Materials. Series of cerium-exchanged z e o l i 

tes were prepared by ion exchange. The starting mate
r i a l was a 13 NaX zeolite (the Inowroclaw Soda Works, 
M^twy, Poland), Si/Al= 1 . 2 ? + . 0 2 , NaY (Institute of In
dustrial Chemistry, Warsaw!, Si/Al=2.37+-02 and deal-
uminated NaY (Institute of Catalysis, Lyon, Prance), 
Si/Al=4.14+.02, a l l used as a powder containing no 
clay-binders. 

The exchange procedure was done at pH=6.2 to pre
vent precipitation of cerium hydroxides. This proce
dure i n the case of X-type zeolites caused not only 
the exchange but also partly replacement of sodium by 
hydronium ions. The hydrolysis degree was not the sa
me for a l l samples. I t was ca 15% for the samples of 
the exchange ratio lower than 56% of cerium. In the 
case of the highest extent of the exchange, the hyd
r o l y s i s degree was much lower, e.g. for CeNaX-68 i t 
was ca 5%· In comparison, for NaX alone(the blank 
test), the hydrolysis degree was 13·6%· In the case 
of Y type zeolites the hydrolysis degree was rather 
low (1-2.5%) and i n the case of dealuminated zeolites 
i t was negligible. The ion-exchange procedure and the 
analysis have been described i n details elsewhere(1) . 

Pure-grade but-1-ene (Pluka) was degassed and 
p u r i f i e d by repeated vacuum bulb-to-bulb d i s t i l l a t i o n . 

Apparatus and procedure. A 235-nuL glass reactor 
was used,operated i n conjunction with a conventional 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



574 MOLECULAR SIEVES—Π 

vacuum apparatus which enabled catalysts to be p r e l i 
minarily outgassed and activated i n a dry oxygen 
or argon atmosphere and reactants to be added i n pre
determined amounts. For each experiment a fresh por
tion of a hydrous-form catalystrwas weighed, 0.100g. 
The catalyst was outgassed (lO^Torr) i n i t i a l l y at 
room temperature, and l a t e r the reactor with the cata
l y s t was placed in a thermostated e l e c t r i c a l oven and 
heated to a required temperature. Afterwards, the ze
o l i t e catalyst, activated i n vacuum for 3 h, was coo
led to 50 0 and used directly for the reaction. The 
second series of catalysts after activation f o r 2 h 
i n vacuum was reactivated at the same temperature for 
30 min i n a dried and p u r i f i e d oxygen atmosphere (ca 
p=250 Torr). The oxyge
the catalyst was outgasse
temperature u n t i l a vacuum of l O ^ T o r r was achieved. 
In a few cases the catalysts were activated i n dry 
argon. 

After having been activated, the catalyst was 
cooled to 50 0 (the thermostated oven was changed), 
and used f o r the reaction immediately after the con
ditions become established. 

The isomerization was carried out i n sta t i c sys
tem at 50 0· Argon-born but-1-ene (14 mole %) was ad
mitted to the reactor by opening a greaseless valve 
which led to a part of the apparatus (equipped with a 
manometer) calibrated so as to produce a pressure of 
200 Torr i n the reactor. Reaction time was recorded 
from the moment of valve opening. The reactor was 
then closed and samples fo r analysis were withdrawn 
through a rubber septum at 15 or 30-sec intervals. 
The samples were stored i n gas-tight syringes and 
then injected into a dimethylsulpholane (20% by wt./ 
chromosorb P) column, 3m long, operated at room temp. 

The IR spectra of tested zeolites have been rec
orded with UR-20 (Jena, GDR) and Perkin-Elmer 325 
spectrometers applying the method descriebed by Pich-
at(12). The pure zeolite disks for IR measurements 
were activated i n vacuum quartz-glass c e l l s at the 
same temperatures and atmosphere as the samples f o r 
catalytic tests. 

The EPR measurements have been described i n de
t a i l s elsewhere(11). 

Results 
But-1-ene was isomerized selectively to n-bute-

nes over each of the investigated catalyst. A deposit 
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ca.10%, was found to occur on the catalyst. The expe
rimental rate constants for the disappearance of but-
1-ene. which was assumed to "be a f i r s t - o r d e r react-
ion(1), were used as a measure of catalyst a c t i v i t y . 
The kinetic equation, log(X - X) = -kt + log X , pro
ved to be a good f i t up to about 75% of the e q u i l i b r 
ium conversion. In thi s equation, X and X stand f o r 
the conversions recorded after a period of time t and 
at the equilibrium set up at a given reaction temper
ature, respectively. 

The catalytic a c t i v i t y of the zeolites i s r e l a t 
ed to the S i / A l r a t i o , the extent of cation exchange, 
and the temperature and mode of activation. 

As the ratio S i / A l i s increased, the a c t i v i t y 
r i s e s as may be see

TABLE I.- Effect of S i / A l r a t i o 

s But-1-ene disappear
Z e o l i t e 8 Ce-^/unit c e l l ance rate constant Ce-^/unit c e l l 

k χ 10 l 7(molecule^ 
NaX 0 inactive 
NaY 0 inactive 
NaY dealum. 0 0,00987 
CeNaX-68 19.25 0.986 
CeNaY-6? 12.51 3.21 
CeNaY dealum. -70 5 . 5 4 4.30 

§ -each catalyst examined was activated i n vacuum at 
400°C. 

Effect of exchange extent. The plots i n Fig.1 
show the zeolite a c t i v i t y to be closely related toCe3+ 
ion content. The NaX, NaHX-13.6, and CeNaX (below 30% 
of exchange) proved to be p r a c t i c a l l y inactive. As the 
cerium ion content i s raised above 30%, the zeolite 
a c t i v i t y r i s e s only s l i g h t l y , but, at contents excee
ding 4-5%, i t r i s e s quite rapidly. Whether below or a-
bove 45%, the ri s e i s almost r e c t i l i n e a r . 

Figure 2 shows IR spectra of the zeolites. As 
cerium ion content i s increased, the band at ca. 3640 
cm~* r i s e s i n intensity and the absorption maximum 
shi f t s i t s e l f to lower frequencies. With the zeolites 
more than 40% Ce-exchanged, a new band i s produced at 
ca. 3520 cm"'', which becomes more intense as the Ce3+ 
i s further increased (curves d - f ). The degree of hy
drolysis was p r a c t i c a l l y constant at ca. 15% (curves 
b -g). 
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Table I I . Kinetic data on isomerization of 
but-1-ene over cerium-exchanged zeolites 

Rate constants of 
but-1-ene disappearance 
IflO^molecule dg^s"^ 

Activation i n : 
vacuo oxygen 

CeNaX-68 
300 4.79 3.89 
400 0.986 4.09 
500 0.599 3.91 

CeNaY-67 200 3.28 3.44 CeNaY-67 
300 5.28 4.44 
400 3.21 3.89 
500 1.30 2.38 

CeNaY-de alum-70 300 6.83 5 .05 
400 4.58 5 .50 
500 2 . 0 5 2.45 

Catalyst Activa
ti o n 
temp.ι 
o„ 
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Effect of activation temperature. With the zeo-
l i t e s activated i n vacuum at 200 - 500°C (Table I I ) , 
the ca t a l y t i c a c t i v i t y r i s e s as the outgassing tempe
rature i s increased, attains maximum at 300°C and, at 
s t i l l higher temperatures, f a l l s rapidly. With the 
CeNaY and CeNaY dealuminated, this f a l l i s much smal
l e r than that observed with CeNaX. Again, at activa
tion temperatures higher than 300°C, the intensity of 
the the 3500 - 3700 cm"1 bands attributable to hydro
xyl groups vibrations becomes considerably reduced. 
The maximum changes occur with the zeolite X (cf. cu
rves a i n Pig. 3A, 3B and 3C). 

E f f e c t of activation mode. Reactivation of Ce-
exchanged zeolites i n oxygen has resulted i n conside
rable modification
cuum-activated specimen
specimens vacuum-activated at 300°C, the oxygen-reac
tivated zeolites are the more active. Those reactiva
ted at s t i l l higher temperatures, and especially the 
zeolite X, exhibited the most pronounced changes. As 
the vacuum activation temperature i s raised to 400°C, 
the a c t i v i t y of each zeolite r i s e s and past this tem
perature f a l l s . This a c t i v i t y f a l l i s , however, less 
pronounced than that observed with the specimens a c t i 
vated only in vacuum. 

Reactivation i n oxygen (especially of the zeolite 
X at the higher temperature) has also a distinct e f f 
ect on the product ratios observed at the i n i t i a l rea
ction stages. The cis/trans mole rati o evaluated from 
the data obtained at low conversions was plotted as a 
function of but-1-ene conversion. The ratios evaluated 
at zero conversion are l i s t e d i n Table I I I . 

TABLE I I I . - Effect of temperature and mode of a c t i 
vation on cis/trans but-2-ene ratio 

Temperature Product ratio 
Catalyst of activation Activation carried out xn Catalyst 

°C Vacuum Oxygen 

CeNaX-56 200 1 .23 1.19 CeNaX-56 
300 1.39 1 . 0 0 
400 1 . 4 4 0 . 9 4 
500 1 . 5 0 0 . 8 9 

CeNaX-68 200 1.11 1.08 
300 1 .38 1.06 
400 1 .43 0 . 9 2 
500 1 .52 0 . 8 8 
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Again, reactivation has considerably affected 
the IR spectra of zeolites (Fig. 3)· With the z e o l i t 
es reactivated at 4O0°C and 500°C, the ca. 3640 cnT 1 

band ris e s i n intensity whereas the ca. 3520 cmr1 band 
diminishes to n i l . 
Discussion 

Active centres i n vacuum-activated cerium-exchan
ged zeolites. Comparison of the a c t i v i t y data (Fig .1) 
with the IR spectral evidence (Pig.2) indicates 
the following conclusions: The i n i t i a l increase i n the 
Ce5+ ion content (up to 40% exchange) while resulting 
i n a much higher intensity of ca. 3640 cm""1 band (rise 
of hydroxyl group concentratio
only s l i g h t l y enhance
zeolites. On the other hand, a further increase i n the 
Ce* + ion content while leading to progressively high 
ca. 3640 cm""1 band intensities and resulting i n a new 
and increasingly intense band at ca. 3520 cm""1, does 
at the same time rapidly enhances the catalytic a c t i v i 
ty of the zeolites. This fact may be regarded as t y p i 
c a l , because analogous relationships were found by the 
authors (13) i n the study o£ isomerization of butènes 
over CoNaYzeolites and by Ward (14-) i n the isomeriza
tion of o-xylene over variously Na*-exchanged NaHY ze
o l i t e s . To interpret Ward's data , Dempsey (15) has po
stulated the occurence of hydroxyl groups di f f e r i n g i n 
acid strength but occupying identical l a t t i c e s i t e s . 
According to Dempsey, the acidic properties of the re
sulting hydroxyl groups are affected by the number of 
Al ions present i n the adjacent l a t t i c e element. Demp
sey believes, that at low Na + for H+ exchange, there 
are formed weakly acidic hydroxyl groups responsible 
f o r the ca f 3640 cm""1 band, whereas at higher exchan
ge degrees, strongly acidic hydroxyl groups are formed 
responsible f or the ca. 3640 cm-1 and 3540 cm""1 bands. 
The order of the increasing acid strength assumed f o r 
the hydroxyl group formation to follow the progress 
i n the exchange of Na + ions f o r protons i n a zeolite 
Y i s consistent with the present data concerning CeNaX 
zeolites. Therefore, the zeolite active centres res
ponsible f o r isomerization appear to involve acidic 
hydroxyl groups which are formed i n the CeNaX after a 
suitable degree of cerium ion exchange has been achie
ved* 

Dempsey's interpretation (14·) provides an easy e-
xpianation f or the commonly observed r i s e i n the cata
l y t i c a c t i v i t y of the zeolites with the increase i n 
the Si / A l r a t i o . The f a l l i n the A l ion proportion i n 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



582 MOLECULAR SIEVES—II 

the zeolite l a t t i c e gives ri s e to a reduced number of 
weakly acidic hydroxyl groups per unit c e l l . 

The a c t i v i t y f a l l observed i n cerium-exchanged 
zeolites activated at temperatures exceeding 300°C i s 
associated with progressive dehydroxylation which i s 
evident from the diminishing intensity of the ca.3520 
and 3640 cm"' absorption bands i n the IR spectrum (c£ 
curves a i n F i g . 3Af 3B and 3C). In the case of the 
CeNaX preactivated at 500°0 the bands are barely v i 
s i b l e . 

Active centres i n Ce-exchanged zeolites r e a c t i 
vated i n oxygenT The a c t i v i t y or the reactivated ze
o l i t e s i s seen (Table II) to vary a great deal with 
pa r t i c u l a r l y high differences occurring f o r CeNaX ac
tivated at the highe
IR spectral evidenc
plaining these variations. Reaction at 400 C and es
p e c i a l l y at 500° C gives r i s e to a considerably more 
intense ca. 3640 cm"1 band and at the same time to a 
considerably less intense ca.3520 cm""1 band as compa
red with those recorded upon vacuum activation of the 
specimens (Fig.3). Our e a r l i e r EPR studies on Ce-ex
changed oxygen-reactivated zeolites (10,11) have shown 
that under these conditions radical oxygen centres 
are formed, representing both paramagnetic (Oj) and 
diamagnetic (Oé~) adsorbed oxygen species (x = 1, 2 ) . 
The nature of the arising oxygen centres i s related 
primarily to thetemperature of zeolite activation. 

Confronting the e a r l i e r (10,11) with the present 
results reveals a correlation to exist between the nu
mber of radical oxygen species i n zeolites and their 
catalytic a c t i v i t y i n isomerization of but-1-ene. 
Changes observed i n the i n i t i a l cis/trans but-2-ene 
product ratios (Table III) suggest that rad i c a l cent
res participate i n the isomerization, which would 
thus account for the enhanced cataly t i c a c t i v i t y of 
the oxygen-reactivated zeolites. Modified radical-ge
nerating capacities of various faujasite-type z e o l i 
tes (CeNaX > CeNaY dealum. > CeNaY) may also be res
ponsible f o r the changes observed i n the catalytic 
properties of the zeolites reactivated i n oxygen at 
higher temperatures. 

Summing up, we believe that, on being activated, 
cerium zeolites produce at least two types of active 
centres which are responsible f o r the course of isome
ri z a t i o n , v i z . , ionic centres associated with the pre
sence of strongly acidic hydroxyl groups and r a d i c a l 
centres associated with the presence of adsorbed oxy
gen species. The application of suitable conditions 
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f o r the activation of zeolites results i n a higher or 
lower f tconcentration" of a given type of centres. In 
vacuum activation as well as i n oxygen reactivation, 
though only at lower temperatures, the ionic centres 
predominate i n Ce-exchanged zeolites, whereby the iso
merization proceeds mainly through a carbonium cation 
as an intermediate stage. On the other hand, r e a c t i 
vation i n oxygen, especially of CeNaX at higher tem
peratures, increases the concentration of the acidic 
s i t e s but also gives r i s e to a considerably higher nu
mber of radical centres, which i n our opinion results 
i n at least p a r t i a l modification of the reaction me
chanism toward the radic a l mode. 
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Infrared Spectroscopic and Catalytic Studies on 

Mordenite-like Zeolites 

HELLMUT G. KARGE 
Fritz-Haber Institut der Max-Planck Gesellschaft, 1 Berlin 33, Faradayweg 4-6, Germany 

Hydrogen forms as well as ion-exchanged forms of 
synthetic mordenite-like zeolites have been studied by 
means of the IR technique and used as catalysts in the 
alkylation of benzene and the cracking of ethylbenzene. 
These zeolite catalysts have been investigated with 
special attention given to active sites, life-time and 
shape selectivity. 

Introduction 

The z e o l i t e mordenite shows c e r t a i n s t r u c t u r a l 
and chemical properties which make i t a u s e f u l c a t a l y s t 
f o r s p e c i f i c r e a c t i o n s . Thus, due to the high s i l i c o n 
content and to the predominant r o l e of 5-rings i n the 
structu r e , mordenites are u s u a l l y very stable with r e 
spect to high temperatures and chemical agents such as 
strong acids . The diameter of the pores i s close to 
the l a r g e r diameter of a benzene molecule. One would 
therefore expect a pronounced "shape s e l e c t i v i t y " f o r 
instance i n benzene a l k y l a t i o n and s i m i l a r r e a c t i o n s . 
Because of t h e i r s p e c i a l properties the mordenites have 
created great i n t e r e s t , which i n turn has produced du
r i n g the l a s t few years an increasing number of papers 
concerned with the behavior of these z e o l i t e s i n cata
l y s i s as we l l as i n adsorption and d i f f u s i o n . This ar
t i c l e summarizes r e s u l t s which were obtained during our 
systematic i n v e s t i g a t i o n of hydrogen mordenite and 
cation-containing mordenites. During the course of t h i s 
work we have studied the IR spectra of the z e o l i t e s as 
well as of certain zeolite/adsorbate systems. The IR results were 
c o r r e l a t e d with studies of the c a t a l y t i c a l k y l a t i o n of 
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benzene and cracking of ethylbenzene over the morde
n i t e - l i k e z e o l i t e s . 

Experimental 

The cation-containing z e o l i t e s (NH4M/ BeM, MgM, 
CaM, SrM, BaM, LaM) were prepared i n the usual manner 
by ion exchange, s t a r t i n g with the commercially a v a i l 
able sodium form from the Norton Comp., Mass. 
(Na-Zeolon: 78.3 S i 0 2 , 14.3 A1 20 3, 7.4 Na 20 i n wt %, 
S i / A l = 4.7). In order to prepare beryllium mordenite 
(BeM) i t proved to be very important to use s o l u t i o n s 
of s u f f i c i e n t l y high pH, e. g. pH = 3 - 4. Otherwise a 
d i r e c t s u b s t i t u t i o n of Na + by H + occurred and the r e 
s u l t i n g samples wer
containing p r a c t i c a l l

TABLE I. - Extent of Ion Exchange 

No. 1 2 3 4 5 6 7 8 9 
Z e o l i t e HM NHM 

4 
NaM BeM MgM CaM SrM BaM LaM 

Degree of 
Exchange [%] 95 99,6 0 55 59 68 78 90 64 

Hydrogen mordenite (H-Zeolon: 87.3 S i 0 2 , 12.3 AI5O3, 
0.4 Na 20 i n wt %, S i / A l = 6.0) was supplied by the Nor
ton Comp., Mass., or prepared v i a NH 4-mordenite (NH4M). 
The IR spectra were recorded with Perkin Elmer spectro
photometers type 225 and 325. (For t e c h n i c a l and expe
rimental d e t a i l s of the IR i n v e s t i g a t i o n s see Ref. 2.) 
The a l k y l a t i o n and cracking was c a r r i e d out i n a flow-
reactor i n which 0.2 - 1.0 g of the c a t a l y s t powder 
could be prepared under nearly the same conditions as 
were used i n the IR experiments. A Perkin Elmer gas 
chromatograph type F 20 or 3920 equipped with an apie-
zonorabenton 34 + di-n-decylphthalate column was used 
to analyze the r e a c t i o n products. Under the experimen
t a l conditions a l l the products were gaseous. During 
the run they were d i r e c t l y fed i n t o the gas chromato
graph i n short i n t e r v a l s . The c a t a l y t i c t e s t conditions 
were as follows: a) feed gas: ethylene (7 torr) + 
benzene (80 torr) + helium (720 torr) and ethylbenzene 
(10 torr) + helium (790 t o r r ) , r e s p e c t i v e l y 
b) flow r a t e : 30 ml per minute, c) mass of c a t a l y s t : 
0.5 g, d) height of the c a t a l y s t bed: 20 mm, e) volume 
of the c a t a l y s t : 1 ml, f) both a c t i v a t i o n and r e a c t i o n 
temperature: 4 50° C. 
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Results 

S t r u c t u r a l OH Groups. Figure 1 shows the OH r e 
gion of the IR spectra of the various mordenites. The 
OH band at 3740 cm"1 i s not relevant to the c a t a l y t i c 
process and most probably corresponds to OH groups of 
amorphous i n c l u s i o n s of s i l i c a (3) . Brçinsted s i t e s of 
stronger a c i d i t y , which are p o s s i b l y a c t i v e centers, 
are i n d i c a t e d by the OH band with i t s center near 
3600 cm-1. This band i s very prominent i n the spectra 
of HM, BeM, MgM, and LaM. Assuming that a c i d OH groups 
play a s i g n i f i c a n t c a t a l y t i c r o l e , one would expect pro
nounced c a t a l y t i c a c t i v i t y p a r t i c u l a r l y with these four 
mordenite-like z e o l i t e s . In the case of BeM the i n t e n 
s i t y of t h i s band wa d  functio f th  de
gree of exchange. A
increases as the BeO content s increased. However, 
t h i s r e l a t i o n s h i p i s obviously not l i n e a r as can be 
seen from Figure 2. 

Adsorption of Bases (Ammonia, P y r i d i n e ) . Only 
upon adsorption of ammonia (p = 30 torr) d i d the OH 
band near 3600 cm"1 disappear completely, while pyridine 
merely weakened i t i n i n t e n s i t y . Even a f t e r a two hour 
adsorption of p y r i d i n e (p = 4.3 t o r r ) on BeM (No. 4) at 
200° C the i n t e n s i t y of the 3605 cm"1 band only decreas
ed by about 5 %. This means that only a small part of 
the a c i d OH groups of BeM i s a c c e s s i b l e to the r e l a t i v e 
ly large p y r i d i n e molecules under these c o n d i t i o n s . The 
corresponding f i g u r e f o r HM i s 70 %. However, i n every 
case the adsorption of p y r i d i n e by mordenites contain
ing a c i d OH groups gave r i s e to the well-known IR bands 
of adsorbed p y r i d i n e , e s p e c i a l l y to that at 1542 cm-1. 
This band i s i n d i c a t i v e of pyridinium ion formation at 
Brtfnsted a c i d centers (A). If the commercial hydrogen 
form (HM, No. 1, dehydrated at 450° C under high vacuum) 
was used as adsorbent a f u r t h e r strong band appeared 
at 1452 cm - 1, due to p y r i d i n e coordinately bonded on 
Lewis s i t e s (4). I t can thus be concluded that the com
mercial form of HM contained Lewis a c i d centers even 
before dehydroxylation which begins at temperatures 
around 450° C (2, 5). In t h i s c h a r a c t e r i s t i c property 
i t d i f f e r s s i g n i f i c a n t l y from hydrogen mordenite pre
pared v i a the ammonium form (HM, No. 2) and from the 
corresponding hydrogen forms of f a u j a s i t e - l i k e z e o l i t e s 
such as HY (<6) . On the other hand, only i n the case of 
HM d i d the expected 1452 cm"1 band appear upon p y r i d i n e 
adsorption a f t e r dehydroxylation. With dehydroxylated 
ion-exchanged mordenites (BeM, LaM) however, no new 
bands could be detected a s c r i b a b l e to newly formed 
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Na1 2 3 4 5 6 7 8 9 

H M HM(NH<M) NaM BeM MgM CaM SrM BaM LaM 

W a v e n umber 

Figure 1. OH stretching bands of the various mordenites (No. 1-9, see 
Table I). The samples were of nearly equal thickness, 12-14 mg/cm2 and 

calcined under HV at either 300°C (BeM) or 450°C (all the others). 

0,1 0,2 0,3 QA 0,5 Q6 

m moles BeO/g BeM zeolite 

Figure 2. (A), Maximum absorbance of the OH band of beryllium 
mordenite as a measure of OH group concentration (χ); φβ, conver
sion of benzene (alkyfotion) over beryllium mordenite (O). Both A 

and (pItasa function of BeO content. 
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Lewis centers, although the OH bands had been complete
l y eliminated. The only bands which could be observed 
both before and a f t e r dehydroxylation and subsequent 
pyr i d i n e adsorption were those c h a r a c t e r i s t i c of p y r i 
dine bonded to the respective c a t i o n (NaM: 1441,8 cm-1, 
BeM: 1452,8 cm"1, MgM: 1448,5 cm"1, CaM: 1444,5 cm"1, 
SrM: 1443,5 cm"1, BaM: 1443,0 cm"1, LaM: 1442,8 cm""1). 

Adsorption of Benzene. One e f f e c t of benzene ad
sorption on the OH groups of HM was a small s h i f t of 
the OH band from 3600 to 3589 cm"1. Furthermore, a 
broad plateau developed around ~ = 3400 cm"1, most 
probably due to hydrogen bonding (Figure 3). Besides 
the CH fundamental v i b r a t i o n a l band at 3088 cm"1 (v^|) 
and the combination bands at 3068 and 3032 cm"1 the 
very intense band a
Complete dehydroxylatio
adsorbed p r a c t i c a l l y to zero i n the case of hydrogen 
mordenite (HM, No. 1 and No. 2). The adsorbed benzene 
could be e a s i l y removed by merely pumping at the tem
perature which the sample attained i n the IR beam 
(ca. 100° C, abbreviated with "B. T. , f). 

In comparison with HM, the i n t e r a c t i o n between 
benzene and the OH groups of the cation-containing 
mordenites (e.g. BeM, LaM) was s i g n i f i c a n t l y l e s s pro
nounced (Figure 3). In contrast to the HM i t turned out 
that the adsorption of benzene by the cation-containing 
mordenites i s favored by higher temperatures. The ad
sorption was not r e v e r s i b l e , e.g. only about 70 % of 
the benzene adsorbed on BeM at Β. T. could be desorbed 
by merely pumping at the same temperature. 

Adsorption of Ethylene. The take-up of ethylene 
by HM was completely i r r e v e r s i b l e , even at room tempe
ratur e . The OH band was very strongly a f f e c t e d ( F i g 
ure 4). The new bands appearing i n the CH region upon 
exposure to ethylene e x c l u s i v e l y belong to a l i p h a t i c 
species (e.g. v C H 3 : 2950 cm"1, v „ 2 s 2930 cm"1, v ^ H 3 : 

2860 cm*"1, and a sbroad band at 1468 cm" 1). The 
o r i g i n a l spectrum could not be restored by pumping. On 
the other hand, the OH groups of the exchanged morde
n i t e s NaM, MgM, CaM, SrM, BaM, and LaM remained p r a c t i 
c a l l y unaffected by ethylene. The IR spectra of the 
samples exposed to 100 t o r r ethylene exhibited only 
o l e f i n i c CH bands (e.g. v C H : 3080 cm"1, v ^ 2 : 1442 cm"1). 
Upon desorption i n t o high 9vacuum the adsoroate bands 
immediately disappeared, i . e . the adsorption was q u i t e 
r e v e r s i b l e . 

Beryllium mordenite (BeM) was intermediate between 
hydrogen mordenite and the other z e o l i t e s under i n -

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



48. KARGE Mordenite-like Zeolites 589 

Figure 3. Adsorption of benzene (p = 24 torr) on 
hydrogen mordenite (HM, No. 1), activated at 
450°C under HV and on beryllium mordenite (BeM, 
No. 4), activated at 300°C under HV. (b), IR base 
spectrum ( ); (a), IR spectrum after adsorption 
( ); (1), at B.T.; (2), at 200°C; (d), IR spectrum 

after Resorption (- · -). 
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v e s t i g a t i o n . During ethylene adsorption a broad band 
at 3250 cm"1 developed, probably i n d i c a t i n g hydrogen 
bonding or π-complex formation. This band grew with 
increasing pressure (Figure 4). At f i r s t the ethylene 
was r e v e r s i b l y adsorbed as was the case with the other 
cation-containing mordenites. The CH bands which were 
e x c l u s i v e l y a s c r i b a b l e to o l e f i n i c species could be 
r e a d i l y removed by pumping. During continued exposure, 
bands of saturated hydrocarbons sta r t e d to develop. 
The same occurred when the adsorption temperature was 
increased to 100 - 150° C. A f t e r desorption of those 
species which had remained o l e f i n i c i n character, the 
newly formed bands of a l i p h a t i c hydrocarbons were s t i l l 
present i n the spectrum (Figure 4). 

A l k y l a t i o n of
OH group concentration of the c a t a l y s t was systemat
i c a l l y v a r i e d by inc r e a s i n g the c a l c i n a t i o n tempera
ture, i . e . by inc r e a s i n g the degree of dehydroxylation. 
The r e s u l t was a d i s t i n c t c o r r e l a t i o n between the 
a c t i v i t y and the concentration of OH groups and Br^n-
sted centers, measured by the i n t e n s i t y of the co r r e 
sponding p y r i d i n e band at 1542 cm"1 (see Ref. 2 and 9). 
The presence of Lewis a c i d centers alone was obviously 
not a s u f f i c i e n t c o n d i t i o n f o r c a t a l y z i n g the a l k y l a 
t i o n process. A f t e r dehydroxylation at 650° C the con
c e n t r a t i o n of such Lewis s i t e s was high (0.18 mmole g"1) 
as determined v i a the 1452 cm"1 band, but the a c t i v i t y 
had dropped to zero. 

Among the cation-containing mordenite-like zeo
l i t e s only BeM and LaM turned out to be a c t i v e enough 
to render q u a n t i t a t i v e measurements p o s s i b l e . Over MgM 
only s l i g h t traces of alkylbenzene were produced. In 
the case of BeM a systematic v a r i a t i o n of the OH group 
concentration was obtained by increasing the degree of 
ion exchange. Figure 2 demonstrates that the increase 
of OH group concentration of BeM corresponded to the 
increasing a l k y l a t i o n a c t i v i t y of t h i s z e o l i t e (1C)) . 
In fur t h e r agreement with the r e s u l t s obtained with 
HM (9), the complete dehydroxylation at 650 - 700° C 
removed a l s o any c a t a l y t i c a c t i v i t y from BeM and LaM. 

The comparison between HM, BeM, and LaM showed 
that under i d e n t i c a l conditions the i n i t i a l a c t i v i t y 
of HM i s by f a r the highest. On the other hand, the HM 
c a t a l y s t was poisoned much f a s t e r than BM and LaM (see 
Figure 5). Table II gives a t y p i c a l example of product 
d i s t r i b u t i o n . One r e a l i z e s that the s e l e c t i v i t y of BeM 
and LaM i s evide n t l y superior to that of HM. 
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Figure 4. Adsorption of ethylene 
on hydrogen mordenite (HM, No. 
1) activated at 450°C and beryl
lium mordenite (BeM, No. 4) acti
vated at 300°C. (b), IR base spec
trum ( ). (a),IR spectrum after 
adsorption at B.T. ( ); (1), 13 
torr; (2), 20 torr; (3), 50 torr; (4), 
100 torr, all lhr; and (5), 100 torr, 

4000 3500 3000 1600 1400 1200 20 hr. (d), IR spectrum after de-
W a v e n umber (cm - 1 ) SOrption(- · ·). 

- 20 

15H 

10H 

over H-mordentte • • • • 

over Be-mordenite Ο Ο Ο Ο 

over La-mordenite Δ Δ Δ Δ 

4 5 6 7 

t i m e [hour si 

- Δ Δ—Δ~ 
1 

9 

Figure 5. Alkylation of benzene (both activation temperature and 
reaction temperature 450°C) over HM (No. 1), BeM (No. 4), and 

LaM (No. 9). 
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TABLE II. - Distribution of Alkylation Products in Percent 

Products 
H - ] mordenite Be-mordenite La-mordenite 

Products 
time 
10 

[min.] 
120 180 

time [min.] 
10 120 180 

time [min.] 
10 120 180 

E t h y l 
benzene 11,4 53,8 50,0 64,7 71,4 71,4 100 100 100 

Toluene 82,3 38,5 38,9 35,3 28,6 28,6 - - -
m-Xylene 1.3 - - - - - - - -
E t h y l -
toluene 2,5 7,7 11,1 - - -
D i e t h y l -
benzene 2,5 - - - - - - - -
A c t i v a t i o n and r e a c t i o n temperature: 450° C. 
For f u r t h e r experimental d e t a i l s see t e x t . 

Cracking of Ethylbenzene. The ion-exchanged mor
denites BeM and LaM also showed with respect to the i n 
verse r e a c t i o n , i . e . the cracking of ethylbenzene, a 
s i g n i f i c a n t longer l i f e - t i m e than HM. Table I I I shows 
an example of the product d i s t r i b u t i o n . 

TABLE III. - Distribution of Cracking Products in Percent 

Products 
H - ] mordenite Be-mordenite La-mordenite 

Products 
time 
10 

[min.] 
120 180 

time 
10 

[min.] 
120 180 

time 
10 

[min.] 
120 180 

Ethylene 38,0 32,9 32,0 45,1 44,1 44,2 46,1 38,9 37,0 

Benzene 43,4 51,8 56,0 48,5 49,2 50,4 34,9 43,6 47,7 

Toluene 13,3 12,0 10,0 4,1 4,8 4,0 7,8 10,6 10,0 

m-Xylene 1,4 1,0 - - - - - -
E t h y l -
toluene 4,0 2,3 2,0 2,3 1,9 1,4 11,2 6,9 5,3 

A c t i v a t i o n and r e a c t i o n temperature: 450° C. 
For f u r t h e r experimental d e t a i l s see t e x t . 
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The hydrogen mordenite exhibited a c h a r a c t e r i s t i c be
havior i n that i t catalyzed even the cracking of ben
zene. When, under the same r e a c t i o n conditions as used 
i n the cracking of ethylbenzene, a mixture of benzene 
vapor (p = 198 torr) and helium (p = 602 torr) was con
tacted at 450° C with the HM c a t a l y s t , 5 % of the ben
zene reacted. The main products were toluene and ethy
lene. 

Discussion 

Because of the good c o r r e l a t i o n between concentra
t i o n and a c t i v i t y i n benzene a l k y l a t i o n i t may be con
cluded that the a c i d OH groups of the a c t i v e mordenites 
are the c a t a l y t i c a l l  relevan  Ethylen  i n t e r
acts with the OH group
v e s t i g a t i o n (see Figure 4). The IR r e s u l t s from the 
ethylene adsorption suggest that an a c t i v a t i o n of the 
o l e f i n by a Br^nsted a c i d center may be the important 
i n i t i a l step. Probably t h i s occurs through ττ-complex 
formation or through formation of carbonium ions: 

(zeolite) (zeolite) (zeolite) 
^ S i - Ο — ^ S i - 0 — ^ . S i - 0" 

Η Η + 
H 2C = CH 2 H 2C i CH2 H 3C - CH 2 

(I) (ID (III) 

However, while ethylene i s adsorbed i n the o l e f i n i c 
s tate (I) both on NaM and on most of the ion-exchanged 
mordenites, the structure (III) appears to be preferred 
i n the case of HM. This leads to a high a c t i v i t y i n 
the beginning of the a l k y l a t i o n r e a c t i o n but also f a 
vors the r a p i d poisoning due to formation of saturated-
type adsorbates (polymerisation) and subsequent coking, 
since polymerisation w i l l a lso occur v i a a carbonium 
ion mechanism. The i r r e v e r s i b l e adsorption of o l e f i n s 
( e s p e c i a l l y hexene) on a c i d f a u j a s i t e type z e o l i t e s 
g i v i n g r i s e to saturated species has been previously 
reported by Eberly i n h i s pioneering work (1_U . Weeks 
and Bolton (_1_2) have reached s i m i l a r r e s u l t s and con
c l u s i o n s i n t h e i r study of the r o l e of butene/HY i n t e r 
mediates i n the c a t a l y t i c a l k y l a t i o n of benzene. With 
BeM (and LaM) the state II seems to be mainly produced 
and subsequently changes only slowly to structure ( I I I ) . 
The i n i t i a l a c t i v i t y i s thus lower than that of HM, 
but on the other hand, the poisoning due to polymeri
s a t i o n i s much l e s s important. 

C l e a r l y , the OH groups of the hydrogen mordenites 
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(both commercial and prepared v i a N H 4 M ) are al s o r e 
levant with respect to the adsorption of benzene. When 
the HM samples are completely dehydroxylated, the ex
tent of benzene adsorption turns out to be nearly zero. 
This cannot be explained by a p a r t i a l c o l l a p s e of the 
l a t t i c e , since the Χ ray patterns d i d not show any 
s t r u c t u r a l change and, furthermore, the dehydroxylated 
samples were s t i l l able to adsorb the nearly i d e n t i 
c a l l y shaped p y r i d i n e molecules. 

The s i t u a t i o n obviously i s q u i t e d i f f e r e n t with 
the ion-exchanged mordenites. Here the benzene does 
not i n t e r a c t with the OH groups to a detectable extent, 
but rather the benzene molecules are strongly bonded 
by the cations themselves. In comparison with HM, the 
sorption and desorptio
t a i n i n g mordenites i
cesses must be thermally a c t i v a t e d . This i s most prob
ably one of the reasons f o r the f a c t that the a l k y l a 
t i o n of benzene over BeM and LaM needs much higher r e 
a c t i o n temperatures than over HM. The s e l e c t i v i t y of 
BeM and LaM with respect to a l k y l a t i o n of benzene i s 
better than that of HM. The higher y i e l d of toluene 
over HM i s mainly due to the cracking of benzene, 
catalyzed by t h i s z e o l i t e . One fu r t h e r reason may be 
the presence of other intermediates, produced by the 
simultaneously occurring o l e f i n polymerisation over 
HM. In any case, formation of monoalkylbenzenes i s 
evide n t l y favored due to the geometric conditions with
i n the z e o l i t i c pores, which inf l u e n c e the i d e n t i t y of 
the nascent products ("shape s e l e c t i v i t y " ) . C s i c s e r y 
( 1 3 , 14) has pointed out that the very same explana
t i o n a p p l i e s to the shape s e l e c t i v i t y of HM i n tr a n s -
a l k y l a t i o n and d i s p r o p o r t i o n a t i o n of alkylbenzenes. 
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The reaction of tetrahydropyran with ammonia to 
give piperidine has been studied over L-zeolites. 
Dealumination of the zeolite enhanced the ring 
conversion. The reaction kinetics was determined and 
the reaction mechanism was proposed. The effects of 
dealumination on the thermal stability and the acidic 
property were also studied. 

I n t r o d u c t i o n 

R e c e n t l y , we have re p o r t e d t h a t s y n t h e t i c z e o l i t e s 
are very e f f e c t i v e c a t a l y s t s f o r the r i n g conversion of 
lactones and c y c l i c ethers i n t o the corresponding 
lactams and c y c l i c imines i n the presence of ammonia 
Ç1-5). I t should be noted that the hydrogen form of 
L- z e o l i t e ( H L ) shows higher s e l e c t i v i t y than the 
hydrogen form of Y-ze o l i t e ( H Y ) f o r the conversion of 
c y c l i c ethers i n t o imines. For examples, t e t r a h y d r o -
furan i s converted i n t o p y r r o l i d i n e over HL at 350°C 
w i t h a y i e l d of 53 % and at a s e l e c t i v i t y of 91 % (4). 
However, the y i e l d and the s e l e c t i v i t y f o r the 
conversion of tetrahydropyran i n t o p i p e r i d i n e was not 
very s a t i s f a c t o r y (4_) . 

Here, we report that the dealumination of L-
z e o l i t e enhances the c a t a l y t i c a c t i v i t y and the 
s e l e c t i v i t y f o r the r i n g t r a n s f o r m a t i o n of te t r a h y d r o 
pyran i n t o p i p e r i d i n e . The k i n e t i c s of the r e a c t i o n i s 
stu d i e d and a r e a c t i o n mechanism i s proposed. The 
thermal s t a b i l i t y of dealuminated L - z e o l i t e s are 
st u d i e d by means of X-ray and i n f r a r e d spectroscopy. 
The a c i d i c p r o p e r t i e s of dealuminated N H 4 L are a l s o 
s t u d i e d by i n f r a r e d spectroscopy and by the use of 
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Hammett i n d i c a t o r s . 
Experimental 

M a t e r i a l s . The s t a r t i n g z e o l i t e i s KL z e o l i t e 
from the Linde D i v i s i o n of Union Carbide Corp. The 
chemical a n a l y s i s of the z e o l i t e gave the composition 
of Kg^^Alg ^Si27,6°72'2^Η2°· I o n exchange was 
performed w i t h aqueous s o l u t i o n s of ammonium c h l o r i d e . 
Dealumination of KL was c a r r i e d out i n a f o l l o w i n g 
manner. KL (20 g) was added to 300 ml of aqueous 
H^EDTA of v a r i o u s c o n c e n t r a t i o n and the mixture was 
r e f l u x e d . The par t of the supernatant l i q u i d was d r i e d 
up and the residue was c a l c i n e d at 600°C to get white 
powder of alumina, which was then d i s s o l v e d i n n i t r i c 
a c i d . Aluminum conten
as the oxine comple y g
380 nm. The potassium e x t r a c t e d was determined by 
flame photometry. The amount of the aluminum e x t r a c t e d 
and t h a t of the potassium e x t r a c t e d were almost 
e q u i v a l e n t . Thus, the chemical r e a c t i o n i n v o l v e d i n 
the dealumination may be w r i t t e n by a f o l l o w i n g 
equation. 

- S i - 0 K O-Si- -Si-OH HO-Si-
A l + Ηι» · EDTA—- + KAl-EDTA (1) 

- S i - o ' X 0 - S i - -Si-OH HO-Si-
I I I I 

The dealuminated KL was exchanged w i t h aqueous 
ammonium c h l o r i d e t o o b t a i n dealuminated N H 4 K L 

z e o l i t e s . 
C a t a l y t i c Reaction. Reaction of t e t r a h y d r o f u r a n 

and ammonia was c a r r i e d out i n a f i x e d bed type r e a c t o r 
under continuous flow c o n d i t i o n s at atmospheric 
pressure. P r i o r to r e a c t i o n , the c a t a l y s t s were heated 
i n an a i r stream at 460°C f o r 180 min and then i n an 
ammonia stream at r e a c t i o n temperature f o r 30 min. 
Tetrahydropyran(THP) was pumped i n t o preheating zone of 
the r e a c t o r by a microfeeder. The products were 
c o l l e c t e d i n a c o l d t r a p maintained at -100°C. The 
main product separated by f r a c t i o n a l d i s t i l l a t i o n was 
p i p e r i d i n e , s i n c e the i n f r a r e d spectrum agreed w i t h 
that of the pure compound. The r e a c t i o n products were 
analyzed by a gas chromatograph w i t h a hydrogen flame 
i o n i z a t i o n d e t e c t o r . The a n a l y t i c a l column was a 
4 mm χ 2 mm s t a i n l e s s s t e e l t u bing packed w i t h PEG-6000 
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on S h i m a l i t e F. I d e n t i f i c a t i o n of byproducts was not 
attempted. 

I n f r a r e d Spectrum. I n f r a r e d measurements were 
conducted i n a p r e v i o u s l y d e s c r i b e d manner(6), a l l o w i n g 
the t h i n sample wafers to be heated under vacuum or 
e q u i l i b r a t e d w i t h p y r i d i n e vapor. The samples were 
compressed under 600 kg/cm 2 i n t o 20 mm-diameter d i s k s . 
Spectra were recorded a f t e r c o o l i n g the sample to room 
temperature. For measurements i n the l a t t i c e 
v i b r a t i o n s (400-1400 cm" 1), the N u j o l method was used. 

A c i d i t y Measurement. The a c i d i c c h a r a c t e r of the 
z e o l i t e s was determined by the Benesi method by use of 
n-butylamine as a t i t e r and Hammett i n d i c a t o r s
Z e o l i t e s were heate
measurements. 

Re s u l t s and D i s c u s s i o n 
E f f e c t of Dealumination on Ring Conversion. In 

Table 1, the a c t i v i t y and the s e l e c t i v i t y f o r the r i n g 
c onversion of tetrahydropyran i n t o p i p e r i d i n e of the 
o r i g i n a l and the dealuminated z e o l i t e s are summarized. 
L i k e the i n i t i a l z e o l i t e , the dealuminated KL which 
does not have some c a t i o n exchange of Κ w i t h NH^ i s 
i n a c t i v e f o r t h i s r i n g t r a n s f o r m a t i o n . Dealuminated HL 

Table 1 E f f e c t o f dealumination on a c t i v i t y and 
s e l e c t i v i t y f o r the r i n g c o n v e r s i o n o f 
tetrahydropyran i n t o p i p e r i d i n e 

catalyst Si/Al total piperidine selectivity 
conversion(%) yield (%) (*) 

KL 3.2 11 0 0 

KL 4 . 8 15 0 0 

HL 3.2 24 14 58 

HL 6.0 25 20 80 

HY 2.4 15 5 33 

HY 4 . 7 26 17 65 
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and dealuminated HY are more a c t i v e than the o r i g i n a l 
HL and HY, r e s p e c t i v e l y . In the case of HL, a s e l e c 
t i v i t y of 80 % can be a t t a i n e d . As de s c r i b e d i n a 
previous paper (4_) , n o n - c r y s t a l l i n e s o l i d s l i k e alumina 
or s i l i c a - a l u m i n a g i v e much l e s s s e l e c t i v i t y . Since 
dealuminated HL gave a reasonably good s e l e c t i v i t y , an 
e f f o r t was made t o f i n d the optimum r e a c t i o n c o n d i t i o n s 
w i t h use of dealuminated HL as a c a t a l y s t . 

Time Course of the Reaction. Figure 1 shows a 
t y p i c a l time course of the r e a c t i o n over dealuminated 
HL. The r e a c t i o n c o n d i t i o n s are as f o l l o w s ; r e a c t i o n 
temperature 350°C, c a t a l y s t weight 3.5 g, ΝΗτ/ΤΗΡ=7, 
W/F=26 g-cat·hr/mole. At these r e a c t i o n c o n d i t i o n s , a 
p i p e r i d i n e y i e l d of 22 % w i t h a s e l e c t i v i t y as hi g h as 
80 % was obtained. F u r t h e r
there i s no s i g n o  c a t a l y s
7 hr. 

E f f e c t of Reaction Temperature. The e f f e c t of the 
r e a c t i o n temperature on the c a t a l y t i c a c t i v i t y of 
dealuminated HL was examined and the r e s u l t s were 
i l l u s t r a t e d i n Figure 2. The t o t a l conversion of 
tetrahydropyran increases w i t h the r e a c t i o n temperature, 
w h i l e the y i e l d of p i p e r i d i n e i n c r e a s e s w i t h the 
r e a c t i o n temperature up t o 350°C, but f a l l s down over 
370°C. I t can be concluded that the optimum r e a c t i o n 
temperature l i e s around 350°C. The s e l e c t i v i t y to 
p i p e r i d i n e remains as high as 80 % at t h i s temperature. 

K i n e t i c s of the Reaction. Reaction k i n e t i c s was 
examined i n the temperature range of 310-350°C i n a low 
W/F c o n d i t i o n (13.8 g-cat·hr/mole). Figure 3 shows the 
e f f e c t of the p a r t i a l pressure of ammonia (PNH3^ o n t^ i e 

r e a c t i o n r a t e . I t i s c l e a r t h a t the r e a c t i o n r a t e i s 
the f i r s t order w i t h respect t o the p a r t i a l pressure of 
ammonia. The dependence of the r a t e on the p a r t i a l 
pressure of t e t r a h y d r o p y r a n ( P j H p ) i s shown i n Figure 4. 
The r a t e depends markedly on when PTHP<0.2 atm, 
but i s almost independent of Ρχπρ when Ρ-τυρ>0.2 atm. 
In t h i s r e g i o n , the r a t e (τ; mole/hr·g^catj can be 
expressed as f o l l o w s , 

r - k Ρ Μ μ- ( P T H P > 0.2 atm) (2) 

The values of the f i r s t order r a t e constant, k, c a l c u 
l a t e d from the slope of Figure 3 are 0.52, 1.02 and 
2.02 mole/hr-g-cat at 310, 330 and 350°C, r e s p e c t i v e l y . 
From the dependence of the r a t e constant on r e a c t i o n 
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Figure 1. Variation of the conversion of 
tetrahydropyran (A), the yield of piperi
dine (O), and the selectivity (•) with 

time on stream 

I 80 

£ 6 0 

c AO 

! 20 
> 

3 ο 

u • • 

~D—O-O-O-

2 3 A 5 6 
Time on stream (hr) 

Figure 2. Variation of the conversion of 
tetrahydropyran (Δ), the yield of piperi
dine (O), and the selectivity (•) with 
reaction temperature. W/F = 26 g-cat-

hr/mole FNH3/FTHP = 7. 
300 320 340 360 380 A00 

Reaction temperature (eC) 

Figure 3. The dependence of the 
reaction rate on the partial pressure 

of ammonia, VTHP = 0.125 atm Partial pressure of NH3 (atm) 
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temperature, the a c t i v a t i o n energy was c a l c u l a t e d t o be 
24.7 kcal/mole. E s s e n t i a l l y the same expression has 
been obtained fo r i n g conversion of t e t r a h y d r o f u r a n 
i n t o p y r r o l i d i n e , though the a c t i v a t i o n energy t o 
t e t r a h y d r o f u r a n i s 17 kcal/mole. 

E f f e c t of KL on i t s Thermal S t a b i l i t y . The change 
i n the s t r u c t u r e of KL w i t h dealumination was st u d i e d 
by i n f r a r e d spectroscopy and X-ray d i f f r a c t i o n . A new 
OH band at 3700 cm"1 appears a f t e r dealumination and 
the i n t e n s i t y of the band increases w i t h i n c r e a s i n g 
dealumination. The OH band i s considered to be due to 
the Si-OH groups formed by the r e a c t i o n (1) . 

P i c h a t et al .(7J) showed t h a t the 608 cm'1 band due 
to the v i b r a t i o n o r d o u b l -6 r i n g d
f o r the c r y s t a l l i n i t
of 608 cm"1 band decreases w i t h i n c r e a s i n g dealumina
t i o n . Thus, the dealumination of L - z e o l i t e leads to 
the d e s t r u c t i o n of z e o l i t e framework. The same conclu
s i o n i s a l s o drawn from the X-ray d i f f r a c t i o n . The 
i n t e n s i t i e s of d i f f r a c t i o n l i n e s decrease w i t h 
dealumination. C a l c i n a t i o n of the samples at 460°C f o r 
1 hr leads to f u r t h e r decay of the c r y s t a l s t r u c t u r e . 

A d s o r p t i o n of P y r i d i n e on Dealuminated KL. 
P y r i d i n e was adsorbed at 100°C f o r 1 hr on dealuminated 
KL. The i r band due to the p y r i d i n e molecule i n t e r 
a c t i n g w i t h potassium c a t i o n s was observed around 
1440 cm"1. But, no bands of p y r i d i n e adsorbed on 
a c i d i c centers are observed. The OH band at 3700 cm = 1 

does not re a c t w i t h p y r i d i n e . Thus, the OH groups 
formed by r e a c t i o n (1) have no a c i d i c c h a r a c t e r . 

A c i d i c P r o p e r t i e s of Dealuminated NH^L. The 
i n f r a r e d spectrum of the NH^ form of dealuminated L-
z e o l i t e (NH4.3QK2 j A l ^ ^ ) w a s i n v e s t i g a t e d as a func
t i o n of the evacuation*temperature. The d e s o r p t i o n of 
water and ammonia takes p l a c e i n almost the same manner 
as i n the case of o r d i n a r y NH^L z e o l i t e , which has been 
rep o r t e d p r e v i o u s l y (7). The sample evacuated at 460°C 
showed bands at 3640, 3280 and 2600 cm' 1, which are 
q u i t e s i m i l a r to those observed i n o r d i n a r y NH^L (7) . 
The o n l y d i f f e r e n c e between dealuminated and o r d i n a r y 
NH^L i s the presence of 3700 cm"1 band i n the former, 
which i s a s c r i b e d to SiOH groups formed by the r e a c t i o n 
(1) . 

A f t e r the sample was evacuated at 460°C, i t was 
exposed to p y r i d i n e vapor at 100°C f o r 30 min, and then 
evacuated at 200°C f o r 1 hr. Then, the bands at 3640, 
3280 cm disappeared, but the band at 3700 cm"1 
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remained, i n d i c a t i n g that the former OH group are 
a c i d i c and that the l a t t e r i s not. The presence of the 
band at 2600 cm"1 shows that the p y r i d i n i u m ions thus 
formed are hydrogen-bonded w i t h l a t t i c e oxygen. 

Ad s o r p t i o n of p y r i d i n e leads to the appearance of 
a band at 1550 cm" 1, i n d i c a t i v e f o r p y r i d i n i u m i o n s . 
The i n t e n s i t y of the band i s p l o t t e d as a f u n c t i o n of 
the exchange degree by NH^ per u n i t c e l l f o r o r d i n a r y 
and dealuminated z e o l i t e s (Figure 5). The i n t e n s i t y 
of 1550 cm"1 band of the dealuminated N H 4 L i s stronger 
than t h a t of o r d i n a r y N H 4 L i f samples of the same 
exchange l e v e l are compared. 

The i n c r e a s e i n the number of a c i d centers by 
dealumination i s a l s o demonstrated by t i t r a t i o n w i t h 
n-butylamine. Hammett i n d i c a t o r s w i t h H© values of 
3.3, 1.5 and -3.0 ar
Figure 6. In the cas
H + ions introduced i s e f f e c t i v e as a c i d i c c e n t e r s . 
Though the same can be s a i d a l s o of dealuminated NH^L, 
the f r a c t i o n of H + ions e f f e c t i v e f o r the a d s o r p t i o n of 
n-butylamine i s much l a r g e r than that found f o r N H 4 L . 
The extent of the i n c r e a s e i s more pronounced f o r 
centers of stronger a c i d i t y (H o=-3.0). This increase 
i n a c i d i t y and the s t r e n g t h of a c i d might be r e s p o n s i 
b l e f o r the enhanced c a t a l y t i c a c t i v i t y f o r r i n g 
conversion of tetrahydropyran i n t o p i p e r i d i n e . 

Reaction Mechanism. In previous papers (3,4), we 
have proposed a mechanism f o r the r e a c t i o n of 
t e t r a h y d r o f u r a n and ammonia, i n c l u d i n g Bronsted a c i d s 
as a c t i v e c e n t e r s . Since e s s e n t i a l l y the same k i n e t i c s 
was found a l s o f o r the r i n g conversion of t e t r a h y d r o 
pyran, we assume the f o l l o w i n g r e a c t i o n mechanism i s 
o p e r a t i v e f o r the r e a c t i o n . 

+ (3) 

H 

H H 

+ ( r a t e determing)(5) 

H H H 3 
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Partial pressure of THP (atm) 

Figure 4. The dependence of the re
action rate on the partial pressure of 

tetrahydropyran, PNH3 = 0.625 atm 

H/u.c. 

Figure 5. The change in the ab-
sorhance of 1550 cm1 hand with 
H* content per unit cell. Ordinary 
HL, (O); dealuminated HL, 

H/u.c. 

Figure 6. The change in 
the acidity with H + content 
per unit cell. Solid marks 
for ordinary HL and open 
marks for dealuminated 

HL. 
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Ο f a s t 
Η H 3 Η 

+ H20 C6) 

Ammonia may react w i t h Bronsted s i t e s ; 

NH 3 + Η .. J ·» NH 4 (7) 

From the above mechanism, the f o l l o w i n g r a t e e x p r e s s i o n 
i s o b t a i n e d , 

k K l K 2 C H + ' P T H P P N H 3 

ι • K I C I + K 2 ) P T H P + K 3 P N H 3 

Ο 
where C u + i s the surface c o n c e n t r a t i o n of Bronsted 
s i t e s e f f e c t i v e f o r the r e a c t i o n . I f Κ·^(I+K2)Ρχ^Ρ > > 

1 + K 3 P N H , Eq.(8) i s reduced to 
3 ο 

le K/} CTJ+ 
r " PNH C 9 ) 

1 + K 2
 N H 3 

Eq. (9) agrees w i t h observed r a t e e x p r e s s i o n . 
Comparison of Eq.(1) w i t h Eq.(9) gives the f o l l o w i n g 
r e l a t i o n . 

k K~ C „ + 

k = 2_H_ (10) 
o b s 1 + κ 2 

I f one assumes K 2 << 1, Eq.(10) y i e l d s the f o l l o w i n g 
r e l a t i o n . 

ο 
k o b s = k K2 CH + 

Thus, the observed a c t i v a t i o n energy i s the d i f f e r e n c e 
between the a c t i v a t i o n energy of step (5) and the heat 
of r e a c t i o n ( 4 ) . Though the a c t i v a t i o n energy of step 
( 4 ) , which i s the r e a c t i o n of a carbonium i o n w i t h 
ammonia, h a r d l y depends on the r i n g s i z e of the 
o r i g i n a l e t h e r , the heat of the r e a c t i o n (4) should 
markedly depends on the r i n g s i z e of the ether. Since 
a five-membered r i n g i s more s t r a i n e d than a s i x -
membered r i n g , the heat o f the r i n g opening may be 
l a r g e r i n the former case. This e x p l a i n s the 
d i f f e r e n c e i n a c t i v a t i o n energy between the conversion 
of t e t r a h y d r o f u r a n and that of tetrahydropyran. 
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According to the suggested mechanism, dealumina
t i o n of the c a t a l y s t i n c r e a s e s £he r a t e by i n c r e a s i n g 
the number of e f f e c t i v e s i t e , C^+. 
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n-Butenes isomerization has been studied in the 
temperature range 150-350°C. The kinetic parameters 
over the Ge-faujasite are in agreement with a mechanism 
which implies the formation of the sec.-butyl-carbonium 
ion. The activation energies, the 2:1 product ratios 
and the frequency of the OH stretching vibration show 
that the average acidity of the active sites increases 
with the Si(Ge)/Al ratio. 

Introduction 

n-Butene isomerization was chosen to evaluate the 
c a t a l y t i c p r o perties of a p a r t i a l l y ammonium exchanged 
germanium near f a u j a s i t e . 

The protonated form of the Y sieve develops high 
a c t i v i t y i n reactions i n v o l v i n g the formation of carbo-
nium ions. In most cases, the occurrence of secondary 
reactions r e s u l t s i n more or l e s s r a p i d d e a c t i v a t i o n of 
the c a t a l y s t (1-3). 

On such c a t a l y s t s , the n-butene isomerization reac
t i o n proceeds v i a the formation of a common intermedia
t e , the sec.-butyl-carbonium i o n (3 ,4) . 

In aluminium d e f i c i e n t and u l t r a s t a b l e f a u j a s i t e -
type z e o l i t e s , i t has been shown that the a c i d s i t e 
e f f i c i e n c y i n the supercages decreases with i n c r e a s i n g 
A l content of the z e o l i t e s (5) . 

T h i s study reports the r e s u l t s of n-butene isomeri
z a t i o n over a germanic near f a u j a s i t e with Ge:Al r a t i o 
equal to 1. The isomerization a c t i v i t y of t h i s z e o l i t e 
was compared to the a c t i v i t i e s of X and Y ammonium ex
changed z e o l i t e s with higher S i : A l r a t i o s . 
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Experimental 

M a t e r i a l s . A germanic near f a u j a s i t e z e o l i t e , and 
X and Y Linde sieves were used i n t h i s study. 

The germanic z e o l i t e was synthesized at 90°C from 
Al-Ge gels according to the procedure described e l s e 
where ( 6 ) . Some surface and c a t a l y t i c p r o perties of 
t h i s z e o l i t e have been reported i n a previous study 

The NaY x z e o l i t e was obtained from the parent NaY 
z e o l i t e by H 4 E D T A e x t r a c t i o n , following the method des
c r i b e d by Kerr (8). 

The four z e o l i t e s were p a r t i a l l y exchanged with 
NHj, using d i l u t e d s o l u t i o n s of ammonium acetate. The 
un i t c e l l compositions are as follows : 

HNaY* ( N a>12
HNaY ( N a ) 1 6 . 5 ( N H 4 ) 3 8 .5 ( A 1 0 2 ) 5 5 (Si0 2) 137 
HNaX < N a )42. 5 ( N H 4 ) 4 2 .5 ( A 1 0 2 ) 8 5 (Si0 2) 107 
HNaGeX ( N a ) 7 5 . 8 ( N H 4 ) 2 Q .2 ( A 1 0 2 ) 9 6 (Ge0 2) 96 
n-Butene isomers with Baker's p u r i t y (99.5%) were 

treated using the freeze-thaw procedure. Pyridine was 
uvasol grade from Merck, and was d i s t i l l e d i n vacuo 
before use. 

Method. A U-shaped quartz reactor was loaded with 
0.12 g of z e o l i t e . The sample was pretreated as f o l 
lows: a f t e r outgassing at room temperature, the reactor 
was slowly heated to 300°C, and was furth e r evacuated 
at t h i s temperature f o r two hours. The c e l l was then 
cooled to the r e a c t i o n temperature. The procedure f o r 
the HY z e o l i t e s has been described elsewhere (3). 

The experiments were c a r r i e d out i n an a l l - g l a s s 
c i r c u l a t i o n apparatus c o n s i s t i n g mainly of a reactor, a 
g a s - c i r c u l a t i o n pump, a mercury manometer and 1 l i t e r 
glass bulb. The t o t a l volume of the system was appro
ximately 1.5 l i t e r . In the working conditions, the 
c i r c u l a t i o n speed of the pump was about 2 l i t e r min" 1. 

A 6-way sampling valve was connected to a Hewlett-
Packard gas-chromatograph equiped with a thermal conduc
t i v i t y detector. The valve was outgassed before 
sampling. The separation of the butene isomers was 
achieved at 30°C on a 20 f t long column (1/4" o.d.) 
packed with 20% tributylphosphate on 30-60 mesh chromo-
sorb P. 

The d e a c t i v a t i o n of the c a t a l y s t s was followed i n 
a conventional flow reactor, using helium as c a r r i e r 
gas (3). 
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Procedure. The isomerization of the three n-bu
tene has been i n v e s t i g a t e d mainly on a 20% N H 4-exchan
ged sample i n the temperature range 150-350°C, using 
i n i t i a l pressures between 10 and 75 t o r r . A few expe
riments were performed on 4%, 29% and 43% N H 4 exchanged 
samples. 

From the conversion vs time p l o t s , the apparent 
rate constants were e s t a b l i s h e d according to the equa
t i o n : 

l n ( x Q - x e ) - In (x t~x e) = kt 

where χ r e f e r s to the concentration at zero time ( x Q ) , 
at time t (x.) and at e q u i l i b r i u m ( x e ) . The l a t t e r 
values were taken fro  K a l l d Scha  ( 9 )

Results and Discussio

Isomerization over germanic near f a u j a s i t e . Figure 
1(a) shows that the r e a c t i o n proceeds fo l l o w i n g f i r s t 
order k i n e t i c s f o r the three isomers through the whole 
r e a c t i o n period i n v e s t i g a t e d . These l i n e a r r e l a t i o n 
ships i n d i c a t e that no appreciable d e a c t i v a t i o n occurs 
over a 3 1/2 hour period, i . e . when the conversion of 
the isomers i s near e q u i l i b r i u m (Figure l b ) . 

From experiments performed on the s i l i c i c HY sieve 
under s i m i l a r conditions, Jacobs et a l . (3) observed 
that the f i r s t order law i s followed only during the 
f i r s t 6 minutes of r e a c t i o n . Afterwards, the departure 
from l i n e a r i t y increases with time. IR spectroscopy 
could not r e v e a l the presence of bands at 1580 and 1530 
cm"1, i n d i c a t i n g that no appreciable d e a c t i v a t i o n due 
to secondary reactions occurs. These bands, more de-
velopped on HY than on HX (10») are i n d i c a t i v e of adsor
bed diene type species (3). 

The f i r s t order k i n e t i c s f o r the three butene i s o 
mers being e s t a b l i s h e d , the rate constants of the p a r a l 
l e l , r e v e r s i b l e reactions 

but-l-ene 

should v e r i f y the following equations : 
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or 

The experimental values f o r equation (2) are given i n 
Table I. 

TABLE I. Product r a t i o s and s e l e c t i v i t y products 
at d i f f e r e n t temperatures 

Temp. 
(°C) 

c i s / t r a n s 1/cis trans/1 Product of 
s e l e c t i v i t y 
r a t i o 

200 1.03 1.06 0.66 0.72 
250 0.8
300 0.76 0.76 1.65 
350 0.72 0.79 1.61 0.92 

Values close to 1 are observed f o r the experiments car
r i e d out at 300 and 350°C. The lower values obtained 
at 200-250°C might be accounted f o r by p r e f e r e n t i a l ad
sorption of c i s - to trans-2-butene during 1-butene i s o 
merization. 

The numerical values of the r e l a t i v e rate constants 
were c a l c u l a t e d , taking k^ c equal to un i t y . The values 
are given i n Table I I . 

TABLE I I . R e l a t i v e rate constants 

Temp. 
(°C) 

k l t k t i l c k c l k t c c t 
200 0.97 0.23 1 0.59 0.22 0.39 
250 1.2 0.37 1 0.69 0.41 0.67 
300 1.32 0.51 1 0.62 0.67 1.03 
350 1.39 0.67 1 0.76 0.84 1.22 

The apparent a c t i v a t i o n energies were est a b l i s h e d 
from the f i r s t order rate constants i n the 200-300°C 
temperature range. This has been done at d i f f e r e n t 
pressures between 11 and 75 Torr. The values remain 
v i r t u a l l y unchanged, which c l e a r l y i n d i c a t e s that wor
king conditions are within the l i n e a r part of the ad
sorption isotherm. Independently, the d i f f e r e n c e i n 
a c t i v a t i o n energies between two p a r a l l e l paths were de
termined from the temperature dependence of the i n i t i a l 
s e l e c t i v i t y r a t i o s . The energy p r o f i l e s f o r the three 
isomers are shown i n Figure 2. 

A few experiments were c a r r i e d out on NaNH^GeX 

n-Butenes Isomerization 609 

k c l # k l t # k t c " k c t ' k t l ' k l c ( 1 ) 

τ» * sh « s i s - 1 «' 
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2.0(1.94) 

Figure 2. Energy profile for n-butene 
isomerization. Values between brackets 
were obtained from log (selectivity) = 

AEa/RT 

I 2.9 (3.44) 

J 09 (Q96)# 

11.4 11.8 11.7 

C I S 

1.6 

1.2 

TRANS 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



50. PONCELET E T A L . n-Butenes Isomerization 611 

with d i f f e r e n t NH4 contents, e.g. 4, 20, 29 and 43 %. 
X-ray d i f f r a c t i o n showed that appreciable l a t t i c e break
down occurred f o r the highest exchanged c a t a l y s t s . The 
l i n e a r r e l a t i o n s h i p of Figure 3 i n d i c a t e s that the r e 
a c t i o n rate i s dependent upon the number of OH groups. 
That the slope of the l i n e i s smaller than unity would 
mean e i t h e r that only a part (about half) of the hydro-
x y l groups takes part i n the r e a c t i o n , or that, as the 
OH content increases, the degree of l a t t i c e c o l l a p s e 
a l s o increases. Germanic near f a u j a s i t e structure i s 
more f r a g i l e than the s i l i c i c homologues ( 6 ) . 

A d d i t i o n of p y r i d i n e to a 21% N H 4 exchanged sample 
r e s u l t e d i n a decrease i n the isomerization a c t i v i t y . 
Almost 80% of the a c t i v i t y was l o s t a f t e r a d d i t i o n of 
0.64 molecule of p y r i d i n  OH

The following
isomerization over germani  f a u j a s i t
a common carbonium intermediate: the sec.-butyl-carbo
nium ion. F i r s t l y , there e x i s t s a r e l a t i o n between the 
rate constant and the proton content. Secondly, such a 
mechanism i s able to p r e d i c t the experimentally obser
ved s e l e c t i v i t i e s : the r e a c t i o n i s f i r s t order i n each 
of the isomers; the product of the s e l e c t i v i t y r a t i o s 
i s equal to 1 and there* i s agreement between the expe
rimental and the c a l c u l a t e d temperature dependency of 
the product r a t i o s ; f i n a l l y the o v e r a l l a c t i v a t i o n ener
gies and the d i f f e r e n c e i n a c t i v a t i o n energy between 
two p a r a l l e l paths f i t i n t o the same energy diagram. 
Besides, the k i n e t i c parameters f o r t h i s system, i . e . 
2:1 s e l e c t i v i t y r a t i o and a c t i v a t i o n energies are s i m i 
l a r to those reported f o r other a c i d i c c a t a l y s t s where 
the existence of the C + intermediate has been thorough
l y i n v e s t i g a t e d (4,11-13). 

Influence of the aluminium content of the f a u j a s i 
te (GeX, X and Y) on the isomerization r e a c t i o n . Figu
re 4 shows the l o s s i n a c t i v i t y as a f u n c t i o n of the 
r e a c t i o n time f o r HY, HX and HGeX sieves. 

The HY z e o l i t e s , with the highest i n i t i a l a c t i v i 
t i e s , e x h i b i t the most pronounced d e a c t i v a t i o n with 
time. HX z e o l i t e a l s o deactivates, but l e s s markedly. 
HGeX, which shows the lowest a c t i v i t y , does not d e a c t i 
vate appreciably, as observed from repeated reactions 
c a r r i e d out on the same sample, a f t e r f i v e runs of 3 
hours each. A drop of l e s s than 10% i n the conversion 
was observed. A general r u l e emerges from Figure 4: 
the higher the A l content of the f a u j a s i t e , the shorter 
on-stream time necessary to reach steady state a c t i v i t y . 

Curve a of Figure 5 shows the r e l a t i o n s h i p between 
the p o s i t i o n (in cm"l) of the high frequency OH band as 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



MOLECULAR SIEVES—Π 

-2.0 ~ 
log k 

-2.2-

log ( exchange%>) 

Figure 3. Logarithmic
constant and

(PiMt.=30torr) 

0 20 40 60 80 
time / min. 

Figure 4. Deactivation observed for the different zeolites. (Δλ HY; 
(Φ), HY at 160°C; (Q)9 HX at 190°C; (O), HGeX at 200°C. 
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Ge-X X Y Y* Si(Ge)/AI 

Figure 5. Plots of the IR absorption frequency of the supercage OH groups, cisil 
ratio and turnover number (T.N.) vs. Si(Ge):Al ratios of the zeolites 
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a function of the Si(Ge):Al r a t i o . The frequency of 
t h i s band decreases as the Si(Ge):Al increases. Since 
t h i s band i s assigned to the OH groups located i n the 
supercages (Γ4,15) , t h i s r e l a t i o n s h i p r e f l e c t s the i n 
crease i n average a c i d i t y with the Si(Ge):Al r a t i o . I f 
the i n i t i a l c i s : l r a t i o f o r the isomerization of the 
trans-but-2-ene (at 200°C) i s p l o t t e d against the 
Si(Ge):Al r a t i o , an almost l i n e a r r e l a t i o n s h i p i s ob
served (curve b of Figure 5). Changes i n the 2:1 pro
duct r a t i o r e f l e c t changes i n s e l e c t i v i t i e s from prefe
r e n t i a l double bond s h i f t (low 2:1 r a t i o s ) towards pre
f e r e n t i a l geometrical isomerization (high 2:1 r a t i o s ) . 
For the c a t a l y s t s under consideration, i t has been 
found that the same isomerization mechanism occurs. As 
a consequence, as the o v e r a l l a c i d i t y of the supercage 
OH groups decreases
certed and double-bon  prefe
r e n t i a l l y . T his statement experimentally proved i n 
t h i s work, was f i r s t advanced by Lombardo et a l . (£). 

A s i m i l a r c o r r e l a t i o n between 2:1 s e l e c t i v i t y and 
a c i d strength was reported by Misono et a l . (16) using 
supported metal sulphates c a t a l y s t s , and a l s o f o r l i 
quid phase homogeneously catalyzed isomerization and 
o l e f i n forming eliminations (Γ7/18.) · This emphasizes 
the f a c t that such a r e l a t i o n s h i p i s quite general. 

F i n a l l y , curve c of Figure 5 r e f e r s to the turn
over number c a l c u l a t e d f o r the r e a c t i o n of 1-butene at 
150°C. The values were c a l c u l a t e d from the i n i t i a l 
r a t e s , assuming that only the OH groups of the super-
cages are involved i n the isomerization process. Here 
again, the l i n e a r r e l a t i o n s h i p which i s obtained, i n d i 
cates that, when the average a c i d i t y i n the supercage 
increases, the c a t a l y t i c e f f i c i e n c y of the OH a l s o i n 
creases. 

The p r o p o r t i o n a l i t y between the e f f i c i e n c y of the 
supercage a c i d s i t e s and the A l content was advanced 
e a r l i e r by Beaumont and Barthomeuf (5). 

Conclusion 

Germanium near f a u j a s i t e appears to be a s e l e c t i v e 
c a t a l y s t f o r the isomerization of the n-butene, as com-

_ pared to the X and Y z e o l i t e s . No d e a c t i v a t i o n was ob
served with the former, whereas d e a c t i v a t i o n i s more 
pronounced as the S i : A l r a t i o increases. 

As f o r the s i l i c i c sieves, the isomerization pro
ceeds v i a a common intermediate, the sec.-butyl carbo-
nium ion, as supported by the k i n e t i c and energetic 
data. 

The r e l a t i o n s h i p between the absorption frequency 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



51 
Diffusion Effects on the Catalytic Behavior of Ca, 

Na-Y-Zeolite 
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The isomerization of both cis-2-butene and 
1-butene were studied between 130° and 200°. The 
data obtained are diagnostic of diffusion limitations. 
The Wei treatment was used to calculate the effective 
diffusivities. The pressure dependency was studied 
in both the chemical and the diffusion limited re
gimes. A Langmuir-Hinshelwood model applies in the 
first regime but not in the second. 

Introduction 

I t i s thought that the small openings of the 
z e o l i t e c r y s t a l s introduce d i f f u s i o n l i m i t a t i o n s when 
these s o l i d s act as c a t a l y s t s . As e a r l y as i n 1966 
Weisz, et a l . (1) have demonstrated the e f f e c t of 
i n t r a c r y s t a l l i n e d i f f u s i o n i n z e o l i t e c a t a l y s i s . More
over , i n most hydrocarbon reactions catalyzed by molec
u l a r sieves, "residues" are formed (2-5) which fu r t h e r 
impair the movement of re a c t i n g molecules within the 
c r y s t a l . Butt, et a l . (4,5) have r e c e n t l y i n v e s t i 
gated the e f f e c t of coking on the d i f f u s i v i t y of 
rea c t i n g molecules i n mordenites. 

Chutoransky and Dwyer (6) have studied the l i q u i d 
phase isomerization of xylenes over a z e o l i t e contain
ing c a t a l y s t a v a i l a b l e i n two d i f f e r e n t p a r t i c l e s i z e s . 
This allowed them to study the e f f e c t of i n t r a c r y s t a l 
l i n e d i f f u s i o n . Using the k i n e t i c a n a l y s i s of Wei and 
Prater (7 y 8) they have shown that t h e i r system was 
d i f f u s i o n l i m i t e d when the p a r t i c l e s i z e of the zeo
l i t e c a t a l y s t was 2 to 4 μ. 

The goal of the study reported herein i s to show 
the r o l e of d i f f u s i o n l i m i t a t i o n s on the k i n e t i c 
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behavior of even a r e l a t i v e l y i n a c t i v e Y - Z e o l i t e cata
l y s t . The isomerization of the n-butenes provides an 
adequate model r e a c t i o n f o r t h i s purpose. Furthermore, 
the r e a c t i o n mechanism f o r t h i s system on s i m i l a r zeo
l i t e c a t a l y s t s has been thoroughly studied and reported 
elsewhere (3,9,10). 

Experimental 

Reactants. The n-butenes were Matheson research 
grade and contained l e s s than 0.2% impurity of the 
other isomers. 

C a t a l y s t and Pretreatment. The s t a r t i n g m a t e r i a l 
was a Linde Na-Y-Zeolit  ( l o t 1280-133) whos  chemical 
a n a l y s i s i s given elsewher
p u r i f i e d by successiv  exchang
followed by washing with s l i g h t l y a l k a l i n e water. The 
chemical a n a l y s i s showed that the p u r i f i e d z e o l i t e con
tained only 0.02% C a 2 + . This corresponds to 0.3% of 
Na + replaced by C a 2 + . An a l i q u o t of t h i s parent cata
l y s t was back exchanged with calcium acetate u n t i l 6% 
of the Na + was replaced by Ca 2+. Before each run an 
a l i q u o t of t h i s m a t e r i a l was treated with oxygen at 
1 atm and 400° followed by overnight evacuation to 
10" 5 t o r r at the same temperature. 

Reactor. A 300 cc s t a t i c reactor, described 
elsewhere (9), containing 100 mg of c a t a l y s t was used. 
The reactor temperature was e l e c t r o n i c a l l y c o n t r o l l e d 
to +0?5. The same a l i q u o t of c a t a l y s t was used 
throughout the experiments reported here. No modifica
t i o n i n a c t i v i t y was observed when the c a t a l y s t was 
pretreated as described above. 

Treatment of Data. The rate constants are de
f i n e d as follows. 

The d i f f u s i v i t i e s of the three isomers were as
sumed to be equal. They were c a l c u l a t e d from the 
k i n e t i c data using the treatment of Wei (8) which i s 
summarily described below. 

A complex system of f i r s t order reactions can be 

k21 
1-buteneÇ cis-2-butene 

(1) 

trans-2-butene 
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described by the matrix equation 

da/dt = Ka (2) 

where a i s the composition vector and Κ i s the rate 
constants matrix. Wei and Prater (7_) have shown that 
t h i s highly coupled system can be converted i n t o an 
equivalent uncoupled system of species B-̂  with rate 
constants Xj=0, and X 2 and λ3 r e l a t e d to the k^j con
stants of the r e a l system. 

B-L does not change 

λ2 
B 2 4o

λ 3 
B 3 ^ 0 

Wei has fu r t h e r shown (8) that i n a system with 
pore d i f f u s i o n l i m i t a t i o n s equation (4) ap p l i e s 

da/dt = K +a (4) 

where K + i s now made up of the d i f f u s i o n - d i s g u i s e d 
rate constants. This system can also be uncoupled with 
the new disguised r a t e constants being Xj=0, X£, and 
Xt. I f the d i f f u s i v i t i e s of the re a c t i n g species are 
a l l equal, there i s a simple r e l a t i o n s h i p between X^ 
and λ Τ ι 

λ+ = η 1 λ 1 (5) 

η ± = 3φ±'2(φ± coth φ ±-1) (6) 

1 i K f 
(7) 

where i s the e f f e c t i v e n e s s f a c t o r , φί the T h i e l e 
modulus, R the p a r t i c l e radius and D e f the e f f e c t i v e 
d i f f u s i v i t y . 

To c a l c u l a t e the e f f e c t i v e d i f f u s i v i t y f o r the 
n-butenes a computer program was wr i t t e n . The data 
input consisted of the d i f f u s i o n - d i s g u i s e d rate con
stants and the extrapolated r e a l r a t e constants. The 
p a r t i c l e equivalent s p h e r i c a l radius was taken to be 
1 micron, based on average c r y s t a l s i z e s of synthetic 
Y - Z e o l i t e s . Given these data the computer c a l c u l a t e d 
the values of X^ and X^ and then used equations (5) 
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through (7) to c a l c u l a t e the e f f e c t i v e d i f f u s i v i t y . 

Results 

Temperature Dependency. Two s e r i e s of ex p e r i 
ments were performed using e i t h e r 1-butene or c i s - 2 -
butene as reactants at temperatures ranging from 130° 
to 200°. In every case 2H20/cage were added as co-
c a t a l y s t . At a l l temperatures studied the reactions 
were f i r s t order. The rate constant r a t i o s ^21/^33. 
and k 1 2 / k 3 2 c a l c u l a t e d from these data were p l o t t e d 
against 1000/T i n F i g . 1. These p l o t s obey the Ar-
rhenius law up to a c e r t a i n c r i t i c a l temperature be
yond which they show a d e f i n i t e curvature. The same 
behavior f o r d i f f e r e n t Ca  Na-Y-Zeolit  composition
was reported elsewher
i c a l temperature decrease  c a t a l y t i y 
increased. S i m i l a r r e s u l t s were obtained when n-
pentenes were isomerized on the same c a t a l y s t s (13>) . 

The i n d i v i d u a l rate constants were c a l c u l a t e d 
from the a c t i v i t y and s e l e c t i v i t y data and the equi
l i b r i u m constants. The Arrhenius p l o t f o r each rate 
constant a l s o showed a d e f i n i t e curvature at higher 
temperatures, d i a g n o s t i c of pore d i f f u s i o n l i m i t a t i o n s . 

The k i n e t i c data were processed as explained i n 
the preceeding section to c a l c u l a t e the e f f e c t i v e d i f -
f u s i v i t i e s at d i f f e r e n t temperatures. The r e s u l t s are 
given i n Table I. 

TABLE I.- E f f e c t i v e D i f f u s i v i t i e s of n-Butenes i n 
Ca, Na-Y-Zeolite Calculated Under Reaction 
Conditions (1) 

D2 D3 D e f 

Temperature cm2/sec χ Ι Ο 1 1 

180 9.1 9.7 9.4 
190 3.9 6.5 5.2 
200 1.6 2.8 2.2 

(1) The d i f f u s i v i t i e s of the n-butenes were assumed to 
be equal. D 2 and D^ were given by the computer, D e f 
i s the average value. 

Pressure Dependency. Two temperatures were 
chosen to study the e f f e c t of pressure, one i n the 
chemical regime and the other i n the i n t e r v a l when 
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i n t r a c r y s t a l l i n e d i f f u s i o n e f f e c t s are l i m i t i n g . 

i ) Chemical Regime. The runs were performed at 
pressures of cis-2-butene ranging from 50 to 150 mm Hg 
at 150°. The rate constant values (ki2+k 3 2) a r e 9 i v ç n 
i n Table I I . When p l o t t e d against 1/P the shape of 
the curve i s c o n s i s t e n t with the following mechanism. 

(8) 

c-2-butene (c-2-b) ̂ .^Tt-2-b) s t-2-butene 

Assuming that the r a t e determining step i s the 
surface r e a c t i o n an
pete f o r the adsorptio , g equatio
applies f o r the i n i t i a l disappearance of any of the 
isomers and p a r t i c u l a r l y f o r the cis-2-butene 

r = ( k f 2 + k | 2 ) _ K ç P ç _ (9) 
Ι + Σ Κ ^ 

where k|j are the rate constants f o r the surface reac
t i o n , and P. are the adsorption e q u i l i b r i u m constant 
and the p a r t i a l pressure of the i isomer, r e s p e c t i v e l y . 
I f the K^'s are assumed to be equal, then 

r = ( k f 2 + k f 2 ) K P c ; Ρ τ = Σ Ρ ί (10) 
1+KPT 

therefore, k 1 2 + k 3 2 = ( k12 + k32) — 
1+KPT 

Based on the same model i t i s predicted that the 
s e l e c t i v i t y r a t i o s should be pressure independent. 
The s e l e c t i v i t y r a t i o s shown i n Table II are i n f a c t 
f a i r l y constant. 

i i ) D i f f u s i o n Limited Regime. E s s e n t i a l l y the 
same experiments were repeated now at 200°. The data 
i s no longer c o n s i s t e n t with the Langmuir-Hinshelwood 
model given above. Table II shows that the c a t a l y t i c 
a c t i v i t y increases with pressure, while the s e l e c t i v i t y 
decreases with t h i s v a r i a b l e . 
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TABLE I I . - Pressure E f f e c t s on A c t i v i t y and Selec
t i v i t y of Cis-2-Butene Isomerization Over 
Ca, Na-Y-Zeolite 

Chemical Regime T=150°+0.5 
Ρ (mm Hg) ( k 1 2 + k 3 2 ) x l O 3 ^ i 3 1 " 1 ^ " 1 ) k12/ k32 

49 1.4 2.5 
62 1.2 2.5 
77 1.2 2.6 

152 0.7 2.4 

D i f f u s i o n Limited Regim
Ρ (mm Hg) ( k i 2 + k 3 2 ^  (min^g" ) l 2 / 3 2 

60 1.3 2.2 
81 2.0 1.7 

160 2.3 1.3 

To check these r e s u l t s a s i m i l a r set of e x p e r i 
ments was performed with the parent c a t a l y s t . Due to 
i t s lower a c t i v i t y higher temperatures were required. 
Otherwise i t s behavior was the same as reported here 
f o r the Ca, Na-Y-Zeolite. 

Discussion 

The p l o t s of F i g . 1 are d i a g n o s t i c of d i f f u s i o n 
l i m i t a t i o n s . The c a l c u l a t e d e f f e c t i v e d i f f u s i v i t i e s 
are low i f compared to the scarce data a v a i l a b l e f o r 
the d i f f u s i o n of gases i n z e o l i t e s . No data have been 
found f o r n-butenes d i f f u s i n g i n t o Y - Z e o l i t e s . There
fore i n Table I I I data are shown f o r comparison of 
n-butenes, propylene and ethylene d i f f u s i n g i n t o small
er pore z e o l i t e s . I t i s expected that n-butenes d i f 
f u s i n g i n Y - Z e o l i t e s with l a r g e r pore openings w i l l 
have a d i f f u s i v i t y two or three orders of magnitude 
l a r g e r . However, the c a l c u l a t e d value of D e £ included 
f o r comparison i n Table I I I shows that t h i s i s not the 
case. 
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ΙΟΟΟ/Τ 

Figure 1. Temperature dependency of selectivity ratios 
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TABLE I I I . - D i f f u s i v i t i e s of C2~ cfl Mono-Olefins i n 
Z e o l i t e s (1) 

Adsorbant Adsorbent Ε D.10 
kcal/mol 200° 

C 2H 4 5A 2.75 10.7 
C 3 H 6 5A 3.46 6.3 
1-C 4H 8 5A 3.44 4.6 
t-2-C 4H 8 5A 3.46 6.5 
c-2-C 4H 8 5A 9.2 8.5 

n-butenes Na-Y-Z 

11 References 

Ruthven, et a l . 
(14) 

McGrath, B.Sc. 
Thesis c i t e d 

(1) L i m i t i n g d i f f u s i v i t i e s c a l c u l a t e d from data given 
i n the l i t e r a t u r e . 

A p o s s i b l e explanation f o r t h i s discrepancy might 
be the formation of residues which furt h e r reduce the 
d i f f u s i o n a b i l i t y of the n-butenes. I t i s w e l l docu
mented that residues form during most hydrocarbon 
re a c t i o n s . P a r t i c u l a r l y , Lombardo and H a l l (_3) have 
shown that small amounts of residues form even i n a 
l e s s a c t i v e c a t a l y s t (5.2xl0~ 2 mmole/g of Na-Y-Zeolit^. 
Another f a c t that i s consistent with t h i s p i c t u r e i s 
the decrease i n D ef as temperature increases as shown 
i n Table I I . Butt, et a l . (4,5) have r e c e n t l y report
ed the e f f e c t on D^ f of coke deposition i n mordenites. 
His l e v e l s of residues, however, were much higher than 
ours. Another p o s s i b l e i n t e r f e r e n c e with the movement 
of the n-butene molecules i s the presence of water 
added as c o - c a t a l y s t since water i s known to modify 
the d i f f u s i v i t i e s of several gases. 

Tempère, et a l . (14) have reported s i m i l a r r e s u l t s 
when studying 1-butene isomerization using a s e r i e s of 
d i f f e r e n t z e o l i t e c a t a l y s t s i n a flow system. They 
reported a wide range of s e l e c t i v i t y values i n going 
from large pore z e o l i t e s (X or Y) to the A type having 
smaller windows. They i n t e r p r e t e d the t e n - f o l d 
increase i n c i s / t r a n s r a t i o i n terms of the much 
smaller d i f f u s i v i t y of the cis-2-butene i n the A-
Z e o l i t e (15). Tempère, et a l . (14) also show i n F i g . 3 
of t h e i r paper Arrhenius p l o t s f o r Na-X and Y - Z e o l i t e s 
which became curved at higher temperatures, as reported 
here. 
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I t i s expected that the pressure dependency of 
the r e a c t i o n can be accounted f o r by the Langmuir-
Hinshelwood mechanism shown above since the same model 
applies f o r the isomerization of n-butenes on other 
a c i d i c c a t a l y s t s (16,17). Although a d i f f e r e n t 
behavior i s expected when d i f f u s i o n l i m i t a t i o n s e x i s t , 
the a c t i v i t y and s e l e c t i v i t y behavior seem to be con
t r a d i c t o r y . The increase i n a c t i v i t y with pressure 
can be in t e r p r e t e d i n terms of the r e s u l t s reported 
by Ruthven, et a l . (18). They have found that the 
d i f f u s i v i t y increased with i n c r e a s i n g pressure f o r 
d i f f e r e n t hydrocarbons i n smaller pore z e o l i t e s . Based 
on these r e s u l t s Ruthven (19) has shown that the ef
fectiveness f a c t o r s should increase with in c r e a s i n g 
pressure. What i s at varianc  with t h i  i n t e r p r e t a
t i o n , however, i s th
pressure. I f the d i f f u s i v i t y goes up with pressure, 
so should too the s e l e c t i v i t y r a t i o , but t h i s i s not 
the case as shown i n Table I I . 

In summary, i t has been shown that d i f f u s i o n 
e f f e c t s are present even i n a system i n v o l v i n g a 
r e l a t i v e l y i n a c t i v e z e o l i t e and small hydrocarbon 
molecules. The reason f o r t h i s might be the formation 
of residues. Perhaps the presence of water could al s o 
play a r o l e . Note that the most common t e s t to detect 
pore d i f f u s i o n l i m i t a t i o n s , namely the use of d i f f e r e n t 
p a r t i c l e s i z e s , might not be r e a d i l y a v a i l a b l e f o r 
some z e o l i t e s . Therefore, other a l t e r n a t i v e d i a g n o s t i c 
t e s t s can be used when t r y i n g to detect d i f f u s i o n 
e f f e c t s on z e o l i t e s . 
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Polymerization of Ethylene over Cr-Y Zeolite 
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The polymerization of ethylene over a Cr-Y catalyst without 
solvent was studied at relatively low reaction temperature. It 
was found that the polyethylene thus produced showed a high 
melting point and linear chain molecules without branches. It 
was then concluded that the active sites on Cr-Y were composed 
of divalent chromium ions. 

Introduction 

It has been found that transition-metal cations are stably 
supported on zeolites by the ion-exchange procedure and promote 
some reactions just l i k e complex catalysts or metal oxide 
catalysts. Transition-metal cation exchanged z e o l i t e catalysts 
have recently been used for the oxidation of hydrocarbons at a 
r e l a t i v e l y low reaction temperature(1-3), and i n the amination of 
chlorobenzene with ammonia(4). We have found that over Ni-Y, 
Rh-Y, and Ru-Y the dimerization of ethylene to n-butenes 
proceeds sele c t i v e l y at r e l a t i v e l y low reaction temperature, 
0-100°C(5)· We have concluded by infrared and ESR studies that 
the active s i t e s on Ni-Y and Rh-Y for the ethylene dimerization 
are zero valent Ni and Rh, respectively, which are highly 
dispersed i n the z e o l i t e framework(5). On the other hand, we 
have found that over the Cr-Y catalyst the polymerization of 
ethylene proceeds, and the polyethylene produced has a high 
melting point, high molecular weight, high density, and linear 
chain structure without branches. In this paper, the 
polymerization of ethylene over the Cr-Y catalyst and some 
properties of the polyethylene are studied, and the character
i s t i c s of the active s i t e s on the catalyst are discussed. 
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Experimental Methods 

Material. Ethylene, having a purity of over 99.8%, was 
obtained from a commercial source. 

Catalyst. Cr-Y was prepared by a conventional cation 
exchange procedure using Linde SK-40 and 0.2N aqueous solution of 
CrCl3(pH:3.7) at 70°C. The exchanged Cr-Y was washed by pure 
water, dried at 100°C, pelleted without a binder, crushed and 
sized i n 14-20 mesh. The Cr-Y catalyst used had an ion exchange 
of 76% determined by atomic absorption spectrophotometry, that 
i s , the atomic r a t i o obtained was Na : 3Cr : Al=24 : 76 : 100. 
The s p e c i f i c surface area of this Cr-Y was 870 m^/g, which was 
measured by BET method. 

Apparatus and procedure
synthesis were carried out i n a stainless steel autoclave(200ml). 
The catalyst(0.5g) was placed in an e l e c t r i c a l l y heated quartz 
tube, activated at various temperatures under evacuation, and 
was sealed i n a glass tube to make an ampoule. The ampoule was 
put into the autoclave and heated at the various reaction 
temperatures after evacuation. The reaction started when the 
ampoule was broken by the pressure of ethylene and i t proceeded 
under constant ethylene pressure without a solvent. The 
polyethylene formed was put into water to separate i t from the 
broken pieces of glass, and an HF aqueous solution was added to 
dissolve the catalyst. The polyethylene was then washed by a 
mixture of methanol and HC1 aqueous solution, followed by washing 
with acetone, and was dried at room temperature. The poly
ethylene was then used as a sample for measurements of melting 
point, density, and infrared spectra. 

The experiments for the observation of the effect of the 
calcination atmosphere and the effect of additives fed into the 
reaction system were carried out i n a fixed bed type apparatus. 
The catalyst(0.8g) was placed i n an e l e c t r i c a l l y heated quartz 
reactor, and calcined at various temperatures i n various 
atmospheres, such as oxygen, hydrogen, CO as well as i n a vacuo. 
Then the reactor was kept at a given reaction temperature using 
a water bath. Ethylene was fed at 200 Torr after the catalyst 
had adsorbed various amounts of water, NO, CO, or oxygen i n a 
gaseous state and ethylene was circulated through the catalyst 
bed. The rate of pressure drop was measured with a mercury 
manometer. 

Infrared measurement. The sample films of polyethylene were 
made by pressing with hot plates. The sample wafers of the 
catalyst were prepared i n a self-supporting form by pressing the 
fine powder at 200 kg/cm2. The wafers were e l e c t r i c a l l y heated 
at various temperatures and various atmospheres i n an infrared 
c e l l . After the evacuation, the wafers were exposed to NO at 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



628 M O L E C U L A R S I E V E S — Π 

40 Torr for 30 min followed by evacuation at room temperature. 
A l l the infrared spectra were recorded at room temperature. 

ESR measurement. The Cr-Y catalysts were e l e c t r i c a l l y 
heated at various temperatures and various atmospheres i n a 
quartz tube. After evacuation, the samples were exposed to NO at 
200 Torr for 30 min followed by evacuation at room temperature. 
A l l the ESR measurements were carried out at -196°C with an 
X-band spectrometer. 

Reflective v i s i b l e measurement. A l l v i s i b l e measurements 
were made with Cr-Y i n the same form as the sample of infrared 
measurement. After evacuation, the wafers were exposed to water, 
NO, ethylene, and ammonia at 40 Torr i n a quartz c e l l . A l l the 
spectra of the wafers wer  recorded t  temperature

Results and Discussion 

Synthesis of polyethylene. The catalyst with the higher 
exchange degree of Cr ion showed the higher a c t i v i t y for the 
polymerization of ethylene. However, the maximum degree of ion 
exchange was 76% when our ion exchange procedure was used. 

Table l(Run No. 1-5) shows the effect of evacuation 
conditions on the catalyst activation. I t was found that more 
than 200°C was needed for the evacuation temperature, and the 
optimum temperature was 350°C. These results show that the water 
in the z e o l i t i c cage depresses the polymerization, and on the 
other hand, at higher evacuation temperatures the c r y s t a l l i n i t y 
of Cr-Y i s decreased by the destruction of z e o l i t i c structure; 
the BET surface area has decreased from 870 to 820 m2/g at 550°C 
of evacuation temperature. One hour evacuation at 350°C was 
s u f f i c i e n t to activate the Cr-Y catalyst for polymerization. 

Table l(Run No. 2,6-11) shows the effect of reaction 
conditions on the polyethylene y i e l d . It was found that the 
polymerization proceeded at r e l a t i v e l y low reaction temperatures, 
and the optimum temperature was 50-70°C. Even at 0°C, the 
polyethylene could be formed after 5 hr of reaction time. The 
y i e l d of polyethylene increased l i n e a r l y with the pressure of 
ethylene i n the range from 5 to 50 atm, and increased l i n e a r l y 
with the reaction time up to 10 hr. However, the increase of 
polyethylene y i e l d gradually reached a c e i l i n g after more than 
10 hr of reaction time. When 34.5g/g-cat. of the y i e l d ( a f t e r 10 
hr of reaction time) was reached, the catalyst surface was 
s u f f i c i e n t l y covered by the polyethylene produced. The step i n 
which ethylene diffused through the polyethylene layer to the 
active si t e s on the catalyst seems to have some part i n 
determining the rate of polymerization. In the case of hydrogen 
addition at 10 atm to the reaction system, the y i e l d of 
polyethylene did not change. However, the addition of benzene 
as a solvent decreased the y i e l d of polyethylene. The benzene 
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used was pu r i f i e d by the addition of Na metal followed by 
d i s t i l l a t i o n , but might possibly s t i l l contain some impurities. 

Some properties of polyethylene. The melting points of a l l 
polyethylene samples are shown i n Table 1. The polyethylene 
produced at lower reaction temperature showed the higher melting 
points; 142, 140, and 134°C at 0, 50, and 110°C, respectively. 
In the case of addition of hydrogen into the reaction system, 
the melting point of the polyethylene produced was 135°C. 
These low melting points would be related to the degree of 
branching of the polyethylene. The infrared spectra of the 
polyethylene samples are shown i n Figure .1. Absorption bands 
were observed at 1303, 1353, and 1369 cm""1, and a small shoulder 
band was observed at 1375 cm"1 i n the range between 1300 and 
1400 cm"1. The absorptio  band  1303  1353 d 1369 1 

were attributed to the CH
ethylene and the band a
group of the branch(6). The very small absorption band at 
1375 cm"1 shows very l i t t l e branching i n the linear chain 
polyethylene. However, the spectra of polyethylenes produced at 
110°C and produced under the presence of hydrogen showed a 
rather larger absorption at 1375 cm"1. These results suggest 
that these polyethylenes had a small amount of branching i n the 
linear chain polymer. 

The density of polyethylene produced was 0.962 g/cm**, and 
i t was not changed by the change of reaction conditions. This 
value shows that the polyethylene produced over Cr-Y catalyst 
has high c r y s t a l l i n i t y . The molecular weight of the poly
ethylene samples could not be measured, because the gelation of 
the polyethylene occurred i n p-xylene as a solvent. We estimate 
that the molecular weight of a l l polyethylene samples i s more 
than 2 m i l l i o n . 

Nature of active s i t e s . It i s suggested that the properties 
of the polyethylene produced by this work are similar to those 
of the polyethylene produced by the P h i l l i p s Process using 
chromium oxides as a catalyst. In the study on the P h i l l i p s 
catalyst, many papers have reported on the active s i t e s , 
especially on the valence state of chromium i n the active center. 
Recently, Kazanskii et al.(7) have concluded that the exposed 
Cr3+ ions i n low coordination state are the active centers. On 
the other hand, Krauss et al.(8,9) and Ermakov et al.(10) proposed 
that C r 2 + ions were contained i n the active centers. We present 
some information on the nature of active sit e s of Cr-Y catalyst 
for the polymerization of ethylene. 

After activation under evacuation at 350°C for 3 hr, the 
catalyst was calcined i n oxygen at 350°C for 10-60 min followed 
by evacuation for 1 hr. The calcined catalyst showed lower 
a c t i v i t y than the uncalcined catalyst, and the longer the 
catalyst was oxidized, the lower the a c t i v i t y . On the other 
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hand, the catalysts which were calcined i n hydrogen or CO at 
350°C for 10-180 min, showed lower a c t i v i t y than the uncalcined 
catalyst. The Cr-Y activated under evacuation was the most 
active catalyst. These results suggest that the valence state of 
chromium ions which compose the active si t e s i s neither higher 
than tr i v a l e n t nor completely reduced metal. 

Figure 2 shows that the addition of water and NO decreases 
the c a t a l y t i c a c t i v i t y of Cr-Y. The poisoning effect of water 
was r e l a t i v e l y small, though NO remarkably poisoned the active 
s i t e s . The addition of oxygen and CO remarkably decreased the 
c a t a l y t i c a c t i v i t y , but after some period the a c t i v i t y recovered. 
The length of this inactive period related to the amount of 
additives(Figure 3). It i s shown that NO strongly interacts 
with the active s i t e s . 

The infrared spectr
evacuation at 350°C fo
were observed at 1780 and 1900 cm" . These absorption bands 
could not be found i n the case of Cr-Y evacuated up to 200°C 
which had no c a t a l y t i c a c t i v i t y for ethylene polymerization. 
These results show that these absorption bands can be attributed 
to the interaction between the active sites on the catalyst and 
NO. These bands gradually decreased with the evacuation 
temperature after adsorption, but held their absorption up to 
100°C. Naccache et al.(11) attributed these bands to the 
n i t r o s y l complex formed by NO with C r 2 + on the z e o l i t e . 

An ESR signal was observed on the untreated Cr-Y. This 
signal(g-value=l.97, width=500G) can be attributed to C r 3 + . 
When the Cr-Y was activated under evacuation at 350°C for 3 hr, 
only a broad signal was observed. This signal would be a back
ground of the z e o l i t e , because the same signal was observed on 
Na-Y. When NO was added into the system i n which Cr-Y has been 
activated under evacuation, a new ESR signal was observed; 
gi=1.999, g,/=1.918. This signal i s caused by (3d 5)Cr+ i n the 
linear n i t r o s y l complex of Cr 2+, and was reported by Naccache 
et al.(11) and Shelef et al.(12). On the other hand, when Cr-Y 
was calcined i n oxygen at 350°C, a clear ESR signal was observed, 
and was attributed to Cr5+ by the data of g-value=1.98 and 
width=50G. On the Cr-Y reductively treated by hydrogen, a weak 
and broad signal was observed, but i t could not be attributed to 
any valence state of chromium, because this signal overlapped 
with the background. 

Figure 4 shows the r e f l e c t i v e v i s i b l e spectra of Cr-Y 
treated under various conditions. The absorption bands on 
untreated Cr-Y were observed at 410 and 580 nm. These bands 
show that the state of chromium ions i n the ze o l i t e i s tr i v a l e n t 
and coordinates with six water molecules(13). When the Cr-Y was 
activated under evacuation at 350°C, one absorption band was 
observed at 750 nm, and did not s h i f t by the addition of water, 
NO, or ethylene. However, the addition of ammonia i n this system 
shifted the absorption band to 630 nm. These phenomena were 
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Wave number (cm"l) 

Figure 1. Infrared spectra of polyethylene. The num
bers in the figure correspond to the run numbers in 

Table 1. 

Amount of NO (/jmol/g-cat. ) 

0 2 4 6 8 10 12 

Amount of water (mmol/g-cat.) 

Figure 2. Effect of addition of NO and water. Reaction 
conditions: catalyst, Cr-Y activated under evacuation at 
350°C for 3 hr; reaction temperature, 60°C; ethylene 

initial pressure, 200 torr. 
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Reaction time (min) 

Figure 3. Effect of addition of 
CO and oxygen. (0),no additives. 
(A), CO addition; (1), 1.6 μηιοί/ 
g-cat; (2), 3.3 ^mol/g-cat.; (3), 
6.5 μτηοΐ/g-cat. (B), oxygen addi
tion; (1), 0.5 μτηοΐ/g-cat.; (2), 1.0 
μηιοί/g-cat.; (3), 1.5 μηιοί/g-cat. 

350°C for 3 hr; reaction tempera
ture, 60°C; ethylene initial pres

sure, 200 torr. 
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Figure 4. Visible spectra of Cr-Y catalyst. (A), uncal-
cined; (B), activated under evacuation at 350°C for 3 
hr; (C), ammonia adsorbed on (B); (D), calcined (B) in 

oxygen at 350°C for 1 hr. 
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characteristics of divalent Cr ion(_7) . Thus, i t i s suggested 
that the divalent Cr ions are formed by the activation. In 
consequence, i t i s concluded that the active s i t e s of Cr-Y 
catalyst are composed by divalent Cr ions which are stably 
supported on the z e o l i t e . 
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Molecular Sieve Adsorbent Applications State of the Art 

R. A. ANDERSON 

Union Carbide Corp., Molecular Sieve Department, 
Tarrytown Technical Center, Tarrytown, N.Y. 10591 

The use of molecular sieves as a highly versatile means of performing dif
ficult separations has become firmly established. In addition to a review of both 
regenerative and non-regenerative applications, it is shown that the invention 
of new molecular sieves, tailored to provide an almost limitless variety of 
product performance characteristics, promises the continued discovery and 
development of new and exciting separation applications. 

Introduction 

The purpose of this paper is to review the impact of zeolite molecular sieve 
adsorption technology upon the commercial world in which we live. This unique 
family of materials has gained broad acceptance and brought the unit operation 
of adsorption to maturity. A comprehensive review of the range of adsorptive 
separations being performed on a commercial scale in the world today will be 
provided along with some quantitative market information. To begin, it is usually 
appropriate to describe the phenomena of adsorption, the unit operation as prac
ticed today, and to describe zeolite molecular s ieves. 

Adsorption is a phenomenon whereby molecules in a fluid phase spontane
ously concentrate on a solid surface without any chemical change. Adsorption 
takes place due to unsatisfied forces in a surface which attract and hold the 
molecules of the fluid surrounding the surface. The adsorption energy determines 
the strength with which any given molecule is adsorbed relative to other mol
ecules in the system. The range of separations practiced covers gases from 
gases, liquids from liquids, and solutes from solutions. 

Adsorbents have been developed for a wide variety of separations. Commer
cial materials are usually provided as pellets, granules or beads, although pow
ders are occasionally used. The adsorbent may be used once and discarded, or, 
as is more common, it is employed on a regenerative basis and used for many, 
many cyc les . They are generally used in cylindrical vessels through which the 
stream to be treated is passed. In the regenerative mode, two or more beds are 
usually employed with suitable valving, etc. , with at least one bed being in the 
regeneration mode to allow for continuous processing. Regeneration can be car-
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ried out by means of a thermal cycle , a pressure cyc le , a displacement purge 
cycle, an Inert purge stripping cycle or combinations of these. The selection of 
the appropriate regeneration cycle is an important factor in the design of any 
system. Adsorbents are used in applications requiring from a few ounces to over 
a million pounds in one plant. These applications are all based on the unique 
adsorptive properties of the crystalline zeoli tes. 

Adsorption is unique in a number of respects. In some cases , the separation 
performed involves the accomplishment of hundreds of mass transfer units. In 
others, the properties of the adsorbent allow the selective removal of one com
ponent from a mixture, based on molecular s ize differences, that would be near
ly impossible to perform by any other means. In addition, removal of contami
nants from fluid streams can be performed which achieves virtually undetectable 
levels of the impurity in the product. The advent of zeolite molecular sieves 
has brought adsorption to the forefront as a major tool of the chemical proces
sing industry. This unit operatio  ha  undergon  majo  developmen  i  th
last 15 to 20 years and the futur
tioned. 

Molecular Sieves are a unique class of synthetic zeolites which are charac
terized by a highly ordered, uniform crystal structure. They are basically hy-
drated crystal I ine metal alumino-si I icates and are characterized by uniformly smal I 
sized pores leading from the exterior surface to an internal three-dimensional 
cagework formed of interconnecting s i l ica and alumina tetrahedra. Essential ly 
all of the adsorption takes place internally as opposed to the amorphous sor-
bents which sorb on their external surface. In some cases, molecules which are 
small enough to pass through these pores and be adsorbed, can be separated 
from larger molecules, which are too big to pass through-hence, the name Mo
lecular Sieves. Molecular Sieves have a strong affinity for polar or polarizable 
molecules. This property combined with the internal adsorption characteristics 
allows for purifications and separations to be performed that were not even con
sidered 20 years ago. In addition, the synthetic zeolites can be altered stil l 
further by ion exchange to provide a nearly limitless variety of products and 
potential uses. 

The commerical application of Molecular Sieve adsorbents has grown into 
two major areas: Purification and Bulk Separation. This paper will discuss the 
range of Molecular Sieve adsorbent applications along these two major l ines. 

Purification 

The major gas and liquid purification processes utilizing Molecular Sieves 
can be classif ied by either the type of stream requiring purification or by the 
type of impurity removed. Because much of the technology centers upon the im
purity to be removed (adsorbate) and because of the large varieties of streams 
processed in the petroleum, petrochemical and chemical industry, the discus
sion of the applications in terms of the adsorbate is logical . 

A) Water. The first industrial gas purification applications for Molecular 
Sieves were dehydration of natural gas and dehydration of air. Because of their 
high adsorptive selectivity and high capacity at low water partial pressures, 
Molecular Sieves were an obvious processing choice for total front-end water 
removal for cryogenic extraction of helium from natural gas and cryogenic air 
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separation of oxygen, nitrogen and the rare atmospheric gases. The process 
design aspects of dry bed Molecular Sieve dehydration were easily adapted to 
existing s i l i ca gel and activated alumina systems. In fact, many systems orig
inally designed around other adsorbents were converted to Molecular Sieves 
for increased drying efficiencies when Molecular Sieves were first made com
mercially available in the late 1950*s. Today, all of the major helium recovery 
plants in the United States use Molecular Sieves to dehydrate a total of over 
3.5 billion S C F D of natural gas. Additional units are under construction else
where in the world to increase that figure by 50%. 

Total dehydration for cryogenic processing continues to be a major market 
for Molecular Sieves today. Two recent cryogenic applications which represent 
significant potential in the years ahead are associated with natural gas proces
sing. First, Molecular Sieve dehydration is now used almost exclusively in the 
cryogenic production of liquified natural gas (LNG), for both the relatively 
small peak demand type storag  facil it ie  found throughou  th  United States
and the giant base load facil it ie
around the world. The base loa  provid g shippe  supe
tankers from the gas producing countries to the major industrial nations. Molec
ular Sieves dehydrate over six billion cubic feet of natural gas per day in this 
one area alone. A typical L N G " t ra in" will employ about 60 tons of Molecular 
Sieve to dehydrate 300 MMSCFD. 

Secondly, the trend toward deep ethane recovery from natural gas, utilizing 
the cryogenic turboexpander process, has necessitated low dew point dehydra
tion of the feed gas. While several of the earlier plants have used methanol in
jection, high efficiency glycol systems or dry bed s i l ica gel , Molecular Sieves 
have proven to be the most popular and effective dehydration route. It is ex
pected that the majority of all future cryogenic ethane recovery plants will be 
designed with front-end Molecular Sieve dehydration. Currently over 7-1/2 b i l 
lion S C F D of natural gas being fed to cryogenic liquids recovery processes are 
being dried with Molecular Sieves. 

Another area in which Molecular Sieves have found widespread use in re
cent years is the dehydration of cracked gases prior to low temperature frac
tionation in ethylene plants for olefin production. In this application, the small 
pore Type 3A Molecular Sieve crystal was developed which is selective for 
water molecules and will not co-adsorb the larger olefin molecules. As a re
sult, many of the problems associated with the use of non-selective activated 
aluminas, including hydrocarbon "hold-up" and coking (causing loss of dehy
dration capacity), have been effectively reduced or eliminated. While activated 
alumina has been used in this application for a number of years, current indus
try trends indicate Molecular Sieve as the preferred desiccant. At present, 
there are over 55 Molecular Sieve dehydration systems operating in olefin ser
vice. Molecular Sieves are also employed for drying finished product ethylene. 
propylene, and acetylene following salt dome or conventional storage. New 
grass roots ethylene plants typically employ about 150 tons of Molecular Sieve. 

An interesting application which is somewhat speci f ic , but which demon
strates the unique features of Molecular Sieves as dehydration agents, is the 
removal of water from natural gas streams containing high percentages of Ac id 
Gases, (i.e., hydrogen sulfide and carbon dioxide). While other dry bed adsor
bents degrade rapidly in highly acidic environments, special acid-resistant 
Molecular Sieves have been developed which maintain their dehydration ca -
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pacities over long periods of on-stream use. Acid-resistant Molecular Sieves 
are also used to dehydrate various industrial gas and refinery gas streams 
which contain corrosive components like chlorine, sulfur dioxide, and hydrogen 
chloride. 

A flow sheet of a typical Molecular Sieve dehydrator appears in Figure 1. 
After physical separation of entrained solids and liquids, the inlet gas is simply 
passed through a tower containing the adsorbent. When the Molecular Sieve 
approaches saturation, the inlet stream is switched to a second tower, while 
the adsorbent in the first is regenerated by flowing heated, dry gas counter-
flow to the direction of the stream that was being dried. After leaving the 
tower, the warm, moist regeneration gas is cooled and much of the water is 
condensed, separated and removed from the system. The regeneration gas is 
then either mixed with the wet inlet gas to the adsorbing tower (closed cycle 
operation), or returned to a lower pressure distribution line (open cycle opera
tion). Once regenerated, the towe t b  cooled b  flo f cool  dr
before being placed back in

Molecular Sieves have also found wide use in dehydration of liquid phase 
streams. Both batch type and continuous processes have been developed for 
drying a variety of hydrocarbon and chemical liquids including alkylation feed, 
isomerization feed, natural gas condensates, absorber o i l , kerosine, solvents, 
alcohols, aromatics and halogenated hydrocarbons. The processing is essential
ly the same as for gas phase operation except for the necessary draining and 
filling steps. 

There are, of course, a number of other less general Molecular Sieve dehy
dration applications in industrial use today. The advantages and features of 
using Molecular Sieve for all low dew point dehydration applications include: 
low system pressure drops, no liquids carryover or make-up, simple unattended 
operation, and low operating costs. 

Non-regenerative drying employing Molecular Sieves is also practiced. In 
this case, the Molecular Sieve unit is sized to last for the lifetime of the unit. 
A typical example in this area is in refrigerant drying and purification. The re
frigerant system has two problems: water, the first, some of which will be pre
sent upon initial f i l l ing and, of course, that which will inevitably diffuse in; 
the second is the decomposition products of the refrigerant. The former can re-
sult in system failures due to freeze-ups in the expansion valve (or capillary). 
The latter will cause corrosion of the hardware. A suitably sized cartridge of 
the proper Molecular Sieve, installed in the circulating refrigerant stream, will 
adequately protect the refrigeration system for the life of the unit by adsorbing 
these impurities. 

Another non-regenerative drying application for Molecular Sieve is its use 
as a desiccant and solvent adsorbent for dual-pane insulated glass windows. 
In this case, the proper Molecular Sieve is loaded into the spacer frame used to 
separate the panes e Once the window has been sealed, the Molecular Sieve will 
maintain extremely low hydrocarbon and water dew points within the enclosed 
space for the lifetime of the unit. Consequently, no condensation or fogging 
will occur within this space which would foul the window. 

The technology has been developed and commercially proven to allow the 
design of gas and liquid dehydrators employing Molecular Sieves to provide 
product gas streams of <1 ppm(v) water and product liquid streams routinely to 
<10 ppm(v) of water. Applicable pressure ranges are from sub-atmospheric to 
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several thousand ps l . Designable temperatures range from below zero to several 
hundred °F - The higher temperatures (> 100° - 120°F range) are of considerable 
importance since the amorphous adsorbents rapidly lose water adsorption ca
pacity at elevated temperatures. Design technology includes mass transfer rate 
information as a function of temperature, pressure, mass flow rate, viscosity, 
water content, and carrier composition. Regeneration technology covers the 
same range of conditions. 

B) Carbon Dioxide. Molecular Sieves are commonly used to purify gas 
streams containing carbon dioxide in cryogenic applications where freeze-out 
of C O 2 would cause fouling of low temperature equipment. Like dehydration, 
one of the earliest C O 2 removal applications for Molecular Sieves was for cryo
genic air separation plants. The unique adsorption features of Molecular Sieves 
were exploited by using one front-end purifier unit for simultaneous removal of 
both water and C O 2 . thus eliminatin
purification systems. Produc
H 2 O have been easily attained using a properly designed Molecular Sieve sys 
tem. Today, there are over 40 such units installed and operating worldwide in 
air separation plants. 

Peakshaving natural gas liquefaction is employed by utilities to store-up 
LNG during the summer for use during the winter. These plants also utilize 
Molecular Sieve for front-end feed purification. Here again, Molecular Sieve 
units are designed for both water and CO2removal . Carbon dioxide in its free 
state forms a solid at - 1 0 9 ° F . It is only slightly soluble in liquid methane and 
must, therefore, be removed to satisfactory levels to prevent crystallization and 
plugging of the cryogenic equipment. Inlet natural gas typically contains from 
0. 5 to 2 volume percent C O 2 in addition to up to 7 pounds of water/mmscf 
("150 ppmv). The required reduction of carbon dioxide is based on the measured 
solubility limits C O 2 in methane. At - 2 6 0 ° F and 100-400 psia, the solubility 
limit is ^.350 parts per million by volume. Safe operating practice, however, 
usually requires C 0 2 r e m o v a l to below 50 parts per million by volume. Of the 
over 55 L N G peakshaving plants operating or under construction, over 90% 
utilize Molecular Sieve for feed purification. 

While removal of C O 2 from natural gas feed for base load L N G plants is 
dominated by the conventional liquid scrubbing processes, recent development 
work on Molecular Sieve based large volume C O 2 removal processes is expect
ed to find commercial acceptance in the near future. Two units of this s ize are 
already in commercial operation in front of cryogenic liquids recovery units. 

The process consists of essentially the same equipment and the same 
operation of an ordinary dry desiccant dehydrator (Figure 2). Incoming gas flows 
downward through one tower filled with Molecular Sieve. Water is removed in 
the upper section of the adsorbent bed and carbon dioxide is removed in the 
lower section. Effluent natural gas typically contains from less than one to up 
to 50 parts per million by volume C O 2 and less than 0. 1 part per million by 
volume H 2 O . The adsorber towers are designed for relatively short cycle times 
of 2 hours or less with automatic switching valves for unattended operation. 
Depending on such factors as the particular cycle and the location of the lique
faction plant, regeneration of the second tower may be effected at essential ly 
the same pressure as adsorption (e.g., pipeline pressure), or at some lower 
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R E T U R N TO 
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Figure 1. Molecular sieve natural gas dehydrator 

Figure 2. Molecular sieve system for combined natural gas dehydration and C02 

removal 
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pressure (e.g., the distribution system pressure). Regeneration gas passes 
through a heater and into the regenerating tower in an upflow direction to re
move (desorb) both C O 2 and H 2 0 . Exit gas passes through a cooler/knockout 
combination and then back into the pipeline. After sufficient heating and de-
sorption, the inlet gas heater is by-passed and the bed is cooled. 

Multiple vessel Molecular Sieve purification processes have also been de
signed for more efficient integration with certain liquefaction cyc les . For ex
ample, an expansion cycle requires more dry gas than is used for liquefaction. 
In this case, a four-tower Molecular Sieve system is utilized - two towers for 
removing water from the total inlet natural gas stream, and two towers for re
moving carbon dioxide from the portion of gas being liquefied. Resulting equip
ment and utility costs are substantially reduced when compared to a larger s y s 
tem which removes H 2 O and C O 2 from the total inlet stream (Figure 3). 

Molecular Sieve treating capacities for carbon dioxide removal range from 
about 800-1500 pounds of Molecula
parameters are strongly affecte
sure, C O 2 and water concentrations, and by the treating cycle time. Adsorber 
vessels are designed such that the pressure drop during treating is usually on 
the order of only 1-2 ps i . The C 0 2 rich regeneration stream is re-injected into 
a transmission line eliminating the problem of disposal or further treatment. 

High purity polymerization grade ethylene is treated for C C ^ a n d trace 
water removal by Molecular Sieve in over 10 domestic ethylene plants. While 
feed C O 2 levels vary from 10 to over 3000 ppm(v), Molecular Sieve treated 
ethylene is produced with 1 ppm(v) or less C O 2 . Simple, clean operation has 
been the key to success for Molecular Sieves in this application area. 

There are currently six (6) Molecular Sieve units in commercial operation 
removing C O 2 from mixtures of ethane and propane. C 0 2 levels are reduced 
from approximately 0. 5 to 1. 0 mole percent to below a 1000 ppm(v) specif i 
cation following extraction and fractionation of the C 2 - C 3 from natural gas. 
The treated stream is sold as a premium cracking feed to olefins producers who 
enjoy improved compression train efficiencies when the feed gas has low C 0 2 

concentrations. 
The removal of C Q 2 f r o m synthesis gases has been commercialized for 

quite a few years - although it has not been practiced on as large a scale as 
the applications previously mentioned. However, the design technology has 
been developed for the range of synthesis gas compositions encountered in in
dustry today. 

The design capability and proven commercial performance has been estab
lished for the removal of C 0 2 from air, natural gas, ethylene, ethane-propane 
mix (EPM), and synthesis gases. Wide ranges of pressure and temperature have 
been studied as well as composition, mass flow rate, v iscosity, etc. Likewise, 
full regeneration design capabilities have been developed. 

Ç) Sulfur Compounds. There are several streams which are treated by Mol
ecular Sieves to remove various sulfur compound contaminants. A prime example 
is wellhead natural gas sweetening for selective removal of H2S and low mol
ecular weight mercaptans. This application has matured within the past six 
years to the extent that over 3 billion scf of natural gas is now sweetened 
daily via Molecular Sieves and an additional 2 billion scf is scheduled for 
start-up in the near future. 
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Unlike most of the conventional liquid scrubbing processes, Molecular Sieves 
remove the sulfur compounds, but do not remove carbon dioxide. While this may 
at first seem contradictory based on the above commercial processes for C O 2 
removal, Molecular Sieves have a greater affinity for certain sulfur compounds 
than for C O 2 . A s a result, Molecular Sieve based processes for selective sul 
fur compound removal are possible. The advantages of Molecular Sieve natural 
gas sweetening over liquid scrubbing processes lie in both decreased equip
ment s iz ing, because the " a c i d g a s " load is smaller, in production economics 
because there is no gas "shr inkage" by leaving C O 2 in the residue gas, and 
in the fact that the gas is also fully dehydrated - - so there is no need for a 
downstream dehydration unit. 

The area of applicability for Molecular Sieve natural gas sweetening is 
dictated not by the performance limits for efficient adsorption systems, but by 
the ability of natural gas producers and transmitters to balance and/or blend-
off higher C O 2 content gase
maximum B T U fuel value requirements
ation today which sweeten natural gases with as little as .1% or as much as 
50% C O 2 and with hydrogen sulfide levels ranging from < 1 grain/100 scf to over 
400 grains/100 scf . A l l units provide pipeline quality natural gas with less 
than 1/4 grain H 2 S per 100 scf (4 ppmv). Plants processing as little as 1/2 
MSCFD and up to > 1 billion S C F D are in operation. 

The operation of a Molecular Sieve natural gas desulfurizer is somewhat 
different from the previous applications discussed. Specif ical ly, the regenera
tion gas must be processed since in essence, the Molecular Sieve process has 
provided a concentrating device —that is , the sulfur compounds have been con
centrated in the regeneration gas stream but have not been rejected. Thus, the 
Molecular Sieve system is usually integrated with a liquid scrubbing system to 
clean up the regeneration gas. A typical integration of the two systems is shown 
in Figure 4. In this case , a C O 2 rich gas was chosen to illustrate the benefits 
of desulfurizing with Molecular Sieve. The Molecular Sieve adsorption process 
is a conventional two-bed thermal cycle system, similar to those discussed in 
previous applications. Here, however, the regeneration gas is processed through 
an amine scrubber. A s can be seen, an additional 6 mmscfd of gas meeting the 
pipeline specifications is available versus using a total amine system. Fur
thermore, the Molecular Sieve system removed only the H2S - thus, 6 mmscfd of 
C O 2 did not need to be scrubbed out via amine, thus reducing the operating 
costs substantially. The effluent from the amine scrubber is a suitable feed for 
a Claus unit for ultimate sulfur rejection. 

An extension of the natural gas desulfurization technology employing Mol
ecular Sieves has allowed the desulfurization of de-ethanizer overhead streams. 
More of these are being encountered as natural gas/ l iquid processing modes 
evolve. 

A further extension of this gas treating technology has permitted the offer
ing of Molecular Sieve based processes for total desulfurization of natural gas 
wherein the natural gas is used as feed for steam-methane reforming for ammonia 
synthesis. In this application, commercial experience has demonstrated that 
Molecular Sieves are effective in removing the trace quantities of mercaptans, 
carbonyl sulfide and organic sulfides which are present in most all natural gas 
feedstocks. Historical ly, activated carbons have been used in this service. How
ever, studies have shown carbons to be inadequate for effective total removal of 
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Figure 3. Four-tower molecuhr sieve system for natural gas dehydration 
and CO2 removal adapted for expander liquefaction cycle 
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Figure 4. Typical C02-rich natural gas desulfurization unit integration of mo
lecular sieve with amine scrubbing of the regeneration gas 
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all sulfur contaminants. Noticeable improvement in the life of sulfur sensitive 
low temperature shift catalysts has been demonstrated when Molecular Sieves 
are employed for front-end feed purification. 

In addition to natural gas desulfurization, Molecular Sieves are being used 
to treat refinery hydrogen streams containing ppm quantities of hydrogen sulfide. 
A single Molecular Sieve unit may be designed to remove trace water and H2S in 
the recycle hydrogen loop of a catalytic reformer to protect the sulfur and water 
sensitive catalyst from poisoning. During catalyst regeneration, the same Mol
ecular Sieve unit acts as a drier for treating the inert gas used to periodically 
regenerate the reforming catalyst. This application represents an interesting 
example of the versatility of Molecular Sieve for treating more than one stream 
for more than one contaminant using a single purification unit. 

One of the most popular uses of Molecular Sieves in the natural gas industry 
is liquified petroleum gas (LPG) sweetening. There are over 200 Molecular 
Sieve installations procressin  butan d mixed L P G stream  t
vide low sulfur content products
and disposal of caustic solution g processe
avoided. Additionally, Molecular Sieve treating combines both sweetening and 
dehydration into one unit eliminating the need for separate equipment for each 
processing step. The regeneration medium is typically a natural gas and this 
can be scrubbed with amine systems for subsequent sulfur rejection. The pro
cess cycle is similar to those already described with the addition of draining 
and fil l ing steps. In L P G liquid sweetening, not only H 2 S , but mercaptans, su l 
fides, disulf ides, and carbonyl sulfide can be removed. Recently, the tech
nology to treat light refinery streams (< C 4 ) , containing considerable quantities 
of olefins has been developed. A broad range of adsorption data is available 
covering nearly all the types of typical sulfur compounds encountered in re
fineries. A proprietary process/product technique is available to prevent the 
fouling of the adsorbent bed by polymers, which is typical when processing 
olefin containing streams on a thermal cycle basis. Commercial plants are pro
cessing as little as a few hundred barrels per day (BPD) to over 50,000 B P D of 
L P G streams. 

The technology and proven commercial performance has been established 
for the removal of a wide range of sulfur compounds from gas and liquid streams, 
from hydrogen through butane. Purifications to exacting specifications can be 
achieved even with extremely sour feed streams. The regeneration technology 
is available as well as information regarding the integration of the regeneration 
gas with liquid scrubbing systems. 

D) " P U R A S I V " Systems. Three additional commercially proven adsorptive 
purification processes have been developed in the area of pollution abatement. 
Due to the complexity of integrating these systems with the chemical plant in
volved, they are sold on a proprietary package basis. 

The first to be discussed is for the removal of mercury from chlor-alkali 
plant vent streams (H2 and seal air). The process has been called PuraSiv Hg 
and provides effluent vent streams containing Hg in the 10-20 ppbv range. The 
system employs a closed loop regeneration scheme which results in the re
jection of the Hg in liquid form. Commercial scale operation is now approaching 
5 years. 

The next is called PuraSiv Ν and is designed to remove nitrogen oxides 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



53. A N D E R S O N Molecular Sieve Adsorbent Applications 647 

(ΝΟχ) from nitric acid plant tail gas. The regeneration system is integrated 
with the ΝΟχ absorber tower so that not only is a low ppm vent gas produced, 
but increased acid yields are realized. The process employs a proprietary prod
uct and proprietary processing technology. Current effluent design specif ica
tions are for 50-250 ppm(v) of N 0 X . Commercial experience has passed the 
3-year mark. 

The third system is called PuraSiv S and is aimed at cleaning up the vent 
gases from sulfuric acid plants. A s in the previous case, the sulfur oxides 
(S0 X) are recycled and integrated into the acid plant such that acid yield is in
creased. Currently, design specifications for the effluent vent gas run from 
50-250 ppm(v) SOx. Commercial operation now covers 4 years. 

Bulk Separations 

The separation of proces  stream  int  tw  majo  components
opposed to purification, has
nents to be separated range  develop
ment of both the processes and the products employed are extremely complex 
and expensive. Consequently,they have all become proprietary and are purchas
ed as a complete package with various royalties, etc. High purities and yields 
are achievable due to the unique products and process techniques employed. 
The commercial processes will be reviewed separately. 

A) Normal/Iso Paraffin Separation. The separation of normal paraffins from 
mixed refinery streams was one of the first major commercial applications of 
Molecular Sieves. By using a Molecular Sieve of the proper pore s ize , the n-par-
affins can be adsorbed and the branched and/or cycl ic hydrocarbons are reject
ed. During the adsorption step, the effluent contains non η-paraffins. During the 
desorption step, the η-paraffins are recovered. Isothermal operation is typical 
due to short cycle times. The upper limit is < 800° F to avoid cracking. 

The regeneration is carried out by one of two methods. For a process sep
arating light hydrocarbons (<.C7), a pressure swing process can be employed. 
For heavier streams, a displacement desorption employing other selected n-par-
affins is employed. These can then be easily separated by subsequent dist i l 
lation. If high purities are required, a displacement step is employed between 
the adsorption and desorption steps to sweep non-normal paraffins from the 
voids before carrying out the desorption of the n-paraffins. 

Seven commercial processes are available at the present time. They are 
Union Carbide's IsoSiv process, Texaco's T . S . F . process, Shell 's process, 
B . P . ' s process, Exxon's Ensorb process, V E B Leuna Werke's process, and 
U .O .P . ' s Molex process. The first six operate in the vapor phase. One, the 
Molex process employed by U . O . P . , is unique in two ways: First, it operates 
liquid phase, and secondly, the unit simulates the operation of a moving bed. 
In this case, the adsorption unit consists of one vessel segmented into multiple 
sections with separate inlet and outlet ports. Flow to the various segments is 
accomplished by means of a rotary valve which allows each bed segment to 
proceed sequentally through all of the adsorption/desorption steps. 

The normal paraffins produced are employed as raw materials for the manu
facture of biodegradable detergents, plasticizers, alcohols, and synthetic pro
teins. In the case of gasoline upgrading, the removal of the η-paraffins yields a 
large improvement in the octane number of the non-normal fraction. 
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Β) Xylene Separation. The separation of para-xyiene from mixed xylenes and 
ethyl benzene is accomplished by means of U . O . P . ' s Parex process. A propri
etary adsorbent and process cycle are employed in equipment similar to that 
discussed previously; namely, a simulated moving bed system. High purity para-
xylene can be produced. The para-xylene is used as a raw material for polyester 
production. 

C) Olefin Separation. Two processes are available for the separation of 
olefin-containing streams. Union Carbide's OlefinSiv process is used mainly to 
separate n-butenes from iso-butenes. High purity levels are achieved. U .O .P . ' s 
Olex process is for separating olefins from mixed feedstocks. 

D) Oxygen From Air . In the last few years a demand has developed for 
oxygen in modest amounts, about 50 tons per day or less. A good number of 
these involve the use of the  i  biological wast  wate  treatment plants
For this plant s ize , the use
cessing is competitive with
least six (6) processes are known; developed by Union Carbide, E s s o Research 
and Engineering, W. R. Grace, Air Liquide, Bayer-Mahler, and Nippon Steel. The 
differences involve the number of vessels , specif ic zeolites employed, and the 
processing steps. Oxygen of 95% purity can be obtained with the major impurity 
being the inert gases found in air (e. g. , Argon). Over 50 such units are in opera
tion today. The trouble-free operation of an adiabatic pressure swing system as
sures the continued growth of this application. 

Capsule Summary 

The use of Molecular Sieve adsorbents as a highly versatile means of per
forming difficult separations and purifications has become firmly established in 
the chemical process industries. The advantages of clean dry bed processing 
combined with high flexibility, especially in regard to turn-down ratios have 
proven to be valuable assets welcomed by chemical processors. The ability to 
tailor Molecular Sieve adsorbents to provide a wide variety of product perfor
mance characteristics, promises the continued discovery and development of 
new and exciting separation applications. The process development and design 
techniques are sound and their implementation is commonly practiced by those 
involved in this technology. In addition, the almost continuous development of 
new zeolite types ensures continued expansion and diversification of this 
unique separation method. 
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Zeolite Cracking Catalysts—an Overview 

JOHN S. MAGEE 

W. R. Grace & Co., Davison Chemical Division, Washington Research Center, 
7379 Rt. 32, Columbia, Md. 21044 

The introduction and rapid commercial utilization of zeolite 
cracking catalysts in the early 1960's effectively caused a re
birth of interest in the cracking process as an efficient means 
of obtaining high yields of valuable petroleum products. Inten
sive research and engineering efforts were quickly instituted to 
optimize the catalytic properties of the catalysts and their us
age in commercial cracking units. This paper presents an over
view of the results of these efforts. 

Introduction 

By the end of 1975, worldwide, there were over 50,000,000 
barrels per day of petroleum processed in over 750 refineries. 
Of this quantity, approximately 7.5 million barrels per day can 
be catalytically cracked at f u l l refinery capacity. In the more 
gasoline oriented economies of the Western Hemisphere, a signifi
cantly higher percentage of the crude o i l can be cracked than in
dicated by the worldwide figures. In the United States, for ex
ample, 30$ of the crude capacity of over 15·5 million barrels per 
day can be catalytically cracked at f u l l capacity ( l , 2, 3 ) . 

These processing quantities require the production of ap
proximately 150,000 tons per year of zeolite cracking catalyst 
worth nearly $100,000,000 - one of the largest produced and most 
valuable catalysts of a l l times. Valuable, because in a time of 
cr i t i c a l energy usage, these catalysts have acted as "capacity ex
panders", capable of expanding refinery output by giving previous
ly unheard of increases in yield and selectivity to gasoline and 
light olefins with no increase in coke yield, a l l this with no 
physical expansion of the refinery units. The importance of high
er yields, other than for avoiding capital expenditures for expan
sion, was also recently emphasized by crude o i l price increases 
instituted in 1973 by the Organization of Petroleum Exporting 
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Countries (OPEC) when crude o i l prices were, in less than a year, 
increased by 350$ (h). Furthermore, since OPEC controls 69$ of 
the world1s known petroleum reserves of 716 b i l l i o n barrels, i t is 
not likely that this financial incentive w i l l diminish without a 
policy change on the part of OPEC (5). In addition, high energy 
usage w i l l not diminish through 1990, since at least one forecast 
(6) calls for an increase of from 68 to 155 million barrels per 
day crude o i l equivalent energy demand between 1977 and I 9 9 O . 

Nearly 50$ of this demand w i l l be derived from petroleum. While 
not forecasting the exact refinery configuration at this time 
(petrochemical or fuel oriented), i t is not difficult to imagine 
that significant, i f not increased, zeolite catalyst usage w i l l 
be seen. 

The present paper attempts to give an overview, rather than 
a review, of the effect
on the petroleum industr
butions that these groups in turn have made to the understanding 
and f u l l realization of the potential of these catalyst systems 
wi l l be described. 

A very recent publication (7) has described in detail such 
areas as the nature of active sites in zeolites, the kinetics and 
mechanisms of cracking reactions over zeolites, shape selective 
transformations using faujasites, diffusion considerations of 
reactions over faujasite, and the preparation and performance of 
zeolite cracking catalysts. Thus, from the standpoint of the 
present paper, an overview of the catalysts themselves, the fac
tors which affect their activity and selectivity, and what wi l l 
be demanded of them in the future seems appropriate. 

The choice of references used in this overview of zeolite 
cracking catalysts was dictated by the constraints that the author 
placed on the objectives of the paper, and in no way should be 
interpreted as representing a l l of the significant and careful 
work done in this area. Rather, the above chapter references may 
be used as a source of details for items of interest to the 
present readers. 

Preparation of Zeolite Cracking Catalysts 

Commercially used zeolite catalysts consist of a mixture of 
synthetic faujasite in a matrix which is relatively catalytically 
inactive compared to the zeolite portion itself. Zeolite content 
has been increased substantially since 196^ from an average of 
~β-10 wt.$ to the present level of approximately 1^-16 wt.$. This 
means that catalyst manufacturers are now producing over 22,000 
tons/year of synthetic faujasite for use in zeolite cracking cat
alysts plus substantial additional quantities for use in hydro-
cracking. 

A summary of the catalyst grades available from the principal 
catalyst suppliers is given in Table I. Since a l l contain syn
thetic faujasite, either X or Y type, the table was divided into 
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classifications based on the three main matrix types available — 
clay, synthetic or semi-synthetic. 

A generalized scheme for the preparation of a zeolite crack
ing catalyst is given below: 

Zeolite Preparation 
Particle 
Forming 

[Matrix Preparation^ 

Exchange 
or 

Washing 

Drying 
Step 

(Finished 
1 Product 

Many variations of this generalized procedure have been reported 
and are summarized in some detail elsewhere (8). Several of the 
steps are of sufficient importance in subsequent discussions in 
the present paper to be

Zeolite Preparation 

As described by Breck (£) and others (10, 11), zeolites X and 
Y are prepared by digesting a mixture of s i l i c a , alumina, and 
caustic near the boiling point of the mixture for several hours 
until crystallization occurs. Commercially, i t has been found de
sirable to seed such mixtures with zeolite precursors to enhance 
both crystallization time and product purity (12). Both X and Y 
type faujasite generally are used in a mixed rare earth ion ex
changed form in commercial cracking catalysts. The extent of ion 
exchange and the actual composition of rare earths in the exchange 
solution are dependent upon the rare earth source. In general, 
however, the starting faujasite of approximate formula Na 5 8 

(A10 2) 5 8(Si0 2) i 3 4(H 20 ) 2 5 o (Type Y) is exchanged so that from 80 -
97+$ of the Na20 is replaced with equivalent amounts of rare earth 
ions (usually consisting mainly of lanthanum, neodymium, and ce
rium mixtures). The similarity of rare earth distribution on the 
faujasite after exchange compared with the ion distribution in 
solution indicates that no preferential exchange of one ion over 
the other takes place. 

A l l of the zeolites formed for commercial catalyst usage, REX, 
REY and HY, are strongly acidic and ultimately protonic (15). The 
extraordinary amount of this acidity and the unique crystalline 
structure which incorporates i t is the ultimate basis for the 
unique catalytic differences between zeolite and amorphous crack
ing catalysts. 

With few exceptions, the matrices of the catalysts in commer
cial usage today (Table I) are prepared from silica/alumina or 
alumina gel procedures. The importance of the colloid chemistry 
of these materials as they relate to the relatively high surface 
area nature of these materials has been described in numerous ref
erences (ih, 15, 16, 17). Suffice i t to say that these matrices 
were the active portion of the catalysts of the 1950's, and that 
the colloidal basis of the matrix enables the combination zeolite/ 
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Table I 

Summary of Commercially Marketed Grades of 
Fluid Zeolite Cracking CatalystijgJ3 

Type 
Matrix Type Manufacturing Co.4'5 Grade Designation Zeolites 

Silica/alumina Davison XZ-25, 36, kO REX 
gel based DZ-5, 7, 8 REY 
generally AGZ-50, 200, 290+ REY 
with clay CBZ-1, 2, J, h REY 
diluent CCZ & PCZ REY 

Akzo Chemi

Joseph Crosfield Same as Davison Grades 

Clay based Davison DHZ-15 REY 
CCZ-22 REY 
PCZ-22 REY 

Houdry/M&C HFZ-20, 23, 28, 33 HY 
HFZ-77 REHY 
HEZ-55 

Clay-gel F i l t r o l F-700, 800, REY,REMgY 
based 900, 95Ο 11 

AR-10, 20, 30 REMgY 
75-F REMgY 
HS-7, 10 REMgY 

1 Moving bed catalyst is manufactured by Mobil Oil Corp. under 
the trade name Durabead. Houdry Process and Chemical Co. manu
factures moving bed catalyst HZ-1 at this time. 

2 The combined total of ~190,000 tons/yr. includes -40,000 tons/ 
yr. of amorphous (non-zeolite containing) catalyst. 

3 The wide variety of grades available differ from one another 
primarily in cracking activity and physical properties. 

4 C&CI produces catalysts designated SZC and SZH which are appar
ently REY contained in gel based matrices with the former con
taining clay, the latter a l l synthetic. 

5 Catoleum grades are presumed similar to previously prepared 
Nalco Chemical Corp. grades; i.e., REY contained in gel based 
matrices with and without added clay. 

6 For clarity, no attempt was made to differentiate between the 
wide variety of compositions possible between REX and REMgY. 
A wide variety of silica/alumina ratios, exchange levels, etc., 
are in use in the commercial preparation of zeolite catalysts. 
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matrix to be formed into the final particle shape used for refin
ery operation. 

Evaluation of Zeolite Cracking Catalysts 

Composite zeolite cracking catalysts of commercial impor
tance are subjected to a wide variety of chemical, physical and 
catalytic tests before being marketed (19-22). The zeolites them
selves are exhaustively tested to determine their structure, sta
b i l i t y and catalytic properties independently of the composite 
catalyst, and a survey of these procedures has been given else
where ( l 8 ) . 

Activity and Selectivity Testing of Catalysts 

Nearly everyone involve
age has his own specific test unit for evaluating catalysts. 
These tests range in product output of from a few m i l l i l i t e r s per 
hour to several barrels per day. However, widely used at the pre
sent time for the rapid screening of catalyst cracking activity 
and product selectivity is the microactivity unit originally de
signed by Atlantic-Richf ield (23, 2*4·). This unit is extremely 
efficient and is in wide use by a l l catalyst suppliers and many 
refiners. Furthermore, the equipment and testing procedures are 
currently under study (25) by the American Society of Testing 
Materials for possible usage as a recommended standard for zeolite 
catalyst evaluation and comparisons. 

Factors Affecting Activity and Selectivity 

Our discussions to this point have been aimed at obtaining a 
general overview of how zeolite cracking catalysts are made and 
tested. However, the question of what makes them operate as they 
do, so much more active and with improved gasoline and coke selec
t i v i t y compared with their amorphous predecessors, has hardly been 
touched. A formidable array of literature (26-3Ο has been ad
dressed at illustrating the important factors which make zeolite 
catalysts of a l l types different from nonzeolite catalysts. 

From an industrial catalytic standpoint, i t has been impor
tant to determine what chief factors, which can be readily con
trolled, affect activity and selectivity. From this search, i t 
was eventually found (31) that by far the dominating control was 
zeolite content of the catalyst - that which was available to the 
o i l molecules after deactivation. However, numerous more subtle 
influences are present; influences that w i l l surely become more 
and more important and ultimately lead to complete selectivity 
control in future catalysts. 

Studies done throughout the catalytic world to determine the 
controlling activity and selectivity parameters have been done on 
a wide variety of catalysts - both composite catalysts and pure 
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zeolites. The following sections w i l l summarize principle areas 
of study. 

The Effects of Zeolite Concentration on the Activity and 
Selectivity of Composite Catalysts 

A continuing survey has been made in the Davison laborato
ries of the cracking activity and selectivity of virtually every 
commercially available zeolite cracking catalyst which has ap
peared since 1964 and of thousands of experimental catalysts. 
From this survey, i t was concluded (32) that the major selectivity 
and activity changes observed could be attributed primarily to 
increases in cracking catalyst zeolite content. 

The major selectivity and activity characteristics observed 
as a function of catalys
pared zeolite catalyst
below. 
• As zeolite content (active site concentration) was increased 

in a catalyst system regardless of matrix type; the f i r s t ef
fects observed, at constant conversion, were lower coke forma
tion, lower dry gas yields, and higher yields of gasoline and 
light cycle o i l . 

• At high zeolite contents, C 3 and C 4 olefins disappeared at a 
much faster rate than would be expected as a result of acid 
activity only. It was speculated that they may be undergoing 
a type of conjunct polymerization (33) to form saturates and 
aromatics in the light cycle o i l range and coke. 

• Reactor residence time began to play a more important role 
than acid activity in catalysts of very high zeolite content. 
High yields of light cycle o i l could not be obtained since the 
long contact times required to convert the heavy gas o i l to 
lighter hydrocarbons inevitably led to overcracking of light 
cycle o i l and, to a lesser degree, of gasoline. 

Matrix Effects on Yield and Selectivity 

Evaluation of a l l available commercial catalysts and hundreds 
of exploratory laboratory samples, as in the preceding section, 
has shown only slight differences in pilot unit product yield dis
tributions caused by varying matrix composition, at equivalent 
catalyst activity levels. The main exception to the lack of yield 
response with matrix compositional changes was observed with the 
silica-magnesia (SiOs/MgO) matrix which acts to reduce light hy
drocarbon yields, while enhancing gasoline selectivity and sig
nificantly increasing light cycle o i l (U3O to 6^0°F boiling range) 
yield and quality (jk). 

It has also been shown (35, 36) that certain matrices can 
have a beneficial effect on both activity and stability of the 
zeolite present by acting as "soda sinks" which effectively act 
to lower the sodium ion concentration in the zeolite. The dele-
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terious effect of sodium ion on activity and stability of zeo
lites under cracking conditions has been shown in many studies 
(37 j 38)y but in the present case sodium in the zeolite is visu
alized as undergoing a solid state exchange with ordinary matrix 
components, thus: RENaY+H or Al gel fRE(H or Al)Y + Na-gel. 

Effects on Zeolite Catalyst Activity and Selectivity 
Caused by Variations in the Zeolite Itself 

Since i t has now been shown that a large proportion of the 
activity and selectivity differences between various zeolite 
cracking catalysts are caused by the amount of zeolite present in 
the catalyst, i t becomes of prime importance to describe what the 
controlling chemical or physical properties are which make one 
zeolite totally alike o
activity at equal concentratio
properties have been exhaustively studied due to their undeniable 
importance in commercial applications of zeolite catalysts. 
Chief among such properties for zeolite X and Y are: 

Silica/Alumina Ratio. In their study of cumene cracking, 
Tsutsumi and Takahashi showed (39) that cracking activity using 
Y faujasite exchanged to varying extents with La 3*, NH4

+, or Ca 2 + 

increased with the degree of exchange and the silica/alumina 
ratio of the zeolite. The increased activity at high ratio was 
attributed to the increased stability of the more active Bronsted 
acid sites to conversion to less active Lewis sites. Furthermore, 
i t was shown in this study and elsewhere (kO) that reconversion 
of Lewis sites to Bronsted in the presence~f water vapor could 
be accomplished with higher ratio (more stable) materials. Many 
of the silica/alumina ratio effects on activity and selectivity 
are, however, shown to be directly related to the increased hy
drothermal stability of type Y over type X so that when tested at 
equal concentration, equivalent product distributions are at
tained as shown in Figure 1 (kl). 

Nature and Extent of Ion Exchange. The importance of re
moving Na20 and its replacement by rare earth or hydrogen ions 
to obtain high catalytic activity is shown in Table II (k2). 
Shown in the table are relative activities of various ion ex
changed zeolites indicating activities of up to 10,000 times 
being obtained for fully rare earth exchanged faujasites with low 
Na20 content compared with amorphous silica/alumina catalyst. 
Catalysts prepared by ion exchange with hydrogen or rare earth 
ions are the only types which have become commercially important 
(U3). However, partial exchange with transition metal ions has 
been reported to give substantially changed yields of light gases, 
olefins, aromatics and coke (kk, k-5, k6). 

Nature of the Active Sites. This topic has been the subject 
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of considerable investigation since zeolite catalysts were intro
duced (V7, k8, ^9), and the consensus at this time appears to be 
that the sites themselves are strongly acidic and of a protonic 
(Bronsted) nature (50, 51, 52). While there are probably electro
static effects (53) superimposed on the Bronsted acidity, the sim
i l a r i t y in producT yields and mechanism of cracking strongly sug
gest active sites similar in nature to those found in amorphous 
silica-alumina (5U). Many papers (55-65) discussing the nature of 
these active sites have been published. 

Type of Zeolite Present. The molecular sieving aspects of 
zeolite cracking selectivity were among the earliest aspects re
ported by Frilette, Weisz and Golden (66) showing the amount of 
cracking of n-hexane and 5-methyl pentane over sodium and calcium 
type A and X zeolites. Thei
ric access into the zeolit
cently, a summary of "shape selective  catalysts has been given 
by Csicsery (67), but to date no industrial catalysts have become 
available for~racking which take advantage of this information. 
The use of natural zeolites in catalysis has recently been re
viewed by Vaughan (68); but, again, no important zeolite cracking 
catalysts have appeared at this time containing such materials. 

Kinetic Considerations of Zeolite Catalyst Activity and Selectivity 

The chief reason for studying the kinetics of hydrocarbon con
version by zeolite cracking catalysts is to determine overall con
version rates and to generate data which wi l l allow the quantita
tive prediction of reaction products under a variety of reaction 
conditions. A l l of this is done in the presence of a catalyst 
which is contributing to the reaction velocity but is it s e l f being 
deactivated as the reaction proceeds. From an overall standpoint, 
kinetic studies of zeolite cracking have correlated well with the 
observed extraordinary activity of the zeolites, their excellent 
gasoline and coke selectivities and the loss of product olefins. 
Methods by which optimum product selectivities can be obtained 
have been formulated, and mathematical models to predict changes 
in refinery operation are in current use based on the substantial 
amount of kinetic data thus far obtained. A comprehensive review 
of this entire area has recently been published (69). 

Metals and Coke Effects on Zeolite Cracking 
Catalyst Activity and Selectivity 

The effect of metals normally present in cat cracker feed on 
catalyst activity and selectivity has been the subject of investi
gations long before the introduction of zeolite catalysts (70* 71, 
72). However, a recent study by Cimbalo, Foster and Wachtel (75) 
updated the older studies (without substantially changing earlier 
conclusions) with the emphasis on zeolite catalysts. Early studies 
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have shown that under normal operating conditions cracking cata
lysts become contaminated with Ni, V and Fe which occur in the 
feed to the cat cracker (though most are removed in distillation 
prior to cracking). Characterization of the effectiveness of 
metals has shown Ni to be about four times as effective for pro
moting undesirable dehydrogenation reactions as vanadium. Iron is 
substantially less effective than vanadium; but when present as 
"tramp iron" or magnetic oxide stripped from reactor walls, i t a l 
so has the most undesirable property of catalyzing the highly exo
thermic oxidation of CO to CO2 in the regenerator dilute phase 
which can cause excessively high catalyst temperatures. Even 
though alternate oxidation and reduction reactions in cracking and 
regeneration rapidly reduce the ability of the transition metals 
to catalyze light gas and coke formation, "effective" metals level 
w i l l persist which w i l l
shown in the above study
from l 8 0 to II30 ppm caused conversion to decrease from 79·0$ to 
75·6$ with a corresponding loss in gasoline yield. 

It has also been shown that zeolite cracking catalysts are 
less susceptible to transition metal poisoning as a result of the 
lower catalyst/oil contact times which can be used with these cat
alysts (7**·j 75) without appreciable yield penalty. It is specu
lated that under these conditions (2-5 seconds contact time is not 
uncommon), the extent of dehydrogenation of compounds to materials 
which are potentially condensable to coke over metals, metal ox
ides or sulfides on the catalyst surface is not substantial before 
the catalyst is removed from the reactor zone to be stripped and 
regenerated. Indeed, data obtained by Davison on a wide selection 
of equilibrium catalysts over the years of zeolite catalyst usage 
has shown that metals levels have increased from ~130 to ~£6θ ppm 
Ni and ~$00 to ^-50 ppm V from 1964-1975 (76). During this time, 
the average conversion as measured by the Davison microactivity 
test has increased from 33$ to 68$. Thus, refiners are attaining 
far higher conversion levels with zeolite catalysts than with 
amorphous, even with increased metals loadings on the catalysts. 

Coke 

Coke is a carbonaceous product of cracking of low hydrogen 
content long known for its deleterious effects on amorphous and 
zeolite containing cracking catalysts (77). It has been stated 
(78) that since cracking units operate To a coke limitation of 
about 6$, amorphous cracking catalysts were limited to conversion 
levels of 46-55$, "but that the superior coke selectivity of the 
zeolite catalysts allowed, even in the i n i t i a l stages of their 
development, for conversion increases of at least 12$. 

The quantitative potential of zeolite catalysts to improve 
product yields by minimizing the carbon-on-regenerated catalyst 
(CRC) has recently been described (79)· 

Data illustrated in Figures 2 and 3 and presented in Table III 
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Table II 

Cracking Activity of Zeolites 

Composition Wt.fl Temp. 
j 5 T j 5 T ' c t 1 ) a( 2) 

5^0 1.0 
12.3 530 1.1 

350 6,U00 
28.8 <270 >10,000 

13.0 560 0.6 
520 1.8 

1.5k 300 2,500 

C 1 ) Temperature for «5-20  n-hexane conversion. 
(2) Relative activity after 5 minute run time. 

Catalyst S i 0 2 A l s 0 n Na 

Si/Al 90.0 10.0 
Faujasite-•Ca Vj\8 31-5 7-7 
Faujasite- 75.7 23.1 0 Λ 
Faujasite-•RE - - 0.39 
CaA 1*2.5 3 7 Λ 7.85 
Mordenite--Ca (*77) 1.01 
Mordenite--H 80.1 1 3 Λ 0.3 
Mordenite--NH4 

Table III 

Comparison of CRC and Severity Effects 

Catalyst: AGZ-50 
Deactivation: 1520°F, 20$ Steam, Fluid Bed 

Pilot Unit Conditions: kO WHSV, 920°F, WTG0 Feed 

c/ 0 Ratio: 8.0 k.O 
CRC: W# of Catalyst 0 Λ 5 <0.1 

Conversion: 72.5 71.0 
Total C 3 i s : V$ FF 8.7 7 · ^ 

C3= : " 6.9 5-7 
Total C 4' s: V$ FF 15.8 11.8 

C4= : " 6-5 h.l 

C s
+ Gasoline: H FF 60.0 61.5 
C 5

+ Gaso./Conv. Ο .83 0.87 
Octane No. 
RON 89-3 86.3 
MON 78.3 76.8 
Bromine No.: 72 62 
Aniline Pt. : °F 85 93 

Light Cycle Oil: V# FF 8.9 9-3 

Coke: W# FF k.G 3.6 
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show the beneficial effects of operations at low CRC on activity 
in Figure 2 , on gasoline selectivity in Figure 3> and also the 
problems of operating at high cat/oil ratio in lieu of low CRC. 
It may be seen that conversion varies nearly linearly with changes 
in CRC at constant cat/oil ratio, but that varying the cat/oil ra
tio to maintain activity at constant CRC can lead to substantial 
activity losses. The same effect is seen with gasoline yield in 
Figure 3 , where at high conversion losses in gasoline selectivity 
are seen even at low CRC's. Table III again shows such losses 
with high CRC, and in addition indicates that yields from cata
lysts with low CRC compared to the same catalyst at high CRC ap
pear similar to catalysts containing more zeolite. Thus, coke and 
gasoline selectivity are improved at low CRC and olefin content is 
lowered. Low olefin losses can be restored, however, with cata
lysts of low CRC by raisin
adverse effects. 

While the above valuable effects of operating zeolite cata
lysts at low CRC are caused more by processing changes than cata
lyst changes, a recent zeolite catalyst development appears to 
have inherent capability for producing the same desired effect. 
This new zeolite catalyst system was designed to promote the com
bustion of CO to C0 2 in the regenerator dense bed, thus minimizing 
high temperature in the dilute phase of the regenerator and elim
inating the possibility of afterburning which can collapse cata
lyst pore structure. A report of the benefits of operation of 
these catalysts was presented at the American Petroleum Institute 
Meeting in Los Angeles in May, 1976 (80). As in the case of high 
temperature regeneration operations, the complete combustion of CO 
to C0 2 liberates sufficient heat to effectively lower the CRC 
level, thus optimizing zeolite performance as previously described 

Effect of Feedstock Type and Feed Hydrotreating 
on Zeolite Cracking Catalyst Activity and Selectivity 

While zeolite catalysts are inherently active enough to selec
tively crack nearly any type gas o i l , i t was early recognized that 
feeds which were composed of mainly paraffinic molecules operated 
most satisfactorily ( 8 l ). Subsequent studies, reported above, 
showed that these e f fects are related to the amount of coke formed 
on or near the zeolite. 

Feedstock improvement by hydrotreating has long been known 
(82, 83) as a partial remedy for the problems of coke formation 
with consequent loss in activity and selectivity. This effect is 
mainly due to the fact that hydrotreating reduces sulfur and ni
trogen contents of the feed, saturates the dif f i c u l t to crack poly-
nuclear aromatics to easily cracked naphthenes, reduces the Conrad-
son carbon residue and reduces the metals present. It was shown 
that the beneficial effect of higher conversion, higher quality 
products and lower coke make, were even more advantageous for zeo
l i t e catalysts than for amorphous catalysts, and that the advan-
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tages increased with increasing severity of the hydrotreatment 
procedure. 

Even though only 10$ of the feed to cat crackers in the 
United States is hydrotreated today, large increases can be ex
pected as S0 X and Ν 0 χ restrictions increase and as the use of high 
metals, low Κ factor feeds (residual feeds) becomes more common
place (8^). 

Refinery Operational and Equipment Changes 

Soon after the commercial introduction of zeolite cracking 
catalysts in 1962, i t was learned that operational and equipment 
changes could advantageously affect product yields and quality. 
The indications were that zeolite catalysts operated best at low 
catalyst/oil contact time
generated catalyst was lo
used. As seen before, these changes are those which minimize coke 
formation on the catalyst. 

Thus, the f i r s t refinery changes made were regenerator modi
fications to improve coke burning (improved catalyst/air mixing, 
increased regenerator bed height to diameter, installation of new 
alloys to allow higher regenerator temperatures), reactor modifi
cations to lower catalyst/oil contact time and back mixing, and 
the use of segregated feed risers which allowed separate reactors 
for fresh feed and recycle (8^). 

Virtually a l l of the major U.S. refiners have redesigned 
their units to operate within the above design or operational 
change procedures ( 86, 87). Because of increasingly stringent 
pollution control regulations, the refiners and equipment and cat
alyst manufacturers are also concerned that the operational and 
equipment changes also help minimize particulate emissions from 
the cat cracker and also lower or eliminate gaseous emissions of 
CO, S0 X and N0 X. 

The Future for Zeolite Cracking Catalysts 

The I970 1 s have been a decade in which a re-awakening of an 
appreciation for energy usage and energy supply was realized. Sur
veys are regularly made to indicate changes in the energy supply/ 
demand picture, but a l l are in agreement that o i l w i l l supply more 
energy than any other single energy source up to at least the be
ginning of the 21st century. Since zeolite cracking catalysts 
have established themselves as "capacity expanders", i t is logical 
to assume they w i l l maintain a dominant role in petroleum con
version processes. 

However, they w i l l be asked to play a role not restricted 
only to their ability to effectively crack light feeds at low coke 
yield. Instead of such feeds, and partly because of the uncer
tainty in world petroleum supplies and prices from the OPEC na
tions, petroleum industry trends w i l l be to use zeolite cracking 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



664 M O L E C U L A R S I E V E S — I I 

catalysts for cracking heavy residual oils or even crudes high in 
metals content and for operating at higher conversion levels. 
Higher conversion level operation w i l l be possible even under con
ventional commercial cracking conditions since cat crackers can 
accept slightly lower coke yields while s t i l l maintaining heat 
balance (88). Also, as reported by Montgomery (89), a large 
spread (approximately ih numbers in conversion) exists between the 
mean activity values and the high value reported throughout the 
refining industry in their cat crackers. Naturally, a l l crackers 
wi l l not be able to operate at the high level, but distinct im
provement in the average appears possible. 

Projections made by the Pace Company (90) show that i f high 
energy demands exist worldwide in 1990, a usage of over 150 mil
lion barrels/day crude o i l equivalent (COE) w i l l be required, and 
^9·3$ of the COE requiremen
remainder being compose
hydro/geothermal and nuclear sources). Assuming that the percent
age of cat cracking capacity remains approximately as today's, the 
amount of zeolite cracking catalyst produced could increase by 
>50,000 tons/year. The second largest petroleum process using 
zeolites is hydrocracking, and healthy increases in this process 
are forecast (91). 

It is not completely clear whether future refiners w i l l con
sist of cat cracker/hydrocracker fa c i l i t i e s or, as has been sug
gested, cat cracker/hydrotreaters to obtain high yields of high 
quality (low S and N) products in combination with reforming and 
alkylation processes, but the increased high usage of zeolites in 
cat cracking and hydrocracking appears assured. 

What then of the catalysts themselves? In light of the pre
ceding discussions, projections of future zeolite catalysts should 
include: 

• Higher activity FCC catalysts 
• High stability 
• Improved selectivity 
• Pollution control 

Thus, until the use of other energy forms supersedes petro
leum in its primary role, i t appears probable that a challenging 
and important future awaits zeolite cracking catalysts in future 
petroleum refinery operations. 

Summary 

From an overview of the effects that zeolite cracking cata
lysts have had on the scientific and industrial communities, one 
must come away with the picture that these catalysts have demon
strated exceptional activity/selectivity advantages. They have 
become "capacity expanders" - materials that in industry have 
allowed increased production of petroleum products without the 
necessity of increasing the physical plant size. 

A survey of the preparation and characterization of zeolite 
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cracking catalysts indicates a large worldwide production capabil
ity of nearly 150,000 tons/year of zeolite cracking catalyst con
taining about lk wt.$ (22,000 tons) of zeolite. A l l zeolite used 
is synthetic faujasite, predominately type Y but with some type X 
s t i l l produced. 

The preparation, analysis, and evaluation of zeolite catalysts 
were thus described but with the principle emphasis on the impor
tant factors which affect the catalysts' cracking activity and 
selectivity. While many of the factors were found to be interre
lated, the chief variable found to affect activity and selectivity 
was the amount of zeolite of a specific type present in the cata
lyst under cracking conditions which was stable and accessible to 
feed molecules. 

Moderating activity/selectivity influences can and do evolve 
from the type of matri
zeolite composition or
vation and rates of hydrogen transfer, but these changes are small 
compared to concentration effects. The ability of zeolite cata
lysts to operate more effectively under more severe conditions 
than amorphous catalysts, in the presence of contaminant metals 
and sulfur and nitrogen, is indicative of their substantially 
greater number of acid sites. At the same time, the similarity in 
cracking reaction paths based on a carbonium ion mechanism indi
cates that the active sites are basically the same in the two cat
alysts. 

Yields and selectivity of zeolite catalysts are, however, 
more substantially improved by feed hydrotreatment, short catalysi/ 
o i l contact times, and better regeneration (lower carbon on re
generated catalyst) than are amorphous catalysts. 

Finally, the use of petroleum as one of the primary energy 
sources through the remainder of the 20th century should ensure 
the continued substantial and important usage of zeolite catalysts 
in the petroleum industry. 

Literature Cited 

1. International Petroleum Encyclopedia, 1974, The Petroleum 
Publishing Co., Tulsa, Okla. 74101, 342-64. 

2. International Petroleum Encyclopedia, 1975, The Petroleum 
Publishing Co., Tulsa, Okla. 74101, 310-28. 

3. Aalund, L. R., Oil Gas J. (1976), 74, (13), 55-57. 
4. Ref. 2, p. 7. 
5. Ref. 2, p. 6. 
6. Pace Company Report, "Energy and Petrochemicals in the United 

States to 1990" (1976), Vol. II, pp. 107-8. The Pace Consul
tants & Engineers, Inc., Houston, Tex. 77052. 

7. Rabo, J. Α., Ed., "Zeolite Chemictry and Catalysis", ACS 
Monograph 171, Pub. by American Chemical Society, 1976. 

8. Ref. 7, pp. 617-32. 
9. Breck, D. W., US Patent 3,130,007 (1964. 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



666 M O L E C U L A R SIEVES—Π 

10. Milton, R. Μ., US Patents 2,882,243 and 2,882,244 (1959). 
11. Breck, D. W., Flanigan, Ε. Μ., "Synthesis and Properties of 

Zeolites X, Y and L", 1st Molecular Sieve Conf., (London) 
1967, p. 47. 

12. Maher, P. Κ., Albers, E. W., McDaniel, C. V., US Patent 
3,671,191 (1972). 

13. Venuto, P. D., Hamilton, L. Α., Landis, P. S., J. Catal. 
(1966), 484-493. 

14. Plank, C. J. , J. Colloid Sci. (1947), 2, 399-427. 
15. Plank, C. J., Drake, L. C., J. Colloid Sci. (1947), 2, 299. 
16. Ilier, R. Κ., "The Colloid Chemistry of Silica and Silicates", 

Cornell U. Press, Ithaca, Ν. Υ., (1955), 26. 
17. Dobres, R. M., Rheaume, L., Ciapetta, F. G., Ind. & Eng. 

Chem., Product R&D (1966), 5, 174. 
18. Ref. 7, pp. 635-639
19. Bondi, Α., Miller

Process Design & Dev. (1962), 1, 196. 
20. Viland, C. Κ., Petrol. Processing (1950), 5, 830. 
21. Ref. 7, pp. 639-640. 
22. Letzsch, W. S., Ritter, R. Ε., Vaughan, D. E. W., Oil Gas J. 

(1976), 74, (4), 130-44. 
23. Ciapetta, F. G., Henderson, D. S., Oil Gas J. , (1967), 65, 

(42), 88-93. 
24. Montgomery, J. Α., Letzsch, W. S., Oil Gas J. (1971), 69, 

(47), 60-63. 
25. ASTM Committee D-32 on Catalysts, 1916 Race St., Phila., 

Pa., 19103. 
26. Venuto, P. Β., Hamilton, L. A., Ind. Eng. Chem., Product 

R&D (1967), 6, 190. 
27. Pickert, P. Ε., Rabo, J. Α., Dempsey, E., Schomaker, V., 

Proc. Intern. Congr. Catal., 3rd., Amsterdam, 1964, 7l4. 
28. Beaumont, R., Barthomeuf, D., Trambouze, Υ., Molecular Sieve 

Zeolites - II, Adv. in Chem. Series 10, Am. Chem. Soc., 
Wash., D. C. (1971), 327 ff. 

29. Rabo, J. Α., Poutsma, M. L., Molecular Sieve Zeolites - II, 
Adv. in Chem. Series 10, Am. Chem. Soc., Wash., D. C. 
(1971), 327 ff. 

30. Cimbalo, R. Ν., Foster, R. L., Wachtel, S. J. , 37th Midyear 
Mtg., API Div. of Ref., 1972. 

31. Magee, J. S., Blazek, J. J. , Ritter, R. Ε., "Catalytic Crack
ing - New Catalyst Developments", ACS Div. of Pet. Chem., 
Preprints, Symposia - Group 1, New York, Ν. Υ., B63. 

32. Ref. 31, pp. B52-65. 
33. Thomas, C. L., Barmby, D. S., J. Catal. (1968), 12, 341. 
34. Ref. 7, p. 656. 
35. Plank, C. J. , Rosinski, E. J. , US Patent 3,391,088 (1968). 
36. Plank, C. J. , Rosinski, E. J. , US Patent 3,462,377 (1969). 
37. Miale, J. Ν., Chen, Ν. Υ., Weisz, P. Β., J. Catal. (1966), 

6, 278. 
38. Ref. 7, p. 636. 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



54. MAGEE Zeolite Cracking Catalysts 667 

39. Tsutsumi, Κ., Takahashi, H., J. Catal. (1972), 24, 1-7. 
40. Benesi, Η. Α., J. Catal. (1967), 8, 368-374. 
41. Baker, R. W., Maher, P. Κ., Blazek, J. J. , Hydro. Processing 

(1968), 47, 125-130. 
42. Eastwood, S. C., Plank, C. J. , Weisz, P. Β., 8th World 

Petrol. Congr. Proc. (1971), 4, 246. 
43. Ref. 7, PP. 621-622. 
44. Scherzer, J . , Albers, E. W., US Patent 3,867,307 (1975). 
45. Dolbear, G. Ε., Magee, J. S., US Patent 3,830,725 (1974). 
46. Dolbear, G. Ε., Magee, J. S., US Patent 3,835,032 (1974). 
47. Plank, C. J. , Proc. Intern. Congr. Catal., 3rd. (1965), 

1, 727. 
48. Benesi, Η. Α., J. Catal., (1967), 8, 368. 
49. Venuto, P. B., Wu E  L.  Cattanack  J.  Soc  Chem Ind.

Conf. Mol. Sieves
50. Ward, J. W., J. Catal
51. Scherzer, J . , Bass, J. L., J. Phys. Chem. (1975), 79, 1204. 
52. Ref. 39, p. 5. 
53. Pickert, P. Ε., Bolton, A. P., Lanewala, Μ. Α., Chem. Eng. 

Progr. Symp. (1967), 63 50-55. 
54. Ref. 42, p. 246. 
55. Moscou, L., Mone, R., J. Catal. (1973), 30, 417-22. 
56. Ref. 39, p. 6. 
57. Ref. 48, p. 373. 
58. Olson, D. H., Kokotailo, G. T., Charnel, J. F., J. Colloid 

Interface Sci. (1968), 28, 305. 
59. Hunter, F. D., Scherzer, J. , J. Catal. (1971), 20, 246. 
60. Bennett, J. Μ., Smith, J. V., Mater. Res. Bull. (l968), 3, 

865 (1969), 4, 7, 77, 343· 
61. Rabo, J. Α., Angell, C. L., Schomaker, V., Proc. Int. Congr. 

Catal. 4th, Moscow, 1968. 
62. Smith, J. V., Bennett, J. Μ., Flanigen, Ε. Μ., Nature 

(London), (1967), 215, 24l. 
63. Ref. 58, p. 313. 
64. Ref. 59, p. 257. 
65. Scherzer, J . , Bass, J. L., Hunter, F. D., J. Phys. Chem. 

(1975), 79, 1194-99. 
66. Frilette, V. J. , Weisz, P. Β., Golden, R. L., J. Catal. 

(1962) 1, 301. 
67. Ref. 7, pp. 680-713. 
68. Vaughan, D. E. W., "Properties of Natural Zeolites", Inter

national Conference on Natural Zeolites, ZEOLITE '76, 
Tucson, Ariz., 1976. 

69. Ref. 7, pp. 475-483, 514-515. 
70. Eckhouse, J. G., Keightley, W. Α., Petrol. Eng. (1954), 26, 

C96. 
71. Connor, J. Ε., Rothrock, W. J. , Birkhimer, E. R., Leum, 

L. Ν., Ind. Eng. Chem. (1957), 49, 276. 
72. Meisenheimer, R. G., J. Catal. (1962), 1, 356. 
73. Ref. 30. 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



668 M O L E C U L A R S I E V E S — I I 

74. Grave, H. R., Connor, J. E. , Masologites, G. P., Petrol. Ref. 
(1961), 40, 168. 

75. Ref. 7, p. 675. 
76. Stuart, H. V., private communication, Davison Catalagram 

data. 
77. Weekman, V. W., Nace, D. M., A.I.Ch.E. J. (1970), 16, 398. 
78. Masologites, G. P., Jacobs, Η. Ε., World Petrol. Congr. 

Tokyo, Japan, Oil Gas J. (1975), 73, (21), 94-96. 
79. Ritter, R. Ε., Oil Gas J. (1975), 73, (36), 41-43. 
80. Ritter, R. E. , Rheaume, L . , Blazek, J. J., Montgomery, J. Α., 

"Controlled CO Emission from FCC Units - Theoretical and 
Commercial Aspects", 41st Midyear Mtg. API, Los Angeles, 
Calif., 1976, API Preprint No. 52-76. 

81. Bulletin; Davison Technical Service, "Comments on Questions 
Frequently Asked abou
Charles & Baltimor

82. Eberline, G. R., Wilson, R. T., Larson, L. G., Ind. Eng. 
Chem., (1957), 49, 661. 

83. Bailey, W. A., Jr., Nager, Μ., World Petrol. Congr. Proc. 
7th, (1967), 4, 185-192. 

84. Ritter, R. Ε., Blazek, J. J., Wallace, D. Ν., Oil Gas J. 
(1974), 22, (41), 99-111. 

85. Ref. 7, p. 664. 
86. Ref. 7, pp. 666-673. 
87. Ref. 7, pp. 674-675. 
88. Ref. 78, p. 96. 
89. Montgomery, J. A., Oil Gas J. (1972), 70, (50), 81-86. 
90. Ref. 6, pp. 107-109. 
91. Dosher, J. R., Chem. Eng. (1970), 77, 103-106. 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



55 
Systems Approach to Molecular Sieve Applications in 

Natural Gas Processing/Liquid Hydrocarbons Recovery 

E . S. H O L M E S 

Union Carbide Corp., Molecular Sieve Department, 
Tarrytown Technical Center, Tarrytown, N.Y. 10591 

A study is presented of the technical considerations and 
design alternatives used in providing an integrated molecular 
sieve adsorption system for producing sulfur-free propane and 
butane, pipeline specification natural gas, and dried natural 
gas liquids from a hydrocarbon-rich natural gas feedstock. 
The liquid products are then available for use as petrochemical 
feedstocks, LPG fuels and liquid fuel. 

I n t r o d u c t i o n 
The l e a d sentence i n a recent O i l and Gas Journal a r t i c l e 

s t a t e s t h a t "Petrochemical markets w i l l t r i p l e worldwide by 
1985", (1J r e p r e s e n t i n g an i n c r e a s e from a 1974 Petrochemical 
I n d u s t r y volume o f $106 b i l l i o n to a 1985 s a l e s volume of 
$350 b i l l i o n , e x c l u d i n g i n f l a t i o n . T h i s development, t o g e t h e r 
w i t h o t h e r recent changes i n the worldwide energy supply and 
demand s i t u a t i o n (2) are p r o v i d i n g new o p p o r t u n i t i e s f o r the 
a p p l i c a t i o n of molecular s i e v e adsorbents i n the n a t u r a l gas 
i n d u s t r y . As these changes occ u r , the need f o r more s o p h i s t i 
cated treatment and recovery systems has emerged. The f o l l o w i n g 
i s a study o f a t y p i c a l case i n which an i n t e g r a t e d molecular 
s i e v e a d s o r p t i o n system i s used i n producing s u l f u r - f r e e 
propane and butane, p i p e l i n e s p e c i f i c a t i o n n a t u r a l gas, and 
d r i e d n a t u r a l gas l i q u i d s from a hydrocarbon r i c h n a t u r a l gas 
feedstock. The propane, butane and n a t u r a l gas l i q u i d s are then 
a v a i l a b l e f o r use as petrochemical f e e d s t o c k s , LPG f u e l s and 
l i q u i d f u e l . 

To i n s u r e t h a t the optimal i n t e g r a t e d process package i s 
o b t a i n e d , i t i s e s s e n t i a l t h a t the a d s o r p t i o n u n i t designs are 
considered by the producer or primary c o n t r a c t o r i n the e a r l y 
stages o f p r o j e c t p l a n n i n g . I f t h i s i s not done, d e c i s i o n s 
based on l i m i t e d i n f o r m a t i o n may be made which do not take 
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advantage o f the combined advantages o f the i n t e g r a t e d process 
package. G e n e r a l l y , the producer, based on h i s own p r e l i m i n a r y 
e n g i n e e r i n g a n a l y s i s w i l l present an i n i t i a l hydrocarbon recovery 
scheme such as t h a t presented i n Fi g u r e 1. The percentage 
recovery o f each product i s determined by the type o f hydrocarbon 
recovery system t h a t i s used, such as lean o i l a b s o r p t i o n , 
c r y o g e n i c s e p a r a t i o n , or f r a c t i o n a t i o n , and does not f a l l w i t h i n 
the scope o f t h i s paper. In a d d i t i o n t o the feedstock and 
product d e f i n i t i o n s , the producer w i l l g e n e r a l l y make the 
d e c i s i o n as t o the number o f p r o c e s s i n g t r a i n s which are t o be 
used. At t h i s p o i n t , the involvement o f the a d s o r p t i o n systems 
engineer becomes v i t a l . 

Let us c o n s i d e r t h a t the d e c i s i o n has been made t o process 
the t y p i c a l feedstock i n two i d e n t i c a l t r a i n s , one o f which i s 
shown s c h e m a t i c a l l y i n F i g u r e 1  F i n a l product i m p u r i t i e s which 
must be c o n t r o l l e d ar
and the feed stream. I n i t i a l l y y
product s p e c i f i c a t i o n s . Note t h a t the butane product has 
s p e c i f i c a t i o n s on both the amount o f hydrogen s u l f i d e (H2S) and 
the t o t a l s u l f u r i n c l u d i n g mercaptans (RSH) and carbonyl s u l f i d e 
(COS). The propane product has s i m i l a r s p e c i f i c a t i o n s , w h i l e 
the n a t u r a l gas and n a t u r a l gas l i q u i d s streams have s p e c i f i 
c a t i o n s on both water content and carbonyl s u l f i d e content. 
For the dehydration u n i t s , the s p e c i f i c a t i o n s r e f e r t o bulk 
feed streams p r i o r t o hydrocarbon r e c o v e r y , w h i l e s p e c i f i c a t i o n s 
on the propane and butane apply t o the a c t u a l f i n i s h e d products. 
For the t y p i c a l case, c o n s i d e r a t i o n i s now made o f the 
i n d i v i d u a l a d s o r p t i o n u n i t s t h a t are i n c l u d e d i n the o v e r a l l 
process scheme. These u n i t s , as i d e n t i f i e d i n F i g u r e 1, are a 
n a t u r a l gas d r y e r , a n a t u r a l gas condensate d r y e r , a propane 
t r e a t e r , a butane t r e a t e r , and p o s s i b l y a n a t u r a l gas d e s u l -
f u r i z e r ( t r e a t e r ) as i n d i c a t e d by the dotted block i n F i g u r e 1. 
Adsorbent Performance Requirements 

Natural Gas Dehydrator. Dehydration o f n a t u r a l gas by the 
use o f s o l i d d e s i c c a n t s , p a r t i c u l a r l y m o l e cular s i e v e s , i s a 
w e l l e s t a b l i s h e d p r a c t i c e . ( 3 ) ( 4 ) ( 5 ) During the past two 
decades, the a p p l i c a t i o n has evolved from a simple two-bed u n i t 
t y p i c a l l y u t i l i z i n g a few thousand pounds o f mol e c u l a r s i e v e s t o 
dehydrate 10 t o 20 MMSCFD o f n a t u r a l gas feed t o the p o i n t where 
i t i s common to have m u l t i p l e bed systems wherein s e v e r a l hundred 
thousand pounds o f molecular s i e v e s are used i n the dehydration 
of s e v e r a l hundred MMSCFD o f n a t u r a l gas. Thus, i n terms o f bulk 
s i z e , the t y p i c a l case which i s now being considered i s not 
abnormal. However, t h e r e i s a non-standard requirement f o r the 
c u r r e n t case, t h a t i s , the n e c e s s i t y t o minimize carbonyl 
s u l f i d e i n the d r y e r e f f l u e n t streams. The s i g n i f i c a n c e o f 
t h i s requirement w i l l be b r i e f l y examined a t t h i s p o i n t . 

U.S. p i p e l i n e s p e c i f i c a t i o n s r e q u i r e t h a t p i p e l i n e n a t u r a l 
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gas c o n t a i n no more than h g r a i n of H2S/IOO c u b i c f e e t , o r about 
f o u r ppm(v). This H2S l e v e l minimizes the c o r r o s i o n e f f e c t on 
the p i p e l i n e s and t h e i r a u x i l i a r y equipment. Some molecular 
s i e v e s used f o r the d e s u l f u r i z a t i o n o f n a t u r a l gas can promote 
the r e a c t i o n between hydrogen s u l f i d e and carbon d i o x i d e t o form 
carbonyl s u l f i d e plus water.(6) I f the product gas i s then 
s t o r e d , h y d r o l y s i s o f the COS can oc c u r , forming H2S, r e s u l t i n g 
i n n a t u r a l gas which i s again h i g h l y c o r r o s i v e . The molecular 
s i e v e products which are normally used f o r H2S removal, have a 
much lower a f f i n i t y f o r carbonyl s u l f i d e . Thus, i n systems 
where minimal f i n a l s u l f u r contamination i s a requirement, i t i s 
e s s e n t i a l t h a t the r e a c t i o n of H2S and CO2 be minimized. By 
re-de s i g n of the molecular s i e v e products, t h i s r e a c t i o n can be 
minimized.(6) Furthermore, r e s i d u a l water on the molecular 
s i e v e s can a l s o reduce th  magnitud f th  reaction. { 7 ) How
ever, t h i s i s not g e n e r a l l
dehydration u n i t s . 

In the c u r r e n t case, m i n i m i z a t i o n o f COS formation i n the 
dehydrators w i l l decrease the s u l f u r load (and thus u n i t s i z e ) 
i n the downstream t r e a t e r s s i n c e H2S w i l l tend t o separate w i t h 
the ethane ( l i g h t s ) f r a c t i o n , w h i l e any COS present w i l l con
c e n t r a t e i n the propane f r a c t i o n . 

Natural Gas Condensate Dehydrator. In d e f i n i n g the 
molecular s i e v e adsorbent product t o be used f o r the l i q u i d s 
d e h y d r a t i o n , the same c o n s i d e r a t i o n s f o r water a d s o r p t i o n and 
COS m i n i m i z a t i o n apply as i n the case o f the gas d r y i n g u n i t . 
However, i n the l i q u i d s d r y e r , which w i l l c o n t a i n s i g n i f i c a n t 
amounts of the hea v i e r hydrocarbons, hydrocarbon f o u l i n g o f the 
z e o l i t e w i t h p o s s i b l e d e l e t e r i o u s e f f e c t s on d e h y d r a t i o n , must 
be c o n s i d e r e d . Thus, i n these u n i t s the adsorbent chosen should 
have high water a d s o r p t i o n c a p a c i t y and minimize formation o f 
COS and hydrocarbon f o u l i n g . 

Propane T r e a t e r . The adsorbent used i n the propane u n i t 
must o b v i o u s l y possess s u f f i c i e n t s u l f u r c a p a c i t y t o y i e l d a 
product meeting the r e q u i r e d s p e c i f i c a t i o n . However, i n 
a c h i e v i n g t h i s end, c o n s i d e r a t i o n must again be given to the 
presence o r formation o f COS. 

An a d d i t i o n a l f a c t o r which must be considered i n d e s i g n i n g 
the propane t r e a t e r i s the o v e r a l l e f f e c t o f sour gas regenera
t i o n on the u n i t ' s performance. T y p i c a l l y , i n u n i t s o f t h i s 
t y p e , the re g e n e r a t i o n f l u i d has been a low s u l f u r content gas 
such as p i p e l i n e q u a l i t y n a t u r a l gas which c o n t a i n s l e s s than 
f o u r ppm(v) o f H2S, or va p o r i z e d product which c o n t a i n s l e s s 
than one ppm(v) o f H2S. The d r i e d r e s i d u e gas which i s to 
be used f o r r e g e n e r a t i o n i n the present case w i l l c o n t a i n 200 
ppm(v) o f H2S, a much higher l e v e l than t h a t normally 
encountered. T h i s l e v e l o f H2S may a f f e c t u n i t performance 
i n t h r e e d i f f e r e n t ways: 1) Hydrogen s u l f i d e remaining on the 
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adsorbent bed a t the end o f r e g e n e r a t i o n may be s t r i p p e d o f f , 
r e s u l t i n g i n o f f - s p e c i f i c a t i o n propane product i n the subsequent 
a d s o r p t i o n s t r o k e ; 2) The r e s i d u a l H2S may reduce the u n i t 
c a p a c i t y d u r i n g the subsequent a d s o r p t i o n s t r o k e , thus d e c r e a s i n g 
the a d s o r p t i o n c y c l e time; o r , 3) The use o f hot a c i d gas as the 
heating medium may r e s u l t i n c r y s t a l damage t o the adsorbent. 
A l l o f these f a c t o r s must be evaluated i n choosing an adsorbent 
product f o r t h i s a p p l i c a t i o n . 

Butane T r e a t e r . C o n s i d e r a t i o n s i n d e f i n i n g the adsorbent 
f o r use i n the butane u n i t are e s s e n t i a l l y the same as those f o r 
the propane u n i t , w i t h two e x c e p t i o n s . S i n c e H2S and CO2 i n the 
butane feed stream are a t very low i n i t i a l l e v e l s , t h e r e i s 
l i t t l e p o s s i b i l i t y o f carbonyl s u l f i d e f o r m ation over the 
adsorbent bed. Secondly  th  p o s s i b l f h e a v i e
mercaptans i n the butan
d i f f e r e n t adsorbent tha  t h a t used  the propane t r e a t e r . 

Regeneration Gas T r e a t e r . As i n d i c a t e d p r e v i o u s l y the use 
o f sour gas f o r r e g e n e r a t i o n o f the propane and butane t r e a t e r s 
presents a p o t e n t i a l problem. I f , upon f u r t h e r a n a l y s i s , t h i s 
i s indeed a r e a l problem, then one s o l u t i o n i s the i n s t a l l a t i o n 
o f a n a t u r a l gas d e s u l f u r i z a t i o n u n i t which w i l l produce the 
r e q u i r e d q u a n t i t y o f low s u l f u r gas f o r r e g e n e r a t i o n o f the 
propane t r e a t e r and the butane t r e a t e r . I f i t i s decided t h a t 
t h i s u n i t i s e s s e n t i a l , the adsorbent used would be a standard 
d e s u l f u r i z a t i o n grade product type which has been used f o r 
s e v e r a l years i n t h i s s e r v i c e . 
Adsorbent S e l e c t i o n / D e s i g n C o n s i d e r a t i o n s 

Having d e f i n e d the r e q u i r e d performance c h a r a c t e r i s t i c s f o r 
the v a r i o u s adsorbents t o be used, the f o l l o w i n g s e c t i o n s p r o v i d e 
an overview o f the key data o b t a i n e d i n s e l e c t i n g the s p e c i f i c 
products used, t o g e t h e r w i t h a summary o f the m o l e c u l a r s i e v e 
i n v e n t o r i e s and o p e r a t i n g c o n d i t i o n s f o r each u n i t . Due t o the 
broad scope o f the o v e r a l l p r o j e c t and the l e n g t h c o n s t r a i n t s 
f o r t h i s paper, o n l y the most p e r t i n e n t f e a t u r e s o f each u n i t 
are d i s c u s s e d . I t should be noted t h a t the design concepts 
a p p l i e d f o r a l l o f the u n i t s are s i m i l a r t o those presented 
i n C o l l i n s ' "The L U B / E q u i l i b r i u m S e c t i o n Concept f o r F i x e d Bed 
A d s o r p t i o n " (8) and L u k c h i s ' "Adsorption Systems", (9) which 
have become standard i n d u s t r y p r a c t i c e . 

Natural Gas Dehydrator. As i n d i c a t e d , a c o n t r o l l i n g 
requirement o f the product used i n the n a t u r a l gas dehydrator 
i s a minimum carbonyl s u l f i d e f o r m a t i o n tendency. Using the 
work o f Turnock t o g e t h e r w i t h a d d i t i o n a l unpublished data as a 
b a s i s , a s e r i e s o f s c r e e n i n g runs were c a r r i e d out on products 
known to have a high p r o b a b i l i t y o f possessing the r e q u i r e d 
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c h a r a c t e r i s t i c s . Test c o n d i t i o n s are presented i n F i g u r e 2, 
toget h e r w i t h a b r i e f comparison o f the r e s u l t s obtained a t the 
standard c o n d i t i o n s . As a r e s u l t o f these t e s t s , Product 2 
was chosen f o r f u r t h e r s t u d i e s . In these s t u d i e s , Product 2 
was preloaded t o known l e v e l s o f r e s i d u a l water and again 
subjected t o t e s t i n g a t the standard c o n d i t i o n s shown i n 
F i g u r e 2. From these d a t a , a p l o t o f COS formation a c t i v i t y 
as a f u n c t i o n o f r e s i d u a l water l e v e l f o r Product 2 was estab
l i s h e d ( F i g u r e 3 shows the t y p i c a l shape). A p p l y i n g the data 
obtained to the t y p i c a l design case c o n d i t i o n s , i t was estab
l i s h e d t h a t Product 2 maintained a t a c o n t r o l l e d r e s i d u a l water 
l e v e l , when used as the adsorbent i n the n a t u r a l gas dehydrator, 
would y i e l d an e f f l u e n t product meeting the r e q u i r e d COS 
formation l e v e l . 

Having d e f i n e d th  produc  needed  to g e t h e  w i t h th
o p e r a t i n g c o n t r o l r e q u i r e d
s i m i l a r t o t h a t d e s c r i b e d by C o l l i n s was c a r r i e d out to c o n f i r m 
t h a t Product 2 could p r o v i d e the r e q u i r e d d r y i n g performance. 
F o l l o w i n g t h i s experiment, the r e s u l t s o f which were p o s i t i v e , 
s i z i n g of the n a t u r a l gas dehydrator was completed, u t i l i z i n g a 
three-bed u n i t as shown i n F i g u r e 4. The r e g e n e r a t i o n c y c l e 
uses d r i e d r e s i d u e gas as the process f l u i d . Each adsorber 
v e s s e l c o n t a i n s over 30 tons o f molecular s i e v e s . The complete 
design i n v o l v e s c o n s i d e r a t i o n o f o t h e r f a c t o r s such as heat 
balances, h y d r a u l i c s , bed L/D r a t i o s , and p h y s i c a l c h a r a c t e r 
i s t i c s o f the product. 

Natural Gas L i q u i d s Dehydrator. As p r e v i o u s l y d i s c u s s e d , 
the adsorbent used i n the l i q u i d s dehydration u n i t must possess 
COS formation c h a r a c t e r i s t i c s s i m i l a r t o t h a t o f the adsorbent 
used i n the n a t u r a l gas dehydrator. However, the product 
chosen must be a b l e to p r o v i d e the r e q u i r e d dehydration 
performance i n the presence o f l i q u i d hydrocarbons which have a 
p o t e n t i a l o f f o u l i n g the z e o l i t e , w i t h the p o s s i b i l i t y of 
reduced water a d s o r p t i o n c a p a c i t y and reduced water mass t r a n s f e r 
e f f i c i e n c y . Using a z e o l i t e o f the same type as the n a t u r a l gas 
dehydration Product 2 but m o d i f i e d f o r l i q u i d s e r v i c e , a 
standard dynamic l i q u i d d r y i n g t e s t t o d e f i n e dehydration 
performance, as w e l l as the COS f o r m a t i o n , was c a r r i e d o u t , 
again y i e l d i n g p o s i t i v e r e s u l t s . Data obtained i n t h i s t e s t was 
then used d i r e c t l y i n s i z i n g the n a t u r a l gas l i q u i d s dehydrator 
f o r the t y p i c a l case. 

The n a t u r a l gas l i q u i d s dehydrator i s a two-bed system 
u s i n g over 20 tons/bed of m o l e c u l a r s i e v e s . A schematic diagram 
of t h i s u n i t i s a l s o i n c l u d e d i n F i g u r e 4. 

A f t e r d e h y d r a t i o n , the n a t u r a l gas and n a t u r a l gas l i q u i d s 
are re-combined and sent t o the hydrocarbon recovery s e c t i o n . 
The l i q u i d products recovered i n c l u d e a propane f r a c t i o n , a 
butane f r a c t i o n , and a C5+ heavy f r a c t i o n . The propane and 
butane streams must be d e s u l f u r i z e d p r i o r t o t h e i r s a l e as 
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NATURAL GAS 

Methane 
Ethane 
Propane 
Butane 
Pentane 
Heavies 
Carbon Dioxide 
Water 
Hydrogen Sulfide 
Carbonyl Sulfide 

NATURAL GAS CONDENSATE „ 

Methane 
Ethane 
Propane 
Butane 
Pentane 
Heavies 
Carbon Dioxide 
Water 
Hydrogen Sulfide 
Carbonyl Sulfide 

Mo I % 

15.0 
17.0 
26.0 
23.0 

9.0 
9.0 
0.8 

300 ppm(m) 
400 ppm(m) 
<1 ppm(m) 

RESIDUE GAS 
PRODUCT 

NATURAL GAS 

DEHYDRATOR 

DRIED NATURAL GAS 
<2 ppm(v)COS 
<1 ppm(v)H20 

A R E G E N E R A T I O N G A S T <4 ppm H 2 S 

| J 1 
R E G E N E R A T I O N ! 
I G A S I 

• T R E A T E R j 

I , I 

R E S I D U E G A S 

HYDROCARBON 

DRIED NATURAL 
GAS CONDENSATE 
<2 ppm(m)COS 
<1 ppm(m)H20 

CONDENSAT

DEHYDRATOR 

PROPANE 
50 ppm(w)H2S 

100ppm(w)RSH 
20 ppm(w)COS 

<1 ppm(w)H2S 
300ppm(w)RSH 

TREATER 

PROPANE 

TREATER 

PROPANE 
PRODUCT 
<1 ppm(m)H2S 
<5 ppm(m)COS 

BUTANE PRODUCT 
' < 1 ppm H2S 

<40 ppm RSH + COS 

Figure 1. Natural gas liquids recovery system 

TEST CONDITIONS 

Temperature 
Pressure 
Flow Rate 
H2S Inlet Concentration 
C 0 2 Inlet Concentration 
Cross Section 

75°F 
550 psia 
120 SCFH N 2 

410-440 ppm(v) 
1.5 volume % 
0.006 ft2 

Adsorbent App. A x H2S Max. COS Avg. Conv. 
Product No. Wt. % ppm(v) % 

1 0.73 20 4.9 
2 1.07 <1 <.25 
3 0.96 280 51.5 
4 1.39 <1 <25 
5 3.33 <1 <.25 

Figure 2. COS formation over miscellaneous adsorbents 
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INCREASING RESIDUAL WATER 

Figure 3. COS formation as a 
function of residual water product 

number 2 

NATURAL GAS DEHYDRATOR 

NATURAL GAS 
500 MMSCFD 
75° F 
500 psig 

NATURAL GAS CONDENSATE 
1800 GPM 
70° F 
500 psig 

REGENERATION GAS 
TREATER 

ITO FUEL 
OR FLARE 

1 1 
LIQUID PRODUCT 

BUTANE 
200.000 Ibs/hr 
115° F 
75 psig 

PROPANE TREATER 

PROPANE 
PRODUCT 

20 MMSCFD 
> 

PROPANE 
350.000 Ibs/hr 
115° F 
200 psig 

; BUTANE 
PRODUCT 

BUTANE TREATER 

NATURAL GAS CONDENSATE DRYER 

Figure 4. Natural gas liquids recovery system/adsorption units 
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petrochemical feedstock and f u e l . The pentane and h e a v i e r 
f r a c t i o n may be sent as i s t o a g a s o l i n e r e f i n i n g o p e r a t i o n . 
For the present case, the propane and butane t r e a t e r s w i l l now 
be d e f i n e d . 

Propane T r e a t e r . In the propane t r e a t e r , e s s e n t i a l l y t o t a l 
removal o f the H2S must be achieved w i t h p a r t i a l removal o f the 
RSH and COS t h a t i s present i n the feed t o g e t h e r w i t h any COS 
t h a t may be formed d u r i n g the propane t r e a t i n g o p e r a t i o n . A 
molecular s i e v e product possessing these r e q u i r e d a d s o r p t i o n 
c h a r a c t e r i s t i c s has r e c e n t l y been d i s c u s s e d i n a t e c h n i c a l 
paper by M. B. Mick. (10) Thus, the testwork r e q u i r e d t o 
c o n f i r m t h a t t h i s product i s s a t i s f a c t o r y f o r use i n the 
t y p i c a l case was an e v a l u a t i o n o f i t s a b i l i t y t o w i t h s t a n d 
repeated r e g e n e r a t i o n s w i t h a moderately sour gas r e g e n e r a t i o n 
f l u i d . A c y c l i c t e s t s c a l e
s i z i n g was s e t up t o s i m u l a t
r e g e n e r a t i o n s t e p s . At p e r i o d i c i n t e r v a l s , the adsorbent i n 
the c y c l i c u n i t was subjected t o dynamic r e g e n e r a t i o n and 
a d s o r p t i o n "Product S p e c i f i c a t i o n " runs. Data from one o f 
these t e s t s c a r r i e d out a f t e r 150 c y c l e s o f o p e r a t i o n i s 
presented i n F i g u r e 5. T h i s 150-cycle time p e r i o d r e p r e s e n t s 
about one year o f c y c l i c o p e r a t i o n . As shown i n the upper 
curve i n F i g u r e 5, d u r i n g r e g e n e r a t i o n a t y p i c a l breakthrough 
curve f o r H2S was o b t a i n e d , n e a r l y approaching the feed H2S 
l e v e l . The COs l e v e l i n the e f f l u e n t r e g e n e r a t i o n gas s t a r t e d 
a t a moderately high l e v e l and then q u i c k l y dropped o f f t o l e s s 
than 25 ppm by volume. The decrease i n the amount of H2S and 
CO2 r e a c t i n g t o form COS i s a p p a r e n t l y due to the near d e p l e t i o n 
o f CO2 and H2S i n the adsorbed phase. 

F o l l o w i n g the heating s t e p , the bed was cooled and subse
q u e n t l y propane was fed to the u n i t a t c o n d i t i o n s i n d i c a t e d 
i n F i g u r e 5. As shown, no H2S appeared i n the e f f l u e n t stream, 
w h i l e an i n i t i a l l e v e l o f one t o two ppm(v) COS was d e t e c t e d , 
which q u i c k l y d i m i n i s h e d . T h i s small l e v e l o f COS may be the 
r e s u l t o f some combination o f H2S, CO2, and p o s s i b l y COS l e f t 
on the adsorbent bed a t the end o f r e g e n e r a t i o n . A s h o r t purge 
w i t h p u r i f i e d product propane a t the end o f h e a t i n g can be 
e f f e c t i v e l y used t o remove t h i s t r a c e contamination. 

Using the e x i s t i n g design b a s i s f o r the product t o be used 
i n the propane sweetener and w i t h experimental c a p a c i t y t e s t s 
which confirmed t h a t the product d i d not degrade s i g n i f i c a n t l y 
when regenerated w i t h sour gas, the propane t r e a t i n g u n i t f o r 
the t y p i c a l case under c o n s i d e r a t i o n was designed. This u n i t 
u t i l i z e s a two-bed system, w i t h each bed c o n t a i n i n g over 60 tons 
o f molecular s i e v e s , t r e a t i n g the design feed r a t e . Regeneration 
i s accomplished i n a s e r i e s o f steps i n c l u d i n g a d r a i n s t e p , a 
heating step u s i n g the sour n a t u r a l gas f o l l o w e d by a s h o r t 
purge o f sweet vap o r i z e d product propane which, as mentioned 
above, i s i n c l u d e d to i n s u r e t h a t e s s e n t i a l l y a l l o f the s u l f u r 
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Regeneration 

0 0.5 1.0 1.5 2.0 2.5 3.0 
TIME FROM START OF REGENERATION, HOURS 

Adsorption 
• COS 

F = 7.25 Ibs/hr. propane 
T = 110°F 
P = 250 psig 

"Trace" 

10 20 30 40 50 
TIME FROM START OF ADSORPTION, MINUTES 

Figure 5. Propane treating molecular sieve sour gas regenera
tion product quality test after 150 cycles 
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compounds are removed from the e f f l u e n t end o f the bed d u r i n g 
h e a t i n g . The u n i t i s then cooled and f i l l e d w i t h product 
propane. T h i s u n i t i s shown s c h e m a t i c a l l y i n F i g u r e 4. 

Butane T r e a t e r . The p r a c t i c e o f t r e a t i n g (or d e s u l f u r i z i n g ) 
butane as w e l l as propane and mixed LPG's by the use o f m o l e c u l a r 
s i e v e adsorbents i s a w e l l known i n d u s t r i a l p r a c t i c e . The 
product used i n the t y p i c a l case has been used s u c c e s s f u l l y f o r 
s e v e r a l y e a r s . Again, as i n the case o f the propane t r e a t e r , a 
key q u e s t i o n f o r t h i s m o l e c u l a r s i e v e adsorbent was i t s a b i l i t y 
to w i t h s t a n d the e f f e c t o f sour gas r e g e n e r a t i o n . Thus, c y c l i c 
s t u d i e s s i m i l a r to those performed f o r the propane system were 
c a r r i e d out f o r the butane t r e a t e r adsorbent. Regeneration/ 
a d s o r p t i o n experiments were c a r r i e d out a f t e r 300 c y c l e s , o r the 
e q u i v a l e n t o f about two years o f o p e r a t i o n

R e s u l t s o f the t e s t
Note t h a t the COS formatio
s i g n i f i c a n t l y d i f f e r e n t than t h a t o f the propane t r e a t e r product, 
w i t h a COS l e v e l o f 50 ppm(v) o r 25% o f the H2S feed concen
t r a t i o n being present a f t e r t h r e e hours o f the h e a t i n g s t e p . 
However, a f t e r c o o l i n g , when butane feed was i n t r o d u c e d t o the 
adsorber, t h e r e was no H2S or COS d e t e c t a b l e i n the e f f l u e n t 
stream. Again, r e s u l t s obtained i n these c y c l i c s t u d i e s 
confirmed t h a t the m o l e c u l a r s i e v e adsorbent used i n the butane 
t r e a t e r c o u l d indeed w i t h s t a n d the use o f sour gas r e g e n e r a t i o n . 

The butane t r e a t e r design presented i n F i g u r e 5 i n c l u d e s 
two beds o f m o l e c u l a r s i e v e s , each c o n t a i n i n g over 40 tons 
o f product, t r e a t i n g the butane feed. The r e g e n e r a t i o n scheme 
f o r t h i s u n i t i s s i m i l a r t o t h a t f o r the propane t r e a t e r . 

As d e s c r i b e d i n the proceding s e c t i o n s , the t e s t program 
c a r r i e d out confirmed t h a t the adsorbents t o be used i n the 
propane and butane t r e a t e r s held up w e l l d u r i n g c y c l i n g w i t h 
sour gas h e a t i n g . 

Regeneration Gas T r e a t e r . In some systems where an e x t r a 
margin of s a f e t y i s d e s i r e d , a molecular s i e v e n a t u r a l gas 
d e s u l f u r i z a t i o n u n i t t r e a t i n g o n l y as much gas as r e q u i r e d f o r 
r e g e n e r a t i o n o f the propane and butane t r e a t e r s c o u l d p r o v i d e 
t h i s margin of s a f e t y . Such a u n i t , based on the s t u d i e s by 
Turnock r e f e r r e d t o e a r l i e r , i s i n c l u d e d i n F i g u r e 4, and uses 
a t o t a l o f 20 tons o f molecular s i e v e product. Note t h a t when 
compared to the l a r g e m o l e c u l a r s i e v e i n v e n t o r i e s contained i n 
the main process u n i t s , t h i s n a t u r a l gas t r e a t e r w i t h i t s small 
m o l e c u l a r s i e v e i n v e n t o r y appears t o be an extremely reasonable 
means of p r o v i d i n g an i n c r e a s e d margin o f s a f e t y both i n 
i n s u r i n g t h a t e f f l u e n t product s p e c i f i c a t i o n s w i l l be met, and 
t h a t the adsorbent bed w i l l be s ubjected t o r e l a t i v e l y m i l d 
dynamic c o n d i t i o n s d u r i n g h e a t i n g . 
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Figure 6. Butane treating molecular sieve sour gas regeneration 
product quality test after 300 cycles 
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Summary 
The preceding d i s c u s s i o n c o n t a i n s an examination o f the 

adsorbent c h a r a c t e r i s t i c s r e q u i r e d , h i g h l i g h t s o f an experimental 
t e s t program and i n d i v i d u a l u n i t s i z e s f o r the f i v e separate 
a d s o r p t i o n u n i t s i n the t y p i c a l case. These u n i t s , shown i n 
F i g u r e 5, a r e : 

1) The n a t u r a l gas dehydrator; 
2) The n a t u r a l gas condensate dehydrator; 
3) The s u l f u r from propane u n i t ; 
4) The s u l f u r from butane u n i t ; and, 
5) The a u x i l i a r y n a t u r a l gas d e s u l f u r i z e r . 
In l i n k i n g up the i n d i v i d u a l m olecular s i e v e a d s o r p t i o n 

u n i t s i n t o the i n t e g r a t e d package as shown i n F i g u r e 4, i t i s 
seen t h a t a SYSTEM i s presented i n which over f o u r b i l l i o n pounds 
per year o f LPG p r o d u c t s
gas C5+ l i q u i d s are recovere
f e e t per day o f n a t u r a l gas, w i t h a r e l a t i v e l y lean by-product 
r e s i d u e gas stream which may be r e i n j e c t e d i n t o the o i l o r gas 
f i e l d f o r l a t e r r e c o v e r y , or f o l l o w i n g f u r t h e r t r e a t i n g , may be 
used as e i t h e r l i q u i d o r vapor phase n a t u r a l gas. F i n a l l y , the 
o v e r a l l p r o j e c t u t i l i z e s over 350 tons o f m o l e c u l a r s i e v e 
adsorbents. 
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56 
Pneumatic System A i r Drying by Pressure Swing 

Adsorption 

J. P. AUSIKAITIS 

Molecular Sieve Department, Linde Division, Union Carbide Corp., 
Tarrytown, N.Y. 10591 

Removing water from air i s the most basic appl ica t ion for mo
lecular s ieves . Regeneration of molecular sieves by the use of a 
pressure swing cycle and incorporating additional isothermal purge 
to the depressurization step adds a degree of complexity to the 
a p p l i c a t i o n . This paper describes the incorporation of t h i s cycle 
in small-to-moderate s ize pneumatic systems, develops the p e r t i 
nent design theory and equations, defines the key process para
meters, and demonstrates t h e i r ef fec t on drying performance. 

I n t r o d u c t i o n 
A l l equipment r e q u i r i n g compressed a i r i s s u s c e p t i b l e t o the 

problems of c o r r o s i o n and damage o f a i r actuated components by 
the passage o f m o i s t u r e , o i l and dust. More severe damage can 
occur i n c o l d weather when moisture i n the compressed a i r may 
condense and r e s u l t i n freeze-ups. The term a i r precleanup i s 
used t o i n c l u d e the removal and r e j e c t i o n o f a l l the p r e v i o u s l y 
mentioned contaminants from the compressed a i r system. The 
b e n e f i t s o f t h i s precleanup step a r e : (a) m i n i m i z i n g the f r e 
quency of r e p a i r , (b) r e d u c t i o n of r o u t i n e maintenance, and 
(c) most i m p o r t a n t l y , t o decrease downtime l o s s e s . 
Source o f Problem 

As the temperature o f a i r i n c r e a s e s i t can subsequently 
c o n t a i n more water vapor before i t becomes s a t u r a t e d . The 
opp o s i t e i s t r u e f o r i n c r e a s i n g p r e ssures. As a i r i s compressed 
above atmospheric p r e s s u r e , i t w i l l hold l e s s water a t s a t u r a t i o n . 
F i g u r e 1 shows the e f f e c t s of pressure on the s a t u r a t e d water 
content o f a i r . 

Most pneumatic equipment r e q u i r e s a i r a t 100 t o 150 p s i t o 
operate a i r actuated components. A s i n g l e - s t a g e compressor i s 
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o f t e n used t o provide the compressed a i r . T h is compression i s 
done i n an a d i a b a t i c manner; and the compressed a i r u s u a l l y passes 
to a primary r e s e r v o i r exposed t o ambient temperatures. The com
pressed a i r may o n l y approach ambient temperature t o w i t h i n 20 t o 
50°F before e n t e r i n g the r e s e r v o i r . The hot compressed a i r c o u l d 
c a r r y - o v e r a l l o f the water as vapor and, as the a i r c o o l s , 
l i q u i d water w i l l accumulate i n the primary r e s e r v o i r . The s i g 
n i f i c a n t ambient c o n d i t i o n s which a f f e c t the magnitude of t h i s 
water accumulation are ambient temperature and r e l a t i v e humidity. 
Routine maintenance such as "blowing down" the primary r e s e r v o i r 
w i l l not circumvent t h i s problem. Furthermore, t h i s procedure 
cannot l i m i t downstream condensation i f the compressed a i r i s 
subsequently used i n pneumatic equipment at temperatures below 
those o f the r e s e r v o i r . 
Conventional Drying Device

In recent y e a r s , the pneumatic equipment user has been 
s u p p l i e d w i t h numerous types o f precleanup equipment, each c l a i m 
in g t o do a l l o r p a r t o f the t o t a l precleanup j o b r e q u i r e d . These 
devices can be c l a s s i f i e d as mechanical s e p a r a t o r s , c e n t r i f u g a l 
s e p a r a t o r s , heat exchangers, and/or a f t e r c o o l e r s . Although these 
devices may be c a l l e d by one p a r t i c u l a r name, a l l take advantage 
of heat exchange and mechanical s e p a r a t i o n t o p a r t i a l l y condense 
and separate e n t r a i n e d water, o i l and dust. U n i t s employing 
these two precleanup c l a s s i f i c a t i o n s can achieve moisture removal 
to l e v e l s no lower than ambient temperature dew p o i n t s a t pres
s u r e , even o p e r a t i n g a t 100% e f f i c i e n c y . Such devices are l o o s e l y 
termed as d r y e r s . However, can any o f the p r e v i o u s l y mentioned 
dryers even be c l a s s i f i e d as d ryers a t a l l ? Or, are they s i m p l y 
devices which hasten the r a t e a t which the compressed a i r seeks 
i t s new e q u i l i b r i u m c o n d i t i o n . Thus the u l t i m a t e performance o f 
any of these u n i t s i s o n l y t h a t f i n a l c o n d i t i o n t h a t the compres
sed a i r would have obtained by i t s e l f given time. These mechan
i c a l d e v ices are not u s e l e s s o f course because the a i r system i s 
u s u a l l y o p e r a t i n g i n a dynamic mode and t h e r e f o r e entrainment w i l l 
occur along w i t h condensation o f water i n the a i r l i n e s . These 
devices are adequate f o r reducing the amount o f l i q u i d water t h a t 
w i l l reach the primary r e s e r v o i r . 
Pressure Swing Desiccant Dryers 

The usual drawback o f using pressure swing f o r dehydration i s 
t h a t very low dew p o i n t s are d i f f i c u l t t o a t t a i n . In a d d i t i o n , 
the energy requirement per pound of water removed i s unfavorable 
when compared t o a long c y c l e thermal swing process. However, 
bone dry a i r i s not r e q u i r e d i n many pneumatic a p p l i c a t i o n s . The 
o n l y requirement i s t h a t the a i r system be completely f r e e o f 
l i q u i d water which i n e v i t a b l y i s a r e s u l t o f condensation. Since 
such equipment i s exposed t o the environment, the compressed a i r 
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w i l l have a maximum temperature change imposed by normal d a i l y 
temperature c y c l e s . T h e r e f o r e , i f the dew p o i n t o f the compress
ed a i r i s f a r below the e x i s t i n g ambient temperature, no conden
s a t i o n w i l l occur when the ambient temperature f a l l s . Depending 
upon the geographic l o c a t i o n , t h i s dryness requirment may be 
q u a n t i f i e d as a 20 to 60°F dew p o i n t d e p r e s s i o n . To a t t a i n t h i s 
degree of dryness i t i s necessary t o remove water vapor i n 
a d d i t i o n t o e n t r a i n e d and condensed l i q u i d water. This i s where 
a pressure swing d e s i c c a n t d r y e r takes over where other devices 
leave o f f . A d e s i c c a n t d r y e r can take f u l l advantage o f the 
normal i n t e r m i t t e n t s e r v i c e o f a i r compressors by r e g e n e r a t i n g 
the d e s i c c a n t immediately a f t e r the completion o f the duty c y c l e . 
In a d d i t i o n , t h i s type o f d r y e r has the p h y s i c a l s i z e and, when 
the proper d e s i c c a n t i s used, the mechanical s t r e n g t h r e q u i r e d 
f o r use on equipment which imposes r i g o r o u s demands on such 
u n i t s . 

F i g u r e 2 shows the r e l a t i v e performance o f a d e s i c c a n t d r y e r 
o p e r a t i n g a t a 60°F ( P o i n t A) and a 30°F ( P o i n t B) dew p o i n t 
depression versus the performances o f an a f t e r c o o l e r which 
a t t a i n s a 20°F approach to ambient temperature ( P o i n t E) and a 
heat exchanger which a t t a i n s a 10°F approach t o ambient tempera
t u r e ( P o i n t D). As can be seen from the f i g u r e , i f the compres
sed a i r temperature f a l l s back t o ambient temperature ( P o i n t C) 
from P o i n t E or D, ther e i s s t i l l p o t e n t i a l f o r f u r t h e r water t o 
condense. The performance i s based on the t o t a l percentage o f 
i n l e t water t o the compressor r e j e c t e d versus s e v e r a l ambient 
r e l a t i v e h u m i d i t i e s a t a temperature of 75°F and a t o t a l p res
sure o f 125 p s i . 
Operation of a Pressure Swing Desiccant Dryer 

F i g u r e 3 i s a f u n c t i o n a l diagram o f the i n t e r n a l s o f a 
t y p i c a l d e s i c c a n t d r y e r . When the pressure i n the primary 
r e s e r v o i r f a l l s below i t s minimum a l l o w a b l e l e v e l , the 
compressor engages and begins t o pump up the r e s e r v o i r . A i r 
from the compressor enters the annular s e c t i o n o f the concen
t r i c c y l i n d e r s which i s made up o f an e x t e r n a l housing and the 
i n t e r n a l d e s i c c a n t chamber. A i r s w i r l s around and down along 
the cool s u r f a c e o f the e x t e r n a l housing, condensing water and 
c o a l e s c i n g o i l d r o p l e t s i n the progress. While the l i q u i d water 
and o i l are c o l l e c t e d i n the sump, the a i r changes d i r e c t i o n 
180 degrees and begins to f l o w upflow through the bed o f d e s i c 
cant. The a i r passes through the bed and i s d r i e d on the way. 
Dried a i r e x i t s the top o f the d r y e r and flows t o the primary 
r e s e r v o i r . While the primary r e s e r v o i r i s being pumped up w i t h 
dry a i r , a f r a c t i o n of t h i s a i r i s d i v e r t e d and saved f o r the 
purge volume. When the primary r e s e r v o i r i s pumped up t o i t s 
maximum o p e r a t i n g p r e s s u r e , the compressor disengages. The 
compressor unloading a c t u a t e s the blowdown v a l v e and the 
pressure w i t h i n the d e s i c c a n t chamber i s r a p i d l y reduced t o 
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10-1 

Figure 1. (right) Water 
content of saturated air vs. 
temperature at various 

total pressures 

Figure 2. (below) Rela
tive performance of a pres
sure swing desiccant dryer 
vs. a heat exchanger and 
an aftercooler as a function 

of relative humidity T E M P E R A T U R E ( D E W POINT) . ° F 

COMPRESSED AIR DEW POINT, °F 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



56. AUSIKAITIS Pneumatic System Air Drying 685 

atmospheric pressure. The a i r from the purge volume i s expanded 
through a r e s t r i c t i o n , such as an o r i f i c e , i n a d i r e c t i o n coun-
t e r c u r r e n t t o a d s o r p t i o n . T h i s d r i e d purge a i r flows over the 
d e s i c c a n t and p i c k s up water u n t i l i t e x i t s the d r y e r as wet a i r 
v i a the blowdown v a l v e i n the sump. As compressed a i r i s used, 
the a i r pressure i n the r e s e r v o i r begins to f a l l u n t i l the lower 
pressure l i m i t i s reached, a t which time the compression and 
d r y i n g c y c l e repeat. 
B a s i c Pressure Swing Theory 

A pressure swing a d s o r p t i o n process adsorbs water a t high 
t o t a l pressures and desorbs water a t low t o t a l p r e s s u r e s . In so 
doing, a d s o r p t i o n i s c a r r i e d out at the h i g h e s t water p a r t i a l 
p r e s s u r e , r e s u l t i n g i  highe  l o a d i n g s d d e s o r p t i o  i
c a r r i e d out a t the lowes
lower l o a d i n g s . Water i s c a r r i e d out o f the bed by using a 
f r a c t i o n of the d r i e d higher pressure product a i r expanded to 
the lower d e s o r p t i o n pressure. Because a i r has a higher s a t u r a t 
ed water content a t the lower p r e s s u r e s , o n l y a f r a c t i o n o f the 
d r i e d compressed a i r needs t o be used t o remove an e q u i v a l e n t 
amount of water from the adsorbent. 

A t y p i c a l pneumatic a i r system might r e q u i r e 600 SCFH o f dry 
a i r a t 125 p s i g . To provide t h i s volume of a i r an a d d i t i o n a l 
volume o f d r i e d a i r must be produced f o r purging d u r i n g the 
d e s o r p t i o n s t e p . In a d d i t i o n , the compressor i s o p e r a t i n g 
i n t e r m i t t e n t l y which a l l o w s f o r the d e s o r p t i o n step. T h e r e f o r e , 
a 24 SCFM compressor would be s u i t a b l e t o provide the r e q u i r e d 
volume o f a i r . T y p i c a l l y , t h i s system would operate on 
approximately one minute c y c l e s , d u r i n g which the compressor 
would operate 60% o f the time. The compressor would thus 
d e l i v e r 14.4 SCF o f compressed a i r per c y c l e . To dry t h i s a i r 
a two pound bed of molecular s i e v e i s adequate. Saturated a t 
75°F and 125 p s i g , t h i s volume o f a i r would c o n t a i n o n l y 0.00216 
pounds of water. T h e r e f o r e , the a v a i l a b l e a d s o r p t i o n c a p a c i t y 
f o r the two pounds o f molecular s i e v e would need to be 0.108 
weight percent based on e q u i l i b r i u m c o n s i d e r a t i o n s . Thus the 
displacement i n v o l v e d along the isotherm i s very s m a l l . There
f o r e i t might be expected t h a t the shape of the isotherm may not 
be n e a r l y as important t o the o v e r a l l performance o f the 
d e s i c c a n t d r y e r as the mass t r a n s f e r r e s i s t a n c e o f the adsorbent. 
In f a c t , i t i s the mass t r a n s f e r zone t h a t c o n t r o l s the u l t i m a t e 
product dew p o i n t t h a t the d r y e r w i l l achieve. The f u n c t i o n o f 
the adsorbent, which i s i n excess o f the mass balance r e q u i r e 
ments, i s c o n t a i n i n g the mass t r a n s f e r zone. F i g u r e 4 d e p i c t s 
the c h a r a c t e r i s t i c shape o f a mass t r a n s f e r zone. The c r o s s -
hatched area between the a d s o r p t i o n mass t r a n s f e r f r o n t and the 
d e s o r p t i o n mass t r a n s f e r f r o n t i s the d i f f e r e n t i a l amount o f 
water r e j e c t e d per c y c l e . Instead o f the small d i f f e r e n t i a l 
amount o f water being r e j e c t e d i n s t a n t a n e o u s l y by a small amount 
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of adsorbent (as assumed i n a mass b a l a n c e ) , the water i s spread 
out over a l a r g e amount of adsorbent due t o the f i x e d r a t e s a t 
which i t i s removed. The shape of the zones i s determined by the 
mass f l o w r a t e o f a i r , temperature, p r e s s u r e , adsorbent type and 
adsorbent p a r t i c l e s i z e . The l o c a t i o n o f the zones i s determined 
by a fl o w balance between the a d s o r p t i o n s t r o k e and the desorp
t i o n s t r o k e . I n c r e a s i n g the amount o f incoming water d u r i n g the 
a d s o r p t i o n s t r o k e tends t o push the f r o n t towards the o u t l e t end 
which r e s u l t s i n high water c o n c e n t r a t i o n s i n the product a i r . 
Too much purging w i t h a d r i e d product tends t o push the desorp
t i o n f r o n t out the i n f l u e n t end and thereby reduces the y i e l d o f 
d r i e d product a i r per c y c l e . Thus the volume of purge gas used 
must be determined by a tra d e o f f between dryness and the 
volume o f d r i e d a i r produced. The amount of adsorbent r e q u i r e d 
f o r such r a p i d c y c l e system  must  b  determined e m p i r i c a l l y  Fo
a s p e c i f i c l e v e l o f dryness
considered n e a r l y p r o p o r t i o n a g pe
c y c l e as long as the y i e l d remains constant. 
E m p i r i c a l Performance Model 

Knowing the t h e o r e t i c a l l i m i t a t i o n s o f the performance o f a 
pressure swing d e s i c c a n t d r y e r , i t i s p o s s i b l e t o develop a 
simple mathematical model t o si m u l a t e the o p e r a t i o n o f such u n i t s 
under v a r i o u s c o n d i t i o n s . A r i g o r o u s dynamic model o f the system 
i s not warranted because o f the v a r i a b l e nature o f the system. 
The v a r i a b l e s which a f f e c t performance, such as compressed a i r 
temperature, a i r f l o w r a t e , and ambient temperature, could e a s i l y 
be changing from c y c l e t o c y c l e . The simple mass balance model 
which f o l l o w s w i l l serve the purpose b e t t e r . 

The amount o f compressed a i r e n t e r i n g the primary r e s e r v o i r 
per c y c l e i s expressed as: 

where, Ql = Qo + Qp 
Q 0 = d r i e d o u t l e t a i r , SCF/cycle 
Qj = wet i n l e t a i r , SCF/cycle 
Qp = purge a i r , SCF/cycle 

By mass balance, the amount o f water adsorbed by the d e s i c c a n t 
per a d s o r p t i o n c y c l e i s expressed as: 

AXA = QjYj - (Qft + Q p) Y n x 1 0 0 = Q j ( Y i - Y f t) x 100 
WD WO 

where, b B 

AXA = d i f f e r e n t i a l l o a d i n g d u r i n g a d s o r p t i o n , l b 
H20/100 l b s . adsorbent 

Y i = water c o n c e n t r a t i o n o f i n l e t a i r , l b . H2O/SCF a i r 
Y Q = water c o n c e n t r a t i o n o f o u t l e t a i r , l b s . H2O/SCF a i r 
Wg = weight o f adsorbent bed, l b s . adsorbent 
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The d i f f e r e n t i a l amount o f water r e j e c t e d from the d e s i c c a n t 
per c y c l e i s expressed as: 

A XD = Qp( Yp " Y o ) X 100 

where, 
W B 

A XD = d i f f e r e n t i a l l o a d i n g d u r i n g d e s o r p t i o n , 
l b . H2O/IOO l b s . adsorbent 

Y p = water c o n c e n t r a t i o n o f purge a i r , l b . 
H20/SCF a i r 

S i n c e the d i f f e r e n t i a l amount o f water r e j e c t e d per c y c l e d i c 
t a t e s the d i f f e r e n t i a l amount o f water adsorbed per c y c l e a t 
steady s t a t e , 

T h e r e f o r e , 
Q l ( Y l - Y 0) = Qp(Y p - Y 0) 

By rearrangement, the o u t l e t water content o f the compressed a i r 
can be expressed as: 

Y p o 
where, 

n = o v e r a l l e f f i c i e n c y , dimensionless 
However, t h e r e i s another c o n s t r a i n t imposed upon the maximum 
water content o f the purge a i r e x i t i n g the d e s i c c a n t per c y c l e . 
T h is c o n s t r a i n t r e s u l t s from the f a c t t h a t the amount o f water 
r e j e c t e d per c y c l e cannot be g r e a t e r than the amount of water 
e n t e r i n g the d e s i c c a n t per c y c l e a t steady s t a t e . F i g u r e 5 
g r a p h i c a l l y demonstrates the d e f i n i t i o n o f e f f i c i e n c y and i t s 
i n t e r r e l a t i o n s h i p w i t h the mass balance. A f u n c t i o n which has 
t h i s proper double assymptotic c o n s t r a i n t and i s s u i t a b l e f o r 
t h i s model was found to be: 

QpY p= (nQpYpO) tanh ( J j * ^ ) " 

T h e r e f o r e , by s u b s t i t u t i o n , the o u t l e t water content o f the 
product a i r from the d e s i c c a n t d r y e r can be c a l c u l a t e d as: 

( Q i Y i ) 
Y - Q i Y i - (^P Yp°) t a n n 'TQpYp0 (1) 

The l a s t requirement f o r the model i s n e c e s s i t a t e d by the a c t u a l 
mechanical o p e r a t i o n of the d e s i c c a n t and surrounding hardware. 
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The model as p r e v i o u s l y w r i t t e n s t a t e s t h a t the purge volume i s 
pumped up to P 0 before any a i r reaches the primary r e s e r v o i r . 
T h i s , i n a c t u a l i t y , i s not the case because both volumes r e c e i v e 
a i r s i m u l t a n e o u s l y . T h e r e f o r e , Q p becomes a f u n c t i o n o f Qj a t 
low values o f Q-j. Depending on the r e l a t i v e volumes of the two 
r e s e r v o i r s and the f l o w r e s t r i c t i o n s i n t r a n s i t t o each, the 
maximum Q-j t o i n s u r e Qp has achieved i t s maximum constant l e v e l 
may be two t o f i v e times Qp. For the purpose o f t h i s model, f o u r 
purge volumes w i l l be assumed to be the minimum SCF of a i r fed 
per c y c l e to achieve complete p r e s s u r i z a t i o n o f the purge volume. 
Thus f o r 

Qi 1 4 Q P 

equation (1) holds and f o r 
Qi < 4 Q p 

the equation below i s used: 

(-QiYi_) 
Q i Y i - (n QpYpo) tanh vnQ pY po 

Y o = 0.75 Qi 

Experimental Data 
The performance o f any pressure swing a d s o r p t i o n u n i t i s not 

o n l y a stron g f u n c t i o n o f the adsorbent used but o f the mechanical 
d e s i g n . There are a v a r i e t y of commercial pressure swing d e s i c 
cant dryers a v a i l a b l e f o r which the designs are f i x e d . T h e r e f o r e , 
a pressure swing dehydrator was c o n s t r u c t e d t o provide the f o l 
lowing i n f o r m a t i o n : 1) t o i n v e s t i g a t e the key v a r i a b l e s i n the 
d e s i g n , 2) t o c o n f i r m the mathematical model w i t h experimental 
d a t a , and 3) to determine the performance o f d i f f e r e n t d e s i c c a n t s 
i n o rder to provide the optimal adsorbents f o r t h i s a p p l i c a t i o n . 

E f f e c t o f Length To Diameter R a t i o . F i g u r e 6 shows the r e 
s u l t s o f the f i r s t mechanical design parameter i n v e s t i g a t e d . This 
parameter was the l e n g t h t o diameter r a t i o o f the cnamber 
c o n t a i n i n g the d e s i c c a n t . As the L/D o f the adsorbent bed 
i n c r e a s e s , the e f f i c i e n c y as determined by the computer model 
i n c r e a s e s . T h i s e f f i c i e n c y was determined as being the maximum 
e f f i c i e n c y a t t a i n a b l e w i t h o t h e r design parameters, e x c l u d i n g 
L/D, o p t i m i z e d . A l s o as the average s i z e o f the Linde M o l e c u l a r 
S i e v e Beads are reduced from 4X8 t o 8X12 mesh, the e f f i c i e n c y i s 
a l s o s l i g h t l y improved. Thus any f a c t o r s which improve f l o w 
d i s t r i b u t i o n a l s o improve the o p e r a t i n g e f f i c i e n c y . However, 
the p e n a l t y t h a t i s i n c u r r e d by going to a l a r g e L/D bed i s 
t w o f o l d . The f i r s t i s t h a t the pressure drop across the 
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Figure 6. Efficiency and pressure drop at fixed experimental 
conditions as a function of length to diameter ratio of the 

desiccant bed 
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d e s i c c a n t bed in c r e a s e s w i t h i n c r e a s i n g L/D. The second p e n a l t y 
i s t h a t the p h y s i c a l dimensions o f a l a r g e L/D u n i t s e v e r e l y 
l i m i t the o v e r a l l compactness o f the d e s i c c a n t d r y e r . 

E f f e c t of Purge Flowrate. The second c r i t i c a l mechanical 
design parameter i n v e s t i g a t e d was purge f l o w r a t e . F i g u r e 7 
shows the r e s u l t o f testwork on two adsorbent beds. Both bed 
c o n f i g u r a t i o n s demonstrate the e x i s t e n c e o f an optimum purge 
f l o w r a t e . At low purge f l o w r a t e s the r e l a t i v e l y small amount 
of a i r i s i n s u f f i c i e n t t o produce a uniform d i s t r i b u t i o n o f a i r . 
At high f l o w r a t e s , the r a t e a t which the purge gas passes through 
the bed may exceed the r a t e f o r which maximum water r e j e c t i o n 
occurs. 

E f f e c t of Purge Volume  F i g u r  8 show  th  e f f e c t f both 
Yp and on the dew p o i n
The experimental data c o r r e l a t e  q u i t  purg
volume used when expressed as a f u n c t i o n o f the amount o f a i r 
d r i e d per c y c l e . I t i s expected t h a t most commercial d e s i c c a n t 
d r y e r s would be o p e r a t i n g somewhere between the two l i n e s . Thus 
i t i s apparent, t h a t product dryness i s achieved o n l y a t the 
expense of product y e i l d . However, the expense o f approximately 
15 t o 20% o f feed a i r t o use as purge t o achieve a 40 to 65°F 
dew p o i n t depression i s a s i g n i f i c a n t gain i n p r o t e c t i o n f o r the 
compressed a i r system. 

E f f e c t of Temperature. The t h i r d and most s i g n i f i c a n t 
o p e r a t i n g v a r i a b l e i s temperature. Operation a t higher ambient 
temperatures r e s u l t s i n o n l y a small change i n performance. 
Because the performance parameter, "Dew P o i n t Depression", i s 
based on the r e l a t i o n s h i p below; 

Dew P o i n t Depression = Ambient Temperature - Dew P o i n t 
o f E f f l u e n t A i r . 

The i n l e t a i r temperature does not en t e r i n t o t h i s e x p r e s s i o n 
and w i l l o n l y a f f e c t the f i n a l dew p o i n t o f the a i r . In order 
t o have the most e f f i c i e n t water r e j e c t i o n system, the hot a i r 
from the compressor should be allowed t o cool as much as 
p o s s i b l e to a l l o w the d e s i c c a n t d r y e r t o suppress the o u t l e t a i r 
dew p o i n t f a r below ambient temperature. 

In F i g u r e 9, the ambient temperature was assumed t o be 
f i x e d a t 80°F and the i n l e t a i r i s s a t u r a t e d a t the e l e v a t e d 
temperatures. This i s the worst case s i n c e the hot a i r may 
not c o n t a i n enough water to become s a t u r a t e d (see Fi g u r e 1 ) . 
The performance based on isothermal o p e r a t i o n a t the e l e v a t e d 
i n l e t temperature i s d e p i c t e d i n the f i g u r e as the s o l i d l i n e s . 
T h i s shows a very dramatic e f f e c t on performance. However, t h i s 
i s not to say t h a t l i t t l e d r y i n g i s done. For a sa t u r a t e d i n l e t 
a i r temperature of 160°F f o r which a 10°F Dew P o i n t Depression i s 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



692 MOLECULAR SIEVES—II 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



56. AUSIKAITIS Pneumatic System Air Drying 693 

a t t a i n e d , the dew p o i n t o f the product a i r has dropped 10°F from 
the ambient temperature o f 80°F, which i s 90°F from 160°F. I f 
the pressure swing d e s i c c a n t d r y e r was assumed to be a poor to 
f a i r heat exchanger, a c h i e v i n g o n l y a 40% approach t o ambient 
temperature, the performance improves markedly as represented 
by the dashed l i n e on F i g u r e 9. I f the d r y e r were an average 
heat exchanger, which i s a good assumption, then an 80% approach 
to ambient temperature i s not extravagent. For t h i s case the 
i n l e t a i r temperature has o n l y a moderate e f f e c t on the p e r f o r 
mance. 

E f f e c t o f Desiccant S e l e c t i o n . The f i n a l area o f i n t e r e s t 
i s i n the s e l e c t i o n o f the d e s i c c a n t i t s e l f . An o p e r a t i n g 
parameter which may be o p t i m i z e d , even i n an e x i s t i n g u n i t 
i s the d e s i c c a n t i t s e l f  I  orde  t  demonstrat  t h i t 
t h r e e d e s i c c a n t s were evaluate
The t e s t s were c a r r i e d  temperatur
and two i n l e t s a t u r a t e d a i r temperatures were evaluated f o r each 
d e s i c c a n t . In a d d i t i o n , each d e s i c c a n t was r e t e s t e d a f t e r i t 
was thoroughly soaked w i t h compressor o i l . In order to approach 
the worst thermal c o n d i t i o n s , the d e s i c c a n t d r y e r housing was 
i n s u l a t e d from the surroundings to prevent temperature l o s s e s 
d u r i n g the d r y i n g c y c l e . Thus the zero percent approach to 
ambient temperature case o f F i g u r e 9 i s being approximated. 

The d e s i c c a n t s t e s t e d were S i l i c a G e l , A c t i v a t e d Alumina 
and M o l e c u l a r Sieve i n the form o f 4X8 beads. The molecular 
s i e v e used was e s p e c i a l l y s e l e c t e d f o r t h i s a p p l i c a t i o n because 
of high o v e r a l l water c a p a c i t y , high water mass t r a n s f e r r a t e s , 
good mechanical s t r e n g t h , and s e l e c t i v i t y f o r water i n the 
presence o f o i l . 

F i g u r e 10 shows the r e s u l t a n t performance of Linde MOLSIV 
versus S i l i c a Gel and A c t i v a t e d Alumina. Since the u n i t was 
o n l y i n s u l a t e d and not heated, condensation r e s u l t s and thereby 
d i s t o r t s some o f the greater-than-ambient-temperature dew p o i n t 
data. The performance o f the d e s i c c a n t s i n the "as r e c e i v e d " 
s t a t e are compared by determining the e f f i c i e n c y which best 
f i t s the data. T h i s i n d i c a t e s t h a t by s e l e c t i n g the optimal 
d e s i c c a n t an o v e r a l l g a i n i n o p e r a t i n g e f f i c i e n c y i s r e a l i z e d 
a t f i x e d mechanical o p e r a t i n g and design c o n d i t i o n s . The 
performance l o s s f o r the " o i l soaked" case, i s l a r g e l y a t t r i b u t 
a b l e t o an i n c r e a s e i n mass t r a n s f e r r e s i s t a n c e due t o the l a y e r 
o f o i l which impedes the r a t e a t which water vapor i s t r a n s f e r r e d 
from the gas phase to the d e s i c c a n t s u r f a c e . For the S i l i c a Gel 
and Alumina t h e r e i s a l s o expected t o be a l o s s i n e q u i l i b r i u m 
c a p a c i t y s i n c e the o i l i s not excluded from the micropores due 
to " m o l e c u l a r - s i e v i n g " a c t i o n . 
Summary 

The amount o f d r y i n g achieved by a pressure swing d e s i c c a n t 
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Figure 10. Effects of ele
vated temperature and oil 
on the performance of se
lected desiccants at a fixed 
experimental operating 

cycle 

EXPERIMENTAL CONDITIONS: 
Ambient Temperature=80 F 
Yi=Sat'dat T j .TO 
AP=0, L/D=2.6 
Po=120 psig 
Qj=7.2 SCF/Cycle 
Vp=250 cu. in. (Qp=1.26 SCF) 
Desiccant Size=4x8 Beads 

CONDENSATION 

• 

fe^ Computer Simulation Using the Given 
Efficiency and Assuming Isothermal 
Operation at the Inlet Air Temperature 

_ Symbol Desiccant Condition 
O Molecular Sieve Fresh 
• Silica Gel Fresh 
A Act. Alumina Fresh 

• Molecular Sieve Oil Soaked 
• Silica Gel Oil Soaked 
A Act. Alumina Oil Soaked 

100 110 

INLET AIR TEMPERATURE, °F 
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dryer compared to o t h e r d e v i c e s , when c o n s i d e r i n g the percentage 
of i n l e t water r e j e c t e d , c l e a r l y shows t h a t the d e s i c c a n t d r y e r 
has a s i g n i f i c a n t advantage over a f t e r c o o l e r s , heat exchangers, 
and s e p a r a t o r s . In order t o p r e d i c t the performance o f 
pressure swing d e s i c c a n t d r y e r s over a v a r i e t y o f o p e r a t i n g 
c o n d i t i o n s , and duty c y c l e s , a s i m p l i f i e d mathematical model 
was developed. In order t o account f o r the i n t r i n s i c mechanical 
c h a r a c t e r i s t i c s o f most commercial d e s i c c a n t d r y e r s , an e f f i c i 
ency parameter was d e f i n e d t o account f o r these v a r i a t i o n s from 
i d e a l i t y i n the model. As c o n f i r m a t i o n o f t h i s mathematical 
model, experiments were performed and mechanical v a r i a b l e s were 
opt i m i z e d w i t h r e s p e c t t o the p r e d i c t e d performance. Although 
i t may not always be p r a c t i c a l t o design a pressure swing 
d e s i c c a n t d r y e r t o operate a t a l l o f these optimum v a l u e s , i t 
was a l s o demonstrated t h a t th  s e l e c t i o f th  d e s i c c a n t 
i s the s i n g l e most importan
s i e v e was determined t o have s i g n i f i c a n t advantages over s i l i c a 
gel and a c t i v a t e d alumina over a broad range o f c o n d i t i o n s . 
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Sodium-Aluminium Silicates in the Washing Process. 

III. Ion Exchange and Detergency 

M . J. S C H W U G E R and H. G. S M O L K A 

Henkel & Cie G m b H , Dusseldorf, West Germany 

ABSTRAC

Crysta l l ine N a - A l - s i l i c a t e s of the NaA-Type 
exhibit s ignif i cant washing performance as a conse
quence of their good ion exchange capacity. In a 
laundry detergent their action i s complemented by 
water-soluble complexing agents; this i s due to 
differences in temperature and electrolyte influences 
on the calcium binding capacity. 

I n t r o d u c t i o n 

Previous work has shown that N a - A l - s i l i c a t e s 
with a high exchange c a p a c i t y f o r calcium ions possess 
s i g n i f i c a n t washing power and are therefore p r i n c i 
p a l l y s u i t a b l e as p a r t i a l phosphate s u b s t i t u t e s i n 
laundry detergents ( 1 , 2 , 3 ) . So f a r , these products 
appear to be s a t i s f a c t o r y concerning p r a c t i c a l a p p l i 
c a t i o n , hygiene, t o x i c o l o g y and ecology ( 4 ) . 

The p o s i t i v e e f f e c t i n the use of N a - A l - s i l i c a t e s 
i s based not only on the i o n exchange c a p a c i t y but 
als o on the bi n d i n g c a p a c i t y f o r d i r t present i n 
monomolecular form, as c o l l o i d a l pigments and sparing
l y s oluble s a l t s . Best r e s u l t s are obtained i n the 
use of systems c o n s i s t i n g of N a - A l - s i l i c a t e s and s o l 
uble complexing agents - e.g. sodium triphosphate 
(STP). The modes of a c t i o n of the two c l a s s e s of sub
stances are p r i n c i p a l l y d i f f e r e n t and i d e a l l y comple
ment each other ( 3 t 5 f 6 ) • In the present study, recent 
f i n d i n g s concerning the i n d i v i d u a l i n f l u e n c e s on i o n 
exchange and t h e i r s i g n i f i c a n c e f o r the washing proc
ess are discussed. R e s u l t s communicated so f a r are 
discussed i n f u r t h e r d e t a i l and depth. 
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Results and D i s c u s s i o n 

So f a r , i n v e s t i g a t i o n s have shown that the 
bin d i n g c a p a c i t y f o r metal ions, i n p a r t i c u l a r c a l c i 
um, i s to be regarded as e s s e n t i a l f o r the use of Na-
A l - s i l i c a t e s (SASIL)* as p a r t i a l phosphate s u b s t i t u t e 
i n laundry detergents. 

Besides the bi n d i n g mechanisms f o r d i f f e r e n t 
m a t e r i a l s mentioned i n the i n t r o d u c t i o n , the most 
important mechanism of e l i m i n a t i o n operates v i a i o n 
exchange. In t h i s context i t must be considered that 
i n commercial laundry detergents the concentration 
of c a t i o n s i s r e l a t i v e l y high, as most of the deter
gent i n g r e d i e n t s are introduced as sodium s a l t s (e.g. 
a n i o n i c s u r f a c t a n t s
phosphate, sodium s u l f a t e
knowledge about the i n f l u e n c e of cat i o n s as counter
ions on the calcium b i n d i n g c a p a c i t y of N a - A l - s i l i 
cates as compared to STP i s of highest importance. 

I t i s concluded from the mass a c t i o n law that 
p r i n c i p a l l y both i n the case of i o n exchangers and 
i n the case of complexing agents an i n c r e a s i n g 
counter-ion concentration w i l l r e s u l t i n a decrease 
of the calcium b i n d i n g c a p a c i t y . F i g . 1 demonstrates 
t h i s e f f e c t i n the case of SASIL and STP under 
washing c o n d i t i o n s . I t i s shown that i n the case of 
STP the decrease i n calcium b i n d i n g c a p a c i t y i s l e s s 
than i n the case of SASIL. On the other hand, due to 
the d i f f e r e n t b i n d i n g mechanisms, there i s marked 
temperature dependence i n the case of STP as compared 
to SASIL - even the si g n being d i f f e r e n t . While i n 
the case of most soluble complexing agents there i s a 
strong decrease i n calcium b i n d i n g c a p a c i t y with i n 
c r e a s i n g temperature ( 5 ) $ i n the case of N a - A l - s i l i 
cates under washing c o n d i t i o n s , even an increase i s 
observed. T h i s increase i s to be seen with the hy
d r a t i o n r e d u c t i o n of the exchanging i o n , the increase 
of the d i f f u s i o n c o e f f i c i e n t and the co n d i t i o n s thus 
improved f o r the d i f f u s i o n i n t o narrow pores ( 3 t 7 ) • 
T h i s increase i s e s p e c i a l l y marked i n the case of 
magnesium (j3), the hy d r a t i o n s h e l l of which i s v o l u 
minous and stable (7)» Thus, as f a r as calcium 

*) The trademark SASIL i s derived from the term 
w s o d i u m - a l u m i n i u m - s i l i c a t e n • In the present study, 
SASIL i s a s y n t h e t i c c r y s t a l l i n e z e o l i t e of the 
NaA-type with an outer surface of 1.6 m2/g and an 
average p a r t i c l e diameter of 5*6 
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b i n d i n g i s concerned, the two d i f f e r e n t types of com
pounds w i l l i d e a l l y complement each other i n the mix
ture of SASIL/STP under the c o n d i t i o n s of a c t u a l 
washing processes at high counter-ion concentration 
and v a r i a b l e washing temperatures. 

Sodium w i l l normally be the counter-ion i n the 
washing process. Other counter-ions w i l l i n f l u e n c e 
the i o n exchange b a s i c a l l y i n the same fash i o n ; how
ever, there w i l l be gradual d i f f e r e n c e s depending on 
the i o n i c species being present. The i o n exchange of 
ions A and B of d i f f e r e n t v a l e n c i e s i and j may be 
described according to the general equation [ij (8) 

Q b c ± j 
Q ± - - S 1 A

A b c . j +
1 A 1 2 B J 

Q i 
i - amount of i o n A exchanged i n the i o n 

exchanger 
Q - maximum exchangeable amount of i o n A 1 

m 
c - e q u i l i b r i u m s o l u t i o n concentration of 
A i o n A 1 

c - e q u i l i b r i u m s o l u t i o n concentration of 
B J i o n BJ to be exchanged 

b and b - i o n - s p e c i f i c constants accounting f o r the 
1 2 energy of adsorption of the ions 

In the p a r t i c u l a r case of calcium i o n exchange a-
gainst the sodium of a sodium aluminum s i l i c a t e ac
cording to equation [2] 

C a + + + 2 N a - Z e o l i t e 5=^ 2 N a + + C a - Z e o l i t e [2I 

the concentration changes of the ions i n v o l v e d w i l l 
be given by equation [3] 

c = C + 2 Q [3] 
Na Na Ca 

c 1 - i n i t i a l sodium i o n concentration 
Na 

Equation [k] i s obtained by applying the general 
equation [1J to the exchange of calcium against s o d i 
um ions i n SASIL tak i n g equation [3] i n t o account: 
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Q c 
m Ca 

V * = ~ ! W 

% * 2 bf <«; • • 2 « ••> 
Ca 1 Na Ca 

A l i n e a r form of equation [k] i s p a r t i c u l a r l y 
s u i t a b l e f o r the e v a l u a t i o n of experimental data: 

c , , b e 
C a + + 2 C a + + 

________________ _ . + _________________ 
2Q . . ( C + 2Q ) b Q 2Q (c + 2Q ) 

Ca Na Ca

[5] 

Equation [5] i s e s p e c i a l l y u s e f u l f o r the deter
mination of b 2/bi and Qm by g r a p h i c a l methods. 

Equations [k] and [5] are modified v e r s i o n s of 
the Langmuir equation a p p l i e d to the case of ex
changing u n i v a l e n t and d i v a l e n t ions, the un i v a l e n t 
ions being present at excess concentration. 

F i g . 2 shows to what extent there i s agreement 
between the experimental i o n exchange data and the 
t h e o r e t i c a l equations. Within the comparatively small 
l i m i t s of experimental e r r o r , there i s good f i t of 
the experimental data with the c a l c u l a t e d curve. A 
comparison of the Qm-values with the amounts ab
sorbed at high e q u i l i b r i u m concentration shows that 
not only the absolute amount of calcium ions ad
sorbed decreases with i n c r e a s i n g sodium i o n concen
t r a t i o n , but al s o the e q u i l i b r i u m i s s h i f t e d toward 
higher calcium i o n concentrations. 

While the isothermal l i n e s describe the e q u i l i 
brium, the dotted l i n e s connect the e q u i l i b r i u m values 
with the corresponding i n i t i a l s o l u t i o n concentration. 
The a c t u a l r e d u c t i o n of water hardness during the 
washing process i s given by the d i f f e r e n c e between 
the i n i t i a l and e q u i l i b r i u m concentrations*. The 
r e s u l t s concerning counter-ion dependancy of i o n ex
change show that the washing performance of bina r y 
systems c o n s i s t i n g of i o n exchangers and e l e c t r o l y t e s 
must n e c e s s a r i l y decrease with i n c r e a s i n g e l e c t r o l y t e 
concentration. F i g . 3 shows the experimental c o n f i r 
mation of t h i s p r e d i c t i o n . T h i s b a s i c i n f l u e n c e of 

*) Two systems of coordinates are given i n f i g . 2 to 
f a c i l i t a t e the comparison between p h y s i c a l standard 
u n i t s and the u n i t s more commonly used. 
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, f \ 

^ • • ^ « . S T P ( 2 2 ° C ) 

, S A S I L ( 9 0 ° C ) 

SAS°IL(22°C) 

0,01 0,03 0,05 0,07 
^•[mol/l] 

Figure 1. Influence of counter-ions on the 
calcium binding capacity (QCaO) at various 
temperatures. Conditions SASIL: l(g/l); 
30(°d); 15(min); pH 10. Conditions STP: 

see (5). 

OcaO 0 Ca"*10 3 

[mg/g] [mol/g] 
f f c N a C I =0,00 [mol/l] 

Figure 2. Comparison of calculated and measured isotherms. 
Conditions: 22 ± 1(°C); l(hr). Solid line and Qm-values calcu

lated according to equation (4). 
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counter-ions on the calcium b i n d i n g c a p a c i t y and thus 
on washing performance i s found with a l l i o n ex
changers and water-soluble complexing agents studied. 

The observed i n f l u e n c e s of e l e c t r o l y t e s on i o n 
exchange and thus on washing performance are l a r g e l y 
i n d i r e c t . The washing performance w i l l mainly depend 
on the cap a c i t y of the i o n exchanger f o r calcium 
( k i n e t i c a l f a c t o r s remaining constant). F i g . 4 shows, 
how the washing performance depends on the calcium 
load (Q) of SASIL. I t i s seen that a l l experimental 
values are a l i g n e d - w i t h i n the l i m i t s of experimen
t a l e r r o r - along one s i n g l e curve, independent of 
water hardness, counter-ion concentration and t o t a l 
amount of SASIL. F i g . 4 shows that - as assumed - the 
washing performance depends d i r e c t l y on the calcium 
load of SASIL. P a r t i c u l a r l
t a i n e d i n t h i s simpl
2 5 - 3 0 % . Therefore, a high concentration gradient be
tween calcium i n SASIL and calcium i n the aqueous 
phase i s re q u i r e d . In the case of a multi-component 
laundry detergent the curve discussed above w i l l be 
d i s p l a c e d toward higher remission values (see Ta
ble I) - depending on the detergent composition. How
ever, the curve w i l l be f l a t t e n e d . I t can be seen 
that the laundry detergent c o n t a i n i n g SASIL i s compa
ra b l e to the laundry detergents commonly used today. 

Table I 

Washing e f f e c t of detergents, based on 40% STP, 
20% STP + 20% SASIL and 20% STP on a r t i f i c i a l l y 
s o i l e d t e x t i l e s ( 4 ) . 

f a b r i c dosage 
(g/D 

performance R (%) 

40% STPj20% STP 
'20%SASIL 

u n f i n i s h e d 
cotton 

r e s i n f i n i 
shed cotton 

p o l y e s t e r / 
cotton 
blend 

6 , 6 81 I 79 | 63 

1 0 , 0 83 I 8 1 I 69 

6 , 6 64 I 62 ! 5 6 

1 0 , 0 66 | 65 

6 , 6 63 I 62 I 59 

1 0 , 0 65 | 64 I 61 

In view of the a p p l i c a t i o n of SASIL i n commer-
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A C N a C I « 0 , 0 0 [ m o l / l ] 

CNaC.-3V[mol/l] 
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40 V 
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Figure 3. Influence of counter-ion concen
tration on the washing performance (R) of 
SASIL. Conditions: 16(°d); 95(°C); 30(min); 

pH 9; unfinished cotton; launder-o-meter. 

remission R[%] 

Figure 4. Influence of the Ca-load (Q) on the washing 
performance (R) of SASIL. Conditions: 95(°C); 30(min); 
pH 9.2; SASIL 0-6(g/l); unfinished cotton; launder-o-

60 

° — 1 6 ° d ( N a C I - 0 , 0 8 m o l / l ) 

50 100 Q [%] 

meter. 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



57. SCHWUGER AND SMOLKA Ion Exchange and Detergency 703 

c i a l laundry detergents, information concerning i n 
t e r a c t i o n s with various i n g r e d i e n t s of laundry deter
gents i s of considerable importance. Under washing 
c o n d i t i o n s , no d i r e c t i n t e r a c t i o n s - such as adsorp
t i o n or p r e c i p i t a t i o n - could be observed with the 
important components of laundry detergents. T h i s 
means that there w i l l be no mutual i n t e r f e r e n c e con
cerning the i n d i v i d u a l e f f e c t s i n the washing proc
ess. 

An exception to t h i s r u l e i s found i n the s i g n i 
f i c a n t degree of p r e c i p i t a t i o n of phosphate on alumi
num s i l i c a t e s c o n t a i n i n g calcium. Such p r e c i p i t a t e s 
are formed during the washing process and during 
transport from the washing machine to the sewage 
plant v i a the sewerage system  The degree of p r e c i p i
t a t i o n depends on th
the s a t u r a t i o n of ST
t i o n of conventional laundry detergents, s p a r i n g l y 
soluble calcium s a l t s are formed during r i n s i n g ( d i 
l u t i o n ) , which may lead to t e x t i l e i n c r u s t a t i o n s and 
the formation of deposits i n the sewerage system. In 
t h i s respect the f u n c t i o n of SASIL as a substrate f o r 
the d e p o s i t i o n of calcium phosphates i s re l e v a n t i n 
the washing and r i n s i n g processes, as w e l l as i n the 
sewerage system. Calcium c o n t a i n i n g sodium aluminum 
s i l i c a t e s are thus competing with t e x t i l e f i b e r s and 
the pipe w a l l s of the sewerage system and p r i n c i p a l l y 
counteract the formation of deposits on the other 
substrates. 

F i g . 5 shows phosphate e l i m i n a t i o n Q as a func
t i o n of r e s i d u a l STP concentration i n s o l u t i o n c r at 
various l e v e l s of calcium i n SASIL. The amount of 
phosphate p r e c i p i t a t e d increases with i n c r e a s i n g c a l 
cium content. T h i s i s true not only i n the case of 
i n c r e a s i n g calcium i o n concentration i n SASIL, but 
al s o i n the case of i n c r e a s i n g d i l u t i o n of the wash 
l i q u o r . In the l a t t e r case, the p r e c i p i t a t i o n i s 
caused by the s o l u b i l i t y product. In view of the f a c t 
that the water used i n the r i n s i n g process or present 
i n the sewerage system w i l l always have a c e r t a i n 
hardness, c r i t i c a l C a + + / S T P - r a t i o s - as regards pre
c i p i t a t i o n - w i l l always be encountered. T h i s i s i l 
l u s t r a t e d i n f i g . 6 f o r the three most common phos
phorus s a l t s i n the case of water of l 6°d. F i g . 6 
shows that the tendency to p r e c i p i t a t e i n the d i l u 
t i o n stage i s much l e s s pronounced i n the case of STP 
than i n the cases of ortho-phosphate and di-phosphate. 
At higher l e v e l s of water hardness, the p r e c i p i t a t i o n 
maximum w i l l be s h i f t e d toward lower d i l u t i o n s , r e 
s u l t i n g i n l a r g e r absolute amounts of phosphates pre-

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



704 MOLECULAR SIEVES—II 

2 Na* : Ca" 

Figure 5. Precipitation of phosphate (Q) on various 
SASIL containing Ca. Conditions: 25(°C); l(hr); NaCl 

0,17(mol/l); SASIL 0,08(g/cm). 

C p 2 0 5 ( B)N 

Figure 6. Precipitation of insoluble phos
phates as a function of dilution. Condi
tions: 16(°d); initial cP2o5 2,315(g/l); c P 2o 5 

(L) (concentration in solution); cP2o5 (B) 
(concentration in precipitate). 
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c i p i t a t e d . At lower l e v e l s of water hardness, however, 
the maximum i s s h i f t e d toward higher d i l u t i o n s ; as a 
consequence most of the p r e c i p i t a t i o n w i l l occur out
side of the washing machine. A v a r i a t i o n of the i n i 
t i a l phosphate concentration at constant water hard
ness w i l l give analogous r e s u l t s . 

The same bas i c c o n s i d e r a t i o n s are also v a l i d i n 
the case of laundry detergent formulations, as shown 
i n f i g . 7t i n which a conventional laundry detergent 
and a laundry detergent c o n t a i n i n g SASIL are compared. 
The maximum of p r e c i p i t a t i o n i s s h i f t e d toward higher 
d i l u t i o n i n the case of the laundry detergent con
t a i n i n g SASIL; the t o t a l amount p r e c i p i t a t e d i s 
smaller and the danger of p r e c i p i t a t i o n of calcium 
phosphates on the washe
of t h i s s h i f t to highe

Besides calcium phosphates, there are other kinds 
of s a l t s (such as carbonate, s u l f a t e , s i l i c a t e , hy
droxi d e ) , which have to be considered, p a r t i c u l a r l y 
i n the case of non-phosphate formulations with regard 
to p r e c i p i t a t i o n r e a c t i o n s and the formation of tex
t i l e i n c r u s t a t i o n s and s o i l d e p o s i t i o n . As the novel 
SASIL-detergents should p r e f e r a b l y - i n view of phys
ico-chemical c o n s i d e r a t i o n s - contain a c e r t a i n amount 
of water-soluble complexing agents, these other kinds 
of s a l t s are of minor importance as compared to the 
water-insoluble calcium phosphates. 

In view of the f a c t that the pH-values encoun
tered during the washing process are predominantly 
a l k a l i n e , the formation of hydroxides of a l k a l i n e 
earths had to be i n v e s t i g a t e d . In the presence of 
water-insoluble N a - A l - s i l i c a t e s , p r e c i p i t a t i o n s occur 
between pH-values of 1 0 . 5 (MgO) and 1 2 . 5 (CaO). There
f o r e , laundry detergents should be formulated to give 
pH-values below 1 0 . 5 i n the wash l i q u o r , which a l s o 
happens to be the pH-range ( 8 . 5 - 1 0 . 5 ) at which i o n 
exchange of SASIL i s optimal. Thus, the novel phos
phate s u b s t i t u t e i s p a r t i c u l a r l y e f f e c t i v e i n the con
v e n t i o n a l l y p r e f e r r e d pH-range• These p r e d i c t i o n s are 
confirmed by the experiments shown i n f i g . 8 . 

Conclusions 

SASIL and STP i d e a l l y complement each other i n 
laundry detergents, as the temperature dependancies 
of the calcium b i n d i n g c a p a c i t y and the e l e c t r o l y t e 
i n f l u e n c e s are of d i f f e r e n t s i g n or magnitude, r e 
s p e c t i v e l y . P a r t i c u l a r l y f avorable c o n d i t i o n s f o r the 
a p p l i c a t i o n of SASIL are found i n the pH-range of 9 « 0 -
1 0 . 5 i n systems, i n which the counter-ion content i s 
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C P 2 0 5 ( B)N 

a. conv. detergent(40%STP) 
b. SASIL-detergent 
(STP 20%,SASIL 20%) 

— | — 
1.0 

C ^ 0 5(U * C V ^ ( B)b / l] 

Figure 7. Precipitation of insoluble phos
phates from laundry detergents as a func
tion of dilution. Conditions: 16(0d); initial 
detergent concentration 10(g/l); other data 

Figure 6. 

whiteness W [%| 

washing 
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Figure 8. Washing performance (W) of 
SASIL as a function of pH. Conditions: 
95(°C); 16(°d); 30(min); SASIL 5,0 and 
0,0(g/l); unfinished cotton; launder-o-meter. 
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as small as p o s s i b l e . The f i n a l calcium load r e 
s u l t i n g during the washing process should p r e f e r a b l y 
not exceed 30 % i n the case of pure SASIL. SASIL was 
found not to i n t e r f e r e with a c t i v e i n g r e d i e n t s of 
conventional laundry detergents i n a manner which 
might i n f l u e n c e i t s mechanism of a c t i o n . Quite to the 
contrary, a decrease i n the p r e c i p i t a t i o n tendency 
of s p a r i n g l y soluble calcium phosphates i s observed 
p a r t i c u l a r l y during d i l u t i o n ( r i n s i n g processes) as 
a consequence of the p a r t i a l replacement of laundry 
detergent phosphates by SASIL. The i o n exchange en
countered under a c t u a l use co n d i t i o n s may be des
c r i b e d by a t h e o r e t i c a l equation, which i s analogous 
to the Langmuir-equation. 
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Kinetics of Crystallization of Zeolite A in a Continuous 

Stirred-Tank Reactor 
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Ankara, Turkey 

ABSTRACT 

Zeolite A was crystallized
stirred-tank reactor at 1 atra and 98°C. The 
fractional conversion of Si02 to zeolite A was 
varied from 0 to 0.92 by varying the feed flow rate. 
The reaction was found to be catalyzed by the external 
surface area of the formed zeolite A crystals. 

Introduction 

Studies on zeolite crystalliz a t i on have been 
mainly concentrated on the synthesis of new zeolite 
structures and the modification of the known ones with 
some work on the kinetics of zeolite crysta l l i z a t i on 
and the growth of large single crystals ( l ) . The 
kinetic studies on the mechanism of zeolite crystal
l i z a t i o n were conventionally based on the quantitative 
analysis of the so l i d product of cryst a l l i z a t i o n (2-5). 
The nature of the induction period, the mechanism of 
nucleation and crystallization, and the effect of the 
reactant materials have received considerable emphasis 
(6.7K An attempt to describe quantitatively the 
overall c r y s t a l l i z a t i o n process on the basis of the 
conversion of the limiting reactant to the z e o l i t i c 
phase was done by Qulfaz and Sand (8). However, i n 
a l l these studies syntheses were almost invariably 
carried out i n batch systems. No experimental work on 
the continuous crystallization of zeolites has appeared 
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i n the literature except the theoretical treatment of 
Liu (£) for a continuous process of zeolite A crys
t a l l i z a t i o n based on the experimental data of Kerr (£) 
obtained i n a semi-continuous system under transient 
reaction conditions. 

This i s the f i r s t reported study of a zeolite 
crystallization i n a continuous system. Zeolite A 
was crystallized i n a continuous stirred-tank reactor 
at steady state with constant flow rate of the reactant 
materials i n and the product stream out of the reactor. 
The extent of conversion of the amorphous feed stream 
into zeolite A was studied by varying the retention 
time i n the reactor

Experimental 

React ants. The reactant materials were a sodium 
s i l i c a t e solution prepared from 133 grams of water 
glass (Na 20-2.14Si0 2-9«33H 20), 30 grams of sodium 
hydroxide and 1300 grams of water, and a sodium 
aluminate solution prepared from 25.5 grams of alum
inum chips, 81.4 grams of sodium hydroxide and 700 
grams of water. 

Apparatus. The experimental set-up consisted of 
a one-liter pyrex reactor heated by a mantle and kept 
at 98°C by a water-cooled reflux condenser. The 
s i l i c a t e and aluminate solutions were fed to the 
reactor through two separate channels of a p e r i s t a l t i c 
pump. Sodium s i l i c a t e solution was pumped through 
a tygon tubing of 3/32" diameter and the sodium 
aluminate solution was pumped through another tygon 
tubing of 1/16" diameter. The feed solutions were 
par t i a l l y heated to the reactor temperature by keeping 
the stock solutions at about 60°C and by passing the 
two tubings through the reflux condenser. The ratio 
of the volumetric flow rate of the s i l i c a t e solution 
to the aluminate solution was thus fixed at 4Na20-
Al 2 03-1.7Si0 2-250H 20. In various experiments by 
varying the speed of the p e r i s t a l t i c pump the combined 
feed rate of the two solutions was changed while 
keeping the ratio of the volumetric flow rates of the 
two solutions constant. Therefore the retention time 
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of the feed i n the reactor was varied without changing 
the overall feed composition* 

Sampling. The reactor was f i t t e d with a s t i r r e r 
and a suction discharge l i n e . By f i x i n g the s t i r r e r 
speed and the level of the suction l i n e , the amount of 
the reacting material was kept constant at 0.60 l i t e r s . 
The product was removed continuously from the reactor 
and samples of i t were set aside after every hour of 
operation for analysis of i t s zeolite A content. At 
any given flow rate of the reactants the operation was 
continued u n t i l steady-state was reached. 

Analysis. The
consisted of zeolite A crystals, unreacted gel and 
solution. Weighed samples of product were f i l t e r e d , 
washed free of excess a l k a l i , dried i n an oven at 110°C, 
brought to equilibrium with water vapour i n a constant 
humidity atmosphere, and weighed again. The amount of 
zeolite A i n these samples was quantitatively determined 
by measuring the ion-exchange capacity for s i l v e r ions. 
In this manner both the percentage of zeolite A i n the 
s o l i d product (grams zeolite A per 100 grams of dried 
product) and the rate of zeolite A production (grams 
of zeolite A i n the product stream per hour) were 
determined. 

Filtered and dried samples were analyzed by X-ray 
powder diffraction and the only crystalline phase was 
shown to be zeolite A. Crystal size distribution of 
the samples were determined by an optical microscope 
at 675 magnification and some of these data are shown 
i n Figure 1. 

Results and Discussion 

Operation at Steady-State. For each flow rate of 
the reactant materials, the reactor was operated for 
5-6 hours before steady-state was reached. A l l the 
data reported i n this paper refer to the steady-state 
operation. In a separate experiment, the reactor was 
i n i t i a l l y f i l l e d with zeolite A crystals to check 
whether the same steady-state conversion l e v e l would 
be reached when the reaction was started up with no 
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Figure 1. Crystal size distribution of zeolite A 
crystals. (V), XA = 0.920, ZA = 100%; (A), XA = 
0.900, Z A = 100%; (O), XA = 0.327, ZA = 36.0%. 
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crystalline material i n the reactor. The results are 
shown i n Figure 2. 

Analysis of Experimental Data. On the basis of 
the quantitative determination of the flow rates of 
feed and product streams and the percentage of zeolite 
A crystals i n the s o l i d phase, the fractional conver
sion of the limiting reactant Si(>2 to zeolite A was 
calculated as a function of the flow rate of the 
reactants under steady-state conditions. The rate of 
reaction, - r ^ , was expressed as the moles of Si02 
reacted to y i e l d zeolite A per unit time per unit 
reactor volume fro  th  desig  equatio

Ao A /- x ~ = ~ . . . . (1) 
o A 

where V i s the reactor volume (600 ml), V 0 i s the flow 
rate of the combined s i l i c a t e and aluminate feed 
solutions (in ml/hr), C A 0 i s the concentration of Si02 
in the combined feed (0.47 moles/liter), i s the 
fractional conversion of Si02 *° zeolite A. The 
fractional conversion versus rate data shown i n 
Figure 3 i s typical of an autocatalytic reaction. 
The dependence of fractional conversion and the mean 
crystal size of the P r o d u c t on the retention time i n 
the reactor i s shown i n Figure 4. 

The rate of formation of zeolite A was f i r s t order 
with respect to Si02 concentration only at low 
conversions, and attempts to correlate the reaction 
rate with integer orders of reaction over the whole 
conversion range were unsuccessful. The autocatalytic 
nature of the cry s t a l l i z a t i o n process was expressed 
by incorporating the product zeolite A concentration 
into the reaction rate expression 

or 
- rA = k l CA + k2 °A °R * * ' ' ( 2 ) 

" rA = CAo ( 1 " V < kl + k2 °R ) ( 3 ) 
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Figure 2. Test for steady state. (O), 
Initially the reactor was seeded with 
zeolite A crystals; (A), steady-state 
attained in a separate experiment 
with no seed. In both cases, the flow 
rate of the feed stream was 771 ml/ 
hr and the overall feed composition 
was 4 Na20-Alg03-1.7 SiO2-250 

H2Q. 
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Figure 3. The retention time vs. 

fractional conversion 
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where C R was taken as the rate of formation of the 
external surface area of the zeolite A crystals 
(in cm2/kr)# C R was calculated from the expression 

W Z A A 

C R = — ^ - 2 - (4) 
v c c 

where W i s the weight of the s o l i d product removed 
(g/hr), Z A i s the fraction of zeolite A i n the s o l i d 
product, p c i s the crystal density of zeolite A (1.99 
g/cm3), A C and V Q are the to t a l external surface 
area and to t a l crysta
number of zeolite A crystal  crysta
distribution analysis (10), 

Equation 3 was tested by plotting - r j / C A o ( l - X ^ ) 
versus C R as shown i n Figure 5» The rate constants 

and k 2 were determined from Figure 5 as 5#4 hr""1 

and 1.7x10? cm"2, respectively. 

Conclusions 

The apparent autocatalytic nature of the rate of 
formation of seolite A makes i t necessary to include 
a product zeolite A term i n the reaction rate 
expression. A conventional type of a concentration 
terrn for the product i n grams zeolite A per unit 
volume of reactor was found not to correlate well 
with the experimental data* The catalyzing nature 
of the product zeolite A i s i n supplying nucleation 
sites on i t s surface and the growth of zeolite A 
crystals are by the transport of the amorphous 
material and i t s diffusion to the nucleation sites 
on the so l i d - l i q u i d interface. The correlation of 
the autocatalytic rate expression with the external 
surface concentration of the zeolite A crystals i s 
supporting evidence for the hypothesis that the 
growth rate of crystals are limited by an interface 
diffusion mechanism proposed ea r l i e r by Qulfaz and 
Sand (8). 

The use of a continuous stirred-tank reactor to 
obtain reaction rate data i s very common i n chemical 
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engineering practice. This well known technique was 
applied to a zeolite crystallization system for the 
f i r s t time. The crystallization rate data obtained 
under steady-state conditions proved to be very 
useful i n the interpretation of the mechanism of 
crystal growth i n the zeolite A system. The tech
niques used i n this study i s well suited to the 
investigation of the concentration and temperature 
dependence of reaction rate i n zeolite synthesis and 
the optimization of reactor performance within 
industrially applicable operating ranges. 
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A, zeolite (See Zeolite A ) 
Absorption bands of N 2 0 and C 0 2 

on Cri(II)-A 128 
Absorption frequency of supercage 

O H groups, IR 613 
Acetylene 639 

cobalt (II) complexes with 483 
nickel (II) complexes with 48
zeolitic Co (II) A complexes

Acid 
-base properties 459 
centers 462 
gases 639 
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Bronsted and Lewis 93 
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number and strength 458 

Acidic properties of dealuminated 
N H 4 L 601 

Acidic properties of zeolites 453 
Acidity 

and catalytic activity 461 
with H + content, change in 603 
measurement 454,598 
models 453 
of mordenite 96 
superficial composition and 86 
of transition metal zeolites 460 
zeolite 453 

Activation 
on cis/trans but-2-ene ratio, effect 

of mode of 579 
energies 361 

apparent 225 
from chromatographic data 322 
for nucleation of zeolite A, 
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for cracking and isomerization 

of n-hexane 522 
mode, effect of 579 
temperature, effect of 229,579 
on yield and melting point, effect of 629 

Active 
centers in cerium-exchanged 

zeolites 572,581,582 
sites 462,630,656 

zeolites A by C o 2 + exchange 549 
Activity 

of bifunctional catalysts 508 
for C 3 H 6 hydrogenation 545 

Activity (continued) 
of cis-2-butene isomerization 621 
of composite catalysts 655 
for the conversion of n-hexane 507 
effect of feedstock type and feed 

hydrotreating on 662 
as a function of mean metal 

crystallite diameter 511 

measurements, catalytic 506 
metals and coke effects on ... 658, 660,662 
testing 654 
for ring conversion of tetrahydro-

pyran into piperidine 598 
Adsorbed 

hydrocarbons, samples with 360 
molecule, trigonal site with 116 
molecules, influence of 357 
phases 

density variation of 376 
molar integral entropy 374 
specific heat of 374 
thermodynamic data for 372 

pyridine, effect of 554 
Adsorbent 

applications, molecular sieve 637 
COS formation over 674 
performance requirements 670 

Adsorption 89,92,303 
on activation temperature, 

dependence of 229 
of bases 586 
of benzene 588 
on 1-butene isomerization, effect 

of pyridine 555 
of carbon dioxide 396,399 
carbon monoxide 157,398,399 
on cation and acid centers, 

competitive 462 
of n-decane and trans-butene-2 315 
effect of water on 158 
of equilibrium of rare gases and 

n-paraffins 313 
equilibrium, thermodynamic 

functions of 8 
of ethylene 588 
experiments 394 
of gases 1 
heats of 9,367,368,380,385,397 
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Adsorption (continued) 
isotherm(s) 375 

equilibrium 231 
for nitrous oxide 123 
of Xe 9 

mass transfer fronts 686 
measurements 44 
of metal carbonyls 144 
in microphores, osmotic theory of .. 2 
by microporous adsorbents 10 
of M o ( C O ) 6 150 
of N H 3 133,316 
organic molecules 89,92 
osmotic theory of 7 
oxygen 158 
by pressure 681 
of pyridine 601 
of R e 2 ( C O ) 1 0 152 
at room temperature 89,9
of R u 3 ( C O ) 1 2 15
S 0 2 214 
thermodynamics of 8,305,316 
values 9 
of water 133 
of Xe 9 

Air 
drying by pressure swing 

adsorption 681 
oxygen from 648 
separation, cryogenic 638,639 
used for purge 692 
water content of saturated 684 

Alkylation of benzene 587,590 
Alumina ratio, silica/ 

(See Silica/alumina ratio) 
Aluminum content of the faujasite .... 611 
Aluminosilicates 69 
Aluminum 

electrons in the zeolites 77 
ratio, S i / 

(See Silica/alumina ratios) 
-deficient zeolites 465 
in the hydrothermal treatment of 

ammonium-exchanged zeolite Y 271 
AlK/j results 68 
AlK/j shifts 72 
A l 2 s binding energies 79 

Amine scrubbing of regeneration gas 645 
Ammonia 277 

adsorption of 133,316,586 
complexes, Cu(II) 137 
partial pressure of 600 
synthesis 644 

Ammoniated C u (II) -exchanged 
zeolites X and Y 132 

Ammonium 
-exchanged zeolite Y 271 
mordenite 102,103 
zeolite 93 

Ammonium (continued) 
N H 4 A system L i A - 443 
N H 4 L , dealuminated 601 
N H 4 X system, L i X - 443 
N H 4 Y , steamed 275,278 

Anharmonicity 117 
Arrhenius plot of intracrystalline 

diffusion coefficient 435 
Arrhenius plot of rate constants 502 
Asymmetry parameters 56 
Atoms in the tetrahedral frame

works, M . O . calculations for 19 
Axial distortions 114 

B 
B, zeolites 211,212 
Band energies, SiKp 69 

load L N G 641 
Batch compositions 210,222,225 
Benzene 

adsorption of 588 
alkylation of 587,590 
chromium(I) complex with 488 

Beryllium mordenite O H group 587 
Bifunctional catalysts 504,507,508 
Binary isotherm, modified 385 
Binary systems involving ethylene .... 386 
Binding energies 79,81 
Biporous molecular sieves 417 
Bond length, observed T - O 24,25 
Bond overlap population 24,25 
Bromobenzene in active carbon 

granule 13 
Bronsted acid sites 93 
Brown-Sherry-Krambeck model 189 
Bulk separations 647 
Butane treater 672,678,679 
n-Butane in zeolite NaX 401 
n-Butenes in Ca, Na-Y-zeolite 619 
n-Butene isomeriza

tion 555,576,578,606,610 
But-2-ene ratio, cis/trans 579 

C 
Calcination of NH 4-mordenite 102 
Calcium 27 

binding capacity 700 
-exchanged Y zeolites 396 
C a 2 + ions, oligomerization on the 

dehydrated 554 
C a 2 + exchange in NaCaA zeolites ... 326 
Ca-A, zeolites 553 
CaA system, L i A - 443,444 
CaNaY zeolites 395,616,619,621 
CaX(Na) pellets 432 
CaY zeolites 341,396,507 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



INDEX 721 

Carbon 
dioxide 641 

adsorption 399 
onCr ! ( I I ) -A 128 
isotherms of 367 
in NaY and CaY zeolites 396 
removal 642 
-rich natural gas desulfurization 

unit 645 
as sensitive probe molecules 393 
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denite 349 
from synthesis gases 643 

disulfide 352 
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monoxide 352 

adsorption 157,398 
cobalt (II) complexes with 485 
copper(I) complexes wit
effect of addition of 63
gravimetric analysis of Got (II)-A 
interaction with 125 
in NaY and CaY zeolites 396 
N O reduction with 561 
oxidation 559,565,567 
physisorption 498 
as sensitive probe molecules 393 
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by 344 

C 2 - C 4 mono-olefins, diffusivities of .. 623 
C 3 H 6 hydrogenation, specific 

activity for 545 
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sorption of 387 
C 3 H 8 - C 3 H 6 , sorption of 384 
C 6 H 6 277 
n - C 7 H 1 6 in 5A and 13X zeolites 328 

Catalyses) 
activity in isomerization of 

but-l-ene 576 
activity and selectivity 

for the conversion of n-hexane .... 507 
effect of feedstock type and feed 

hydrotreating on 662 
effects of zeolite concentration 

on 655 
with H-mordenite as support 508 
influence of the structure 

parameters of the 504 
kinetic considerations of 658 
metals and coke effects on 658 
testing of cracking 654 

bifunctional 507 
composite 655 
Cr-Y 633 
deactivation of Pd-H-mordenite .... 515 
isomerization of n-hexane and 

n-pentane over 504 
platinum 538 

Catalyst(s) (continued) 
reduced in NaNiY zeolite 528 
zeolite cracking 650 

Catalytic 
active centers in cerium-exchanged 

faujasite zeolites 572 
activity 

correlations between acidity and 461 
measurements 506 
of transition metal complexes 466 

behavior of Ca, Na-Y-zeolite 616 
properties 

of aluminum-deficient, deep-bed 
or ultra-stable zeolites 465 

of Pd-H-mordenite 525 
of zeolites 453 

sites 464 
studies 464 

centers, competitive adsorption on 462 
contents and percentage elutions 

of M - L zeolites 171,172,174 
on diffusion, effects of exchangeable 428 
distributions in M - L 

zeolites 172,174,176 
effect in recrystallization of 

clinoptilolites 239 
exchangeable 134 
influence of mono- and divalent 357 
interactions, base- 460 
migration effects of 393 
sodalite units of faujasites with 

different 335 
recoil studies, Szilard-Chalmbers .. 166 
in zeolite L 168 

Cationic forms of zeolites 562 
Caustic treatment of mordenite and 

high-silica materials 236 
Cavities, accessibility of 463 
Cell, exchangeable cations per unit.... 134 
Cerium-exchanged 

zeolites 572,578,581,582 
Chabazite, ion exchange equilibria in 187 
Chemical regime 620 
Chemical shifts in zeolites by x-ray 

emission 64 
Chemisorption of S i H 4 on 

H-mordenite 265 
Chloride promotion, recrystallization 

of clinoptilolites with 239 
Chloride on recrystallization, effect of 241 
Chromatographic data, activation 

energies from 322 
Chromatographic measurements 320 
Chromium 

(II) complexes 485,486 
-exchanged zeolite, anhydrous 123 
ion-exchanged zeolite A, divalent .. 120 
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Chromium (continued) 
C r i ( I I ) - A 125,128 
Cr-Y zeolite 626,633 

Cis-2-butene isomerization 621 
Cis/trans but-2-ene ratio 579 
Clinoptilolites, recrystallization 

of 237-240,241 
Cobalt 

(II) complexes 480,483,485 
(II) isocyanide complexes 482 
(II) A zeolite 484,487 
ion, coordination of N O to 487 
C o 2 + exchange 549,551 
C o 2 + oligomerization on the 

dehydrated 554 
Coke 658,659 
Competitive adsorption on cation 

and acid centers 462 
Complex(es) 

chromium(I) 485,48
chromium (II) 485,486 
cobalt 480 
cobalt(II) 480,482-485 
copper 474,479 
copper(II) amine 474,476 
copper (II) ammonia 137 
ions 188 
iron (II) 489 
nickel 488 
nitrosyl 481 
rhodium 156 
transition metal 466,473 

Complexation of divalent chromium 
ion-exchanged zeolite A 120 

Composite catalysts 655 
Composition, superficial 86,88,90 
Computer simulation of the 

measured spectra 53 
Concentration gradients, high 207 
Constant volume sorption chamber .... 431 
Continuous stirred-tank reactor 708 
Conversion 

fractional 713 
of n-hexane 509,511 
of 2-methylpropene 555 

Coordination of N O to cobalt ion 487 
Copper 

complexes 474 
-amine 474,476,478 
-ammonia 137 
-carbon monoxide 479 
-nitric oxide 479 
-pyridine 478 

-exchanged zeolites, X and Y 132 
ions in zeolites X and Y, 

aqueous 139,140 
in NaX and NaY 186 
CuY with N D 3 484 

Corrected diffusivities 326 

COS formation over adsorbents 674 
Counter diffusion studies 331 
Counter ions 700,702 
Coupling 

constants 56,60,141 
Jahn-Teller 117 
spin-orbit 114,116 

Cracked gases 639 
Cracking 

activity of zeolites 660 
catalysts, zeolite 650 

activity and selectivity ...654,658,662 
of n-hexane 522 
products, formation of 519,521 
rate, total 520 

C R C and severity effects, 
comparison of 660,661 

Critical molecular diameter 324,327 

Crystals) 
external surface area of zeolite A .... 715 
size distribution in zeolite A 711 
structure determination 146 

Crystallite size 511,533,534 
Crystallization 

curves 210,255 
energies 226 
kinetics 210,225,708 
rates 212 
reaction rate order for 227,229 

Crystallographic parameters 147 
Cubooctahedron 60 
Cyclopropane 

binary, propane- 381 
on 5A zeolite 382 
hydrogenation 538,542,544 
nickel (II) complexes with 488 
over Pt-NaY. Pt-Si0 2 , and P t - A l 2 0 3 543 

D 
Data, treatment of 617 
Davison 5A sieve 424 
Deactivation 612 

of Pd-H-mordenite catalyst 515 
rate of 52 

Dealumination 81,598 
Dealuminized mordenite 105 
n-Decane, adsorption of 315 
Decomposition 

of metal carbonyls 144,149 
of M o ( C O ) 6 150 
of R e 2 ( C O ) 1 0 152 
of Ru 3(CO)r> 153 
thermal 145,153 

Deep-bed zeolites 465 
Degenerate electronic state 117 
Dehydrated C a 2 + ions 554 
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Dehydrated Co2+-exchanged 

zeolite A 551,554 
Dehydration, effect of 552 
Dehydrator, natural gas 642,670-673 
Dehydroxylation of hydrogen 

mordenite 105 
Density variation of adsorbed phases 376 
Desiccant dryers, pressure swing 682 
Dessicant selection, effect of 693 
Desorption 

of n-butane in zeolite NaX 401 
mass transfer fronts 686 
of N H 3 133 
step efficiency of 690 
of water 133 

Desulfurization unit, C0 2 - r ich 
natural gas 645 

Detergency 69
Detergents, washing effect of
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Differential heat(s) of 

adsorption 9,367,368 
Diffraction patterns, 

x-ray 442,444,445,447 
Diffuse reflectance spectra 123,484 
Diffusion 303 

of n-butane in zeolite NaX 401 
in CaX(Na) pellets 432 
coefficient 189,435 
effects on the catalytic behavior of 

Ca, Na-Y-zeolite 616 
in faujasite pellets 428 
of ions in zeolites 439 
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limited regime 620 
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in NaX pellets 432 
in small port zeolites 323 
studies, counter 331 
time constants 422 
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of n-butenes in Ca, Na-Y-zeolite 619 
of C o - C 4 mono-olefins 623 
for n - C - H 1 6 328 
corrected 322,326 
limiting 324 
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tracer 322,326 

Digestion time on recrystallization, 
effect of 241 

Dispersion of Ag° in the 
mordenite pores 501 

Dispersion of the metal phase 506,508 
Distortions, axial 114 
Distortions, off-axial 115 
Divalent cations, influence of 357 
Dryers, conventional 682 

Dryers, pressure swing desiccant 682 
Drying, non-regenerative 640 
Drying, pneumatic system air 681 
Dual resistance models 422 

£ 
Earth metal ion exchange 182 
Efficiency 690 
E F R line density 533 
E F R parameters 532 
Electrical charges for oxygen 24,26 
Electron repulsion I l l 
Electronic state, degenerate 117 
Elutions of M - L zeolites 171,172,174 
Energy 

spectra of ions in trigonal fields I l l 
surfaces 117 

integral 374 
Equilibria of gases on zeolites 1 
Equipment changes, refinery 663 
Esr studies 156,158,628 
Ethane hydrogenolysis 538, 540, 542 
Ethane recovery, deep 639 
Ethylene 639 

adsorption 588 
binary systems involving 386 
nickel (II) complexes with 488 
polymerization of 626 
on 5A zeolite 382 
zeolitic Co (II) A complexes 484 

Exchange extent 575 
Exchange percentage 612 
Exchangeable cations 428 

F 

Faujasite(s) 60 
n-butenes isomerization near 606 
cerium-exchanged 572 
diffusion in 428 
growth of 244 
isomerization over germanic 

near 606,608 
on the isomerization reaction, 

influence of 611 
23Na-resonance in 53,61 
sodium ions in 56 
synthesis of 233 
type, effect of 657 
water inside the sodalite units 

of 335,341 
Feed hydrotreating on zeolite cracking 

catalyst, effect of feedstock type 
and 662 

Formation 
of C 6 isomers 520 
of cracking products 519, 521 
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Formation (continued) 
of isomerization products 521 

Framework density and structure, 
AIK/3 shifts with 72 

F-value on reduction temperature, 
dependence of 533 

Gas(es) 
acid 639 
adsorption equilibrium of rare 313 
cracked 639 
hydrocarbon 379 
natural (see Natural gas) 
regeneration 645,672,678 

sour 677,679 
synthesis 643 
uptake of NaAgz mordenit
on zeolites, adsorption of 1 

Gel particle 21
Geminal nonbonding populations 24 
Geminal nonbonding repulsion 26 
Germanic near faujasite, 

isomerization over 606,608 
Germanium zeolites 88 
GeX 611 
Gradients, high concentration 207 
Gravimetric analysis of Cri(II)-A 

interaction 125 
Growth, kinetic studies of 244 
Growth rates, linear 247 

H 
Heat of adsorption 385 
Heat exchanger 684 
Helium, cryogenic extraction of 638 
Henry constants 380,383,385 
n-Hexane 

conversion of 507,509,511 
cracking of 522 
isomerization 504,515,519, 522 

H G e X 610 
HS particulates 211,212 
Hiickel theory, extended 20 
H Y zeolites, X.P.S. study of 86 
Hydrated zeolites 132,135 
Hydrocarbon 

adsorbed 360 
gases, multicomponent sorption 

equilibria of 379 
NaLiA 364 
recovery, liquid 669 

Hydrochloric acid pretreatment, 
recrystallization of clinoptilolites 
after 240 

Hydrogen 
mordenite 97, 591 

bifunctional catalysts with 508 

Hydrogen mordenite (continued) 
by calcination of NH4-mordenite 102 
chemisorption of S i H 4 on 265 
commercial 99 
dehydroxylation of 105 
Pd content of 519 
titration of 100 

reduction of nickel (II)-loaded 
Y zeolite 281 

uptake 495,500 
zeolites 264 

Hydrogenation, C 3 H 6 545 
Hydrogenation, cyclopropane 538,542-544 
Hydrogenolysis of ethane 538,540,542 
Hydrogenolysis of propane 542 
Hydronium mordenite 101 
Hydrothermal treatment of 

groups 
concentration, beryllium 

mordenite 587 
ir absorption frequency of 
supercage 613 
structural 586 
in zeolites 459 

infrared spectra of steamed N H 4 Y 275 
stretching band of various 

mordenites 587 

I 

Induction decay of water protons 341 
Induction period 212,242 
Infrared 

absorption frequency of supercage 
O H groups 613 

investigation of reduction and 
reoxidation 498 

measurement 627 
spectra of polyethylene 632 
spectra of zeolites 48,145,148,580 
studies on mordenite-like zeolites .. 584 

Intensity ratios 88 
Inter- and intraparticle diffusion of 

ions and zeolites 439 
Intracrystalline diffusion coefficient .. 435 
Intraparticle mass transfer limitation 512 
Intrazeolitic transition metal ion 

complexes 110 
Ion(s) 

exchange 656 
and detergency 696 
equilibria 182,187 
extent of 585 
isotherm for C u in NaX and NaY 186 
kinetics 188 
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Ion exchange (continued) 
reactions, thermodynamic 

formalism for 179 
in zeolites 179,182,184 

formation of zeolite N-A with 
sodium 248 

localization in hydrated zeolites 189 
in trigonal fields I l l 
in zeolites 

aqueous Cu(II) 139,140 
complex 188 
inter- and intraparticle diffusion 

of 439 
Ionization cross section 83 
Iron 

clusters in zeolites 291 
complexes 489 
Fe(II)Y 490 

Isobutane in LaX (Na) pellet
Isomerization 

n-butene 555, 576,578, 606, 610 
cis-2-butene 621 
over germanic near faujasite 608 
n-hexane 504,515,519,522 
influence of the aluminum of the 

faujasite on the 611 
of n-pentane 504 
products, formation of 521 
to total cracking rate, ratio of 

total 520 
Isotherm(s) 

adsorption 375 
binary 385 
carbon dioxide 367 
comparison of calculated and 

measured 700 
constants 313 
statistical thermodynamic 385 

Isotopic exchange, Zn 189 

Kinetic(s) (continued) 
dependencies of pressure change .. 563 
of the oligomerization 554 
of sorption in biporous molecular 

sieves 417 
of sorption, desorption, and 

diffusion 401 
studies, batch compositions used 

in the 225 
studies of zeolite growth 244 

K L , dealuminated 601 

L 
L zeolite 166,168,596 
Large port zeolites 325 
Lattice parameter data, cubic 51 
LaX (Na) pellets 431,434 

Lewis acid sites 93 
L i A - C a A system 443,444 
LiA-NaA system 441,442 
L i A - N H 4 A system 443 
LiX-NaX system 443,445-447 
Li+-ions in A-zeolite, arrangement 

and mobility of 357,363 
Ligand field model for intrazeolitic 

transition metal ion complexes 110 
Limiting diffusivity 324 
Linde F /Linde M/kaliophilite 37, 38 
Linde F/Zeolite Z (K-F) 33,34 
Linde Q/Linde H/Zeolite K - G 37, 38 
Linde W/phillipsite/zeolite K - G 39, 40 
Linde 13X, sodalite cages 338 
Line density, E F R 533 
Lineshape analysis 345 
Line width 359 
Liquid phase 640 
Liquified natural gas ( L N G ) 639,641 
Loading level 349 

Jahn-Teller coupling 117 

K 27 
K 2 0 - A l 2 0 3 - S i 0 2 - H 2 0 system, zeolites 

synthesized in the 30 
K + zeolites 41 
Kaliophilite, Linde F / L i n d e M / 37,38 
K-E/K-A/Kalsil i te 39 
Ketjen series, dealuminated 83 
Kinetic(s) 599 

of adsorption of gases on zeolites .. 1 
considerations of zeolite catalyst 

activity and selectivity 658 
crystallization 225,708 
data on isomerization of but-l-ene .. 578 

M 

Magnetic parameters for cobalt (II) 
isocyanide complexes 482 

Mass 
balance 690 
transfer limitation, intraparticle 512 
transfer fronts 686 

Matrix effects on yield and selectivity 655 
Melting point of polyethylene 629 
Metal 

carbonyls adsorbed on H Y zeolite .. 149 
carbonyls loaded in Y-type zeolite .. 144 
contacting time 525 
crystallite diameter 511 
effects on zeolite cracking catalyst 

activity and selectivity 658 
phase, dispersion of the 508 

In Molecular Sieves—II; Katzer, J.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



726 MOLECULAR SIEVES—II 

Methylisocyanide, cobalt (II) 
complexes with 480 

2-Methylpropene 555,556 
Magnesium 27 
Micropore diffusivity 425 
Micropores, adsorption in 2 
Microporous adsorbents 10 
Migration effects of cations in zeolites 393 
M - L zeolites 169,170,171,174,176 
M(95)-L zeolites 169,171,172,174 
M-L(650)N zeolites 169,174,176 
M - O bond lengths 27 
M.O.'s coefficients of 141 
Mobility of LiMons in A-zeolite 357 
M o ( C O ) 6 150 
Modification 177 
Molar integral entropy of adsorbed 

phase 374 
Molar ratio data for zeolite Rh

samples 4
Molecular 

diameter, critical 324,327 
orbital calculations 19 
sieve(s) 

adsorbent applications 637 
diffusion in 320 
kinetics of sorption in biporous 417 
natural gas dehydrator 642 
X and Y 606 

Molecules 
anisotropically and isotropically 

rotating 349 
influence of adsorbed 357 
non-rotating 349 

Monovalent cations 357 
Mono-olefins in zeolites, C 2 - C 4 623 
Mordenite 

acidity of 96 
analyses of v 260 
beryllium 587 
caustic treatment of 236 
dealuminated 267 
dealuminized 105 
gas uptake of NaAgz 496 
hydrogen 

(see Hydrogen mordenite) 
hydronium 97,101 
hydroxyl, stretching band of 587 
ion exchange equilibria in 187 
-like zeolites 584 
of N H 4 - 102,103 
pores, dispersion of Ag° in 501 
reactions of S i H 4 with 261 
silanation of 259 
silver 493 
small-port Na + 349 
sodium 97,349 
sorption site 344 
synthetic 367 

Mordenite (continued) 
transition metal ion exchange in .... 184 

Mossbauer spectra 295,297 
Mulliken bond overlap populations ... 24 
Multicomponent sorption equilibria .. 379 

N 

N-A, zeolite (See Zeolite N-A) 
Natural gas 638 

dehydrator 642,670 
desulfurization unit, C0 2 - r ich 645 
liquefaction, peakshaving 641 
liquids dehydrator 672, 673 
liquids recovery system 674 
liquified 639 
processing 669 
sweetening, wellhead 643 

partial 242 
Nickel 

complexes 488 
crystallites 534 
(I) ions, formation of 281 
(II) -loaded Y zeolite, reduction of 281 
in reduced NaNiY zeolite catalysts, 

metallic 528 
reduction, temperature depend

ence of 532 
(I) species, reactivity of 288 
surface area 534 
NiCaNaY zeolite 283,285 
NiY, N O absorbed on 490 

Nitric oxide 479 
absorbed on NiY 490 
chromium (II) complexes with 486 
- C O mixture 562,563 
to cobalt ion, coordination of 487 
copper complexes with 479 
effect of addition of 632 
iron (II) complexes with 489 
nickel (II) complexes with 488 
reduction 559, 561, 566 

Nitrogen, sorption of 268, 269 
Nitrosyl complexes in zeolites 481 
Nitrous oxide 123,125,128,488 
Nonbonding repulsion, geminal 26 
Non-rotating molecules 349 
Nuclear magnetic 

resonance 54, 326,329,335,344 
Nucleation 

activation energies for 209 
energies 226 
reaction rate order for 229 

OD-region C O physisorption 498 
Off-axial distortions 115 
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Offretites 24,27 
O H groups (See Hydroxyl) 
Olefin separation 648 
Olefins, cobalt(II) complexes with ... 483 
Oligomerization activity, 

2-methylpropene 556 
Oligomerization, kinetics of 554 
Optical spectroscopy of Cu(II)-

exchanged zeolites 132 
Orders of specific activity for C 3 H 6 

hydrogenation 545 
Organic molecules adsorption 89,92 
Osmotic theory of adsorption 2,7 
Oxidizabilities 117 
Oxidized samples 282 
Oxygen (0 2 ) 

adsorption 158,487 
from air 648 
Ce-exchanged zeolites reactivate

in 58
chromium (II) complexes with 485 
Cri(II)-A interaction with 125 
effect of addition of 633 
electrical charge for 24,26 
sorption at 269 
uptake, stoichiometry of 495 

P 
Palladium 

content of H-mordenite 519 
Pd-H-mordenite catalyst 515,525 

Paraffin separation, normal/iso 647 
n-Paraffins on zeolite, adsorption 

equilibrium of 313 
Particulates, pseudomorphic zeolite .... 216 
Peakshaving natural gas liquefaction .. 641 
Performance for two-bed geometric, 

maximum 692 
n-Pentane, isomerization of 504 
p H , washing performance of SASIL 

as a function of 706 
Phase transformation, metastable .222,224 
Phosphates, precipitation of 

insoluable 704 
Phillipsite(s) 

Na, K- 219 
nucleation and crystallization 227 
silica-alumina ratios of synthetic .... 225 
synthesis runs producing pure 223 
thermal stability of 229 
uptake of potassium by 224 
/zeolite K - G , Linde W / 39,40 

Piperidine, conversion of 
tetrahydropyran 576,598,600 

Platinum catalysts supported on 
zeolite 538 

P t - A l 2 0 3 543 
Pt-NaY 543 

P t - N H 4 Y 544 
P t - S i 0 2 543 

Pneumatic system air drying 681 
Polyethylene 628-630,632 
Population parameters 20 
Potassium by phillipsite, uptake of .... 224 
Potentials, redox 112 
Precipitation of insoluble phosphates 704 
Pre-exponential factors for cracking 

and isomerization of n-hexane .... 522 
Pressure 

change of N O - C O mixture on 
reaction time 562, 563 

dependence of reaction rate on 
partial 600,603 

drop 690 
effects on cis-2-butene 

isomerization 621 

Pretreatment 617 
Probe molecules for migration effects 

of cations 393 
Products, rate of deactivation for 

formation of 521 
Product ratios 609 
Propane 

on 5A zeolite 382 
-cyclopropane binary 381 
hydrogenolysis of 542 
treater 671, 676 

Propylene 639 
nickel (II) 488 
zeolitic Co (II) A complexes 484 

Proton 
-catalyzed reactions 463 
free induction decay of water 341 
mobility 462 

Pseudomorphic zeolite particulates ... 207 
Ptilolites 24,27 
"PURASIV" systems 646 
Purge 

flowrate 691,692 
percentage inlet air used 692 
volume 691 

Purification 638 
Pyridine 

adsorption 
of bases 586 
1-butene isomerization, effect of .. 555 
on dealuminated K L 601 
complexes, copper (II) amine .... 478 
effect of adsorbed 554 

Q 
Quadrupole 

coupling constants 56 
effects 54 
interaction of the second order 57 
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R 
Range 

initial 369 
maximum 369 
terminal 369 

Rate constants 
apparent reaction 535 
Arrhenius plot of 502 
log relation between exchange 

percentage and 612 
for phillipsite nucleation and 

crystallization 227 
relative 609 
for the self-diffusion of Zn 189 

Reaction conditions on yield and 
melting point, effect of 629 

Reaction rate 
constants 53
order for nucleation and 

crystallization 227,22
on partial pressure, dependence 

of 600, 603 
Reactivity of Ni(I) species 288 
Reactor 617 
Recoil studies 166,169 
Recovery system, natural gas liquids .. 674 
Recrystallization 

of clinoptilolites 237,239-241 
effect of chloride on 241 
of high-silica zeolite 233 

Redox 
behavior, kinetic study of the 499 
chemistry of divalent chromium 

ion-exchanged zeolite A 120 
potentials 112 
reactions, stoichiometry of the 497 
Reduced samples 282 

Reduction 
of Co2+-exchanged A-zeolite 551 
of Na A g 2-94 498,502 
of nickel 532 
of nickel (II)-loaded Y zeolite 281 
of silver-mordenites 493 
temperature of 533, 535 

Refinery operational and equipment 
changes 663 

Reflective visible measurement 628 
Regeneration gas, amine scrubbing 

of the 645 
Regeneration gas treater 672,678 
Rehydration, effect of 552 
Relative rate constants 609 
Reoxidation of silver-mordenites .493,498 
Repusion, electron I l l 
Repusion, geminal nonbonding 26 
R e 2 ( C O ) 1 0 152 
Rho, zeolite 43,45,51 
Rhodium complexes in zeolites, 

bivalent 156 

Ring conversion of tetrahydropyran 
into piperidine 596,598 

Rotating molecules, anisotropically 
and isotropically 349 

R u 3 ( C O ) 1 2 153 

S 
SASIL, washing performance of ....702,706 
Scrubbing of the regeneration gas, 

amine 645 
Selectivity 600 

of bifunctional catalysts 508 
of cis-2-butene isomerization 621 
of composite catalysts of 655 
for the conversion of n-hexane over 

bifunctional catalysts 507 
effect of feedstock type and feed 

hydrotreating on zeolite 

meters of the catalysts on 504 
kinetic considerations of zeolite 

catalyst 658 
matrix effects on 655 
metals and coke effects on zeolite 

cracking catalyst 658 
products at different temperatures .. 609 
ratios, temperature dependency of .. 622 
testing of cracking catalysts 654 

Self-diffusion, rate constants for 189 
Separation, olefin 648 
Separation, xylene 648 
Severity effects 660,661 
Sieve, Davison 5A 424 
Sieve, molecular (See Molecular 

sieve) 
Silanation of mordenite 259 
Silanation of zeolites 258, 259 
Silica 

-alumina ratio(s) 256, 575,656 
formation of zeolite N-A with 

different 250 
products with different 248 
of synthetic phillipsites 225 

electrons in the zeolites, energies of 77 
materials, caustic treatment of 236 
zeolites, recrystallization of high- .... 233 

Silicon 
zeolites 88 
S i 2 p and A l 2

8 binding energies 79 
S i H 4 261,265 
SiK 3 67, 69 

Silver 
-mordenites 493 
ions, reduction of 502 
in mordenite pores, dispersion of .... 501 

Single resistance models 422 
Site(s) 

accessibility of 463 
occupancies by cations in zeolite L 168 
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Site(s) (continued) 

occupation in calcium-exchanged 
Y zeolites 396 

Size distribution of platinum particles 541 
Small port zeolites 323, 349 
Sodalite cages 335, 338, 341,342 
Sodium 27 

aluminate solutions, batches from .. 250 
-aluminum-silicates in the washing 

process 696 
aluminosilicate gel 253 
ions, formation of zeolite N-A from 

batches with 248 
ions in zeolites of the faujasite type 56 
mordenite 97 

small-port 349 
zeolites 260 

NaAg 2-75 and NaAg 2-85, reduc
tion of Ag ions in 50

NaAg 2-84, hydrogen uptak
NaAg 2-94, reduction and 

reoxidation of 498 
NaAgz mordenite, gas uptake of 496 
NaCaA 326,313 
Na,K-phillipsites 219 
NaLiA 360,364 
N a L i M e 2

+ A 360,364 
NaMgA, adsorption on 315,316 
NaNiY zeolite catalysts, reduced .... 528 
NaX, zeolite (See Zeolite NaX) 
NaY zeolites 186,396 
23Na-resonance of faujasite 53,61 

Solids content as a function of time ... 199 
Sorbate concentrate 425 
Sorption 320 

in biporous molecular sieves 417 
of n-butane 401 
of C 3 H 8 - C 2 H 4 in 5A zeolite 387 
chamber, constant volume 431 
curves 425 
data 329 
equilibria of hydrocarbon gases, 

multicomponent 379 
of nitrogen 268,269 
of oxygen 269 
sites, mordenite 344 
studies 330 

Sorptive properties of ion-exchanged 
forms of zeolite Rho 45 

Sour gas regeneration 677,679 
Specific activity for C 3 H 6 hydro-

genation 545 
Specific heat of adsorbed phase 374 
Spectra, computer simulation of the 

measured 53 
Spectral measurements 134 
Spectrometer calibration 79 
Spectroscopic studies of mordenite-

like zeolites, infrared 584 

Spectroscopic parameters for com
plexes in zeolites 476, 481 

Spin-orbit coupling 114,116,141 
Stability, thermal 229,601 
Stabilization energies 112,117 
Statistical 

isotherm, modified 385 
-thermodynamic approach 309 
thermodynamic isotherm 385 

Steady-state, operation at 710 
Steam-methane reforming for 

ammonia synthesis 644 
Stoichiometry of hydrogen and 

oxygen uptake 495 
Stoichiometry of the redox reactions .. 497 
Stretching bands of various 

mordenites, O H 587 
Structural parameters of the metallic 

A1K 3 shifts with 72 
parameters of the catalysts 504,505 

Sulfur compounds 643 
Sulfur dioxide adsorption 214 
Supercage O H groups 613 
Supercage sizes 291 
Superficial acidity 86 
Superficial composition 86,88,90 
Surface(s) 

area, specific nickel 534 
area ot zeolite A crystals, external .. 715 
composition by X.P.S., zeolite 76 
contour, rough 78 
energy 117 
of zeolites, analysis of the 80 

Synthesis 177 
of polyethylene 628 
of pseudomorphic zeolite 

particulates 207 
runs producing pure phillipsite 223 
solids content during 199 

Szilard-Chalmers cation recoil studies 
in zeolite L 166 

T - O bond lengths 24,25 
Technology 635 
Temperature(s) 

dependence 619 
of adsorption capacity 229 
of apparent reaction rate 

constants 535 
of crystallite size and F-value on 533 
of degree of nickel reduction 532 
of E F R parameters 532 
of Henry's Law constants 383 
of selectivity ratios 622 

effect of 370, 579, 599,691 
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Temperature (s) (continued) 
product ratios and selectivity 

products at different 609 
programmed oxidation of A g 

mordenite 502 
ranges 564,565 
variation of sample 412 

Tetrahedral frameworks of zeolites .... 19 
Tetrahydropyran into piperidine, the 

ring conversion of 596, 598,600,603 
Thermal 

analysis data 46 
equation of osmotic theory of 

adsorption 7 
stability of phillipsites 229 

Thermodynamic (s) 
approach, statistical- 309 
data for adsorbed phase 372 
formalism for ion exchange 

reactions 17
functions of adsorption .8,305,315,316 
isotherm, statistical 385 

Thermogravimetry 103,376 
Time 

course of the reaction 599 
dependence of pressure change on 

reaction 562,563 
vs. fractional conversion, retention . 713 
during synthesis, solids content as 

a function of 199 
T M A 

concentration on the linear growth 
rates, influence of 247 

/ N a on the amount of zeolite N-A in 
the final product, influence of .. 248 

silicate, formation of zeolite N-A 
from 253 

silicate solutions, batches from 250 
Tracer self diffusivities 326 
Trans-butene-2 on zeolites, 

adsorption of 315 
Transition 

elements in zeolites 559,567 
metal 

complexes 466,473 
ion complexes, intrazeolitic 110 
ions in zeolites 108,184 
zeolites, acidity of 460 

Trigonal fields, ions in I l l 
Trigonal site with an adsorbed 

molecule 116 
Two-bed geometric 692 

U 
Ultra-stable zeolites, catalytic 

properties of 465 
Uptake curves, theoretical 421 

V 

Van't Hoff plot 383 
Visible spectra of Cr-Y catalyst 633 
Volumetric measurements 146 
Volumetry-calorimetry 376 
Volumetry, high pressure 376 

W 

Washing 
effect of detergents 701 
performance of SASIL 702, 706 
process, sodium-aluminum-

silicates in the 696 
Water 638 

addition of 632 
adsorption 133,158 

f d

faujasites 335,341 
Wellhead natural,gas sweetening 643 
Window in CoA, six-oxygen 487 

X 

X, zeolite (See Zeolite X ) 
Xenon in active carbon granule 13 
Xenon on zeolite NaX 9 
X-ray 49 

diffraction patterns .49,442,444,445,447 
emission, chemical shifts in 

zeolites by 64 
photoelectron spectra (X.P.S.) 76,86 

Xylene separation 648 

Y 

Y, zeolite (See Zeolite Y) 
Yield 

changes, comparison of 661 
effect of activation and reaction 

conditions on 629 
matrix effects on 655 

Z 
Zeolite(s) 

A 
Co2+-exchanged 551 
crystal, external surface area 715 
crystal size distribution in 711 
crystallization of 210,212,708 
divalent chromium ion-

exchanged 120 
extrudates 214 
induction periods for 212 
LiMons in 357,363 
modification of active sites of 549 
nucleation of 209 
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Zeolite A (continued) 
particulates, pseudomorphic 210 
self-diffusion of Zn in 189 
synthesis mechanism 194 
transition metal ion exchange 184 

4A, anhydrous CoC(II) -
exchanged 484 

5A 
diffusivities for n - C 7 H i 6 in 328 
multicomponent sorption 

equilibria of hydrocarbon 
gases in 379 

propane, cyclopropane, and 
ethylene on 382 

sieve, Davison 424 
sorption of C 3 H 8 - C 2 H 4 in 387 

acidic and catalytic properties of .... 453 
acidity 453 

of transition metal 46
adsorption of gases on 1 
aluminum-deficient, deep-bed, or 

ultra-stable 465 
B particulates, pseudomorphic 211 
bivalent rhodium complexes 

formed in 156 
Ca-A 553 
CaNaY 395 

cis-2-butene isomerization over 621 
diffusion effects on the catalytic 

behavior of 616 
effective diffusivities of 

n-butenes in 619 
catalyst activity and selectivity, 

kinetic considerations of 658 
cationic forms of 562 
CaY 396,507 
cerium-exchanged 572,578,581,582 
chemical shifts in 64 
chromium-exchanged 123,626 
Co(II)A 487 
complex ions in 188 
concentration on the activity and 

selectivity of composite 
catalysts, effects of 655 

containing transition elements 559 
copper amine complexes in 476 
cracking activity of 660 
cracking catalyst(s) 650 

activity and selectivity 622,658 
with different supercage sizes 291 
diffusivities of C 2 - C 4 mono-olefins 

in 623 
energies of the A l and Si electrons 

in the 77 
of the faujasite type 53,56,244 
germanium 88 
H - 264 
high-silica 233 
HS particulates, pseudomorphic 211 

H Y 86,149 
hydrated 135,189 
hydrogenation of cyclopropane 538 
hydroxyl groups 459 
inter- and intraparticle diffusion 

of ions in 439 
ion exchange in 179 
ion localization in 189 
IR spectra of 580 
other K + 41 
K - G 37-40 
L 166,168 
large port 325 
M - L 169,171,172 
M(95)-L 171,172,174 
M-L(650)N 174,176 
migration effects of cations in 393 
modified 267 

N-A 
crystallization curves for 255 
formation 

from batches with sodium 
ions 248,250 

with different S i / A l ratios 250 
from TMA-silicate and sodium 

aluminosilicate gel 253 
influence of T M A / N a on the 

amount of 248 
kinetic studies of the growth of .. 244 

Na- 260 
NaCaA 313,326 
NaMgA 315, 316 
NaNiY 528 
NaX 

adsorption of n-decane and 
tofw-butene-2 on 315 

adsorption isotherm of Xe on 9 
differential heat of adsortpion of 

Xe on 9 
ion exchange isotherm for C u in 186 
pellets, diffusion results in 432,435 
sorption, desorption, and 

diffusion of n-butane in 401 
system, L i A - 446,447 
system, L i X - 445 

N H 4 93 
NiCaNaY 283,285 
nitrosyl complexes in 481 
particulates, pseudomorphic 207,216 
partially hydrated 135 
Rho 43,45 
samples, analytical data of the 359 
silanation of 258 
silicon 88 
small port 323 
structure parameters 505 
surface analysis of 80 
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Zeolite(s) (continued) 
surface composition by X.P.S 76 
synthesized in the K 2 0 - A 1 2 0 3 -

S i 0 2 - H 2 0 system 30 
tetrahedral frameworks of 19 
thermochemical treatments of 70 
thermodynamics of adsorption on .. 305 
transition 

elements in 567 
metal complexes in 466,473 
metal ions in 108 

X 611 
alkali and alkaline earth metal 

ion exchange in 182 
aqueous Cu(II) ions in 139,140 
n-butenes isomerization over 

protonated germanic near 606 
Cu( II)-exchanged 132 
transition metal ion exchang

13X, diffusivities for n - C 7 H i

Y 611 
alkali and alkaline earth metal 

ion exchange in 182 
ammonium-exchanged 271 
aqueous Cu(II) ions in 139,140 
n-butenes isomerization over 

protonated germanic near .... 606 
calcium-exchanged 396 
Cu( II)-exchanged 132 
metal carbonyls loaded in 144 
nickel (II)-loaded 281 
reactions with 262,263 
silated 259,269 
transition metal ion exchange 184 

Z 33,34 
Zeolitic Co (II) A complexes 484 
Zinc isotopic exchange, kinetic data 
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